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Publisher’s Preface

Der schnelle technische Fortschritt im Turbomaschinenbau, der durch extreme technische Forde-
rungen und starken internationalen Wettbewerb geprigt ist, verlangt einen effizienten Austausch
und die Diskussion von Fachwissen und Erfahrung zwischen Universitiaten und industriellen
Partnern. Mit der vorliegenden Reihe haben wir versucht, ein Forum zu schaffen, das neben
unseren Publikationen in Fachzeitschriften die aktuellen Forschungsergebnisse des Instituts fiir
Thermische Stromungsmaschinen am Karlsruher Institut fiir Technologie (KIT) einem moglichst
groBBen Kreis von Fachkollegen aus der Wissenschaft und vor allem auch der Praxis zugéinglich
macht und den Wissenstransfer intensiviert und beschleunigt.

Flugtriebwerke, stationdre Gasturbinen, Turbolader und Verdichter sind im Verbund mit den
zugehorigen Anlagen faszinierende Anwendungsbereiche. Es ist nur natiirlich, dass die metho-
dischen Losungsansitze, die neuen Messtechniken, die Laboranlagen auch zur Losung von Pro-
blemstellungen in anderen Gebieten - hier denke ich an Otto- und Dieselmotoren, elektrische
Antriebe und zahlreiche weitere Anwendungen - genutzt werden. Die effiziente, umweltfreund-
liche und zuverlédssige Umsetzung von Energie fiihrt zu Fragen der ein- und mehrphasigen Stro-
mung, der Verbrennung und der Schadstoffbildung, des Warmeiibergangs sowie des Verhaltens
metallischer und keramischer Materialien und Verbundwerkstoffe. Sie stehen im Mittelpunkt
ausgedehnter theoretischer und experimenteller Arbeiten, die im Rahmen nationaler und inter-
nationaler Forschungsprogramme in Kooperation mit Partnern aus Industrie, Universitdten und
anderen Forschungseinrichtungen durchgefiihrt werden.

Es sollte nicht unerwihnt bleiben, dass alle Arbeiten durch enge Kooperation innerhalb des Insti-
tuts gepragt sind. Nicht ohne Grund ist der Beitrag der Werkstitten, der Technik-, der Rechner-
und Verwaltungsabteilungen besonders hervorzuheben. Diplomanden und Hilfsassistenten tra-
gen mit ihren Ideen Wesentliches bei, und natiirlich ist es der stets freundschaftlich fordernde
wissenschaftliche Austausch zwischen den Forschergruppen des Instituts, der zur gleichbleibend
hohen Qualitit der Arbeiten entscheidend beitrdgt. Dabei sind wir fiir die Unterstiitzung unserer
Forderer auBerordentlich dankbar.

Hohe Turbineneintrittstemperaturen, die teilweise die zuldssigen Materialtemperaturen um meh-
rere hundert Grad iibersteigen, erfordern effektive und effiziente interne konvektive und exter-
ne Filmkiihlverfahren. Deren zuverldssige Auslegung setzt wiederum eine genaue Kenntnis des
lokalen Wirmeiibergangs und der lokalen Kiihleffektivitit voraus. Zur Erzielung hochster Ef-
fektivitiaten werden vermehrt Filmkiihlbohrungen eingesetzt, deren Auslass diffusorférmig ver-
breitert ist. Es deutet sich an, dass kohédrente Stromungsstrukturen, die bei der Ausblasung von
Kiihlluft in die HeiBgasstromung entstehen, einen signifikanten Einfluss auf die Leistungsfahig-
keit des Kiihlsystems besitzen. Allerdings wurde dieses Phdnomen bisher fiir Diffusorbohrungen
weder numerisch noch experimentell im Detail untersucht.

Im vorliegenden Band der Schriftenreihe befasst sich die Autorin folgerichtig mit der expe-
rimentellen Untersuchung des Einflusses kohdrenter Stromungsstrukturen auf den lokalen
Wirmeiibergang und die Effektivitit der Kiihlung fiir Filmkiihlsysteme mit Diffusorbohrungen.
Dabei beriicksichtigt sie insbesondere auch den Einfluss der internen Anstromung der Kiihl-
luftbohrungen. Fiir die aerodynamischen Untersuchungen wurde ein am Institut fiir Thermische



Stromungsmaschinen des KIT vorhandener Aufbau einer generischen Filmkiihlkonfiguration
fiir den Einsatz von stereoskopischen PIV-Messungen erweitert. Der Versuchsaufbau ermoglicht
das relevante Volumen im Nah- bzw. Fernfeld der Einblasung vollstindig dreidimensional auf-
zulosen. Die umfangreiche Messmatrix beziiglich Ausblaserate, Quer- bzw. Parallelanstrémung
und Stromungsreynoldszahl im internen Kiihlkanal umfasst insgesamt 12 Konfigurationen. Aus
den gewonnenen Stromungsdaten konnten wesentliche kohédrente Strukturen identifiziert und
ihre Auswirkungen auf das thermische Verhalten der Filmkiihlung analysiert werden. Besonders
die komplexen Zusammenhinge die sich fiir eine interne Queranstromung der Filmkiihlboh-
rungen ergeben, wurden sehr anschaulich herausarbeitet. Gerade diese Konfiguration besitzt
fiir die Filmkiihlung von thermisch hochbelastete Turbinenschaufeln eine grofle Relevanz und
ist in ihrer Leistungsfahigkeit gegeniiber der Anstromung aus einem — generischen — Plenum
oder einer Parallelanstromung deutlich reduziert. Aus dem Verstindnis der Mechanismen, die
zur Entstehung von kohidrenten Strukturen fiihren, lassen sich nun Ansétze ableiten, um ihre
negativen Auswirkungen zu mindern oder zu beseitigen. Dariiber hinaus hat die Autorin eine
umfassende Datenbasis geschaffen, um numerische Werkzeuge zur Berechnung und Auslegung
von Filmkiihlstromungen unter realistischen Geometrie- und Stromungsrandbedingungen
validieren und gegebenenfalls weiter verbessern zu konnen.

Karlsruhe, November 2023 Prof. Dr.-Ing. Hans-Jorg Bauer



Kurzfassung

Stationdre Gasturbinen und Flugtriebwerke sind nach wie vor wichtige Bestandteile in der Ener-
giewandlung beziehungsweise dem Transportwesen. Die Steigerung des thermischen Wirkungs-
grades durch eine Erhohung der Turbineneintrittstemperatur erfordert Verbesserungen im Kiihl-
system der Hochtemperaturkomponenten. Die Filmkiihlung ist eine wesentliche Methode in die-
sem Kiihlsystem. Die Filmkiihlbohrungen verbinden die inneren Kiihlkanile mit der Schaufel-
oberfliche. Das resultierende Stromungsfeld stellt einen Spezialfall des generischen Strahls in
einer Querstromung dar. Um die Filmkiihlung gezielt weiter zu verbessern und die wesentlichen
Unterschiede zum generischen Stromungsfall zu verstehen, ist eine detaillierte experimentelle
Untersuchung des Stromungsfeldes im Mischungsbereich zwischen Heilgas und Kiihlluftstrahl
erforderlich.

In der vorliegenden Arbeit werden erstmals die kohdrenten Stromungsstrukturen fiir eine soge-
nannte laidback fan-shaped Bohrung bei maschinenidhnlichen Betriebsbedingungen experimen-
tell quantitativ detailliert charakterisiert. Dabei werden maschinendhnliche Temperaturverhalt-
nisse, Ausblaseraten, HeiBgasturbulenzgrade und eine parallele und orthogonale kiihlluftseitige
Anstromung beriicksichtigt. Detaillierte Messungen mittels stereoskopischer Particle Image Ve-
locimetry werden durchgefiihrt, um die bereits verfiigbaren thermischen Filmkiihlgro8en durch
hochaufgeloste quasi-volumetrische Geschwindigkeitsdaten am Filmkiihlbohrungsaustritt zu er-
ginzen. Die Messungen werden fiir drei Ausblaseraten und zwei Kiihlluftkanalreynoldszahlen
pro Anstromrichtung durchgefiihrt, woraus sich 12 verschiedene Fille ergeben.

Fiir jeden Fall wird das Nah- und Fernfeld des Filmkiihlstrahls analysiert, ein detailliertes Ver-
standnis der kohédrenten Stromungsstrukturen abgeleitet und der Ursprung dieser Stromungs-
strukturen diskutiert. Anhand der vorliegenden Arbeit wird deutlich, dass quasi-volumetrische
Stromungsfelddaten erforderlich sind, um die resultierenden koharenten Strukturen und ihre Ent-
stehung korrekt zu charakterisieren, insbesondere bei orthogonaler Kiihlluftanstromung. Nicht
alle kohdrenten Strukturen, die aufgrund der Ergebnisse aus generischen Untersuchungen er-
wartet werden, finden sich tatsdchlich bei der Filmkiihlausblasung unter maschinen@hnlichen
Randbedingungen wieder.

Dariiber hinaus wird der lokale Zusammenhang zwischen den thermischen FilmkiihlgroBen und
den kohirenten Stromungsstrukturen analysiert. Teils unerwartete Zusammenhénge zwischen
der lokalen Verteilung des Verhiltnisses der Wirmeiibergangskoeffizienten mit und ohne Film-
kiihlung und den dominanten kohdrenten Stromungsstrukturen werden beobachtet. In Verbin-
dung mit den vorangegangenen Forschungsarbeiten legt die vorliegende Arbeit nahe, dass die
bedeutendste Steigerung des Wirmeiibergangs mit einer instationdren Komponente des Nieren-
wirbelpaares zusammenhingt. Die allgemein diskutierten Griinde fiir die Erhohung des Wirme-
iibergangs spielen eine weniger bedeutende Rolle. Basierend auf diesen Ergebnissen wird der
quasi-stationire Modellierungsansatz fiir die Anderungen im Wirmeiibergang durch Filmkiih-
lung in Frage gestellt. Des Weiteren wird der Einfluss der kohérenten Strukturen auf die lokale
Wirmestromminderung und dessen Relevanz fiir die Auslegung des Kiihlsystems diskutiert.
Die vorliegende Arbeit leistet neben dem anwendungsorientierten Forschungsfeld der Filmkiih-
lung auch einen Beitrag zum grundlegenden Verstiandnis der treibenden Faktoren des Wirme-
iibergangs stromab der Strahlausblasung.






Abstract

Stationary gas turbines and jet engines remain crucial components in today’s energy conversion
and transport systems, respectively. Enhancing the thermal efficiencies by an increase in tur-
bine entry temperatures, demands improvements in the cooling system of the high-temperature
components. Film cooling is an essential method in this cooling system, relying on small holes
connecting the inner cooling channels to the outer surface of the turbine blades or vanes. The
resulting flow field constitutes a special case of the generic jet in cross-flow. To further improve
this cooling method and understand the differences to the generic jet in cross-flow, an experi-
mental investigation of the flow field in the mixing region between the hot gas and the coolant
jet is required.

In the present work, for the first time the coherent flow structures are experimentally charac-
terised for a laidback fan-shaped cooling hole geometry at scaled, engine-realistic operating
conditions. This includes engine-realistic temperature and blowing ratios, hot gas turbulence
intensities and the mostly neglected effects of parallel and orthogonal coolant cross-flow. Exten-
sive measurements are carried out using stereoscopic Particle Image Velocimetry to complement
the available thermal film cooling quantities with highly resolved quasi-volumetric velocity data
of the entire mixing region around the film cooling hole exit. The measurements are conducted
for three blowing ratios and two coolant channel Reynolds numbers for each coolant cross-flow
direction, yielding 12 different cases.

For each case, the near and far field of the jet in cross-flow is analysed, a detailed understanding
of the coherent flow structures is derived and the origin of these flow structures is discussed.
It is clearly shown that quasi-volumetric flow field data is required to correctly characterise the
resulting coherent structures and their formation, especially for the cases with orthogonal coolant
cross-flow configuration. Not all coherent structures expected based on the results from generic
jet in cross-flow research are present in film cooling jets in cross-flow.

Furthermore, the local relation between the thermal film cooling quantities and the coherent flow
structures is analysed. Partially unexpected relations between the local distribution of the ratio of
heat transfer coeflicients with and without film cooling and the dominant coherent flow structures
are observed. In conjunction with research leading up to this work, the present work suggests
that the most significant heat transfer augmentation is related to an unsteady component of the
counter-rotating vortex pair. The commonly discussed reasons for heat transfer augmentation
are observed to play a less significant role. Based on these results, the quasi-steady modelling
approach for the heat transfer augmentation due to film cooling should be revisited. Furthermore,
the significance of understanding the impact of the dominant coherent flow structures on the heat
flux reduction for the design of film cooled airfoils is outlined to provide impulses for the design
process of film cooling.

The present work contributes not only to the application oriented film cooling research field, but
also to the fundamental understanding of the significant drivers for heat transfer augmentation.
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X1

A.1 Impact of the coolant ejection on the near-wall streamwise velocity, u, and in-
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1 Introduction

Stationary gas turbines still contribute largely in converting the primary energy sources to sat-
isfy the final energy requirement every day. In Germany in 2022, the contribution of renewable
energy to the gross electricity demand was below 50 %. Given that the gross electricity demand
makes up around 20 Y% of the final energy demand in Germany, renewable energy sources cov-
ered no more than 10 % of the final energy demand in 2022 and no more than 10 % to 15 %
at any time in history (BMWK, 2022). Compared to the rest of the world, the contribution of
renewable energy in Germany is high. While European and world-wide agreements are for-
mulated to emphasise the relevance of energy solutions with low climate impact (UN, 2016),
Europe itself and much more so the majority of the world will continue to rely on conventional
energy conversion requiring turbomachinery for covering the final energy demand reliably at all
times. According to Brandes et al. (2021), the required installed capacity of gas power plants
in Germany will approximately double until 2045 to compensate the shut-down of coal power
plants and cover the increasing electricity demand in any of the modelled scenarios towards a
climate-neutral energy system. This is despite the fact, that the final energy demand, which has
been more or less constant over the past decades in Germany, is predicted to reduce by at least
30 % until 2045 (Brandes et al., 2021)1.

In terms of aviation, jet engines remain the only propulsion system for all military and medium
to large capacity civil aviation. Entering the post COVID-19 era, the growth of the aviation in-
dustry is predicted to recover quickly (Gelhausen et al., 2021; ICAO, 2022) and latest by 2024
(ACARE, 2022). Aviation currently contributes 2 % to 3 % of CO, emissions globally and 4 % in
Europe. When accounting for non-CO, related anthropogenic climate impact, the contribution
of aviation might increase significantly (D. Lee et al., 2021). Facing the challenges of climate
change, political and legislative efforts are made to reduce the climate impact of jet engines. For
Europe’s aviation, the short-term goal until latest 2030 is to reduce the net CO, emissions by
55 % compared to the 1990 baseline. In the long-term until latest 2050, the goal is to reduce the
CO, emissions to net-zero and the absolute amount of CO, and NOy emissions by 90 % com-
pared to the year 2000 (ACARE, 2022). Given the growing demand for jet engines, reducing
the climate impact is challenging. While hydrogen is an appealing fuel in aviation, it requires
a drastic redesign of the engine and airframe, and entirely new safety regulations and infras-
tructure around it. Compared to battery electric vehicles for ground transport, small short-haul
full-electric flights might gain traction in the near-term, but the current energy density of bat-
teries is way below the requirements for medium- and long-haul full-electric aviation (Bauen
et al., 2020). Sustainable aircraft fuels (SAFs) are another attractive decarbonisation option, but
currently significantly more costly and the production infrastructure is lacking. Recent studies
further show, that the particle mitigation potential of SAF blends tend to decrease with increasing
power settings of the engine (Schripp et al., 2022).

Continuously improving the thermal efficiency of gas turbines and jet engines is, therefore, es-
sential. For fossil fuels, this will lead to reduced emissions and for sustainable aviation fuels,
simply reducing the fuel burn is advantageous as it will ease challenges related to fuel transport

IThis reduction in final energy demand is expected to be achieved by technological progress in general but
mainly an increase in process efficiencies.
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and infrastructure. Improving the efficiency will remain specifically relevant as the long-term
goals for gas turbines and jet engines consider net-zero and not absolute-zero CO;, emissions
(ACARE, 2022).

Increasing the thermal efficiency of the underlying thermodynamic process can be achieved by
either improving the component efficiencies, or increasing the pressure ratio or turbine entry
temperature (TET). The specific work also increases with increasing TET, enhancing the power
density which is specifically relevant for jet engines. Since the introduction of the first cooled tur-
bine blades in the late 1960s, a continuous upward trend of the TET can be observed. Modern
high pressure turbine blades are manufactured using single-crystal materials made of nickel-
based superalloys and sustain TETs beyond 2000 K (Hada et al., 2012). Sophisticated cooling
concepts combining multiple cooling methods are used to protect the high-temperature compo-
nents from the hot gas and prevent component failure.

One essential cooling method is film cooling. The main goal of film cooling is to protect the
blade surface from the hot gas exiting the combustion chamber and reduce the heat flux into the
blade material (Bogard and Thole, 2006), to achieve a reduction of blade metal temperatures.
Depending on the required pressure level, primary air from the compressor is channelled into the
secondary air system to bypass the combustion chamber. It is then fed into the turbine blade’s
internal coolant channels to exit on the blade surface via discrete film cooling holes. The air used
for cooling no longer takes part in the thermodynamic cycle, constitutes a loss and its usage has
to be minimized.

The coolant exiting the film cooling hole into the hot gas main stream essentially constitutes a
special case of the generic jet in cross-flow (JiC). The structure and mixing characteristics of
a jet in cross-flow (JiC) are fundamental to its understanding and immensely significant to the
efficiency and effectiveness of connected processes. Due to the generally vast areas of applica-
tion, JiCs have been a focal point of research for decades. A direct consequence of the variety of
applications are the large regimes of relevant operating conditions, which significantly influence
the jet and cross-flow interaction. While being broadly used in industry, the exact purpose of the
JiC varies significantly and its applications in the field of gas turbines may even be contradicting.
For external cooling such as film cooling, the main purpose is decreasing the heat flux into the
component by reducing the surface temperature and preventing heat transfer augmentation. To
achieve a long lasting external near-wall cooling film, mixing between the hot gas cross-flow
and the coolant jet has to be minimised. With the goal of improving the cooling performance,
most experimental research has centred around determining the cooling performance for specific
geometries and operating conditions. Fundamental research on JiCs has been more focused on
understanding the flow field and specifically the coherent structures in the flow to understand
the mixing process. These results are frequently referred to when describing effects observed
in film cooling performance at significantly different operating conditions while few or no flow
field measurements are conducted. New geometries are regularly proposed with the aim of alter-
ing the flow field to reduce the downstream surface temperature while minimising heat transfer
augmentation. Despite the massive generic and film cooling related research on JiCs, the impact
of specific operating conditions on the jet’s coherent structures in combination with the cooling
performance has never been experimentally reported at operating conditions transferable to real



engines.

Such data is required for various purposes. From a fundamental perspective it allows insights
into understanding the formation process of coherent structures and the connection between co-
herent structures and cooling performance. Detailed aero-thermal data sets further extend the
possibilities for benchmarking or improving modelling approaches in numerical flow simula-
tions. For JiC applications as film cooling in gas turbines and jet engines, a comprehensive
aero-thermal data set will further improve the understanding of the flow field enabling educated
geometry alterations.

Improvements in flow field measurement techniques and advancements in hardware over the past
decade enable capturing flow field quantities at both relatively high temporal and spatial reso-
lution (Beresh, 2021). In the present work, such flow field measurements will be systematically
employed for jets in cross-flow at operating conditions tailored to gas turbines and jet engines to
fully explore the coherent structures in the flow and their relation to the cooling performance.






2 Generic and Application-Oriented Jets in Cross-Flow

The countless applications and the associated large range of operating conditions, compounded
with geometry variations pose a great challenge for conducting exhaustive research on the flow
field of a JiC. No single parameter set can be derived that describes the characteristic behaviour
of the JiC for all applications with acceptable accuracy and precision. In the fundamental JiC
research, certain flow characteristics are repeatedly associated with jets in cross-flow (JiCs).
In order to analyse the JiC for a specific application, it is necessary to understand these flow
characteristics first. This enables the reader to comprehend the discriminating features of the
JiC for the application in film cooling discussed in the present work compared to the results
from the fundamental research. Being able to classify the relevance of the typically observed
flow characteristics will enable more targeted development of film cooling hole geometries and
an improved overall design process.

In the following sections, the most recent consensus on typically expected flow structures in a
generic JiC and the effects on the downstream heat transfer from a fundamental perspective are
provided (section 2.1). Despite the large amount of flow field investigations on JiCs, no standard-
ised hole geometry or operating conditions for a JiC exist. Certain commonalities are present
and used as a basis for the definition of the generic! JiC in the present work. The inclination
angle of a generic JiC is 90° relative to the main stream cross-flow. The hole cross section is
cylindrical with a flush hole exit to the cross-flow. The hole length and diameter may vary but
the jet to cross-flow density ratio is unity. Unless specified otherwise, inlet-sided cross-flow is
neglected and plenum conditions are used.

The state of the art of the JiC for film cooling applications is provided in section 2.2. This in-
cludes an aero-thermal characterisation of the film cooling ejection (subsection 2.2.1), followed
by an overview of the relevant dimensionless parameters (subsection 2.2.2). This section is con-
cluded with a detailed literature review on previous experimental flow field investigations on
film cooling flows (see subsection 2.2.3).

Finally, a detailed description of the intentions of the present work is provided in section 2.3.

2.1 Coherent Structures in the Generic Jet in Cross-Flow

Understanding the aerodynamics of a JiC has been a topic of research for many decades, as shown
in early reviews (Hancock, 1987; Sherif and Pletcher, 1990; Margason, 1993). Widespread
applications have led to continued interest in this fundamental flowfield, which is confirmed
by recent topical reviews (Mahesh, 2013; Karagozian, 2014; Dai et al., 2016; Taherian and
Mohammadian, 2021). The majority of research on JiC is focused on the coherent structures
developing in the near- or far-field of the jet. Coherent structures are organised spatial features
which repeatedly appear and undergo a characteristic temporal life cycle (Berkooz et al., 1993).
They may or may not constitute a vortical structure. The aim of this section is to provide an
overview of the current consensus on which coherent structures are typically observed and how
they are formed.

In the fundamental JiC research, the generic JiC is frequently referred to as canonical JiC.
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The interaction between jet and cross-flow leads to a complex set of coherent structures. An early
but seemingly complete and widely accepted experimental description of the coherent structures
in a generic JiC is provided by Fric and Roshko (1994) based on previous publications (Fric and
Roshko, 1994, 1991, 1988; Fric, 1990) using flow visualisations. Kelso et al. (1996) expand the
observations by Fric and Roshko (1994) and create detailed topological maps of the coherent
structures.

A schematic of the coherent structures typically observed in a generic JiC is presented in Fig-
ure 2.1. Some of the coherent structures have a mean flow definition in terms of velocity as
schematically shown in Figure 2.1a, but may also present with unsteady components. These
unsteady components and all exclusively unsteady coherent structures are schematically shown
in Figure 2.1b.

For a large variety of operating conditions, the dominating structure is the counter-rotating vor-
tex pair, where each vortex leg is indicated by Qcvy in Figure 2.1a. The existence of the Qcy pair
leads to an entrainment of cross-flow fluid and thereby cross-flow momentum beneath and into
the jet. This entrainment majorly contributes to the bending of the jet trajectory in cross-flow
direction (Fric and Roshko, 1994). The jet trajectory based on the centre streamline typically
penetrates deeper into the cross-flow than the trajectory of the dominant coherent structure, as
noted by Fearn and Weston (1974). This is indicated in Figure 2.1 by the dashed line as the
centre streamline, which is located slightly above the trajectories of the Qcvy pair. While its true
genesis is disputed (Peterson, 2003; Mahesh, 2013; Taherian and Mohammadian, 2021), the
general consensus is that the Qcvy pair formation is initiated in the near-field. It is thought to be
associated with the evolution of vorticity in the shear-layer and pressure differences between the
windward (upstream) and leeward (downstream) side of the jet resulting in a downstream and
downward movement along the lateral sides of the jet. The ring vortex Qg is initiated by the
in-hole vorticity caused by the hole boundary layer. For high jet to cross-flow velocity ratios it
may propagate along the windward side of the bent jet contributing to the windward shear-layer
vortices Qwsy. Along the lateral hole edges, the ring vortex Qg contributes but is not required

Z centre streamline

y

(a) Steady coherent structures based on Fric and (b) Unsteady coherent structures based on Fric and
Roshko (1994) and Kelso et al. (1996) Roshko (1994) and Cambonie and Aider (2014)

Figure 2.1: Coherent structures in a generic JiC with orthogonal ejection from a cylin-
drical orifice; adapted from Baldauf (2001) and Cambonie and Aider (2014)
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for the formation of the Qcvy pair. As Muppidi and Mahesh (2007) show, the Qcvy pair formation
can be driven purely by the pressure-difference. They generalise by considering the near-field of
the jet as pressure-driven and the far field as momentum-driven. Instantaneously, the Qcv pair
is highly unsteady and asymmetric (Mahesh, 2013). A detailed overview of the proposed mech-
anisms for the Qcy pair genesis can be found in Taherian and Mohammadian (2021). Below the
Qcvy pair, an anti-counter-rotating vortex (2acv) pair may form.

The jet obstructing the cross-flow leads to a local adverse wall-normal pressure gradient up-
stream of the jet. The cross-flow boundary layer separates yielding either a single horseshoe
vortex Qpy or a system of Qpy. Depending on the jet to cross-flow velocity ratio, the lateral
legs of the Qv can be steady, oscillate or coalesce. In the latter case, they are either lifted away
merging with the Qcy pair or are incorporated into the wake vortices Qwy (Kelso and Smits,
1995; Peterson, 2003), depending on the sign of the streamwise vorticity.

The wake vortices Qwy are upright vortices observed downstream of the jet as shown in Fig-
ure 2.1b. Their appearance is similar to those in a Kdrman vortex street downstream of a solid
cylinder. In contrast to the Kdrmén vortex street, the wake vortices Qwy in a JiC originate
from separation events observed in the cross-flow boundary layer downstream of the jet and are
mainly comprised of boundary layer fluid (Fric and Roshko, 1994). An intuitive understanding
of the Qwv formation is the roll-up of wall-normal vorticity in the near-jet wake as the boundary
layer fluid sweeps around the issuing jet (Hale et al., 2000). As the Qwvy are advected down-
stream, they instantaneously appear as a system of wake vortices Qwy in a staggered alignment,
as indicated in Figure 2.1b. Cross-flow fluid may be incorporated in the Qwy depending on the
vorticity direction (Kelso et al., 1996). The system of wake vortices is roughly oriented in the
same direction as the initial jet (Peterson, 2003) and eventually combines with the Qcv pair. In
most of the literature, wake vortices Qv are considered entirely unsteady, suggesting they are
not detectable in the mean flow field.

Brizzi (1994) and Hale (1999), however, report steady nodes in the immediate jet wake. They
classify these nodes as the steady remainder of the unsteady wake vortices Qwyv, as they corre-
spond to their time-averaged separation in the wake. In the present work, they are referred to as
steady wake vortices Qqwg as shown in Figure 2.1a to distinguish them from the unsteady wake
vortices Qwy identified by Fric and Roshko (1994).

Another exclusively unsteady coherent structure are the shear-layer vortices that are typically ob-
served on the windward side (Qwsy ) but can also occur on the leeward side of the jet (1 gy ) as in-
dicated in Figure 2.1b. They are highly unsteady and are thought to resemble Kelvin-Helmholtz
instabilities (KHI). At high velocity ratios, recent studies suggest formation processes different
from the KHI. (Mahesh, 2013)

At low velocity ratios VR £ 1, the interaction of the jet with the cross-flow tends to be dominated
by hairpin vortices Qypy (Mahesh, 2013). A schematic of a JiC at low jet to cross-flow velocity
ratios is schematically shown in Figure 2.2. The displayed scenario corresponds to when the
interaction between jet and cross-flow is entirely dominated by hairpin vortices Qppy. They form
as the approaching cross-flow boundary layer vorticity at low velocity ratios can overwhelm the
windward vorticity of the ring vortex Qg at the hole exit. Vorticity is then shed from the leeward
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Z centre streamline

/y

Figure 2.2: Unsteady coherent structures in a generic JiC with orthogonal ejection from
a cylindrical orifice at low jet to cross-flow velocity ratios

side of Qg in the hole. Hairpin vortices are not necessarily apparent if the flow is visualised in a
2D plane alone as they might appear to be a Qcy pair or traces of shear-layer or wake vortices,
Qwy or Qgy. They may or may not be accompanied by a horseshoe vortex Qpy. (Acarlar and
C. R. Smith, 1987; Tyagi and Acharya, 2003; Sau and Mahesh, 2008; Mahesh, 2013; Fawcett
et al., 2013)

To characterise unsteady coherent structures, the Strouhal number

_ /D

St ,
Uj

2.1
is used, where f is the shedding frequency of the instability of interest, D the hole or orifice
diameter and U; the jet mean velocity at the hole exit. No general tendencies with regard to
shedding frequencies and corresponding strength are available. Details on frequency content of

the unsteady coherent structures for specific velocity ratio regimes can be found in Megerian
et al. (2007), Dai et al. (2016), and Shoji et al. (2020).

With regard to the formation of the presented vortex structures, it can be summarised that the
counter-rotating vortex pair and the ring vortex, Qcy and g, respectively, are issued by the
jet, whereas the horseshoe vortex Qpy and the wake vortices Qwy originate from cross-flow
boundary layer fluid (Leboeuf and Sgarzi, 2001). The anti-counter-rotating vortex Qacy pair
may originate from the jet or the cross-flow fluid as will be discussed in the course of this work.
Shear-layer vortices and hairpin vortices Qupy contain both, jet and cross-flow fluid.

2.2 Inclined Jets in Cross-Flow for Application in Film Cooling

In order to determine optimal operating conditions for a specific application, a thorough under-
standing of the structural and mixing flow characteristics at a range of operating conditions is re-
quired (Karagozian, 2014). One highly relevant application is film cooling, in which a relatively
cold air jet is ejected into a relatively hot cross-flow at various different operating conditions. To
understand the relevant features of the JiC for the application in film cooling, an overview of the
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aero-thermal characterisation of the film cooling ejection is given in subsection 2.2.1. The rel-
evant operating conditions are detailed in subsection 2.2.2 and an extensive review of previous
aerodynamic film cooling flow investigations is provided in subsection 2.2.3.

2.2.1 Aero-Thermal Characterisation of the Film Cooling Ejection

The main goal of film cooling is to reduce the wall temperature by introducing a cold film close
to the wall which acts both as a protective layer as well as a heat sink. To characterise the film
cooling performance, the aerodynamic and thermal effects of the film cooling ejection on the
wall temperature have to be quantified.

In Figure 2.3, the mean temperature and velocity profiles without (left) and with (right) film
cooling and the resulting heat fluxes are schematically shown. The hot gas cross-flow direction
is from left to right. The direction of the coolant cross-flow in gas turbines and jet engines
varies and is indicated in parallel and orthogonal direction relative to the hot gas cross-flow in
Figure 2.3. gy, is the heat flux from the hot gas to the cooling film, ¢¢ is the heat flux convected

Unh Trec,h Unh Trec,h
hot gas ;
> —— J
z coolant h gt
. h c =)
Gw.0 o 0 1 = T hy Gw.i
7

\) coolant Ly

v \Y
Tic Tic

Figure 2.3: Temperature and velocity profiles without (left) and with (right) film cooling
ejection on a flat plate and resulting heat fluxes; based on Baldauf (2001)

downstream by the cooling film, ¢y ¢ 1s the heat flux into the wall, g, the heat flux from the
wall to the coolant passing through the cooling hole and ¢ is the heat flux from the wall to
the internal cooling passages. Depending on the coolant flow direction and the hole placement,
these heat fluxes are interdependent.

Without film cooling, the local wall-normal heat flux gy o can be derived from the local temper-
ature boundary layer profile such that

) oT
Gwo(2) =g ——| . (2.2)
<lz=0
In most applications, the local thermal conductivity Ag of the fluid and the local near-wall tem-
perature profile is unknown. Hence, the construct of a heat transfer coefficient characterising
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the heat transfer from the fluid to the wall is introduced as

Ag 0T ]
2 = 0 Guch that Gwo = hodT, (2.3)

ho=-L | =22
OT AT 9z|, AT

where ¢ is the wall-normal heat flux without film cooling. AT is the temperature difference
between the hot gas recovery temperature and the wall temperature, yielding AT = Tiech — Tw-
The heat transfer coefficient without film cooling /¢ is dependent on the velocity boundary layer
shape and state and the fluid properties. If changes in the fluid properties caused by temperature
changes of the fluid are considered negligible, a decoupling of the heat transfer characteristics
due to the flow field and the temperature field is achieved. (R. J. Goldstein, 1971)

Due to the coolant jet, the aerodynamic and thermal characteristics of the near-wall flow field
on the flat plate are modified. The temperature boundary layer with film cooling shown on the
right in Figure 2.3 is qualitatively representative for most operating conditions relevant to film
cooling. The temperature of the coolant jet is lower compared to the temperature of the hot gas.
The driving temperature difference in Equation 2.3 is decreased, such that the wall heat flux with
film cooling gy, r is defined as

q'w,f = hf(Ta,W - Tw), (24)

where T}, y, 1s the cooling film temperature. 7, , is also the wall temperature in case of an adiabatic
wall, hence the name adiabatic wall temperature 7, ,,. For the velocity boundary layer, no single
qualitative distribution is representative for all operating conditions. The change in near-wall
velocity gradient and corresponding friction coefficients (from cgy without film cooling to cg
with film cooling) affects the convective heat transfer. The configuration shown in Figure 2.3
is representative for an operating condition, where the coolant jet’s mean exit velocity is lower
compared to the local hot gas velocity. The near-wall hot gas cross-flow is decelerated due to
the coolant ejection.

To fully quantify the cooling performance of a specific film cooling hole geometry, the local
adiabatic wall temperature 7, , and the local heat transfer coefficient with film cooling /¢ have
to be determined. Due to practical constraints, experimental investigations cannot be conducted
at operating conditions of real engines. Hence, dimensionless numbers are used to ensure trans-
ferability of the results. The dimensionless numbers including 7}, y, and /s are the adiabatic film
cooling effectiveness

Trech — Taw
W= (2.5)
Taw Trec,h - Tt,c
and the ratio of heat transfer coefficients with and without film cooling
ht
= 2.6
7 (2.6)

The adiabatic film cooling effectiveness 1, v is the ratio of the achieved temperature decrease on
the wall (difference between the hot gas recovery temperature Tic, and the adiabatic wall tem-
perature 7, ,) upon the maximum possible temperature difference (difference between Tt , and
the total coolant temperature 7;.). For ideal cooling, a value of n7, = 1 and, hence, T, y, = Tt
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is present. In reality, the values of 7,  range between 77,y € [0, 1] and generally decline down-
stream of the ejection due to mixing and conduction between coolant and hot gas dominated by
steady and unsteady coherent structures.

Currently, a direct measurement of the adiabatic wall temperature 7, , and the heat transfer co-
efficient with film cooling /%y is not possible. Instead, the superposition principle of film cooling
is used. According to this approach, the heat flux ¢y ¢ can be described using the heat transfer
coeflicient A of the fictitious temperature profile indicated by the dashed line in Figure 2.3 such
that

q'w,f = h(Trec,h - Tw)- (27)

Introducing the dimensionless temperature ratio

_ Th_TC
T =Ty

0 (2.8)
and equating Equation 2.7 to Equation 2.4, the following linear relationship between the heat
transfer coeflicient 4 and the dimensionless wall temperature 6 is deduced:

h(6) = he(1 = na,wb). (2.9)

This linearity is in principal valid for incompressible flows, as the energy and momentum equa-
tion are decoupled, and was experimentally verified by Metzger et al. (1968), Metzger and
Fletcher (1971), Metzger et al. (1973), and Choe et al. (1974). From Equation 2.9, the adia-
batic film cooling effectiveness 17, and the heat transfer coefficient with film cooling A can be
calculated for each point on a surface as

with h(fa4) =0 and hs=h(0 =0), (2.10)

Naw =
a,w
respectively. From an experimental perspective, two measurements at identical flow conditions,
varying only the dimensionless temperature 6 deliver the information to calculate 7,y and %/n,.
Gritsch et al. (1999) have shown that the superposition principle remains valid even at engine-
realistic temperature ratios violating the initial assumption of constant fluid properties.

To draw a conclusion on the film cooling performance based on the adiabatic film cooling ef-
fectiveness and the ratio of heat transfer coefficients with and without film cooling, the net heat
flux reduction

h
A?ﬂﬁ?:l-—zﬁ(l—rhwe) 2.11)
0

is introduced (Sen et al., 1996). The wall temperature with film cooling and therefore the di-
mensionless temperature 6 is unknown in the design process and has to be estimated. To avoid
the flaw of generating arbitrary NHFR values by estimating 6, Baldauf et al. (2002b) introduced
the heat flux reduction /" in analogy to Equation 2.11 as

(1 + ) (/o)

NHFR~T =1 -
P+ (hi/ho)

(1 = naw)- (2.12)
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This is an approximation, as it underlies the following assumptions: the wall normal heat flux is
dominant; the heat transfer coefficient 4., through the wall and into the internal cooling air (see
Figure 2.3) is invariant with and without film cooling; Ay, can be approximated with a fraction
of the external heat transfer coeflicient without film cooling hg as hy = ¥hg. According to
Baldauf et al. (2002b) and Baldauf (2001), Ay, = hg, yielding 8 = 1 is valid for real applications,
such that the heat flux reduction I" is only dependent on the adiabatic film cooling effectiveness
naw and the ratio of heat transfer coefficients with and without film cooling %:/r,. A complete
performance review of film cooling requires all three of these parameters (Bogard and Thole,
20006).

2.2.2 Dimensionless Operating Parameters Relevant to Film Cooling
Jets in Gas Turbines and Jet Engines

Experimental investigations yielding the adiabatic film cooling effectiveness 7, and the heat
transfer coefficient with film cooling A¢ at operating conditions of modern gas turbines or aero
engines are currently not possible. They are either too costly or not feasible at all due to the high
temperatures and pressures. By scaling the test section based on the relevant dimensionless pa-
rameters, transferability of the results to real engines is provided. For film cooling, a detailed
analysis of all relevant operating conditions and a dimensionality analysis based on the Bucking-
ham //-theorem can be found in Baldauf and Scheurlen (1996) and Baldauf (2001). Hereafter,
the dimensionless parameters relevant to characterise the film cooling ejection in the test section
used for the present work are introduced. More details on how these parameters are derived can
be found in Fraas et al. (2017) and Fraas (2019).

To achieve engine-realistic hot gas and cooling channel cross-flow, the respective hot gas and
cooling channel air Reynolds numbers

D D
_ (D g Rep e = Pl (2.13)

HMh Mcc

ReD,h

respectively, have to be maintained. The densities pp, pcc, the velocities up, ue. and the dynamic
viscosities up, ucc refer to those of the hot gas and the cooling channel air, respectively. To
characterise the coolant ejection, the blowing ratio BR is most prominently used as a scaling
parameter in literature. It is defined as the ratio of the mass flux densities of coolant and hot gas

_ Pcldc
Phlth

BR =DR - VR, (2.14)
where O, refers to quantities related to the coolant in the cooling hole. The blowing ratio BR can
also be described as the product of the density ratio DR and the velocity ratio VR. In many exper-
imental studies on film cooling, the density ratio DR is maintained rather than the temperature
ratio TR by using foreign gas injection. The effect of how well the coolant is able to maintain its
temperature as thermal diffusion and conduction occur between hot gas and coolant is lost when
using foreign gas injection (McNamara, 2019). Wiese and Rutledge (2021) show that maintain-
ing the density ratio DR by using foreign gas injection is insufficient to ensure adequate scaling



2.2 Inclined Jets in Cross-Flow for Application in Film Cooling 13

of the aero-thermal characteristics of a film cooling flow. The resulting adiabatic film cooling
effectiveness is dependent on the foreign gas properties. Hence, rather than the density ratio DR,
the temperature ratio 7R is the relevant dimensionless quantity. This has been shown in previous
studies and early dimensionless analysis by Foster and Lampard (1975) and Rydholm (1998),
respectively. Assuming constant heat capacities, the temperature ratio TR and its relation to the
density ratio DR for film cooling flows is as follows:

TR = E:L (2.15)
T, DR

For relatively low blowing ratios, the adiabatic film cooling effectiveness 7, w and the ratio of

heat transfer coefficients with and without film cooling :/k, increase with an increase in blowing

ratio. Due to the simultaneous increase of coolant momentum, a plateau is reached, after which

the adiabatic film cooling effectiveness decreases again due to jet lift-off (Baldaufet al., 1999a,b).

When lift-off occurs, the momentum ratio

B pcug B BR?

IR 5= 7
phuh DR

(2.16)

or the velocity ratio VR are found to be more suitable for scaling, however, this is highly contro-
versial (Schroeder and Thole, 2014; B. Johnson et al., 2014). Using realistic temperature ratios
in experimental investigations is therefore essential to achieve transferability of the results to real
engine applications.

With respect to the in-hole aerodynamics, the Reynolds number of the coolant Rep . is relevant
and related to the hot gas Reynolds number Rep j, and the blowing ratio BR as follows:

D
Repe = (). = Repyn- BR-Z<. 2.17)

Hc HMh

The ratio of dynamic viscosities is approximately constant for a constant temperature ratio 7R.
For generic JiC and their application in film cooling, entry-related effects play an important role
as previously shown by Plesniak (2005), Gritsch et al. (2003), and Fraas et al. (2019a). Flow
phenomena at the hole inlet influence the in-hole flow propagating artefacts of the entry-related
effects into the coolant hot gas interaction regime, especially for short holes. The inlet velocity
ratio between cooling channel air and in-hole cooling air (coolant) is defined as

VR = e = DR ee 1 Repee pe (2.18)

uc BR un BR Repyn pun

Assuming that density and temperature are equal between cooling channel air and coolant, the
approximation in Equation 2.18 is valid. For an engine-realistic temperature ratio, the viscos-
ity ratio is also engine-realistic with an error of within 10 %. Given that the ratio of Reynolds
numbers of the hot gas and cooling channel air are engine-realistic, the inlet velocity ratio #cc/u,
is too. (Fraas et al., 2017)
This is relevant when investigating film cooling hole flows under engine-realistic operating con-
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ditions with coolant channel cross-flow.

2.2.3 Previous Flow Field Investigations on Film Cooling Jets in
Cross-Flow with Focus on Coherent Structures and their
Relation to the Heat Transfer

Film cooling of turbine airfoils was introduced in the 1970s and has allowed for tremendous
increase in turbine entry temperatures. The research landscape spanning the past five decades is
vast. The focus was mainly on the adiabatic film cooling effectiveness and the ratio of heat trans-
fer coefficients with and without film cooling. Analysing these thermal film cooling parameters
(72w and 7t/ng), studies have repeatedly shown the significance of maintaining engine-realistic
operating conditions. This includes engine-realistic temperature ratios or at least density ratios
(Foster and Lampard, 1975; Rydholm, 1998; Baldauf et al., 1999a; Schroeder and Thole, 2014;
B. Johnson et al., 2014), hot gas turbulence intensities (Saumweber et al., 2003; Saumweber and
Schulz, 2008b), boundary layer thicknesses (Saha and Yaragani, 2011; Anderson et al., 2016)
and realistic cooling air inflow conditions (Saumweber et al., 2001; Gritsch et al., 2003; Saumwe-
ber and Schulz, 2008a, 2012; Fraas et al., 2019a). Maintaining engine-realistic dimensionless
parameters when transferring film cooling problems into a laboratory environment is, therefore,
essential. Despite this consensus (Bogard and Thole, 2006), the majority of experimental stud-
ies compromises on at least one and often more of these parameters, likely due to the significant
experimental effort.

Information on the flow field of a JiC for film cooling applications is sparse compared to the
data available on the thermal film cooling quantities and the research on generic JiCs. Apart
from a few exceptions, investigations using flow field measurement techniques started to emerge
around the turn of the millennium. The available studies at operating conditions tailored to film
cooling flows exclusively treat the interaction regime between hot gas cross-flow and coolant jet.
A method for in-hole measurements at engine-realistic conditions has not yet been established.
In the following, a mostly chronological overview of the existing studies is presented. Most of
them were conducted using Particle Image Velocimetry (PIV) or stereoscopic PIV (SPI1V) for
flow field measurements. The overview is limited to those studies contributing new insights into
the coherent structures themselves or their relation to the thermal film cooling quantities. The
main findings are briefly summarised with an emphasis on whether the relevant dimensionless
parameters satisfy engine-realistic conditions. An exhaustive list containing all additional pub-
lications related to experimental investigations of the flow field of film cooling JiCs is provided
in section A.1

From this literature review, it will become clear how little generalisable information can be
obtained from most of the flow field measurements of the past two to three decades. Assump-
tions about vortex structures mentioned once in previous publications using single-plane data
are subsequently often considered as ground truth by other authors. The data in those and newer
publications is frequently inconclusive in characterising whether and which coherent structures
are actually present at engine-realistic conditions.
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Early flow field investigations were conducted by Gogineni et al. (1995). Using two-colour
PIV techniques and reactive Mie scattering, the overall flow field and molecular mixing for an
unforced and a streamwise forced JiC from a square duct were compared. Forcing refers to the
deliberate introduction of low frequency instabilities into the jet column. The penetration depth
increased up to 30 % for the forced jet. Mixing between jet and cross-flow fluid started earlier
and was substantially enhanced. Streamwise periodic structures observed in instantaneous flow
fields exhibited very similar wavelengths for the forced and unforced jet. A low-velocity domain
in the wake of the unforced jet disappeared due to streamwise forcing. According to Gogineni et
al. (1995), the diminution of this wake region combined with an increased entrainment of cross-
flow fluid below the jet due to secondary flows suggests an increased heat transfer for the forced
jet. Measurements of the heat transfer coefficient were not conducted. Coolant cross-flow, as
well as engine-realistic turbulence levels and temperature ratios were neglected.

Gogineni et al. (1996) investigated the effect of turbulence intensity on a JiC from cylindrical
holes, while also neglecting engine-realistic coolant cross-flow and temperature ratios. They
observed a doubling of wall-normal jet spreading from 7u =1 % to 17 %. Increasing the blowing
ratio BR yielded higher shear-layer shedding frequencies with decreasing scale sizes. The roll-
up frequency for the shear-layer downstream of the film cooling hole decreases while the scale
size increases with both increasing blowing ratio BR and turbulence intensity 7u.

Peterson and Plesniak (2002), Peterson (2003), and Peterson and Plesniak (2004) reported that
regions of increased heat transfer coefficient downstream of the jet are not caused by wake vor-
tices Qwy, as those are inherently unsteady (Fric and Roshko, 1994). Instead, using PIV mea-
surements at the hole inlet, in the hole and at the hole outlet combined with numerical simulation,
a different vortex pair was identified. The authors referred to it as downstream spiral separation
node Qpgsn. This definition is, however, not found in any other literature. Aside from the vortex
definition, Peterson and Plesniak (2002), Peterson (2003), and Peterson and Plesniak (2004 ) ob-
served a significant difference in the flow field when comparing parallel coolant co-cross-flow
and counter-cross-flow. For the specific, not engine-realistic operating conditions and the short-
hole cylindrical geometry, counter cross-flow proved to be beneficial for film cooling. It reduced
the jet trajectory and the strength of the Qcvy pair due to an in-hole vortex pair of opposite rota-
tional sense.

David et al. (2004) investigated a square hole ejection at different velocity ratios. A clear, steady
horseshoe vortex Qyy with an approximate diameter of 0.15D was observed in the velocity field
upstream of the ejection for the highest velocity ratio VR = 0.63. The upstream boundary layer
thickness was not reported specifically, but appears to be ~ 0.3D. This is large for applications
in film cooling and might explain why David et al. (2004) was the only one so far to conclusively
set out the presence of a Qpy. They further reported the unsteady merging of two Qcy pairs
at a frequency equivalent to the shedding frequency of the shear-layer vortices. With regard to
the latter, it should be mentioned that the explanation and data presentation seemed incomplete.
While the investigation was intended for film cooling flows, the operating conditions were not
engine-realistic.

Bernsdorf et al. (2005) investigated the flow field of cylindrical film cooling holes at two inclina-
tion angles (30° and 50°) and different temperature ratios using SPIV. They associated patches
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of streamwise vorticity in a plane parallel and near to the wall with the horseshoe vortex Qpy.
The streamwise vorticity had the opposite direction compared to that of the Qcy pair but no
secondary flow structures in the flow field upstream of the ejection were presented to confirm
this claim. Engine-realistic turbulence intensities and coolant cross-flow of any sort were not
considered in their investigation.

While investigating the effect of hole imperfection of flow field and adiabatic film cooling ef-
fectiveness, Jovanovi€ et al. (2006) observed a strong interdependence between the formation of
large coherent structures and cooling effectiveness. According to them, the large vortical struc-
tures have the biggest influence on momentum and heat exchange. The study was unspecific
as to how the coherent structures impact heat transfer. It was conducted in water, neglecting
engine-realistic temperature ratios, coolant cross-flow and with nearly no turbulence intensity in
the free stream cross-flow.

Jessen et al. (2007) investigated the influence of the density ratio DR on the flow field and the
turbulence intensities of cylindrical holes using air and foreign gas injection. The flow field was
observed to change much less when the velocity ratio was maintained rather than the blowing
ratio for a change in density ratio. The flow field data was further compared to results of a large
eddy simulation (LES) by Renze et al. (2007a). Qualitative differences in velocity data of up to
10 % and in turbulence intensities of up to 20 % were observed. In the study, engine-realistic
hot gas turbulence intensities and coolant cross-flow were not considered.

Using the same film cooling test facility as Bernsdorf et al. (2005), Aga et al. (2008) investigated
the flow field of a 45° compound angled inclined cylindrical hole under consideration of realistic
temperature ratios. For the given operating conditions, a single coherent structure with positive,
streamwise vorticity was observed instead of a Qcvy pair. Thinning of the boundary layer associ-
ated with an increased heat transfer augmentation was reported. An increase in temperature ratio
TR at constant blowing ratio BR resulted in an increased lateral spreading, significantly changing
the velocity and vorticity field. As in Bernsdorf et al. (2005), realistic turbulence intensities and
coolant cross-flow were not considered.

In Bernsdorf et al. (2008), the same test facility was further used to evaluate the effect of pul-
sating coolant flow on the flow field and instantaneous as well as time-averaged coolant jet tra-
jectories. While the facility can run at engine-realistic temperature ratios, the flow field and jet
trajectory analyses were exclusively conducted for 1/7r = DR ~ 1.0. The steady coolant ejection
was compared with the unsteady ejection at two different pulsating frequencies. For the higher
pulsating frequency, small differences in instantaneous and phase-averaged flow fields were ob-
served. The low pulsation frequencies yielded larger corresponding fluctuations in the blowing
ratio and larger deviations from the steady case. The authors therefore deducted that a quasi-
steady description of the ejection was sufficiently accurate only for high pulsation frequencies
and low pulsation amplitudes. For low frequency pulsations with larger blowing ratio modula-
tion, the quasi-steady assumption was quite limited and inaccurate. This is relevant when models
for the steady-state flow fields are to be derived. A wider variation in pulsation frequency and
amplitude to define the limits in quasi-steady modelling of such flows was not provided. The
impact of the pulsation on the thermal film cooling quantities was not reported.
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A combined experimental and numerical study was conducted by Renze et al. (2008) for cylin-
drical holes with and without a trench. An Qcy pair was observed for both hole configurations
but the lateral spreading was significantly increased for the trenched hole. An overall consensus
between numerical and experimental data was found, with deviations in peak values of up to
15 %. Thermal film cooling quantities, which are typically challenging for numerical simula-
tions, were not investigated and the connection between the observed flow field and the thermal
film cooling quantities was left unresolved. While the numerical study was conducted for two
temperature ratios, the comparison between LES and experiment was conducted for TR = 1.0
only. Coolant cross-flow and engine-realistic turbulence intensities were also neglected.

Takeishi et al. (2010) investigated the influence of swirl in the coolant hole on the flow field and
film cooling effectiveness using PIV, LiF and PSP with nitrogen as the coolant. According to
their results, the film cooling effectiveness increases for both cylindrical and laidback fan-shaped
cooling holes when swirl is introduced, as the tendency to lift-off was reduced. Similarly to the
compound angled cylindrical holes in Aga et al. (2008), the Qcv pair was suppressed by the
swirl and the jet was biased towards a lateral side. Heat transfer coeflicients were not presented
and the density ratio was not engine-realistic.

Combining PIV and PSP measurements, Wright et al. (2011a) investigated the effect of free
stream turbulence on jet structure and film cooling effectiveness for a cylindrical cooling hole
geometry. For attached jets at low turbulence intensities, an increase in turbulence intensity
had a detrimental effect on the corresponding adiabatic film cooling effectiveness. For higher
blowing ratios, at which the coolant jet tends to lift off for the given operating conditions, an
increase in turbulence intensity has little effect on the adiabatic film cooling effectiveness in
the near-hole region. In streamwise direction, the increased turbulence intensity reduces the
adiabatic film cooling effectiveness due to the increased vertical and lateral mixing with the
main flow. Maxima in turbulent kinetic energy thickness and turbulent shear stress thickness
were associated with minima and local maxima in centreline adiabatic film cooling effectiveness,
respectively. Coolant cross-flow and engine-realistic density ratios and turbulence intensities
were not discussed.

Claims about a horseshoe vortex Qpy were made based on the jet velocity field not being clearly
defined and increased velocity fluctuations in certain lateral planes. The measurement quality
was overall limited as only the cooling air was seeded. Global validation rates were around
50 % and locally reduced to as low as 10 %. Given the overall flow field measurement quality,
the spatial resolution and the fact that more convincing evidence of the Qpy in other studies
suggest a diameter of D ~ 0.1 to 0.15D (Hale et al., 2000; David et al., 2004), these claims are
highly speculative.

A similar investigation but for fan-shaped cooling holes with a lateral opening angle of 10° was
conducted by Wright et al. (2011b). According to the authors, the effect of the Qpy observed for
the cylindrical holes was diminished for the fan-shaped hole due to the lateral spreading. The
authors further claim to observe a reversal of the Qcv pair reasoned by an elevated adiabatic film
cooling effectiveness immediately downstream of the film cooling hole exit. Since no attributes
of a reversed Qcvy pair can be seen in the presented flow field data, the results should be treated
with caution. Additionally, the approach in measurement techniques and data evaluation as well
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as the global operating conditions were equivalent to Wright et al. (2011a). Hence, the previously
mentioned concerns with respect to the data quality remain.

Aga and Abhari (2011) combined infrared thermography (IRT) for acquisition of adiabatic film
cooling effectiveness and ratio of heat transfer coefficients with and without film cooling using
the superposition approach of film cooling (Choe et al., 1974) with SPIV measurements. They
investigated cylindrical holes at three different compound angles at engine-realistic temperature
ratios. Corroborating the results in Aga et al. (2008), an increasing asymmetry between the Qcvy
legs was observed for increasing compound angles. Eventually, the Qcvy pair fully transformed
into a single streamwise vortex.

An increase in adiabatic film cooling effectiveness and ratio of heat transfer coefficients with and
without film cooling was observed for increasing compound angles. Interestingly, local maxima
in wall-normal vorticity associated with wake vortices Qwy were observed to not overlap with
local maxima in ratio of heat transfer coefficients with and without film cooling. Coolant cross-
flow and engine-realistic turbulence intensities were not considered in this study.

Jessen et al. (2011) investigated staggered multi-row film cooling using laidback fan-shaped
holes with lateral and streamwise opening angles of 10° and 8°, respectively. Their focus was
on zero and adverse cross-flow pressure gradients as well as density ratios of DR = 1 and 1.5
using CO; injection. Due to the staggered alignment, the Qcy pair of each consecutive row
of holes interacted with the previous one reducing their overall strength. As in Jessen et al.
(2007), engine-realistic turbulence intensities as well as coolant cross-flow was neglected and
no experimental data was provided to quantify the thermal film cooling parameters.

Fawcett et al. (2011) investigated the flow field of cylindrical and laidback fan-shaped film cool-
ing holes on a blade pressure side of a large scale linear cascade using PIV and high-speed
photography for velocity measurements and analysis of unsteadiness, respectively. A Qcy pair
developed for all blowing ratios in case of the cylindrical hole, while for the LFH hole it was
only present at low blowing ratios and much weaker compared to the cylindrical hole at the same
blowing ratio.

A spectral analysis of the pixel intensity time-series yielded Strouhal numbers St ~ 1 in the shear-
layer. Coolant cross-flow and engine-realistic turbulence intensities and density ratios were not
considered and no information on the thermal film cooling quantities was presented.

A combination of PIV, LIF and DES was used by Takeishi et al. (2011) to analyse the flow field
and mixing process for cylindrical, fan-shaped and laidback fan-shaped geometries. They ob-
served a premixing of coolant in the diffuser for the laidback fan-shaped geometry due to cross-
flow ingestion. Coolant cross-flow and engine-realistic turbulence intensities and temperature
ratios were not considered. Furthermore, the boundary layer thickness of five hole diameters
is unreasonably large for gas turbine applications. The jet and cross-flow boundary layer thick-
nesses, however, have a major impact on the flow structures and therefore the mixing process in
JiC (Saha and Yaragani, 2011).

Kampe et al. (2012) were the first to investigate flow field and thermal data, as well as numerical
simulation data all from the same test facility. They analysed a cylindrical and a laidback fan-
shaped geometry using SPIV, LDA, IRT and RANS simulations at low and medium density ratios
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and elevated turbulence intensity for low blowing ratios. The laidback fan-shaped geometry was
further investigated at higher blowing ratios but with a reduced density ratio close to unity.

An Qcvy pair was only observed for the cylindrical hole, whereas for the diffuser geometry, the
lateral spreading was considered to be the dominant flow structure. The double peak of lateral
and wall-normal velocity was observed to increase with the blowing ratio and attributed to a
flow separation in the central laidback part of the diffuser as suggested in Saumweber (2005).
Only lateral averages of the adiabatic film cooling effectiveness were presented and it is unclear,
whether a single or double lateral maximum of 7, occurred. Heat transfer coefficients were
not provided and coolant cross-flow was neglected entirely. A semi-realistic density ratio was
only considered for the low blowing ratio.

Wright et al. (2013) investigated the benefits of laidback fan-shaped over cylindrical geometries
at a high turbulence intensity but an unrealistically low density ratio and in neglect of coolant
cross-flow. The formation of a Qcvy pair was observed to be overall much weaker for the laidback
fan-shaped geometry but increasing in strength with the blowing ratio for both the cylindrical and
the laidback fan-shaped geometry. With the intention to further mitigate the Qcvy pair, they sug-
gested a double-hole cylindrical geometry. Due to the single jets merging closely downstream
of the coolant ejection, the strength of the Qcy pair was, however, enhanced rather than reduced.
In terms of laterally averaged adiabatic film cooling effectiveness, the double-hole concept out-
performed the simple cylindrical geometry for the higher blowing ratios for a certain streamwise
extent. For the laidback fan-shaped geometry, which presented with the weakest Qcvy pair, the
highest adiabatic film cooling effectiveness was observed. Data on the heat transfer coefficient
with film cooling was not provided.

Eberly and Thole (2013) investigated the influence of the density ratio on the flow field and
adiabatic film cooling effectiveness of a cylindrical cooling hole with coolant plenum conditions
using PIV, IRT and LDV. Time-averaged and instantaneous flow fields were analysed. In contrast
to Kampe et al. (2012), the PIV and LDV measurements agreed well, even in the near-wall region.
The authors assume the presence of a Qcvy pair based on changes in the near-wall flow field in
a central compared to a laterally shifted streamwise plane. Flow fields orthogonal to the main
flow direction are not presented. Strength and position of the Qcy pair are therefore not defined
and the connection to the adiabatic film cooling effectiveness was not investigated.

Using instantaneous flow fields, opposite lateral vorticities were observed for high blowing ratio
at low density ratios, indicating an upper and lower shear-layer. At low blowing ratios, only
negative vorticity was observed. Increasing the density ratio at constant blowing ratio resulted
in the negative-vorticity regions moving closer to the wall. This signifies the importance of
maintaining engine-realistic density ratios when considering mixing between hot gas and coolant
as well as the influence of film cooling on the turbine aerodynamic losses.

Heat transfer coeflicients were not provided, and coolant cross-flow as well as engine-realistic
turbulence intensities were neglected.

Combined investigations of flow field and adiabatic film cooling effectiveness were conducted
by Takeishi et al. (2013) using PSP, PIV and LiF for a cylindrical and a laidback fan-shaped hole,
analysing the influence of swirl in the coolant plenum. Depending on the swirl number, they ob-
served both, beneficial and adverse effects on the adiabatic film cooling effectiveness. For both
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geometries, an optimum swirl leading to a maximum in adiabatic film cooling effectiveness was
found. At this optimum swirl number, the penetration depth of the coolant jet reduced, and the
shape and strength of the Qcv pair was altered and reduced, respectively. A jet deflection towards
the lateral direction with positive streamwise component of the coolant swirl was observed. The
investigations were not conducted at engine-realistic temperature ratios and turbulence inten-
sities, coolant cross-flow was neglected, and no information on heat transfer coefficients were
provided.

Zhou and Hu (2015, 2016a,b, 2017) investigated variations of a so-called Barchan-dune-shaped
ramp located upstream or downstream of a cylindrical cooling hole with the intention of de-
creasing the lift-off tendency of cylindrical cooling holes towards increased blowing ratios. For
the cylindrical hole reference case, Zhou and Hu (2016b) observed a Qcvy pair and an alleged
comparatively weak horseshoe vortex Qpy in a plane orthogonal to the hot gas cross-flow. The
presented streamwise planes including the upstream edge of the hole did not indicate a horse-
shoe vortex Qpy upstream of the cooling hole. It is, therefore, not clear, whether the observed
vorticity is due to a Qpy.

Including the shaped ramp lead to a Qcvy pair similar as for the cylindrical hole, but with in-
creased lateral distance of the Qcy pair legs, yielding an increase in adiabatic film cooling ef-
fectiveness. The ramp further caused a second vortex pair which the authors referred to as an
anti-counter rotating vortex Qucy pair replacing the allegedly observed Qpy. Using an elon-
gated dune-shaped ramp, Zhou and Hu (2017) reported an increase in area-averaged adiabatic
film cooling effectiveness by up to a factor of three over a range of small to medium blowing
ratio. Aside from the nearly-tangential discharge of coolant into the mainstream caused by the
dune-shaped ramp, the Qcv pair observed for the cylindrical cooling hole was weakened signif-
icantly. The previously mentioned Qacvy pair was reported as the most dominant flow structure
leading to an additional downwash of coolant towards the wall.

As in B. Johnson et al. (2013, 2014), in the studies by Zhou et al. (2014), Zhou and Hu (2015,
20164a,b, 2017), and Zhou et al. (2017), coolant cross-flow was not considered and the turbu-
lence intensity was far from engine-realistic. Heat transfer coefficients with film cooling were
not reported.

Using a thermocouple rake, IRT and PIV, Schroeder and Thole (2016¢) investigated the effect
of free stream turbulence intensity on the time-averaged velocity and temperature fields and the
adiabatic film cooling effectiveness of a laidback fan-shaped cooling hole at engine-realistic den-
sity ratios and varying blowing ratios. While they conducted a combined analysis, the results
for adiabatic film cooling effectiveness and flow fields stem from Schroeder and Thole (2014)
and Schroeder and Thole (2016a), respectively.

For high blowing ratios and low turbulence intensities, a delayed coolant lift-off was observed
due to the Qcvy pair entraining increasing amounts of cross-flow hot gas below the jet. No such
lift-off was observed for high turbulence intensities, as the Qcvy pair became less relevant com-
pared to the fluctuations caused by the free stream turbulence intensity. Lift-off of the coolant jet
was defined in terms of whether the minimum temperature in wall-normal direction was found
at the wall or away from the wall.

Increasing the turbulence intensity caused little changes in the velocity fields and the vertical ex-
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tent of the jet, but enhanced dilution and lateral spreading of the coolant, promoting jet merging
with neighbouring jets that would otherwise remain discrete. For attached coolant jets, which are
usually present at low blowing ratios, an increased turbulence intensity yielded a lower laterally
averaged adiabatic film cooling effectiveness. For high blowing ratios, no decrease in laterally
averaged adiabatic film cooling effectiveness was observed, which the authors attributed to the
fact that the delayed lift-off was prevented due to the higher turbulence intensity.

While temperature fields were required to determine the coolant distribution, the turbulent shear-
stresses in the flow field yielded more insights into the reasons for the increased lateral spreading
at high turbulence intensities. The authors attributed this to two main factors: First, a tendency
of near-wall eddies preferentially directed laterally due to the damping effect imposed on the
wall-normal fluctuations by the wall. Secondly, the fact that near-wall fluid subjected to lateral
fluctuations was generally colder, implying a higher coolant concentration compared to fluid at
the top of the jet which was subject to wall-normal fluctuations. Fluctuations of the near-wall
fluid, therefore, simply had more impact on the overall temperature distribution in the flow.
Coolant cross-flow was not considered in any of these studies.

Abram et al. (2016) and Schreivogel et al. (2016) used thermographic PIV for the first time
to investigate the instantaneous and time-averaged velocity and temperature fields in the hot
gas coolant interaction regime of cylindrical and trenched cylindrical cooling holes at engine-
realistic density ratio. While a detached jet with a pronounced upper and lower shear-layer was
observed for the cylindrical hole, adding a trench resulted in an attached jet containing only an
upper shear-layer. Somewhat wall-normal angled cold streaks between the jet core and the wall
were attributed to wake vortices Qwy (referred to as “tornado” vortices) for the cylindrical hole.
It should be mentioned, though, that wake vortices Qwy originate from the cross-flow (hot gas)
boundary layer (Fric and Roshko, 1994). They should, therefore rather entrain hot gas. Hairpin
vortices, which are typically observed at velocity ratios VR < 1.0, are, given their origin in the
upstream shear-layer, comprised of hot gas with mixed in cooling air.

For the cylindrical hole, the jet was observed to become unstable downstream, showing a me-
andering motion, releasing lumps of coolant into the hot gas cross-flow. According to Abram
et al. (2016) and Schreivogel et al. (2016), due to the faster moving coolant lumps, the mixing
of coolant and hot gas main flow would be driven not only by the shear-layer instabilities, but
also by the inherent intermittency of the coolant jet. The coolant lumps might also be the rea-
son for the fact that the streamwise turbulent heat flux term was negative in both mixing layers,
thereby contradicting the gradient diffusion hypothesis commonly used in RANS simulations.
A frequency analysis was conducted for the cylindrical hole in the upper and lower shear-layer
yielding frequencies of 2.3 kHz and 2.6 kHz in acceptable agreement with an LES conducted by
Kalghatgi and Acharya (2014). Further downstream, lower frequencies dominated the flow field
as the shear-layers merged and became less relevant compared to the free stream fluctuations.
Similar observations were made by Kohli and Bogard (1998), who observed an initial dominance
of higher frequency turbulence associated with the shear-layer, followed further downstream by
a dominance of low-frequency turbulent structures associated with free stream turbulence. The
investigations were conducted without coolant cross-flow and at low turbulence intensities.

Wernet et al. (2016) investigate cylindrical holes and claim to see a horseshoe vortex Qpy in
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their PIV data. However, to the best knowledge of the author, no Qpy is visible in the presented
data.

Song et al. (2017) investigated the change in adiabatic film cooling effectiveness by placing a
vortex generator immediately downstream of a cylindrical cooling hole at various inclination an-
gles to induce an anti-counter-rotating vortex Qacvy pair. They observed a significant increase in
adiabatic film cooling effectiveness and for attached coolant jets due to the “downwash” effect of
the Qacv pair. The robustness of the adiabatic film cooling effectiveness towards a change in in-
clination angle was also improved. Engine-realistic temperature ratios and turbulence intensities
were not maintained and coolant cross-flow was not considered.

Takeishi (2017) investigated the effects of in-hole swirl on the adiabatic film cooling effective-
ness and the flow field of cylindrical and shaped cooling holes. They observed an increase in
adiabatic film cooling effectiveness for most of the swirl angles and claimed to observe a con-
nection between the suppression of the Qacy pair and the increase in adiabatic film cooling
effectiveness. For the cases without swirl, no Qacvy pair was, however, visible in the PIV data
to start with. Engine-realistic operating conditions were not maintained.

Haydt and Lynch (2018) and Haydt et al. (2018) investigated laidback fan-shaped cooling holes at
various compound angles and area ratios by increasing the hole lengths. An increase of blowing
ratio at zero compound angle yielded a larger Qcy pair. With increasing compound angle, an
increasing asymmetry was observed in the Qcy pair, which eventually turned into a single vortex.
Increasing area ratio yielded a much weaker Qcvy pair. For the largest area ratio, hardly any
secondary flows were observed downstream of the coolant ejection. Engine-realistic temperature
ratios and turbulence intensities were not maintained and coolant cross-flow was not considered.

Based on the same test facility as in Abram et al. (2016) and Schreivogel et al. (2016), high fre-
quency velocity field measurements were conducted by StrauBBwald et al. (2018) to investigate
the effect of turbulence intensity on film cooling jets at high and low momentum ratios. While at
low momentum ratios, cross-flow eddies had considerable influence on the jet trajectory, eddies
of the same size did not affect the trajectory of jets at high momentum ratios. The fluctuations
caused by the shear-layer instabilities exceeded those in the approaching cross-flow. Judged by
the variability of the jet trajectory decreasing with increasing momentum ratios, the coolant jets
were observed to be more stable at higher momentum ratios. The most significant influence on
the jet trajectory was caused by increasing turbulence intensities. Similarly to Kohli and Bogard
(1998), the authors postulated that even when similar velocity fields are present at different tur-
bulence intensities, the adiabatic film cooling effectiveness may be higher for high-turbulence
main flow due to coolant intermittently reaching the surface to be cooled.

Compared to the previous studies, the density ratio was reduced and thereby not within an
engine-realistic regime.

McClintic et al. (2019) investigated a laidback fan-shaped cooling hole with coolant channel
cross-flow orthogonal to the hot gas cross-flow at various inlet velocity ratios. For the largest inlet
velocity ratio, they were able to capture the remainder of the in-hole swirl in a measurement plane
orthogonal to the hole axis coinciding with the upstream edge of the diffuser outlet. Temperature
fields in a similar plane confirmed the hot gas ingestion into the diffuser. Downstream of the film
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cooling hole, an asymmetric Qcy pair was observed. The lateral bias was observed to scale with
the inlet velocity ratio. The density ratio was, however, not engine realistic and the turbulence
intensity was low at Tu = 4.8 %.

For detached jets at engine-realistic density ratios, StrauBwald et al. (2020) further observed
that increased turbulence intensities enhance the velocity, but not the temperature fluctuations
in the shear-layer. The streamwise and wall-normal heat flux was increased everywhere except
for the wall-normal component in the lower shear-layer, indicating a reduction in heat-flux away
from the wall for increased turbulence intensities. In contrast to Schroeder and Thole (2016¢),
who observed little influence of turbulence intensity on the vertical jet spread, StrauBwald et al.
(2020) observed a broadening of the jet in wall-normal direction caused by large, instantaneous
deviations in jet trajectory, rendering a less stable jet at high turbulence intensities. Due to
apparent shorter coolant jets in the streamwise plane, a lateral meandering motion of the jet was
anticipated.

No information on the thermal film cooling quantities was provided and the unsteady effects
of the coolant jet were, hence, not related to the adiabatic film cooling effectiveness and the
ratio of heat transfer coefficients with and without film cooling. Coolant cross-flow was also not
considered in this study.

Haydt and Lynch (2021) complement the flow field data of Haydt and Lynch (2018) by providing
information on the adiabatic film cooling effectiveness and the ratio of heat transfer coefficients
with and without film cooling for the laidback fan-shaped film cooling hole at various compound
angles. At zero compound angle, a single peak was observed in adiabatic film cooling effective-
ness for low and high velocity ratios. The trend in the ratio of heat transfer coefficients with
and without film cooling is different. For low blowing ratios, a double peak in the ratio of heat
transfer coeflicients with and without film cooling was seen, while for high blowing ratios, a
single peak was observed. While the authors make no efforts at explaining their observations,
the double peak at low blowing ratios is likely due to the Qcvy pair leaving imprints of the vortex
legs when attached to the wall. According to Baldauf et al. (1999b), the transition from a dou-
ble to a single peak is related to wake vortices Qwy at high blowing ratios. Haydt and Lynch
(2021) also associate an increased heat transfer augmentation downstream of the ejection with
the impinging, single vortex developed at increasing compound angles.

Haydt and Lynch (2021) also observe a heat transfer augmentation upstream of the film cooling
hole outlet. Based on the observations by Wright et al. (2005), they associate this increase in the
ratio of heat transfer coeflicients with and without film cooling with a horseshoe vortex Qpy.
Wright et al. (2005), however, only discussed thermal film cooling quantities with no information
on the flow field. Their claim of a horseshoe vortex Qpy was also based only on the increased
heat transfer coefficient upstream of the film cooling hole. Wright et al. (2011b) presented flow
field data with alleged proof of a horseshoe vortex Qpy. As previously mentioned, the quality of
the presented data was seriously lacking and, to the best knowledge of the author, no horseshoe
vortex Qpy was present.

While providing an interesting combination of flow field data and thermal film cooling quan-
tities, the investigation was conducted at unit density ratio with negligible turbulence intensity
and no coolant cross-flow.
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A graphical summary of the steady and unsteady coherent structures in a film cooling JiC con-
taining references to the previously discussed experimental flow field investigations is shown in
Figure 2.4 and 2.5 for a cylindrical (CYL) and a shaped cooling hole, respectively. The results for
the shaped cooling hole include both, fan-shaped (FH) and laidback fan-shaped (LFH) cooling
holes. In the figures, the previous flow field studies are indicated in accordance to the coherent
structures that the authors observe or claim to observe. Entries are greyed out if the contained
conclusions about the coherent structures are debatable. That is the case, if the presented flow
field data is inconclusive or ambiguous or, to the best knowledge of the author, wrongly inter-
preted with respect to whether and which coherent structures are present in the flow. Entries are
also considered debatable if flow field data was available, but the conclusions about the coherent
structures were purely based on the thermal film cooling quantities.

While a distinction is made between the different cooling hole cross-sectional shapes, too few
studies exist to assess the influence of other geometrical parameters such as the inclination angle
of the cylindrical part of the holes or the opening angles of the shaped holes. As previously
discussed, all investigations mentioned in the current section were intended to replicate film
cooling flows in gas turbines and jet engines but not all relevant engine-realistic operating con-
ditions were met. Most of the investigations are, hence, not directly comparable to each other.

For the cylindrical cooling hole (Figure 2.4), the presence of the steady counter-rotating vortex
Qcv pair and the unsteady shear layer vortices Qwsy and € sy is conclusively demonstrated in
the referenced flow field investigations. The steady wake vortex Qqwy (or Qpnns) is discussed
less frequently and the available investigations are less representative in terms of the engine-
realistic operating parameters. Traces of unsteady wake vortices Qwy are also mentioned in
previous literature. So far, their presence in film cooling JiCs is only suggested based on wall-
normal vorticity in the mean flow field. The definite presence of a steady horseshoe vortex Qv
is stated several times but shown in flow field data only once at operating conditions barely
representative for gas turbines or jet engines. The presence of the Qwy is, hence, debatable for
cylindrical cooling holes.
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Figure 2.4: Graphical summary of the literature review on steady and unsteady coherent
structures observed in a cylindrical film cooling JiC
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For shaped cooling holes (Figure 2.5), fewer flow field investigations are available. The infor-
mation provided on the counter rotating vortex Qcy pair stems exclusively from studies using
LFH cooling holes. The results are inconclusive in that contrary observations are made. In
some studies, the presence of the Qcv is clearly demonstrated and an increase in size or vortic-
ity magnitude with an increase in blowing ratio BR is reported. In another study, the Qcy pair is
observed for low blowing ratios only and in one study, the absence of the Qcvy pair is explicitly
demonstrated. With respect to the horseshoe vortex Qpy, the absence of such is clearly shown
in one study, while another claims to observe a Qpy but only based on the thermal film cooling
quantities. Given that, for cylindrical cooling holes, no conclusive proof of the presence of a
Qpv is found at engine-realistic operating conditions, the presence of a Qpy seems even less
likely in a shaped cooling hole.
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Kampe et al. (2012)
L > LFH; no Qcvy at all
Wright et al. (2013)
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FH; based on “’lack of coolant” near wall

Figure 2.5: Graphical summary of the literature review on steady and unsteady coherent
structures observed in fan-shaped (FH) and laidback fan-shaped (LFH) film
cooling JiCs

Given the previously discussed, partially contrary results, more research into the coherent struc-
tures is clearly required. Furthermore, the impact of the coherent structures on the heat transfer
coeflicient is not discussed in any of the previously mentioned studies.

2.2.4 Influence of Coherent Structures on Heat Transfer

As part of the present work, the relation between the coherent flow structures and the resulting
local heat transfer coefficients is of interest. In this regard, the information from the previously
discussed flow field measurements for the film cooling JiC is limited. Despite the immense in-
terest in the flow field of the JiC, only a handful of either fundamental or application-oriented
studies investigate the connection between the prevailing coherent structures and the changes in
heat transfer coefficients downstream of the jet.

An early fundamental study into this connection was conducted by Cardone et al. (1998). They
used infrared scanning radiometry on heated thin-foil technique to measure convective heat
transfer enhancement on a flat plate subjected to a JiC. Immediately downstream of the hole,
a low heat transfer zone is observed and ascribed to the stagnation region caused by the ejection.
The observation of a single maximum or in some cases double maxima along the symmetry
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line in downstream direction is associated with eddy formation in the wake of the jet. Increas-
ing jet to cross-flow velocity ratios lead to a deeper jet penetration into the cross-flow. Despite
the mean jet trajectory being further away from the wall, increases in heat transfer coefficients
are observed as the jet wake and associated vortex formation is thought to be enhanced. Wake
vortices Qwy that increasingly occur for higher jet to cross-flow velocity ratios are thought to
entail specifically high local heat transfer. For increases in cross-flow velocity and turbulence
intensity, the heat transfer peaks are attenuated or vanish as wake vortices Qwy are thought to
be swept away more quickly. Two lateral local minima closely downstream of the ejection are
associated with what the authors refer to as trailing vortices accompanying the issuing jet. By
the description, these trailing vortices have similarities to what Peterson and Plesniak (2002),
Peterson (2003), and Peterson and Plesniak (2004) described as downstream spiral separation
node (DNNS) and what Brizzi (1994), Hale (1999), and Hale et al. (2000) described as steady
wake vortices (Qgwy, see Figure 2.1a).

Hale et al. (2000) connected surface heat transfer with coherent flow structures for cylindrical
holes under consideration of co- and counter-cross-flow at the hole inlet. They used surface
streak experiments, flow visualisations with smoke and measurements of surface heat transfer
coeflicients. Flow visualisations using smoke yielded weak horseshoe vortices Qpy with diame-
ters < 0.1D at the leading edge of the coolant hole exit, which were expected to dissipate quickly.
Surface topology maps around and downstream of the film cooling hole exit were deduced using
surface streak experiments. According to the authors, the observed time-averaged separation re-
gions at the lateral sides downstream of the hole exit are caused by the time-averaged separation
related to the wake vortices Qwy. As previously mentioned, Hale et al. (2000) suggested a pair
of steady wake vortices Qgwy. In combination with surface heat transfer measurements, sepa-
ration events were associated with reduced heat transfer coefficients, while reattachment caused
an increase in heat transfer coefficients. According to the authors, the heat transfer coefficients
for a JiC, in general, depend on the jet trajectory, the effective jet coverage and the resulting
blockage, separation and attachment regions, as well as the strength of the wake vortices Qwy.

Carlomagno et al. (2004b,a) and Carlomagno (2006) investigated the change in heat transfer co-
efficients in proximity of the jet using heated thin-foils as in Cardone et al. (1998) and PIV to
estimate the flow fields. Their aim was to find connections between the turbulent statistics of
the JiC and the convective heat transfer along the wall. Upstream of the jet, an increase of heat
transfer coefficients was observed which was attributed to the strong curvature of the stream-
lines and the sucking action of the jet on the boundary layer. Some correspondence between
maxima/minima in turbulent kinetic energy and the ratio of heat transfer coefficients with and
without the jet was found in the wake region. A definite conclusion was not made as the turbu-
lent statistics were not available directly on the wall but in a near-wall parallel plane at the edge
of the boundary layer?. For increasing velocity ratios between 2.0 to 5.0, the overall increase in
heat transfer in the wake region was associated with the “upward motion” in the jet wake which
grows stronger. The simultaneous decrease of upstream heat transfer was associated with the
strong deceleration of the cross-flow. The impact of the Qcv pair on heat transfer was assumed

2The bending of the jet is different for different velocity ratios and therefore the downstream distance at which
to expect similarities in the maxima/minima patterns varies.
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to reduce as the formation was delayed for increasing velocity ratios.

2.3 Intentions of the Present Work

Many decades of research on film cooling flows have provided plenty of insights into the ther-
mal film cooling quantities 1, and 1/n, for a variety of geometries and operating conditions.
Fundamental research efforts into jets in cross-flow, on the other hand, offer detailed insights
into the flow field of generic JiCs, which are often used as a basis to explain the trends observed
in n,w and #/ny. The operating conditions of these experiments are, however, very different
from what is required for film cooling. Specifically, the fundamental research on JiC is nearly
exclusively using equal-temperature flows. As shown in the literature review in subsection 2.2.3
and 2.2.4, the current understanding of the relations between the coherent flow structures and
the thermal film cooling parameters at engine-realistic experimental conditions is lacking. The
extrapolations from the thermal film cooling quantities to the flow field are frequently vague and
inconsistent. To correctly interpret the separation, mixing and heat transfer phenomena in film
cooling flows, detailed understanding of the coherent structures is required.

Significant improvements in hardware and software components have encouraged increasing
efforts into understanding the underlying flow field of JiCs at operating conditions tailored to
applications in gas turbines and aero engines. A quantitative understanding of the flow field and
its connection to the local thermal film cooling quantities will enable targeted geometry optimi-
sation and contribute to the fundamental research in terms of the understanding of heat transfer
augmentation on the adjacent wall. Experimental data of the JiC at engine-realistic operating
conditions is required to cover both, the thermal film cooling quantities as well as the flow field
in the mixing zone between hot gas main stream and coolant jet. This combination of experi-
mental data also constitutes a unique dataset for validation and further development of numerical
simulation methods. To make the interpretation of the combined data set as indubitable as pos-
sible, it should be gathered at the same test facility at well-defined operating conditions using
well-understood, established measurement techniques.

The present work aims at gathering, understanding and providing such a combined data set. For
this purpose, a unique film cooling test facility at the Institute of Thermal Turbomachinery (ITS)
is used. It was previously built and used for extensive experimental investigations on the ther-
mal film cooling quantities. The focus in the construction of the test section was to provide fully
engine-realistic scaled operating conditions. Most importantly, this includes engine-realistic
temperature and blowing ratios, turbulence intensities and the mostly neglected effects of paral-
lel and orthogonal coolant cross-flow. For the specific geometry investigated in the present work,
the previously gathered thermal film cooling quantities from the same test facility are used. The
test facility is adopted to accommodate a stereoscopic Particle Image Velocimetry (SPIV) setup
to gather highly resolved two-dimensional three-component (2D3C) velocity data. Quasi-3D ve-
locity information is achieved in the entire mixing region of the film cooling jet and the hot gas
cross-flow by shifting the SPIV-setup in lateral and streamwise direction. A detailed overview
of the film cooling test facility, is provided in chapter 3.

For the first time, experimental data is provided at engine-realistic operating conditions giv-



28 Generic and Application-Oriented Jets in Cross-Flow

ing insights into the coherent structures of the film cooling flow and possible unsteady effects.
A variation of coolant cross-flow direction and Reynolds number as well as blowing ratio is
conducted to emphasise the influence of these parameters on the coherent structures. Beyond
describing the observed coherent structures, the aim of this work is to discuss in detail their re-
lation to the thermal film cooling quantities 7, w and //n,. Details of this analysis can be found
in chapter 4.

Thereby, the present work contributes not only to the application oriented film cooling research
field, but also to the fundamental understanding of the significant drivers for heat transfer aug-
mentation. Furthermore, it should raise awareness for questioning widely accepted explanations
that are based only on the time-averaged flow field. The concluding remarks and future implica-
tions of this work are summarised in chapter 5.



3 Test Facility, Experimental Methods and Previous Flow
Field Investigations

The measurement data presented throughout this thesis is gathered at a complex wind tunnel test
facility designed for investigating jets in cross-flow at operating conditions relevant to industrial
applications in aero engines and gas turbines. Details regarding the test facility, the infrastructure
in which it is embedded, the investigated geometry and operating conditions will be discussed
in the following sections. Furthermore, the measurement principles and the measurement setup
will be explained in detail.

3.1 Experimental Setup of the Film Cooling Test Facility

For the experimental investigations, a test facility first introduced by Fraas et al. (2017) is modi-
fied to facilitate stereoscopic Particle Image Velocimetry (SPIV) measurements (Stichling et al.,
2021). A schematic of the test facility including the relevant infrastructure is shown in Fig-
ure 3.1. The facility consists of a hot gas (top) and a coolant strand (bottom). For the hot gas
strand, the air is delivered by a radial low pressure compressor and heated by an electrical heater
using 40 separate heating elements. The temperature downstream of each heating element is
measured and the heating power adapted using a PID controller to meet the target temperature,
achieving an overall homogeneous temperature distribution. Mixer and sieves are used to further

hot gas strand

low pressure
compressor

—>
bypass valve

electric heater

test section
= g C ] =|¥ [hot gas channel |=
— )~ it
valve - ;
| | mixer sieves nozzle exhaust
film cooling ejection

—

building 4 | lab infrastructure

infrastructure : ; ! coolant channel ! -—
intermediate : coolant strand |_\ throttle — throttle
pressure 1 vane wheel EI=

compressor tank :ﬂOW Sensor DN 40 blower unit cooler

=®=©{ )I@_’ D%S ®_’ B

—  dryer | |
(]bepass

coolant mass flow valves

exhaust

Figure 3.1: Schematic of the test facility including relevant laboratory and building in-
frastructure
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homogenise the temperature profile and settle the flow, respectively. While transitioning from a
circular to a rectangular cross section in the nozzle, the flow is accelerated by a factor of 13 to
meet the target flow parameters in the hot gas channel of the test section. After passing through
the test section, the air exits the test facility through the exhaust chimney. Detailed descriptions
of the velocity and temperature homogeneity can be found in Fraas et al. (2017).

Replicating engine realistic flow conditions is essential, as it ensure transferability of the exper-
imental results to real engines. Rather than using a plenum as frequently found in literature, the
coolant is fed from a designated coolant channel. The coolant channel can be oriented either in
parallel to the hot gas channel or rotated by 90°. These two configurations are henceforth re-
ferred to as parallel and orthogonal coolant cross-flow configuration, PF and OF configuration,
respectively. The coolant is provided by an intermediate pressure screw compressor, passes
through a dryer and provides a specified pressure in the tank. Two valves are available to adjust
the coolant mass flow ejected via the film cooling holes. Except for the film cooling ejection, the
coolant channel is a closed-circuit wind tunnel. Therefore, in steady-state condition, the mass
flow added to the coolant channel via the coolant mass flow valves is equivalent to the mass
flow ejected via the film cooling holes. The volume flow is measured using a vane wheel flow
sensor upstream of the coolant mass flow valves. From that, the mass flow is calculated using
additional temperature and pressure data from the same location. Excess air is blown off via the
bypass valve into the exhaust chimney.

The blower unit is used to circulate the cooling air in the channel and a heat exchanger removes
the heat added to the system by the blower unit. The coolant Reynolds number can be varied by
one order of magnitude and is coarsely adjusted using two throttles and a bypass in the closed-
circuit coolant channel. The fine-tuning of the Reynolds number is conducted via the speed
controller of the blower unit.

A streamwise cross-section of the test section is shown in Figure 3.2 for parallel coolant cross-
flow configuration. The test section is designed such that the target operating conditions are
achieved at the film cooling hole inlet and exit for the coolant and hot gas channel, respectively!.
For normalisation of the measurement data, the undisturbed streamwise hot gas cross-flow ve-
locity is used and referred to as ugf. Both channels are 50D wide (y-direction), where D is
the cooling hole diameter, ensuring no interaction with the channel side-walls. In orthogonal
coolant cross-flow configuration, an upstream (with respect to the hot gas flow) distance of 20D
is maintained between coolant channel sidewall and cooling hole inlet. A turbulence grid @
22.9D upstream of the cooling hole exit is used to ensure the target turbulence intensity at the
film cooling hole exit. The turbulence grid and its placement in the hot gas channel are designed
based on Roach (1987). According to Stripf (2007), the design guidelines by Roach (1987)
yield isotropic turbulence of the correct turbulence intensity. No measurements of the turbu-
lence intensity were conducted in previous works by Fraas et al. (2017, 2019a,b), Fraas (2019),
and Stichling et al. (2020, 2021) in the presented test section. In the current work, an accurate
estimation of the turbulence intensity will be discussed in subsection 3.3.3. As shown in Saha

IThe cooling hole inlet and exit are defined as the intersection of the axis of the cylindrical part of the cooling
hole with the bottom and top surface of the blowing module, respectively. The origin of the right-handed coordinate
system coincides with the cooling hole exit of the central hole.
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Figure 3.2: Schematic of test section including: @ turbulence grid, @ boundary layer

bleed, @ sapphire windows, @ test plate, @ PIV field of view (FOV), @
blowing module; adapted from Fraas et al. (2019a)

and Yaragani (2011) using direct numerical simulation (DNS), coherent structures in a generic
JiC change when altering the velocity profile of the main flow or in-hole jet from a block profile
to a more realistic boundary layer profile. Anderson et al. (2016), too, state the significance of
a correctly scaled boundary layer thickness in experimental investigations. They quantify the
influence of the displacement thickness on the adiabatic film cooling effectiveness. Therefore,
a boundary layer thickness in the correct order of magnitude is crucial for transferability of the
results to real engines. In the film cooling test section, a boundary layer bleed @ is placed
21.5D upstream of the film cooling hole exit such that the displacement thickness is 61 = 0.05D
at the film cooling hole exit. As can be seen in Fraas et al. (2017) and Stichling et al. (2021), the
displacement thickness is in the correct order of magnitude.

For the thermal measurements, an optical access in the top wall of the channel is provided us-
ing five sapphire windows @ separated by narrow metal frames. Three different measurement
plates @ exist. For thermal measurements as conducted in Fraas et al. (2019a,b), Fraas (2019),
and Stichling and Bauer (2022b), two differently constructed plates with embedded thermo-
couples in the top and bottom are used to impose two different surface temperature conditions.
Based on two thermal measurements for one operating point using each plate once, the superpo-
sition principle of film cooling (Choe et al., 1974) is applied to derive the adiabatic film cooling
effectiveness and the ratio of heat transfer coefficients with and without film cooling (see subsec-
tion 2.2.1). For simplicity, these quantities will be referred to as thermal film cooling quantities.
Details on the measurement principle of infrared thermography (IRT), the construction of the
thermal measurement plates, and the evaluation chain can be found in Ochs et al. (2009, 2010)
and Fraas et al. (2017, 2019a), respectively. Using this method, meaningful results for the ther-
mal film cooling quantities can be gathered in the range of 5 < x/p < 50.

For the flow field measurements, stereoscopic Particle Image Velocimetry (SPIV) is chosen and
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a simple steel plate is used as measurement plate @ The field of view (FOV) for the SPIV
measurements @ is a streamwise, wall-normal plane indicated by the green area covering the
flow in —2,5 <x/p < §,5and 0 < /D < 3,5.

The interchangeable blowing module @ shown in Figure 3.2 is manufactured from polyether
ether ketone (PEEK), a semi-crystalline high-temperature resistant thermoplastic with a low
thermal conductivity of Ag, = 0.27 W/(m K). It thus minimises the temperature change of the
coolant while passing through the cooling hole.

For the present work, a 10°-10°-10° laidback fan-shaped hole is used and a schematic is shown in
Figure 3.3. The hole is scaled up such that the diameter of the cylindrical part of the cooling hole
is D = 10 mm. As indicated by the name, the diffuser opening angle in lateral and streamwise
direction is 10° each. The cylindrical inlet section is L¢y; = 3.8D long and the cooling hole is
inclined by 35° yielding a total hole length of L = 7.5D. The streamwise edges of the diffuser
are rounded by 0.5D and the area ratio of cooling hole outlet and inlet is Aouttet/A;e = 3.71.

To ensure periodicity, five film cooling holes of the geometry depicted in Figure 3.3 are placed
in the blowing module laterally spaced at a pitch of P = 8D. This yields a coverage factor of
0.35 at the cooling hole outlet. All measurements discussed in the course of this work were
conducted on the central cooling hole.

LIp="1.5
Ley/D = 3.8
Aouttet/ Ajer = 3.71 \ i \
reage/D = 0.5 B-B

Figure 3.3: 10°-10°-10° laidback fan-shaped cooling hole (Fraas et al., 2019a)

3.2 Operating Conditions of the Film Cooling Test Section

The test section described in section 3.1 was designed to meet all of the dimensionless parameters
most relevant to film cooling described in subsection 2.2.2. In Table 3.1, the resulting operating
conditions are summarised. Given the two different coolant channel orientations and coolant
channel Reynolds numbers, four different configurations were investigated. For each of them,
the blowing ratio was varied such that BR = 1.0, 2.0 and 3.0 yielding 12 different cases.

2Two values are provided. The first value refers to the turbulence intensity measured based on a method pro-
posed by Scharnowski et al. (2018) detailed in subsection 3.3.3. The second value is the design point turbulence
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Table 3.1: Operating conditions of the test section in Figure 3.2

Parameter Variable Value
Reynolds number hot gas Repn 13 x 103
Reynolds number coolant Rep cc 5 x 103 and 30 x 103
Cooling channel air to hot gas velocity ratio tee/up, ~ 0.15 and 0.92
Density ratio DR 1.7
Turbulence intensity hot gas? Tun ~7.1 % (8.2 %)
Blowing ratio BR 1.0, 2.0 and 3.0
Total temperature hot gas Tin 510K
Total temperature coolant Tic 300K
Turbulent length scale le 0.73D
Boundary layer displacement thickness 01 0.05D

3.3 Three-Component Velocity Fields from Stereoscopic Particle Im-
age Velocimetry

Particle Image Velocimetry (PIV) is a non-intrusive optical flow measurement technique by
which instantaneous velocity fields can be estimated. In its simplest form, a PIV setup includes
seeding, a light source for illuminating the tracer particles of the seeding in the FOV and a sin-
gle camera to capture the light scattered by the tracer particles. A calibration method is used to
determine the relation between particle image displacement in the image plane (camera sensor)
4X and the tracer particle displacement in the object plane (FOV in the flow) Ax. Two camera
frames are acquired with a short time interval 4t in between and a cross-correlation (CC) algo-
rithm is used to estimate the particle image displacement 4X in subsets of the FOV at a point
(x,y) in space. These subsets are called interrogation areas (IA).The local flow velocity u in
each IA can be calculated from the displacement estimate as

Ax  AX

u=—s = 3.1

with M being the local magnification factor. This simplest form of PIV is referred to as 2D2C
P1V, where two components (2C) of the displacement vector are acquired in a 2-dimensional
(2D) plane of the flow. In the present work, a 2D3C system is used, which can gather all three
components of the displacement vector and is commonly referred to as stereoscopic or stereo PIV
(SPIV). Since both cameras capture the same particle images from two different perspectives,
the two 2D displacement fields can be used to reconstruct the 3D displacement field (Raffel et
al., 2018, p. 289). The subsequent section will give a detailed overview of the hardware and
software setup and the measurement chain used for the SPIV measurements in the film cooling
test facility. For a detailed description of PIV basics and the required (S)PIV subsystems, the

intensities according to Roach (1987)
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reader is referred to Raffel et al. (2018) and Adrian and Westerweel (2011).

3.3.1 SPIV Setup in the Film Cooling Test Facility

Due to the complex three-dimensional flow fields typically associated with jets in cross-flow, a
time-correlated3 stereoscopic PIV system is used for the experimental investigation of the mixing
between hot gas and coolant in the film cooling test facility. A schematic of the hardware setup
for the SPIV measurements is presented in Figure 3.4 as a top view with the test section at its
centre.

@ blowing module @

(2) thermal FOV

image plane

lens plane

(3) ND:YLF laser

@ light sheet optics
@ ligth sheet = object plane /6 Bl
@ camera q

Scheimpflug adapter

Voviv

Figure 3.4: Schematic SPIV setup as top view on test section, adapted from Stichling
et al. (2021)

The region of interest is the central film cooling hole exit in the blowing module @ The ori-
gin of the coordinate system coincides with the exit of the central film cooling hole. x, y and z
denote the streamwise, lateral and wall-normal main flow direction of the hot gas, respectively.
The FOV of the thermal measurements @ extends downstream of the central film cooling hole
from 5 < */p < 50.

Using a green (4 = 527 nm) dual pulse ND:YLF laser @ (Darwin-Duo by Quantronix) with an
attached light sheet optics @ (iLA5150 GmbH), a light sheet @ with a thickness of ¢, ~ 0.08 D
is produced. The light sheet constitutes the object plane and is positioned such that streamwise,

3In the PIV community, the terminology used more frequently is high frequency or time-resolved (TR)PIV.
As stated in Beresh (2021), this terminology is not accurate, as it does not specify the underlying characteristic of
temporal sequencing of correlated vector fields.
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wall-normal (x — z) planes in the test section can be investigated. Two cameras @ (model Fast-
cam SA5 CMOS by Photron) with a sensor size of 1024 px x 1024 px each are placed symmet-
rically about the light sheet plane in a backward scattering angular displacement configuration.
The cameras can be moved in streamwise and lateral direction to change the position of the FOV.
For the laser, only the lateral position is adapted accordingly. A change in the streamwise po-
sition of the laser is not required as the change in light sheet thickness is negligible. Optical
access for the laser and the cameras is granted via three fused silica windows (not displayed).
Each camera is equipped with a 130 mm focal length camera lens @ (Canon 130 mm EF 2.0
L USM) connected via a Scheimpflug adapter (by iLA5150 GmbH) to compensate for the
oblique viewing angle of 61 = 8, ~ 46°. The Scheimpflug angle y describes the angle subtended
by lens and image plane. According to the Scheimpflug criterion, an object in the object plane
can be reproduced fully focused on the image plane only if object, lens and image plane intersect
in a common line as indicated by the dashed lines in Figure 3.4 (Raffel et al., 2018).

The choice of the lens and of the object and image distances, [, and /;, respectively, are deter-
mined to achieve a target FOV size and spatial resolution at optimal camera angles and minimum
Scheimpflug angles y; and y,. For a single thin lens, the magnification factor along the principal
optical axis M is defined as

L

hi . Llens
My=—=— th [, = d ;= Lienst , 3.2
0 lo ho w1 0 tan(ﬁ) an lens an()/) ( )

where h; and A, are the image and object height. Liep is the shortest distance between the camera

lens centre and the intersection line between object, lens and image plane as mandated by the
Scheimpflug criterion. The relationship between camera angle 5 and Scheimpflug angle y for
each camera is thus given as

v = arctan (tan(ﬁ)) . 3.3)

In Figure 3.5, the theoretical relationship between camera angle 8 and Scheimpflug angle y
along the optical axis (see Equation 3.3) is visualised for three different magnification factors.
For any SPIV setup, the uncertainties of the in-plane and out-of-plane displacement, o4x and
o4z, respectively, are dependent on the stereo viewing angle S such that (Raffel et al., 2018)

O4x

" an(g)’

o4z (3.4)
For a camera angle of 8 = 45°, this yields an uncertainty ratio of unity between in-plane and out-
of-plane displacement components. Since all displacement components are considered equally
relevant to the experimental investigations in this work, a ratio of unity is desirable, and a camera
angle of B = 46° is chosen. Smaller camera angles would lead to a significant increase in
uncertainty of the out-of-plane component (Raffel et al., 2018, p. 235) and as shown in Figure 3.5,
a larger camera angle reduces the Scheimpflug angle for a given magnification factor. For the
current test section, it is observed that exceedingly large Scheimpflug angles (y 2 18°) lead to
a reduced imaging quality since lens aberrations become more significant and the illumination
less homogeneous over the image plane. If larger magnification factors are desired, the camera
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Figure 3.5: Theoretical relationship between camera angle 5 and Scheimpflug angle y
along the optical axis for three different magnification factors M; adapted
from Mersch (2020)

angle £ has to be increased rather than increasing the Scheimpflug angle.

According to Equation 3.3 and Figure 3.5, the resulting Scheimpflug angle y for a target magni-
fication factor of My = 0, 17 should be = 9.6°. For the SPIV setup in the film cooling test facility
(see Figure 3.4), increasing the Scheimpflug angle y until a fully focused image is achieved yields
a Scheimpflug angle of y; = y, = 13°. A deviation of the real Scheimpflug angle from the the-
oretical angle is expected due to a variety of reasons. Modern camera lenses always consist of
a system of single lenses. Gaussian and Newtonian thin lens equations as used in Equation 3.2
merely approximate the optical setup using an ideal single (thin) lens of the same focal length
as the camera lens. Lens aberrations are not considered. For the theoretical calculation, it is
assumed that the optical centre of the camera lens is in the centre which is atypical for telephoto
camera lenses. Furthermore, the local magnification factor varies along the image plane so that
Minax/Myin = 1.18.

Both, cameras and laser, are mounted on a traverse system. As indicated by the black arrows
in Figure 3.4, the laser can be moved in lateral direction and the cameras in both, lateral and
streamwise direction, with a bidirectional repeatability of < 15 um. For the measurements in
this work, two streamwise positions are required and the focus of the light sheet optics is moved
in the respective streamwise direction to ensure close to identical light sheet conditions.

For the calibration, a two-sided two-level calibration target, as suggested in Raffel et al., 2018,
p- 294, with circular markers is used. Two levels are required for each camera view, as the camera
viewing angles have to be calculated aside from the mapping between image and object space
only. The marker diameter is 1 mm, the marker spacing 5 mm and the level offset 1 mm.

For seeding, silicon oil and di-ethyl-hexyl-sebacate (DEHS) particles with a mean diameter of
d = 1pum are seeded in the hot gas and coolant channel, respectively. The hot gas seeding is
added immediately downstream of the electrical heater in Figure 3.1 and the coolant seeding
is added in the closed loop coolant channel sufficiently upstream of the film cooling hole inlet.
The double images are acquired at a frequency of f = 5 kHz to 7 kHz in frame-straddling mode
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with a time delay of A7 = 10 us to 30 us at multiple lateral y/p positions. For camera and laser
synchronization a synchronizer by iLA5150 GmbH 1is used. For data evaluation, a multi-pass
scheme with an overlap of 50 % and a final interrogation window size of 12 px is used during
evaluation (PIVview3C by PIVTEC GmbH), yielding a spatial in-plane resolution of 13.3 vec/D.4

3.3.2 Uncertainty Quantification in Particle Image Velocimetry for
Film Cooling Flows

The basic principle of PIV as a flow field measurement technique is more than 100 years old.
Today, PIV has become the most important field measurement technique in fluid flows. Uncer-
tainty Quantification (UQ) in PIV is, however, a much more recent research topic and the most
significant contributions where made in the past ten years. The following will elaborate on the
important definitions and give a brief overview of the relevant methods.

Random and Systematic Error, Uncertainty and Uncertainty Quantification

According to JCGM (2008), the error of a measurement is defined as the difference between the
true value Xiye and the measured value X such that

X = Xipue +0, with 6 =€+, 3.5

where the total error ¢ is generally composed of a random error € and a systematic error S.
Random errors are unpredictable and by definition the expected value of the random error over
repeated measurements tends towards zero. Systematic (or bias) errors are a relatively fixed
function of their source (B. L. Smith and Oberkampf, 2014) and predictable if correctly identi-
fied. According to Coleman and Steele (2018), a systematic error is constant over time, however,
the systematic error as commonly understood in PIV may vary over time with the input source.
It should be pointed out that a measurement can be accurate (low systematic error), while not
being precise at all (high random error) and vice versa. (Raffel et al., 2018, p. 210)

For a number of measurements N,, measurement errors ¢ will yield a sample population dis-
tribution rather than the identical measurement value Ny, times. According to JCGM (2008)
and Sciacchitano (2019), this distribution is characterised by its mean value X and its standard
deviation sy. For N, — oo, the sample population approaches the parent population distribu-
tion, whose mean u systematically deviates from Xy by S. The random standard uncertainty
is therefore simply the standard deviation sy. If the same set of Ny, measurements is repeated
sufficiently often to form a sample population distribution of the mean values X of each set
of measurements, the systematic standard uncertainty equates to the standard deviation by of
the new sample population distribution. The combined standard uncertainty is then defined as

(JCGM, 2008)
e = b3 +5%. (3.6)

4The evaluation parameters vary in the given ranges and will be specified exactly in the respective subsections
if relevant.
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Uncertainty quantification (UQ) is used to estimate an interval, wherein the magnitude of the
total error ¢ lies with a certain probability. Since no explicit or implicit assumptions on the
shape of the probability distribution are made for u, the probability of the error falling within
the interval +u. is unknown and the expanded uncertainty U is introduced as

|)_( - Xtrue| < U with a confidence level of C, with U = ku,, (3.7)

where the coverage factor k depends on the underlying probability distribution. For the fre-
quently applicable Gaussian error distribution, coverage factors of k = 1, 2 and 3 yield confi-
dence levels C of 68.0 %, 95.0 % and 99.7 %, respectively (Kline, 1953).

Uncertainty Quantification in PIV

While a typical figure reported for PIV uncertainty is 0.1 px (Scarano and Riethmuller, 2000;
Adrian and Westerweel, 2011; Raffel et al., 2018) or 0.2 px (Li et al., 2014), the actual uncer-
tainty of a PIV measurement is known to vary significantly in a single experiment, depending
on the image acquisition, the velocity estimation and the flow physic itself. A detailed analysis
of PIV error sources and their classification in either mainly random or mainly systematic error
sources is given in Wieneke (2017) and Sciacchitano (2019), respectively.

To obtain the uncertainty of the estimated velocity u, a Taylor series propagation (Coleman and
Steele, 2018) is used with the particle displacement 4X, the local magnification factor M and
the time interval At as independent variables, yielding

U\ _ (Yax\', (Ya), () 38)

u AX At M| '
According to Sciacchitano (2019), the uncertainty U4, of the laser pulse separation and the un-
certainty of the local magnification factor U 4»; are negligible. This assumption is valid, provided

the At is large compared to the errors associated with the timing unit and the calibration is con-
ducted carefully with a subsequent disparity correction when using SPIV.

Available methods for quantifying the remaining uncertainty of the displacement U x in PIV
measurements can be split into a-priori and a-posteriori UQ methods. A-priori methods usually
return a general figure for the uncertainty of a PIV algorithm, while a-posteriori methods can
quantify the local and instantaneous uncertainty of a specific dataset. A-posteriori methods can
be further divided into direct and indirect methods (Sciacchitano et al., 2013). A thorough review
of methods proposed for a-priori and a-posteriori UQ in PIV so far is provided in Sciacchitano
(2019).

Uncertainty Quantification for PIV Measurements in the Film Cooling Test Facility

While there are quite a few methods theoretically available for UQ in PIV, to the knowledge of
the author, only the correlation statistics method proposed by Wieneke (2015) is implemented
in a commercially available software for PIV evaluation. As discussed in Sciacchitano (2019),
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the level of difficulty for implementation of the methods for UQ varies significantly. Apart from
publications directly related to the topic of UQ in PIV, the research community has only recently
started to include useful estimates of the uncertainty when providing PIV data in their research.

For the literature related to this work, a short review on the methods used for UQ is conducted.
The content of the publications directly relevant to this work was already discussed in subsec-
tion 2.2.3. For the sake of completeness, all available experimental studies using PIV or SPIV
on film cooling test facilities are considered for the review of UQ methods in this section. A
comprehensive list of all studies not explicitly discussed in subsection 2.2.3 can be found in sec-
tion A.1. If available, the UQ methods used are identified and the estimated uncertainties are
quantified relative to the respective flow velocities. The information gathered is summarised in
Figure 3.6.

Each bar represents one publication and the height of each bar corresponds to the relative un-
certainty of the measurement of the respective publication. Since the measurement uncertainty
is a function of the instantaneous local flow and imaging conditions, in some publications more
than one value is provided. In such cases, the minimum and maximum values are visualised by
the differently shaded regions in the same bar. Whenever no explicit value for the relative uncer-
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Figure 3.6: Prevalence of different methods for uncertainty quantification in literature
related to (S)PIV measurements in film cooling test facilities. Each bar rep-
resents one publication.
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tainty is provided or quantifiable from the data> , the bar is hashed and the relative uncertainty
is set to 5 Y.

Amongst all 72 publications related to (S)PIV measurements in film cooling, eight different
methods of UQ are identified and the publications are grouped by these methods of UQ. The
percentage value within the inner circle corresponds to the prevalence of the respective meth-
ods in film cooling literature. It should be mentioned that, in 97 % of the relevant publications,
systematic errors and the systematic uncertainty are neglected entirely, bearing the assumption
of being either removed entirely beforehand or negligible compared to the random uncertain-
ties. The latter assumption is reasonable given a careful calibration, an appropriate choice of
interrogation algorithm (Adrian and Westerweel, 2011) and no peak locking. In such cases,
the systematic error is, while much harder to quantify if unknown, usually an order of magni-
tude smaller compared to the random error as shown by Sciacchitano et al. (2015) and Wieneke
(2015).

It can be observed in Figure 3.6 that the predicted uncertainties vary largely depending on the
applied method. For the literature relevant to film cooling, in 19 % of publications, the uncer-
tainty of the (S)PIV measurement is not discussed at all and hence no uncertainty is provided. In
another 19 %, the uncertainty is quantified, but the method used for UQ is not specified. While it
is well known that the uncertainty in PIV can vary largely even in a single measurement (Raffel
et al., 2018), in 18 % of the relevant literature, a typical figure for the sub-pixel accuracy ranging
from 0.01 px to 0.1 px is assumed. The sub-pixel accuracy depends on the peak finding algo-
rithm which determines the location of the particle image centre in a pixel. The ratio of sub-pixel
accuracy and mean or local particle image displacement is then used as a measure for the (local)
uncertainty. As can be seen in Figure 3.6, the estimates for the uncertainty are comparatively
low and are known to underestimate the true uncertainty of the measurement significantly (Sci-
acchitano et al., 2015). Repeatability of the measurement is translated to uncertainty in 4 % of
the relevant publications, but repeatable mean quantities do not stipulate a low uncertainty in
the instantaneous data. In 11 % of publications, a statistical analysis is performed to derive an
uncertainty. While the parent population chosen for the analyses varies, the derived uncertainty
always includes the random turbulent velocity fluctuations which as such do not constitute an
uncertainty. Using the standard deviation of the fitted parent population as a measure of un-
certainty is therefore inherently flawed, irrespective of the choice of parent population, unless
applied to laminar flows only. Alternatively, in 8 % of the publications, a method based on plac-
ing sandpaper in the FOV to appear as a field of seeding particles is used. By taking two images
of the FOV, once before and once after shifting the camera(s), a fictitious displacement field can
be calculated using the same PIV algorithm as for the actual measurement. The deviation com-
pared to the imposed shift length is used to calculate the local error and global uncertainty of the
measurement. Aga et al. (2008) claim that this method incorporates all potential error sources.
However, based on the extensive list of error sources provided in Wieneke (2017), this is clearly
not the case. Furthermore, no disparity® correction can be conducted for sandpaper images. If

5By some authors, information on the method used for UQ of their measurement is provided, but only absolute
values of uncertainty are stated and insufficient information is provided to derive relative uncertainties.
¢In PIV measurements, a misalignment between the laser light sheet and the position of the calibration target,
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no disparity between sandpaper and calibration plate exists, this method gives a good insight in
the quality of the stereo camera alignment and calibration. In just 3 % of the relevant literature,
the cross-correlation peak ratio method proposed by Charonko and Vlachos (2013) is used to
estimate the measurement uncertainty of the velocity magnitude. This a-posteriori method re-
lies on the uncertainty being directly related to the peak ratio in the respective correlation plane.
The peak ratio is defined as the ratio of the largest detectable peak and the second largest peak in
the correlation plane, where the latter occurs due to spurious particle image pairing (Keane and
Adrian, 1990). The correlation statistics method proposed by Wieneke (2015) also belongs to the
a-posteriori methods. It is used in 17 % of the relevant literature and, according to Sciacchitano
et al. (2015), delivers the most accurate results for the uncertainty. According to Sciacchitano
et al. (2015), when compared to the correlation statistics method (Wieneke, 2015), the cross-
correlation peak ratio method (Charonko and Vlachos, 2013) is less sensitive to variations in the
error as the peak ratio is not directly related to the measured displacement. Furthermore, the
CC peak ratio method is highly dependent upon the dynamic range of the signal-to-noise ratio
(SNR) and therefore on the correlation approach. In a comparative assessment of four different
methods, the correlation statistics method (Wieneke, 2015) provided the most accurate estimate
of uncertainty while also exhibiting exceptional sensitivity.

Stating the uncertainty of the velocity estimation in (S)PIV measurements is imminent in general
but specifically when the data shall also serve as reference data for numerical simulations to
improve modelling approaches. Due to the high accuracy of the correlation statistics method
reported in Sciacchitano et al. (2015), this method is used for the UQ of the PIV measurements
in this work. The uncertainty analysis is conducted in DaVis Version 8.4 by LaVision GmbH.

The method utilises the differences between the corresponding interrogation windows of one
double image as they are mapped back onto each other based on the computed displacement
vector field. Ideally, all particle images match perfectly, producing a symmetric cross-correlation
peak. The disparity of these particle images in realistic and, hence, imperfect images is reflected
in an asymmetric cross-correlation peak. The uncertainty is quantified based on the standard
deviation of the pixel-wise contributions to the peak shape of each correlation window with a
68 % confidence interval assuming an underlying Gaussian error distribution. The correlation
statistics method delivers good agreement when tested with synthetic data. The results of this
method is the random standard uncertainty (sx in Equation 3.6) and it is unable to estimate bias
errors like peak locking”. (Wieneke, 2015; Sciacchitano et al., 2015; Sciacchitano, 2019)

For the measurements in the present work, bias errors due to peak locking are ruled out by an
appropriate choice of aperture and magnification factor and by monitoring the probability den-
sity function of the displacement fields of each measurement. Based on the correlation statistics
method, the magnitude of uncertainty is below 7 % in 95 % of the flow field for all measurement
planes. The uncertainty increases to = 10 % in near-wall regions with coolant ejection down-

is referred to as disparity. In SPIV measurements, this disparity can be corrected for based on a cross-correlation
of the individual frames of both cameras (Raffel et al., 2018).

7Peak-locking occurs when the particle image diameter spans less than 2 px. The discretised camera sensor is
unable to resolve the continuous intensity distribution of the particle image, the sub-pixel-position of the particle
images is lost and the displacement is biased towards full integer displacements. Raffel et al. (2018, p. 219)
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stream of the cooling hole exit (z £ 0.5D, 0D £ x < 4.3D). This is expected as the uncertainty
of a PIV measurement correlates with the out-of-plane motion (Wieneke, 2015). The highest
uncertainties of up to 20 % are observed very close to the wall (z £ 0.1D) upstream of the
ejection due to reflections of the laser light sheet on the measurement plate.

3.3.3 Estimation of Turbulence Quantities and the Random
Measurement Uncertainty from Particle Image Velocimetry

For the analysis of steady and unsteady coherent structures and their impact on the thermal
film cooling quantities, well-defined boundary conditions are required, including the turbulence
intensity. Accurate knowledge of the hot gas turbulence intensity is also required to make the
data gathered at the film cooling test section valuable for validation and further development
of numerical flow simulations. As described in Figure 3.2, a turbulence grid is used in the test
section of the present work. The turbulence grid was designed by Fraas et al. (2017) according
to the guidelines in Roach (1987) to achieve a turbulence intensity of 7u = 8.2 % at the cooling
hole exit plane. Prior to the present work, the turbulence intensity in the test section has not been
measured. The content of this section will use a method suggested in Scharnowski et al. (2018)
to accurately estimate the turbulence intensity in the hot gas channel.

For a sufficiently large discrete time series, the turbulence intensity 7u is defined as the popula-
tion standard deviation of the velocity fluctuations normalised by the mean velocity magnitude
such that

[{:,72
Tu = §:>>, with  (@? :\/%Z”](un—@)? (3.9)

(u) is the mean velocity of an ensemble of independent and uncorrelated measurements.

If the loss-of-correlation due to out-of-plane motion and the streamline curvature® are small, the
random measurement uncertainty is independent of the magnitude of the displacement vector
(Raffel et al., 2018). In contrast to what is stated in Scharnowski et al. (2018), the systematic
error of a PIV measurement does affect the calculated turbulence intensity 7u (see Equation 3.9).
However, as mentioned previously, the systematic measurement error in PIV is usually an order
of magnitude smaller compared to the random error (Sciacchitano et al., 2015; Wieneke, 2015).
The mean measured displacement fluctuation (Ax"*)ycas at every point in space is, hence, a
combination of the true mean turbulent displacement fluctuation (Ax’2>turb and the random mea-

surement error characterised by the square of its standard deviation 0'2x, such that (Scharnowski
et al., 2018)
” 2
” ” 2 . . <AX >m 2 O-Ax
(Ax"Ymeas = (AX"*Yurp + 05, yielding T;“* =Tu” + o (3.10)

8The volume-averaged mean particle displacement vector calculated using multi-pass schemes is located at
the centre of the interrogation window. For non-constant gradients within an interrogation window, the deviation
from the mean displacement does not cancel out and produces a bias error. In the PIV context, these non-constant
gradients are more commonly referred to as streamline curvature. (Raffel et al., 2018, p. 231)
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The estimation of turbulence intensities from PIV measurements is subject to multiple types of
bias errors. As seen from Equation 3.10, the random uncertainty of the measurement increases
the measured turbulence intensity compared to the true turbulence intensity. While, given the
previous assumption, the absolute random uncertainty can be considered constant for a specific
PIV setup, the relative contribution to the displacement vector increases with decreasing dis-
placement vector magnitude. In contrast, the PIV-inherent spatial filter decreases the measured
turbulence intensity with increasing final interrogation window size. This bias error tends to zero
when the final interrogation window size approaches the size of the smallest turbulent structures
in the flow. When several value pairs of the variation of the mean particle image displacement
Ax and the measured turbulence intensity are available, the true turbulence intensity Tu and the
random measurement uncertainty o4, can be estimated using Equation 3.10 as the fit function.
(Scharnowski et al., 2018)

For the hot gas channel in Figure 3.2, a variation of the time between the double images Af is
conducted for a constant operating condition. While the local mean velocity is close to identical
for all data sets, the displacement vector and the derived turbulence intensity is dependent on the
time between the double images A¢. The turbulence intensity of the x-component along with the
mean x-displacement are spatially averaged in a region of interest (ROI) of —4.0D < x £ 0.0D
and 2.6D =< z < 3.0D. The ROl is chosen as it is upstream of the ejection and sufficiently far
from the wall as to be considered independent of upstream ejection effects. Due to the small
size, the values for the true turbulence intensity 7u and the random uncertainty o 4, in the ROI
are expected to be constant in space.

The results of this procedure are presented in Figure 3.7. For the specified ROI, the measured
local mean turbulence intensity is plotted along the local mean displacement in x-direction. The
vertical error bar represents the standard deviation of the measured turbulence intensity arising
in the averaging process in the ROI.

For each At, several different evaluations are performed using an increasing final interrogation
window size ranging from 8 px to 24 px indicated by a different symbol each. Fitting all data
points from identical evaluation procedures according to Equation 3.10 yields the fit parameters
o4y and the true turbulence intensity 7u. The fit is indicated by a dashed line and the standard
deviation of the displacement o, is equivalent to the random measurement uncertainty as de-
tailed in subsection 3.3.2. The respective values of o4, and the true turbulence intensity 7u for
each data set with identical evaluation procedure are given in Figure 3.7.

For the test section used in the present work, a number of implications on the cross-flow can be
made based on the data in Figure 3.7:

* For the selected FOV, the resolution of the camera is insufficient to spatially resolve
all turbulent structures even at the smallest possible final interrogation window size of
Dy = 8px = 0.1D. Further increasing the final interrogation window size leads to an
increased spatial filtering of the flow introducing an even stronger bias towards under-
predicted turbulence intensities.

* The decrease in the rate of change in turbulence intensity for Dy < 16 px for large mean
displacements (4x) > 10 px suggests an actual true turbulence intensity of approximately
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Figure 3.7: Estimated turbulence intensity 7u in the hot gas channel as a function of the

mean displacement (Ax) for different final interrogation window sizes Dy
averaged in the ROI x/p € —4.0 t0 0.0 and ¥/p € 2.6 to 3.0

7.1%. This value is derived by fitting a second-order polynomial function and extrapo-
lating towards Dy = 0. In contrast to the findings of Stripf (2007), the target turbulence
intensity of 8.2 % based on the design of the turbulence grid according to Roach (1987)
(see @ in Figure 3.2) is not met.

For D1 £ 16 px a convergent behaviour towards smaller turbulence intensities is observed
with increasing displacements 4X. The contribution of the random uncertainty to the
calculated turbulence intensity reduces with increasing 4X as the relative error decreases

(see Equation 3.10).

The random uncertainty tends to increase with decreasing final interrogation window size
Dj. The maximum random uncertainty determined based on this method is o4, = 0.07 px
at D1 = 8 px for the specified ROI.

For the largest interrogation window size of D1 = 24 px = 0.3D, no trend can be observed
for a change in the mean displacement. This is most likely because the spatial resolution is
insufficient to avoid streamline curvature, violating at least one of the initial assumptions
to the approach according to Scharnowski et al. (2018). When the initial assumptions are
not fulfilled, the predicted random uncertainty is not meaningful.

By fitting the “true” turbulence intensities of all final interrogation window sizes in Figure 3.7

using a polynomial of second degree, the bias of spatial filtering remaining for D1 = 8 px can
be removed to find the closest estimate of the actual true turbulence intensity. In Figure 3.8, the
result of this procedure is displayed for various */p locations in the hot gas channel. For the ROI
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Figure 3.8: Estimated true turbulence intensity with spatial filtering bias removed for
multiple streamwise positions in the hot gas channel and comparison to cor-
relation of Roach (1987). The ROI size and y/p position is identical for all
streamwise positions.

discussed earlier, the turbulence intensity is 7.1 %. All downstream ROIs are of the same size and
at the same y-position. In Figure 3.8, a decay of the turbulence intensity in streamwise direction
can be observed. Fitting the turbulence intensity decay using the fit function suggested in Roach
(1987) yielded acceptable results. It should be noted that the film cooling ejection is likely
influencing the turbulence intensity estimation at the downstream positions. The turbulence
intensity decay is expected to be steeper without the influence of the film cooling ejection which
would reduce the fitting error.

The interaction between coolant jet and hot gas cross-flow introduces additional turbulent fluctu-
ations of unknown time and length scales. The smallest interrogation window size of 8 px would
be preferable due to the higher spatial resolution, but increases the data size and processing time
drastically. Additionally, the random uncertainty is higher. Unless specified otherwise, all mea-
surement data in the present work is, therefore, evaluated using a final interrogation window size
of D1 = 12px = 0.15D with an overlap of 50 %, yielding a spatial resolution of 13.3 vec/D in
the x-z plane.

Compared to the turbulence intensity estimated based on the correlation provided in Roach
(1987) for the turbulence grid used in the present work, the turbulence intensity calculated from
the PIV data is 13.4 % lower. In Roach (1987), the correlation is compared to measurement data
from previous literature. The level of scatter is not quantified but shows discrepancies of up to
approximately +11 %. Turbulence intensity measurements conducted in Stripf (2007) using hot
wire anemometry have shown that for a solidity of 64 % the measured turbulence intensity is sys-
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tematically lower by up to approximately 12.5 % compared to the correlation in Roach (1987).
Solidities of the turbulence grid greater than 50 % are not recommended in Roach (1987). The
solidity of the turbulence grid used in the present work designed in Fraas et al. (2017) is 49.6 Y.
Given this information, it is plausible to assume that the turbulence intensity calculated from
the PIV data in the present work based on the method proposed in Scharnowski et al. (2018)
is closer to the true turbulence intensity compared to the estimate based on the correlation in
Roach (1987).

3.4 Flow Field Investigations leading up to the Present Work

Aside from the flow field investigations discussed in subsection 2.2.3, a number of studies using
SPIV were conducted in the test facility in section 3.1, leading up to the present work. The
differences between the measurement data in the present work and that of previous SPIV studies
on the same test facility are highlighted in the following and the results of the previous studies
are briefly discussed. Some of these results are referred to in the course of the present work.

Stichling et al. (2021) investigated a laidback fan-shaped cooling hole at engine-realistic tem-
perature ratios, turbulence intensities and parallel coolant cross-flow. The same geometry as in
the current study was used (see Figure 3.3) but the measurements were limited to the streamwise
symmetry plane. No horseshoe vortex Qpy was observed upstream of the cooling hole. An anal-
ysis using a method called Proper Orthogonal Decomposition (POD) suggested a fluctuation of
the coolant ejection that was most significant at the lowest blowing ratio. The decreasing sen-
sitivity of the coolant jet, e.g. to disturbances due to the hot gas cross-flow turbulence, towards
increasing coolant mass flow is consistent with the observations in Strau3wald et al. (2018). Or-
thogonal coolant cross-flow was not considered in this investigation and other than the absence
of the Qpy, no information on the coherent structures was provided, as no quasi-volumetric data
was available.

Stichling and Bauer (2022b) compared results of the same laidback fan-shaped film cooling hole
but with a narrower pitch to diameter ratio of »/p = 3 to a slot geometry at parallel coolant co-
cross-flow and counter-cross-flow, respectively. The coolant mass flow per downstream area was
set to be equivalent for corresponding operating points of the different geometries. For the slot
geometry, a Qcvy pair with large lateral spreading was present, while for the laidback fan-shaped
cooling hole with narrow pitch, no significant secondary flows were observed. No horseshoe
vortex Qpy was present for either of the geometries at any of the investigated operating points.
Despite the presence of the Qcy pair, a much larger adiabatic film cooling effectiveness was
observed for the slot geometry compared to the laidback fan-shaped geometry. The ratio of heat
transfer coefficients with and without film cooling was higher for the slot geometry compared to
the laidback fan-shaped cooling hole. Two lateral maxima in the ratio of heat transfer coefficients
with and without film cooling and the adiabatic film cooling effectiveness were observed for the
slot, one in proximity of each Qcy. For the laidback fan-shaped cooling hole, only one peak
in lateral direction was present for both the adiabatic film cooling effectiveness and the ratio
of heat transfer coefficients with and without film cooling. The higher adiabatic film cooling
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effectiveness of the slot cooling hole correlated with a much more stable coolant ejection. For
the laidback fan-shaped cooling hole, coolant lumps periodically releasing into the hot gas were
observed much like the intermittency of the jet in Schreivogel et al. (2016) and Abram et al.
(2016). Orthogonal coolant cross-flow was not considered in this investigation.

For the same laidback fan-shaped film cooling hole as in the present work, Stichling and Bauer
(2022a) provided more insights into the unsteady coherent structures observed at engine-realistic
operating conditions using the POD. As in Stichling et al. (2021), the measurements were limited
to the streamwise symmetry plane. A lateral unsteadiness of the Qcy pair and shear-layer in-
stabilities as well as lateral fluctuations indicating unsteady Qwv or hairpin vortices Qppy were
documented using the spatial POD modes. A frequency analysis of the time coefficients from the
POD yielded no definite dominant frequencies. This is in agreement with Zamiri et al. (2020),
who conducted a LES for the same laidback fan-shaped cooling hole. Only minor peaks in the
frequency analysis were observed. Given these results, it is reasonable to assume that unsteady
coherent structures in laidback fan-shaped cooling holes at high hot gas cross-flow turbulence
intensities fluctuate over a range of frequencies.






4 Coherent Structures in Film Cooling Flows at
Engine-Realistic Operating Conditions

The main goal of this work is to characterise the coherent structures observed in a JiC at engine-
realistic operating conditions and understand their relation to the local heat transfer augmenta-
tion. Based on the observed steady and unsteady coherent structures, connections between the
thermal film cooling quantities! and the coherent structures are analysed. The combination of
thermal and aerodynamic measurement data provides a valuable reference for validation and fur-
ther development of numerical flow simulations. Aside from an improved understanding of the
flow field of a JiC from a laidback fan-shaped film cooling hole, the present work contributes to
the fundamental understanding of the jet morphology and the significant drivers for heat transfer
augmentation.

Engine-realistic coolant cross-flow is still frequently neglected in many recent studies on thermal
film cooling quantities. This is despite the fact that studies have repeatedly reported the signif-
icance of the inlet conditions for the adiabatic film cooling effectiveness and the ratio of heat
transfer coefficients with and without film cooling (Saumweber et al., 2001; Gritsch et al., 2003;
Saumweber and Schulz, 2008a, 2012; Fraas et al., 2019a). In terms of flow field investigations,
the scarcity is prevalent with nearly no contributions considering coolant cross-flow, except for
Hale et al. (2000), Peterson and Plesniak (2002), Peterson (2003), Peterson and Plesniak (2004),
and McClintic et al. (2019). The present work aims at providing a detailed flow field analysis
maintaining all relevant engine-realistic parameters, including coolant cross-flow.

Aslaid out in section 3.2, 12 different cases are considered, six at parallel coolant cross-flow (PF)
and six at orthogonal coolant cross-flow (OF). Depending on the blowing ratio BR and coolant
channel Reynolds number Rep ., the resulting absolute values of the dimensionless parameters
described in subsection 2.2.2 vary. In Table 4.1, an overview of the nominal dimensionless
parameters relevant to the subsequent discussions are shown. All of them are calculated for the
cylindrical part of the cooling hole based on the quantities provided in Table 3.1.

IThe thermal film cooling quantities are the adiabatic film cooling effectiveness and the ratio of heat transfer
coeflicients with and without film cooling, as described in subsection 2.2.1

Table 4.1: Evaluated dimensionless parameters of the test section in Figure 3.2 for all
test cases. The values are valid for both, parallel and orthogonal coolant
cross-flow, as the cross-flow direction does not impact the nominal dimen-
sionless parameters.

BR IR VR VRinlet = uCC/ Uc MCC/ Un

Repec 5x10° 30x10° 5x10° 30x10°

1.0 0.59 0.59 0.26 1.58
2.0 2.35 1.18 0.13 0.78 0.15 0.92
3.0 5.29 1.76 0.09 0.51
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Since the dimensionless parameters are independent of the coolant channel cross-flow direction,
amaximum of six different values results for each dimensionless parameter. The nominal dimen-
sionless parameters blowing ratio BR, momentum ratio /R and velocity ratio VR at the cooling
hole exit are independent of the coolant channel Reynolds number Rep . resulting in just three
values each. Flow separations and other steady and unsteady flow phenomena in the cooling
hole impact the effective local values of these quantities. As an example, a strong single-sided
flow separation in the diffuser could dramatically increase the local velocity ratio VRjocq in the
unblocked diffuser area. As the blowing ratio, the momentum ratio and the velocity ratio are
interdependent, the true local values of each of these quantities varies correspondingly. A local
over-prediction is, for example, accompanied by a local under-prediction of the dimensionless
parameters in opposing parts of the diffuser exit cross section.

The inlet velocity ratio VRjpe¢ 1s a less frequently reported dimensionless parameter as most
studies disregard inlet effects entirely by using plenum conditions, likely due to the experimental
effort. The inlet velocity ratio VRjye is defined as the ratio of the coolant channel air velocity
upon the coolant air velocity, #c/u.. It is naturally dependent on the coolant channel Reynolds
number and the blowing ratio BR. The ratio of cooling channel air velocity and hot gas cross-flow
velocity “ce/u, is only dependent on the cooling channel air Reynolds number Rep (.

In the following sections, the characteristics of the coherent structures are discussed for all con-
figurations and operating conditions listed in Table 3.1. Furthermore, a detailed analysis of the
relation between the local coherent structures and the local ratio of heat transfer coefficients with
and without film cooling is conducted.

4.1 Fundamental Differences in the Jet Morphology between Parallel
and Orthogonal Coolant Cross-Flow

As discussed in section 2.1 and summarised in Figure 2.1a, the steady coherent structures
frequently observed in a generic JiC are the counter-rotating vortex pair (Qcy pair) and the
horseshoe vortex (Qpy). In certain cases, they are complemented by an anti-counter-rotating
vortex pair (Qacy pair), a ring vortex (Qry) and in rare cases by a steady wake vortex pair
(Qgwv pair). In the following, the coherent structures observed for the parallel and orthogonal
coolant cross-flow configuration at two different coolant channel Reynolds numbers Rep . =
5 x 103 and 30 x 10° and three different blowing ratios BR = 1.0, 2.0 and 3.0 each, are dis-
cussed. As shown in Figure 3.3, the cooling hole geometry has a cylindrical hole inlet connected
to a diffuser-shaped exit with opening angles of 10° in lateral and streamwise direction and an
overall inclination angle of 35°. This laidback fan-shaped (LFH) cooling hole geometry sig-
nificantly differs from the generic cylindrical hole with 90° inclination considered in all of the
fundamental JiC research. A large portion of the experimental flow field investigations con-
ducted for film cooling applications is related to inclined cylindrical holes. It is, therefore, a
reasonable assumption that the observed steady and unsteady flow structures differ compared to
what is described in section 2.1.

In the following sections, the coherent structures observed for all PF and OF cases are discussed.



4.1 Fundamental Differences in the Jet Morphology between Parallel and Orthogonal Coolagt1
Cross-Flow

The focus is on which coherent structures are observed, how they are formed and how they are
related to the trends observed in the thermal film cooling quantities based on the data in Fraas
et al. (2019a) and Fraas (2019).

To provide a basic intuition of the time-averaged jet morphology for all PF and OF cases, an iso-
surface of the turbulent kinetic energy normalised by the kinetic energy of the hot gas cross-flow
(ky/ (0.5ufef) = 2.5 %) is visualised in Figure 4.1 and 4.2 for all PF and OF cases, respectively. It
should be mentioned that iso-surfaces based on the Q-criterion are qualitatively similar. How-
ever, coherent structures of the hot gas cross-flow turbulence cause additional *noise’ that blurs

(e) PF, Rep cc = 5% 103, BR = 3.0 (f) PF, Rep cc = 30 x 103, BR = 3.0

Figure 4.1: Iso-surfaces of normalised turbulent kinetic energy i/ (O.Sufef) = 2.5 % for
parallel coolant cross-flow configuration
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the actual jet morphology when using the Q-criterion. Hence, k is chosen instead. The specific
value of the normalised turbulent kinetic energy was chosen as i/ (O.Sufef) = 2.5 % and provides
a characteristic representation of the jet morphology. The blowing ratio BR increases from top
to bottom and the coolant channel Reynolds number Rep . increases from left to right.

While the coolant jet remains relatively symmetric for all PF cases (Figure 4.1), strong and
varying asymmetries can be observed for the OF cases (Figure 4.2). This is in good qualitative
agreement with the symmetry and asymmetry observed in the adiabatic film cooling effective-

0
1
y/D

(e) OF, Rep . =5 % 10°,BR = 3.0 (f) OF, Rep . = 30 X 10°, BR = 3.0

Figure 4.2: Iso-surfaces of normalised turbulent kinetic energy &/ (0.5u§ef) = 2.5 % for
orthogonal coolant cross-flow configuration. Coolant cross-flow direction
is in negative ¥/p direction.



4.1 Fundamental Differences in the Jet Morphology between Parallel and Orthogonal Coolagg
Cross-Flow

ness distributions in Fraas (2019) (for details, see Figure A.37 and A.40). For all PF and OF
cases, the coolant appears attached to the wall. This is confirmed by the spatial distributions
of the adiabatic film cooling effectiveness, where no interruption of the cooling film can be
observed immediately downstream of the cooling hole exit (Fraas et al., 2019a; Fraas, 2019).
The overall morphology of the jet is much flatter for the PF cases, especially at the low coolant
channel Reynolds number. For the OF cases, the jet is more circular and a drastic change in jet
appearance can be observed from low to high coolant channel Reynolds number.

While the iso-surfaces already provide a generic idea of the jet morphology and penetration
depth? of the different PF and OF cases, a more detailed analysis of the coherent structures is
necessary. This is required to understand the local relation between the coherent structures and
the thermal film cooling quantities which, in turn, allows for targeted improvements of the film
cooling hole geometries and operating conditions.

For this purpose, the near and far field of the JiC have to be investigated. Thereby, not only
the dominant coherent structures are characterised, but their formation process is analysed as
well. At engine-realistic operating conditions, the hot gas cross-flow is expected to quickly
divert the coolant jet and the corresponding dominant coherent structures in hot gas main stream
direction. Therefore, z-planes parallel to the wall and close to the cooling hole exit are suitable
to analyse the near field. For the far field, x-planes orthogonal to the hot gas cross-flow direction
downstream of the cooling hole exit are suitable.

To get meaningful data in the x- and z-planes, the data acquisition detailed in subsection 3.3.1 has
to be briefly revisited. As schematically shown in Figure 3.4, the FOV of the SPIV measurement
is a y-plane. This FOV is chosen as the dominant hot gas cross-flow velocity component is in
x-direction. Compared to measuring in the x- or z-plane the relative error of the measurement
is reduced as a larger mean particle image displacement is permitted while still minimizing the
in-plane loss of particle image pairs. An acceptable spatial resolution in lateral direction in
the desired x- and z-planes is achieved by laterally traversing the camera and laser setup with
a step length of 4y = 0.25D as indicated in Figure 3.4. Based on the thermal film cooling
quantities provided in Fraas et al. (2019a), the volume of view (VOV) is chosen as —3D <
y £ 3D, covering slightly less than a full cooling hole pitch. Given the number of cases, further
increasing the lateral spatial resolution or measurement range entails a disproportionately longer
measurement time and an unfeasible increase in data storage space requirements and raw data
processing time.

As will be demonstrated in the subsequent discussions, the selected VOV and lateral resolution
is more than sufficient to capture the vortical structures in the interaction region of hot gas cross-
flow and coolant jet.

The subsequent analysis contains a variety of figures containing in-plane velocity vectors. It
should be noted that the vector resolution is reduced by a factor of 2 to 3 compared to the available
spatial resolution depending on the specific figure to improve legibility. Beyond the details on

2The penetration depth describes the Euclidean distance of the jet core to the adjacent wall. However, no
singular definition of the jet core for film cooling JiCs exists. Frequently, the penetration depth is quantified based
on the jet centre streamline (see Figure 2.1) or, if temperature field data is available, based on the location in the
JiC with the lowest temperature.
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the out-of-plane resolution provided above, the reader is referred to subsection 3.3.1 and 3.3.3 for
detailed information on the spatial and temporal in-plane resolution of individual measurement
planes.

4.2 Coherent Structures with Parallel Coolant Cross-Flow

In the following sections, the coherent structures observed in the far field of the coolant JiC are
explored to understand the most dominant secondary flow features downstream of the ejection.
The near field is analysed to understand how it influences the formation process of the far field
structures and to explore additional near field structures. Finally, the adiabatic film cooling
effectiveness and the ratio of heat transfer coefficients with and without film cooling are included
in this analysis to understand the connection between the coherent flow structures and the thermal
film cooling quantities.

4.2.1 Far Field Coherent Structures

In Figure 4.3 and 4.4, the time-averaged lateral and wall-normal velocity components are shown
in an x-plane at x/p = 5.0 with a background contour of normalised x-vorticity w, for the low
and high coolant channel Reynolds number Rep (., respectively. The location of the reference
velocity ugs used for normalisation is indicated in Figure 3.2. The white iso-line of turbulent
kinetic energy corresponds to the respective iso-surface depicted in Figure 4.1. The black lines
below the horizontal axis indicate the downstream edges of the cooling hole exit geometry. The
blue line represents the lateral distribution of the ratio of heat transfer coefficients with and
without film cooling #:/n, at ¥/p = 5.0 based on data from Fraas (2019). The x-axis corresponds
to i/, = 1.0. For the first part of the discussion, the focus is on the velocity and vorticity field,
and #t/n, can be ignored.

The relatively dominant steady coherent structure observed for all PF cases in Figure 4.3 and
4.4 is the Qcvy pair. In x-planes further upstream in the flow (not shown), it can be seen that the
Qcv pair starts to develop closely downstream of the hole and near to the lateral edges of the
hole exit. For the low coolant channel Reynolds number, the Qcy pair develops slightly earlier
compared to the high coolant channel Reynolds number and is generally initiated earlier towards
higher blowing ratios. The same trend with a change in blowing ratio is observed for the high
coolant channel Reynolds number but less pronounced.

The lateral and wall-normal position of the Qcvy legs varies depending on the coolant channel
Reynolds number, the blowing ratio and the streamwise position. An increase in blowing ratio or
downstream distance correlates with a slight increase in wall-normal distance of the Qcv legs for
all PF cases. This increase is significantly more pronounced for BR = 3.0 and Rep .. = 30 x 10°
(Figure 4.4c). A change in coolant channel Reynolds number, however, generally yields a much
stronger change in the position of the Qcy legs, specifically in lateral direction. In case of the
low coolant channel Reynolds number (Figure 4.3), the Qcy legs are significantly further apart
(e.g. at BR = 1.0: ¥/p ~ +1.0 for Rep . = 5 x 10% versus ¥/p = +0.5 for Rep ¢ = 30 x 10%).
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An additional anti-counter-rotating vortex pair (2acvy pair) is found in between the dominant
Qcv pair for all cases of the low coolant channel Reynolds number. For clarification, the Qcy
and Qv pair are exemplarily indicated by black arrows in Figure 4.5a for the low blowing ratio,
where the Qacy pair is most significant. In previous flow field investigations, an Qacy pair was
induced using a vortex generator to achieve an increased lateral spreading (Song et al., 2017).
Brittingham and Leylek (1997) suggested that the lift produced by the interaction of the two Qcvy
legs is hindered by the increased spreading. The reduced spreading and the absence of the Qacvy
pair for the high coolant channel Reynolds number, therefore, explain the increased wall-normal
distance of the Qcv legs for these PF cases (Figure 4.4). Whether the Qacy pair is the reason
for the larger lateral spreading or develops because of it, is discussed in the subsequent section
about the near-field structures.

As indicated by the unit vectors in Figure 4.3 and 4.4, the secondary flow velocities of the domi-
nant coherent structures observed in the x-planes contain approximately 1 % to 5 % of the cross-
flow reference velocity u..r. In all PF cases, except for the high blowing ratio BR = 3.0 at the
high coolant channel Reynolds number, the Qcy pair dissipates nearly entirely within the PIV
VOV until x/p = 8.8 (not shown). Nearly no significant x-vorticity w, remains visible for the
applied value range (not shown).

4.2.2 Near Field Coherent Structures

To better understand the Qcy and Q4cy pair formation and to provide insights into the flow field
at the hole exit in a laidback fan-shaped film cooling jet at engine-realistic operating conditions,
the velocity and x-vorticity fields in a z-plane parallel to the wall are analysed. In Figure 4.5 and
4.6, the normalised x-vorticity field is shown at z/p = 0.3 for BR = 1.0 and 3.0, respectively,
for the low and high coolant channel Reynolds number each. This plane is chosen, since the
qualitative data does not change for 0.1 < z/p < 0.3, but the vorticity fields are significantly less
noisy at z/p = 0.3. The corresponding data for BR = 2.0 is qualitatively similar to BR = 1.0 and
can be found in Figure A.11.

In all figures, the in-plane velocity components are indicated by black arrows. The undisturbed,
laterally averaged streamwise component of the hot gas cross-flow velocity upstream of the ejec-
tion ur , at the wall-normal location z/p = 0.3 is subtracted from the local streamwise velocity
component u(x, y). Thereby, the local impact of the coolant ejection on the hot gas cross-flow
is emphasised.

To understand the origin of the x-vorticities and, by extension, the Qcy pair formation, additional
information on the local velocities is required. Therefore, white iso-lines in Figure 4.5 and
4.6 qualitatively indicate contours of wall-normal velocity. A detailed overview of the velocity
distributions close to the hole exit at z/p = 0.3 are provided in section A.2, A.3 and A.4 for the
u,v and w velocity components.

As specified in Table 4.1, the nominal dimensionless parameters at the cooling hole exit are
constant despite a change in coolant channel Reynolds number. The local velocity distributions
at the hole exit, however, vary strongly depending on the coolant channel Reynolds number and
the nominal blowing ratio, altering the effective dimensionless hole exit parameters.
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Figure 4.5: Impact of the coolant ejection on the near-wall x-vorticity, wy, and in-plane
velocity field, ((# — uretz) , v), at ¢/ = 0.3. The white lines correspond to
the contours of wall-normal velocity (for details see Figure A.7 and A.9).

For the low coolant channel Reynolds number at BR = 1.0 (see Figure 4.5a or A.7a), com-
paratively homogeneous wall-normal velocities are observed over the entire cooling hole exit.
Two weak local velocity maxima are observed close to the downstream edge of the hole exit at
y/p = £0.75. For an increase in nominal blowing ratio to BR = 2.0, these local maxima are
still present (see Figure A.8a), but two additional and more significant local maxima of the wall-
normal velocity develop near the upstream edge of the cooling hole exit. At the highest blowing
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Figure 4.6: Impact of the coolant ejection on the near-wall x-vorticity, w,, and in-plane
velocity field, ((u — uretz) , v), at ¢/ = 0.3. The white lines correspond to
the contours of wall-normal velocity (for details see Figure A.7 and A.9).

ratio BR = 3.0 (see Figure 4.6a and A.9a), the two local maxima close to the upstream edge
become even more dominant compared to the much weaker local maxima downstream.

For the high coolant channel Reynolds number and BR = 1.0 (see Figure 4.5b or A.7b), a clear
global maximum of wall-normal velocity is observed close to the downstream edge of the hole
exit. Towards higher blowing ratios at BR = 2.0 (see Figure A.8b), the single maximum splits
into two distinct local maxima and at the highest blowing ratio BR = 3.0 (see Figure 4.6b or
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A.9b) a wall-normal velocity distribution similarly homogeneous as for the low coolant channel
Reynolds number at BR = 1.0 is achieved.

A schematic overview of possible inlet flow phenomena explaining the observed velocity distri-
butions close to the cooling hole exit for all PF cases is given in Figure 4.7. The relevant scaling
parameter is the inlet velocity ratio VRjyec. Assuming no swirl in the hole given parallel coolant
cross-flow, an increase in inlet velocity ratio VRjye; from @ to @ for Repcc = 5 X 103 (left
column) leads to a decrease in the downstream separation at the hole inlet. Further increasing
the inlet velocity ratio VRjpjer from @ to @ for Rep o = 30 X 10° (right column) leads to
an increasingly significant upstream separation at the hole inlet. The respective location of the
velocity maximum at the inlet of the diffuser contributes to the streamwise position of the ve-

ReD,cc =5X 103 é ReD,CC =30 x 103
VRinlet = Uec/uc = 0.26
BR=1.0

VRinler = ucc/uc =1.58
BR=1.0

VRintet = Uec/uc = 0.13
BR=2.0

VRinlet = uCC/Mc =0.78
BR=2.0

VRinlet = MCC/uc =0.09
BR =3.0

VRinlet = "fCC/uC =0.51
BR =3.0

.—

@ @

Figure 4.7: Possible inlet flow phenomena for the PF configuration based on the local
hole exit velocities observed in Figure A.4 to Figure A.9.
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locity maxima at the diffuser exit. From @ to @ the location of the global velocity maximum
transitions from the upstream to the downstream region of the diffuser exit.

For a cylindrical cooling hole, Thole et al. (1997) similarly show the influence of the position
of the inlet flow separation on the hole exit velocity field. Using LES, Acharya and Leedom
(2012) replicate this flow phenomenon for cylindrical cooling holes achieving good agreement
with comparable experimental data. The SPIV measurement data in the present work, hence,
constitutes a valuable data basis for validation of numerical simulations of laidback fan-shaped
film cooling holes.

Combined with the local streamwise and wall-normal velocity distributions for the different PF
cases, the resulting x-vorticity fields in Figure 4.5 and 4.6 provide insights into what drives the
Qcvy pair formation for the different PF cases.

As previously discussed, the Qcy legs show significant differences in lateral and wall-normal
position for the low blowing ratio BR = 1.0 when comparing low and high coolant channel
Reynolds number (compare Figure 4.3a and 4.4a). As indicated by the white contour lines in
Figure 4.5, two local maxima in the wall-normal velocity w are present for the low coolant chan-
nel Reynolds number. For the high coolant channel Reynolds number, a single global maximum
is observed. In both cases, the maxima are located towards the downstream edge of the cooling
hole exit. Multiple maxima in wall-normal velocity essentially constitute separate jet cores.
For the low coolant channel Reynolds number, it appears that each jet core located at y/p = +0.75
and */p = 2.5 is accompanied by its own Qcvy pair. This is indicated by the laterally alternating
x-vorticities observed in Figure 4.5a around and downstream of each jet core. The inner legs of
both Qcv pairs seem to attenuate each other and are perceived as a comparatively weak Qacv
pair in the x-plane observed in Figure 4.3a.

The initial observation of a delay in the Qcy pair formation for the high compared to the low
coolant channel Reynolds number can now be explained. As mentioned in the discussion of
Figure 4.7, the in-hole velocity maximum is shifted in hot gas downstream direction for all cases
with high coolant channel Reynolds number compared to the low coolant channel Reynolds num-
ber at the same blowing ratio. Irrespective of whether one or two lateral jet cores are present,
and irrespective of the formation process, for the high coolant channel Reynolds number the for-
mation of the Qcvy pair starts around the jet core and is, hence, shifted in downstream direction
as well.

For the high coolant channel Reynolds number, the single jet core centred at Y/p = 0 and
x/p = 2.5 initiates a single Qcv pair with reduced spreading as seen in Figure 4.4a. For the high
blowing ratio BR = 3.0, the differences in lateral and wall-normal position of the Qcv pair for the
low and high coolant channel Reynolds number are much less pronounced (compare Figure 4.3c
and 4.4c). As previously discussed, the wall-normal distance of the Qcv legs in downstream
direction increases more for the high compared to the low coolant channel Reynolds number.
This is due to the reduced lateral spreading at the high coolant channel Reynolds number.

A deciding factor for the formation and downstream location of the dominant coherent structures
in the x-plane is the effective local velocity ratio VR, at the cooling hole exit. As discussed in
section 2.1, Mahesh (2013) shows that VRjo.q = 1.0 is a critical velocity ratio, below or above
which the observed coherent structures for JiCs and their formation may change. As the nominal
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VR is calculated based on the cylindrical part of the cooling hole, the effective local velocity ratio
at the hole exit of the laidback fan-shaped hole is expected to be smaller.

For BR = 1.0, the nominal velocity ratio is VR = 0.59 < 1.0. As indicated by the in-plane
velocity vectors in Figure 4.5, the exiting coolant jet leads to a deceleration of the approaching
cross-flow velocity ur.r, across the entire hole exit area, irrespective of the coolant channel
Reynolds number.

For BR = 2.0, despite a nominal velocity ratio of VR = 1.18 > 1.0, the velocity and x-vorticity
field (see Figure A.14) is qualitatively similar compared to BR = 1.0. Again, a deceleration
of the approaching cross-flow across the entire hole exit is observed for both coolant channel
Reynolds numbers.

As described in Figure 2.2, unsteady hairpin vortices can form at low velocity ratios VR < 1.0
when the boundary layer vorticity of the cross-flow dominates the jet. The observed Qcy and
Qacv pair at BR = 1.0 and 2.0 are, in fact, most likely the steady remainder in the x-plane of
unsteady hairpin vortices shedding either across the single, or the double jet core at the cooling
hole exit. Tyagi and Acharya (2003) and Fawcett et al. (2013) reported similar observations for
numerical and experimental investigations, respectively, for a laidback fan-shaped film cooling
hole at low velocity ratios.

For BR = 3.0, regions with VR|oca1 > 1.0 are present at the cooling hole exit for both coolant
channel Reynolds numbers. Significant x-vorticities are observed to emerge from within the
cooling hole as shown in Figure 4.6. In both cases, the in-hole vorticity is oriented such that it
supports or even initiates the Qcy pair formation. For both blowing ratios, an acceleration of
the hot gas cross-flow due to the coolant ejection can be observed in the downstream vicinity of
the respective jet cores, suggesting local velocity ratios VRjoca1 > 1.0.

For the low coolant channel Reynolds number (Figure 4.6a), the two most significant local max-
ima in wall-normal velocity (white iso-lines) appear closer to the upstream edge of the hole exit.
Due to this double jet core, the known, alternating pattern of x-vorticities can be observed, lead-
ing to a weak but existent Qcy pair in between the much stronger Qcvy pair. For the blowing
ratios BR = 1.0 and 2.0, the streamwise vorticity downstream of the cooling hole exit appears
to be the most significant impact of the coolant jet on the flow field. In contrast to that, for the
BR = 3.0, the previously mentioned ’in-hole’ x-vorticities are significantly more relevant.

For the high coolant channel Reynolds number (Figure 4.6b), the wall-normal velocity distri-
bution is significantly more homogeneous and the local maxima are much less distinct. Due
to this homogeneity, the magnitudes of wall-normal velocity are much lower compared to the
low coolant channel Reynolds number. The global maximum of wall-normal velocity is slightly
shifted in downstream direction. The maxima in x-vorticity along the inner lateral diffuser edges
are equally shifted in downstream direction but the maxima in lateral velocity are not (see Fig-
ure A.6 for lateral velocity distribution). Also, the magnitude of the local maxima of the lateral
velocity is slightly lower for the high coolant channel Reynolds number. Due to the absence
of the Qucvy pair compared to the low coolant channel Reynolds number, the Qcy pair can lift
further away from the wall (see Figure 4.6b). At x/p = 5.0 and the high blowing ratio BR = 3.0,
the lateral spreading is very similar for the low and high coolant channel Reynolds number.

For all cases with an Qacv pair (low coolant channel Reynolds number), the lift produced by the
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Qcv pair is comparatively lower and the lateral position of the Qcy legs does not change very
much at all. For all cases without an Qacy pair (high coolant channel Reynolds number), the
lift produced by the Qcy pair continuously increases the hot gas entrainment and, thereby, the
lateral spreading in streamwise direction.

Regarding the exact formation of the Qcvy pair at VR)ocq > 1.0 it is unclear how the frequently
reported ’tilting and folding’ of vorticity (Andreopoulos and Rodi, 1984; Kelso et al., 1996; Fric,
1990) plays a role. The intuitive notion of vortices being associated with extrema in vorticity
is misleading, as vorticity arises from shear and swirling motion. Based on vorticity only, it
is not possible to distinguish between shear and swirling motion (Lugt, 1985). The extrema in
x-vorticity observed in the x-planes (see Figure 4.5 and 4.6) do, however, align very well with
the Qcv and Qacy pair locations. In contrast to that, the significant z-vorticities observed for
all PF cases in the z-plane trailing the lateral edges of the hole (see section A.6) do not translate
into x-vorticities and secondary flow structures in the far field, despite the bending of the jet
trajectory due to the cross-flow.

In Figure 4.8, the effect of local velocity ratios VRjoca1 > 1.0 is emphasised using the PF case
with low coolant channel Reynolds number and high blowing ratio BR = 3.0. The presented
data is from a lateral y-plane at ¥/p = 0.6, such that it passes through one of the two lateral jet

(b) Normalised y-vorticity and black contour lines of u-velocity from (a) at y/p = 0.6

Figure 4.8: Example for VRjocaq > 1 at the low coolant channel Reynolds number
Rep e = 5 X 103 for blowing ratio BR = 3.0 at y/p = 0.6 where one of
the two wall-normal velocity maxima occurs (see Figure A.9a)
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cores where the maximum in wall-normal velocity occurs for this case. In Figure 4.8a, the nor-
malised streamwise velocity u is shown. In Figure 4.8b, a background contour of the normalised
y-vorticity w, can be seen. The switch from positive to negative y-vorticities is emphasised by
adding the dashed white line at w, = 0. The contours of the normalised streamwise velocity
from Figure 4.8a are added to point out the relative location of the streamwise velocity maxima
compared to the switch between the positive and negative y-vorticity regions.

As previously discussed, the acceleration of the hot gas cross-flow is observed for the high blow-
ing ratio only. The resulting y-vorticity in Figure 4.8b implies the presence of two separate shear
layers as indicated in Figure 2.1b with unsteady windward and leeward shear-layer vortices,
Qwsv and Q gy, respectively. This confirms that hairpin vortices 2ppv do not play a significant
role in the Qcy pair formation for BR = 3.0. For locally high velocity ratios, the Qcy pair for-
mation is likely driven by coherent structures from within the film cooling hole as suggested by
Dai et al. (2016) indicated by the ’in-hole’ streamwise vorticities in Figure 4.6.

For local velocity ratios VR < 1.0 (BR = 1.0 and 2.0), purely positive y-vorticities are observed
(not shown) suggesting only leeward shear-layer vortices € gy in the unsteady flow field. This
confirms the presence of unsteady hairpin vortices Qppy as suggested by Tyagi and Acharya
(2003) and Fawcett et al. (2013) and indicated in Figure 2.2. The Qcvy pair or Qcy-Qacv pair
observed in the x-planes for BR = 1.0 and 2.0 in Figure 4.3 and 4.4, hence, constitutes the steady
remainder of the streamwise component of the Qppy.

The switch in y-vorticity direction depending on the local velocity ratio is also observed in Eberly
and Thole (2013). Due to the much lower density ratios of DR = 1.2, negative y-vorticities were
observed at a blowing ratio of BR = 2.0 already.

Apart from the Qcy and Qacv pair and the changes in the shear-layer vortices Qwsy and € gy,
one more interesting observation is made. For BR = 3.0 and the low coolant channel Reynolds
number, the near-wall z-vorticity distribution at z/p = 0.3 is shown in Figure 4.9 as it is sig-
nificantly different compared to all other PF cases (see section A.6). Directly downstream of
the wall-normal velocity maxima, two regions of opposite z-vorticity appear at */p =~ 2.3 and
y/p ~ +0.8. For all other PF cases, the maxima in z-vorticity lie beyond the indicated film
cooling hole exit geometry close to the downstream end of the lateral edges. As mentioned be-
fore, the relation between vorticity maxima and vortices is ambiguous, as vorticity is caused by
both, rotation and shear. For the z-vorticity regions observed in Figure 4.9, however, the wake
produced by the upstream wall-normal velocity maxima is likely associated to a pair of steady
wake vortices Qqwy (see Figure 2.1a). According to Hale et al. (2000), the Qgwy constitute the
time-averaged separation due to unsteady Qwy. Such a wake is neither expected not found in
any other PF cases, as the wall-normal hole exit velocities are much more homogeneous and the
magnitudes of the maxima are much lower.

4.2.3 Influence of Coherent Structures on Thermal Film Cooling
Quantities 77, and 7/n

In the following, the relation between the coherent structures in the flow field and the thermal film
cooling quantities is analysed. The data of the thermal film cooling quantities was gathered by
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Figure 4.9: Impact of the coolant ejection on the near-wall z-vorticity, w,, and the in-
plane velocity field, ((u — trer) ,v), for Repee = 5 X 10% and BR = 3.0
at z/p = 0.3. The white lines correspond to the contours of wall-normal
velocity (for details see Figure A.7 and A.9).

Fraas et al. (2019a) and Fraas (2019) on the same test section as in the present work schematically
shown in Figure 3.2. The operating conditions for all PF and OF cases are identical to the present
work and listed in Table 3.1 and 4.1. An introduction to the thermal film cooling quantities
Naw and 7t/ny can be found in subsection 2.2.1. Details on the data acquisition using infrared
thermography (IRT) and the data processing based on the superposition principle of film cooling
can be found in Fraas et al. (2017).

For all PF cases, the adiabatic film cooling effectiveness and the ratio of heat transfer coefficients
with and without film cooling show a single, symmetric maximum in lateral direction. The
spatial distributions of 17, and 4t/ are, therefore, omitted but can be found in Figure A.37 and
A.38, respectively. For hi/n, the lateral distributions in Figure 4.3 and 4.4 at x/p = 5.0 will be
referred to in a later part of the discussion.

In Figure 4.10, the laterally averaged adiabatic film cooling effectiveness 7,y (Figure 4.10a)
and the laterally averaged ratio of heat transfer coefficients with and without film cooling /A,
(Figure 4.10b) are shown. Overall, alower 77, , is observed along the streamwise direction for the
high compared to the low coolant channel Reynolds number for all PF cases. For the blowing
ratio BR = 1.0, the laterally averaged adiabatic film cooling effectiveness 77, of both cases
converges in downstream direction; for BR = 2.0 the laterally averaged values have a more or
less constant offset and for BR = 3.0, they are identical at x/p = 5.0 and diverge in downstream
direction. This change in trend is related to the size, spread and wall-normal position of the Qcy
pair observed in Figure 4.3 and 4.4. While the streamwise overlap of the SPIV and IRT data is
limited to 5.0 < */p < 8.8, this overlap is sufficient to understand the relation between the flow
field and the thermal film cooling quantities. Significant qualitative changes in the flow field
are observed in streamwise direction between —2.5 < x/p < 5.0. Further downstream, between
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Figure 4.10: Laterally averaged (a) adiabatic film cooling effectiveness ﬁ_a,w and (b) ratio
of heat transfer coefficients with and without film cooling %1/, for parallel
flow configuration (PF); reproduced based on data in Fraas (2019)

5.0 < x/p < 9.0, only the dissipation of the existing coherent structures can be observed.

For the blowing ratio BR = 1.0, a larger spread between the Qcy legs at */p = 5.0 for the low
coolant channel Reynolds number (Figure 4.3a versus Figure 4.4a) leads to a closer attachment
of the jet to the surface (see also Figure 4.1a compared to Figure 4.1b). This leads to an initially
improved coverage in terms of the adiabatic film cooling effectiveness as seen in Figure 4.10a.
Song et al. (2017) investigated vortex generators downstream of cylindrical holes to induce an
Qacv pair. They reported a significant increase of the adiabatic film cooling effectiveness for
attached cooling jets due to the ’"downwash’ effect of the additional Qcvy pair.

At the lowest blowing ratio BR = 1.0, the Q4cvy pair between the Qcvy legs is most pronounced
(Figure 4.3a). The apparent positive effect of the Qacv pair is countered by an increased mixing
with the hot gas due to the additional interfaces and, hence, a faster consumption of the available
cooling potential for the low coolant channel Reynolds number. Therefore, the distributions of
the laterally averaged adiabatic film cooling effectiveness converge in streamwise direction when
comparing the high and low coolant channel Reynolds number at BR = 1.0.

For the blowing ratio BR = 3.0, the initial spread between the Qcy legs is identical at x/p =
5.0 (Figure 4.3c versus Figure 4.4c) and so is 77, as shown in Figure 4.10a. For the high
coolant channel Reynolds number, the wall-normal distance is slightly larger at x/p = 5.0. This
small difference in wall-normal distance is less relevant initially but allows for more hot gas
entrainment further downstream. This, in turn, leads to a comparatively stronger increase in wall-
normal distance of the Qcy pair for the high coolant channel Reynolds number and, therefore,
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a faster reduction of 77, w. The initially identical distributions of the laterally averaged adiabatic
film cooling effectiveness at ¥/p = 5.0, hence, diverge in downstream direction for the blowing
ratio BR = 3.0.

The trends in the laterally averaged ratio of heat transfer coefficients with and without film cool-
ing ht/h, observed in Figure 4.10b are related to the discussed far field structures as well. Simi-
larly to the adiabatic film cooling effectiveness 7, y, all spatial distributions of the ratio of heat
transfer coefficients with and without film cooling %/n, are qualitatively similar and present with
a single maximum in lateral direction and a decay in streamwise direction (see Figure A.38 for
details).

For BR = 1.0 and 2.0, a significantly higher laterally averaged ratio of heat transfer coefficients
with and without film cooling /%, is observed for the low coolant channel Reynolds number.
For BR = 3.0, the heat transfer augmentation is very similar for both coolant channel Reynolds
numbers within 5.0 < x/p < 10.0 but remains significantly higher for the large coolant channel
Reynolds number for */p > 10.

As shown in Figure 2.3, film cooling impacts the thermal and aerodynamic boundary layer. For
BR = 1.0 and 2.0 and the low coolant channel Reynolds number, the additional Qacy pair with
a further spread Qcy pair compared to just a single, narrower Qcy pair has multiple effects.
The additional interfaces between the Qacy and Qcv pair likely lead to an increased lateral ex-
change and every vortex leg itself would be associated with a thinning of the boundary layer
right below it. Higher values for the ratio of heat transfer coefficients with and without film
cooling are, hence, observed for those PF cases, where the Qacy pair plays a significant role
(BR = 1.0 and 2.0 at Rep ¢ = 5 x 10%).

For BR = 3.0, the Qcv pairs are initially similar for the low and high coolant channel Reynolds
number which also explains the very similar initial values of ’i/n,. For x/p > 8.8, no flow
field data is available, but as mentioned in subsection 4.2.1, the dissipation of the Qcvy pair for
BR = 3.0 at the high coolant channel Reynolds number is slower compared to all other cases.
Due to the increased wall-normal distance, the Qcvy pair is damped less, can sustain longer and
is therefore likely responsible for the consistently higher heat transfer augmentation observed in
Figure 4.10b.

Based on the previous analysis, it can be concluded that there is excellent agreement between the
flow field data and the thermal film cooling quantities from different measurement campaigns
at the same film cooling test facility. This emphasises the repeatability of the test facility and
the reliability of the measurement data. In the following, the initially mentioned single lateral
maximum in the 1, y, and 41/, distributions is revisited. For this purpose, a few relevant previous
investigations are briefly discussed first.

Baldauf (2001, pg. 103, Fig. 7.1) observed a change in %/h, pattern on the downstream surface
with an increase in blowing ratio for a cylindrical cooling hole. For low blowing ratios, two lat-
eral 2/, maxima are observed downstream of the film cooling hole exit. Towards higher blowing
ratios, the two lateral maxima regions convert to a single maximum along the centreline. Bal-
dauf (2001) assumes that the two lateral maxima appear as long as the Qcvy pair is close enough
to the surface. In such cases, the effect of heat transfer augmentation due to boundary layer thin-
ning is prevalent. After crossing a certain wall-normal distance, additional coherent structures
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like wake vortices Qwy develop in the jet wake and lead to a single laterally centred maximum.
At full jet lift-off, a low %/, region is observed immediately downstream of the ejection due
to the boundary layer separation followed by a high %:/n, region due to reattachment. The %/n,
data discussed in Baldauf (2001) was gathered at a low turbulence intensity of 7u = 1.5 % and
moderate and high density ratios of DR = 1.2 and 1.8.

Saumweber (2005) investigated a fan-shaped cooling hole with a large lateral opening angle of
14°. He observed two lateral maxima in 7, for all investigated blowing ratios at a low tur-
bulence intensity of Tu = 2.0 %. For an increase of turbulence intensity to 7u = 7.5 %, the
two lateral maxima were less pronounced at low blowing ratios, but equally significant at high
blowing ratios. When considering the effect of unsteady wakes on the adiabatic film cooling
effectiveness at Tu = 2.0 % with increasing wake Strouhal numbers, the two lateral maxima
transformed to a single maximum for low blowing ratios and were generally less pronounced at
high blowing ratios. According to Saumweber (2005), the two lateral maxima are desired for
lateral spreading of the coolant and occur due to a flow separation on the downstream wall of
the diffuser. For a decrease in the lateral opening angle from 14° to 10° and 7°, the two lat-
eral maxima eventually converge to a single maximum for low and high blowing ratios. This
transition happens more quickly for high blowing ratios. An increase in the hole length of the
cylindrical part of the cooling hole also favoured the transition from two lateral maxima to a
single maximum in 77, y, for all blowing ratios. Spatial distributions of 4:/n, were not provided.
For a laidback fan-shaped hole with identical opening angles as in the present work, Kampe et al.
(2012) also observed two lateral maxima in wall-normal velocity near the hole exit. Information
on the thermal film cooling quantities beyond lateral averages were not provided.

McClintic et al. (2019) investigated a laidback fan-shaped cooling hole with a smaller opening
angle of 7° at high turbulence intensities Tu = 7.0 %. They observed homogeneous dimension-
less temperature fields at the diffuser exit for low and moderate density ratios DR = 1.1 and 1.4.
For the same laidback fan-shaped cooling hole, Haydt and Lynch (2021) observed a single lateral
maximum in 7, for low and high blowing ratios. For %/, two lateral maxima were observed
at low blowing ratios but a single lateral maximum at high blowing ratios. Their investigations
were carried out at low turbulence intensities and density ratios of 7u = 1.5 % and DR = 1.0,
respectively.

Based on the observations in the present work and the discussed literature, the following conclu-
sions are drawn: Two lateral jet cores observed for cylindrical, laidback and laidback fan-shaped
cooling holes may or may not correspond to two lateral maxima in the thermal film cooling
quantities. For both, 17, w and %1/, an increase of turbulence intensity, unsteady wake frequency
or hole length as well as a decrease in opening angle correlate with a transition from two lateral
maxima to a single lateral maximum in the thermal film cooling quantities. When both, 7, y and
he/n, are presented, the two lateral maxima in %/n, seem to be more robust. No investigation re-
ports two lateral maxima in 77, Where no two lateral maxima in %/, are observed, however, the
opposite is possible. Little to no understanding of the reasons for this behaviour are discussed
in any of the previous literature.

As mentioned initially, all PF cases of the laidback fan-shaped cooling hole in the present work,
presented with a single lateral maximum in 77,y and %/n, as shown in Figure A.37 and A.38, re-
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spectively. While the aforementioned relevant parameters turbulence intensity, hole length and
opening angle would suggest this outcome for the present work, it remains unclear, as to why
this is the case. A separation of the coherent flow structure from the wall as hypothesised in
Baldauf (2001) can not be the reason, as the Qcy and Qacv pairs in Figure 4.3 and 4.4 stay very
close to the wall.

Flow field characteristics that are typically associated with an increase in heat transfer coeffi-
cients are boundary layer thinning and an increased turbulence intensity. With respect to bound-
ary layer thinning, stagnation or reattachment points yield an increase and flow separations a
decrease in the local heat transfer coefficients (Hale et al., 2000). To understand the local rela-
tion between the coherent structures and the heat transfer augmentation for film cooling JiCs,
the lateral distributions of %i/n, in Figure 4.3 and 4.4 are revisited.

The lateral maximum of %/n, is located in between the Qcy and Qacy pair for all PF cases.
The magnitude of the observed local maximum in %t/n, below the dominant coherent structure
compared to the %t/n, magnitude below the Qcy or Qacvy legs suggests different drivers for the
heat transfer augmentation than boundary layer thinning or turbulence intensity. Compared to
the values of /1/n, below the dominant Qcvy legs, the central maximum is approximately 100 % to
300 % larger. Aga and Abhari (2011) also report that the maxima in streamwise vorticity below
the dominant coherent structure do not necessarily coincide with the maxima in %/n,. In fact,
for certain operating conditions, the local extrema in near-wall vorticity and //n, show oppos-
ing trends. This is particularly the case at locations where an interaction between the coherent
structures of neighbouring cooling holes is expected. Aga and Abhari (2011) do not provide
an explanation for this observation. Kohli and Bogard (1998), Bernsdorf et al. (2008), and
StrauBwald et al. (2018) point out that the steady-state assumption for the thermal film cooling
quantities may be inaccurate or even incorrect. According to Bernsdorf et al. (2008), the steady
state assumption is only valid at low pulsation amplitudes. The same time-averaged flow field
could, hence, yield different results for the adiabatic film cooling effectiveness 1, w and the ratio
of heat transfer coefficients with and without film cooling #:/h.

As mentioned in section 3.4, Stichling et al. (2021) and Stichling and Bauer (2022a,b) discuss
unsteady effects in the film cooling ejection. Compared to the data analysed in the present work,
different operating conditions or geometries and only the streamwise symmetry plane was anal-
ysed. Stichling et al. (2021) and Stichling and Bauer (2022b) qualitatively describe an intermit-
tency of the coolant ejection using a method called Proper Orthogonal Decomposition (POD)
and PIV raw data visualisations, respectively. An increase in blowing ratio yields a reduction
in the intermittency of the coolant jet. Similarly to Schreivogel et al. (2016) and Abram et al.
(2016), rather than forming a continuous jet, ’coolant lumps’ are observed. They periodically
exit the cooling hole and penetrate deep into the hot gas cross-flow. Stichling and Bauer (2022b)
consider the intermittency of the coolant jet as the main reason for the comparatively lower adia-
batic film cooling effectiveness of the laidback fan-shaped cooling hole with low pitch compared
to a slot geometry.

Based on the same POD algorithm used by Stichling et al. (2021), Stichling and Bauer (2022a)
reported a POD mode associated with the lateral fluctuation of the cv pair for the same laid-
back fan-shaped cooling hole as in the present work. Straulwald et al. (2020) observed a similar
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"meandering’ effect of the coolant jet.

A lateral unsteadiness of the Qcv pair position would induce a reciprocating flow in the vicinity
of the interface between the vortex legs. For channel flows, Ye et al. (2021) have shown that
the increase in heat transfer due to reciprocating flows scales with the oscillation frequency and
amplitude. This agrees well with the conclusions of Bernsdorf et al. (2008) about the invalidity of
the steady-state assumption for large fluctuation amplitudes. Furthermore, a lateral unsteadiness
can explain the single maximum of //n, and the significant difference in the absolute values of
hi/ny below the Qcy legs and the Qcv pair.

4.2.4 Concluding Remarks on the Formation of Coherent Structures
and their Relation to the Thermal Film Cooling Quantities

The coherence between the thermal film cooling quantities and the comprehensive flow field
measurements conducted for the PF configuration highlights the capabilities of the film cooling
test facility and the combined analysis in the present work.

The formation process of the counter-rotating vortex pair (Qcy pair) in a laidback fan-shaped
film cooling hole at engine-realistic operating conditions with parallel coolant cross-flow, is
strongly dependent on the local cooling hole exit velocity distribution. It is shown that maxima
of x-vorticity in the x-plane laterally align well with the centres of the dominant vortical struc-
tures for all PF cases (see Figure 4.3 and 4.4). Depending on the local velocity ratio VR|ocal, tWo
formation processes are observed for the Qcy pair.

For cases with low local velocity ratios VRjoca1 < 1.0 over the entire cooling hole exit (as for
BR = 1.0 and 2.0), the formation is dominated by hairpin vortices as suggested by Tyagi and
Acharya (2003) and Fawcett et al. (2013). When more than one maximum of wall-normal ve-
locity exists in lateral direction, each of them is accompanied by its own Qcv pair, where the
formation process for each is still dominated by hairpin vortices. This results in an Qacy pair
in between of the classical Qcy pair as described in Figure 2.1a. The maxima in wall-normal
velocity essentially represent separate jet cores where each is subject to the interaction with the
cross-flow.

For cases with regions of local velocity ratios VRjocq1 > 1.0 at the cooling hole exit (as in
BR > 3.0), asignificant in-hole vorticity appears to be a major contributor to the Qcy pair forma-
tion. The commonly suggested mechanisms of vorticity ’tilting and folding” (Andreopoulos and
Rodi, 1984; Kelso et al., 1996; Fric, 1990) could not be confirmed for the laidback fan-shaped
geometry. As the blowing ratio of the coolant ejection is known to fluctuate over time (Stichling
et al., 2021; StrauBwald et al., 2018), local velocity ratios of VR)oca1 < 1.0 may still be present at
instantaneous points in time. At those times, the formation of hairpin vortices Qnpy can make
minor contributions to the time-averaged Qcy pair observed in the plane orthogonal to the hot
gas cross-flow.

Irrespective of the exact formation process of the Qcvy pair, the local cooling hole exit velocity
profile plays a major role in the wall-normal and lateral position and spreading of the Qcy pair
and whether or not an Qxcy pair is present. The streamwise location and lateral number of jet
cores is decisive for the initiation location and the number of Qcv pairs, respectively.
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Since the hole exit velocity distributions are strongly dependent on the inlet flow phenomena, the
previous sections undeniably show the significance of considering engine-realistic inflow condi-
tions and, more specifically, coolant cross-flow for film cooling investigations and fundamental
JiC research. The influence of orthogonal coolant cross-flow is even more significant, as will be
shown in section 4.3.

Aside from the Qcv and Qacy pair and the shear layer vortices Qgy, indications of a steady wake
vortex Qqwy pair are found for the PF case with the single, most upstream wall-normal velocity
maximum (BR = 3.0, Rep . =5 X 103). Due to the single, dominant jet core, the blockage
of the cross-flow is much stronger compared to all other PF cases. The Qgwy resembles the
time-averaged separation related to the wake vortices much like in a Kdrmdan vortex street. As
mentioned in section 2.1, the formation of wake vortices in a JiC is different from those in a
Kéarman vortex street. In a JiC, the Qwy originate from boundary layer fluid, not cross-flow
fluid. While the same PF case presents with the highest heat transfer augmentation at */p < 5.0
downstream of the ejection, it is unclear whether this is related to the Qqwy, as the thermal film
cooling quantities are not available upstream of x/p = 5.0.

Although frequently discussed in the context of film cooling, the horseshoe vortex (Qpyv) is not
observed for any of the PF cases, not even for the case causing a significant blockage of the
cross-flow (BR = 3.0, Rep . = 5 x 10%).

Despite the fact that multiple jet cores are observed at the cooling hole exit for some PF cases,
the distributions of the adiabatic film cooling effectiveness 7, and the ratio of heat transfer
coefficients with and without film cooling :/r, both show a single peak in lateral direction. This
is plausible given the trends indicated by the previously discussed investigations. An increased
spreading for the PF cases with an Qacy pair leads to reduced lift for the Qcy pair and an
improved adiabatic film cooling effectiveness. For all PF cases that contain both a Qcy and
an Qacv pair, a significantly higher heat transfer augmentation is observed. In general, two
opposing effects play a role. Stronger vortical structures such as the Qcy pair close to the wall
decrease the boundary layer thickness leading to a heat transfer augmentation. An increased
spreading, on the one hand, yields an overall weaker Qcvy pair, while, at the same time, leading
to an additional Qacv pair, which, in turn, leads to additional local boundary layer thinning.

The reason for seeing only one lateral maximum in both, the adiabatic film cooling effectiveness
and the ratio of heat transfer coefficients with and without film cooling was previously explained
based on coherent structures in the jet wake that are thought to increasingly appear when the
coolant jet is detached from the surface (Baldauf et al., 1999b; Baldauf, 2001). Flow field data
for film cooling JiCs to corroborate this hypothesis is not available. For the laidback fan-shaped
cooling hole in the present work, a Qcvy pair or Qcy-Qacv pair combination close to the wall is
observed for all but one PF case, with no indication of a significant jet wake due to lift-off. As
discussed in Fraas et al. (2019a) and Fraas (2019) based on the thermal film cooling quantities
only, no lift-off is expected even for the highest blowing ratio. A possible explanation for the
single lateral maximum of the ratio of heat transfer coefficients with and without film cooling is
proposed based on indications of a lateral fluctuation of the dominant coherent structure (Stich-
ling and Bauer, 2022a). The steady-state assumption for the thermal film cooling quantities
should, hence, be revisited.
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4.3 Coherent Structures with Orthogonal Coolant Cross-Flow

In the previous section, the secondary flow field and the corresponding coherent structures at
the cooling hole exit are discussed for parallel coolant cross-flow. It is shown that the qualitative
and quantitative appearance of the coherent structures varies, given a change in coolant channel
Reynolds number Rep (.. For a change in blowing ratio BR, only the quantitative appearance of
the flow field is altered. Based on the changes observed in the thermal film cooling quantities
in Fraas et al. (2019a), a significantly more drastic change is expected for the overall flow field
when moving from parallel to orthogonal coolant cross-flow configuration. In general, a change
in blowing ratio BR at orthogonal coolant cross-flow is expected to also impact the qualitative
rather than just the quantitative appearance of the secondary flow field. Previous investigations
have reported changes in the lateral direction, towards which the distributions of 7, y, and %/,
are biased at different blowing ratios (Saumweber et al., 2001; Gritsch et al., 2003; Saumweber
and Schulz, 2008a).

In the following sections, the far-field coherent structures observed for the orthogonal coolant
cross-flow (OF) configuration at varying blowing ratios are characterised. Inconsistencies in the
common explanation for the asymmetries in the coolant jet are discussed. Most importantly, the
relation to the observed trends in the adiabatic film cooling effectiveness 1, and the ratio of
heat transfer coefficients with and without film cooling %/n, is emphasised.

4.3.1 Far Field Coherent Structures

In Figure 4.11 and 4.12, the time-averaged lateral and wall-normal velocity components are
shown in an x-plane at x/p = 5.0 with a background contour of normalised x-vorticity w, for
the low and high coolant channel Reynolds number Rep ., respectively. The white iso-line
of turbulent kinetic energy corresponds to the iso-surface depicted in Figure 4.2. The black
lines below the horizontal axis indicate the downstream edges of the cooling hole diffuser exit
geometry. The blue line represents the lateral distribution of the ratio of heat transfer coefficients
with and without film cooling %t/r, at x/p = 5.0 based on data from Fraas (2019). The x-axis
corresponds to #t/ny = 1.0.

For the OF cases with high coolant channel Reynolds number (Figure 4.12), the heat transfer
augmentation is significantly lower. Therefore, the value range of /i, is reduced accordingly.
When comparing the OF cases with high coolant channel Reynolds number quantitatively to the
other OF or PF cases, this has to be considered. Detailed spatial distributions of #t/r, for all OF
cases can be found in Figure A.41.

For a variation of the blowing ratio BR, qualitatively similar secondary flows are observed for a
fixed coolant channel Reynolds number Rep . and the respective OF cases. Given the results for
the thermal film cooling quantities in Fraas et al. (2019a) showing the same lateral bias within
one coolant channel Reynolds number, this was expected for the specific geometry and operating
conditions. As mentioned previously, the lateral bias does not generally have the same direction
for a change in operating conditions (Saumweber et al., 2001; Gritsch et al., 2003; Saumweber
and Schulz, 2008a) and could be a coincidence in the results of the present work.
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Figure 4.12: Steady coherent flow structures and their relation to %/, at */p = 5.0 and
Rep . = 30 x 103. White iso-line corresponds to the iso-surface of k
shown in Figure 4.2. The coolant cross-flow is in negative y/p direction.
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In contrast to the PF configuration, the secondary flow field is much stronger and asymmetric for
both coolant channel Reynolds numbers at the OF configuration. To emphasise the significant
difference in x-vorticities, it should be noted that the value range of the x-vorticity contour is
chosen three times larger in the OF cases compared to the PF cases. The unit vector scaling was
also adapted. For the secondary flows of the PF cases, the order of magnitude was 1 % to 5 %
of urs. For the OF cases, the overall secondary flow fields are stronger, especially for the high
coolant channel Reynolds number, with magnitudes of up to 10 %o of urer.

For all OF cases, the most dominant secondary flow structure is a Qcy pair. Like for the PF
cases, the Qcy pair is located downstream of the wall-normal velocity maximum at the cooling
hole exit (see section A.9 for details on the local wall-normal velocity distribution).

For the low coolant channel Reynolds number (Figure 4.11), the dominant secondary flow is
biased towards positive ¥/p values, while for the high coolant channel Reynolds number (Fig-
ure 4.12), a clear bias towards negative Y/p values is present. This can also be observed in the
iso-surfaces of normalised turbulent kinetic energy shown in Figure 4.2.

For the low coolant channel Reynolds number (Figure 4.11), the Qcy pair itself is relatively
symmetric in terms of x-vorticity magnitude, shape and position of the Qcvy legs, especially
towards the higher blowing ratios BR = 2.0 and 3.0. The Qcv pair is accompanied by a second,
much weaker, single vortex. For the low blowing ratio BR = 1.0 (Figure 4.11a), this vortex is
visible at ¥/p ~ —1.4. With increasing blowing ratios towards BR = 2.0 and 3.0 (Figure 4.11b
and 4.11c), this single vortex still exists further upstream at */p = 4.0 (not shown) but is nearly
completely dissipated at x/p = 5.0.

For the high coolant channel Reynolds number (Figure 4.12), the legs of the dominant Qcy pair
still show increasing symmetry in terms of shape, size and vorticity magnitude (not position)
towards increasing blowing ratios, but are overall much less symmetric compared to the low
coolant channel Reynolds number in terms of shape, position and x-vorticity magnitude. Com-
pared to the low coolant channel Reynolds number, the dominant coherent structure is associated
with significantly larger x-vorticity magnitudes when comparing the same blowing ratio. This
is due to the fact that, for the low coolant channel Reynolds number, the wall-normal velocity
distributions close to the hole exit are comparatively more homogeneous. An example of this
is shown for the blowing ratio BR = 2.0 in Figure 4.13. Despite the same blowing ratio, the
velocity maximum is significantly larger for the high coolant channel Reynolds number.

For the low blowing ratio BR = 1.0, it is not clear at all from the flow field at */p = 5.0 that the
dominant secondary flow structure origins from a Qcvy pair at all. Further upstream at x/p = 4.0
(not shown), the second but much weaker Qcvy leg is visible, but nearly completely dissipated at
x/p = 5.0.

As observed for the low coolant channel Reynolds number, the Qcy pair at the high coolant
channel Reynolds number is accompanied by a second, weaker coherent structure on the later-
ally opposite side at y/p ~ 1.4. Compared to the low coolant channel Reynolds number, this
additional structure is more significant with larger x-vorticity magnitudes. Instead of a single
vortex, it appears as a secondary, weaker Qcvy pair. This is especially apparent from the blowing
ratios BR = 2.0 and 3.0 (see Figure 4.12b and 4.12c). The primary and secondary Qcy pair
is exemplarily indicated using black arrows for BR = 2.0 in Figure 4.12b. The line of constant
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Figure 4.13: Impact of the coolant ejection on the near-wall wall-normal velocity, w,
and in-plane velocity field, ((« — uret) , v), at 3/p = 0.3.

normalised turbulent kinetic energy k. therefore, envelopes two distinct local maxima in lateral
direction. The two Qcvy pairs are laterally clearly separated at BR = 1.0 but start influencing
each other towards the higher blowing ratios BR = 2.0 and 3.0, as the strong and weak Qcy pair
increase in size.

For all OF cases, except BR = 1.0, the Qcv pair lifts further away from the wall in downstream di-
rection. Details on the progression of the coherent structures for all OF cases from */p = 0 to 8.0

are provided in section A.10.
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4.3.2 Origin of the Asymmetries in the Secondary Flow Field

The main reason for the more complex and strongly asymmetric secondary flow field of the OF
configuration compared to the PF configuration are the more complex flow conditions at the hole
inlet. Aside from flow separations that vary in strength depending on coolant channel Reynolds
number and blowing ratio, the orthogonal coolant cross-flow is expected to cause a swirling flow
in the cooling hole as suggested in Saumweber and Schulz (2008a). Due to the inclination angle
of the hole and the cross-flow direction, the rotational direction of the swirl is positive along the
hole axis, where the hole axis points towards the cooling hole exit. This is confirmed by the
results of McClintic et al. (2019)3. The swirl and the wake of a possible inlet flow separation
propagate to the diffuser and, finally, cause an asymmetric cooling hole exit velocity distribution.
A detailed overview of the resulting local velocity distributions close to the hole exit at z/p = 0.3
are provided in section A.7, A.8 and A.9 for all velocity components. While refraining from a
detailed discussion, it should be pointed out that more or less significant backflow regions into
the hole are observed for all OF cases. These regions are characterised by significant negative
wall-normal velocities w, such as in Figure 4.13. This is consistent with predictions made by
Kohli and Thole (1998) for fan-shaped cooling holes. No backflow regions were observed for
any of the PF cases.

In contrast to the possible inlet flow phenomena shown in Figure 4.7 for the PF cases, a flow
separation for the OF cases is, if existent, always located on the upstream side of the cooling
hole inlet. Without measurement data in the cooling hole, it is not possible to determine the
inlet velocity ratio VRjnec at which significant inlet flow separations would occur. An increase
in VRjyet, however, always leads to a stronger inlet flow separation and swirl in the cooling
hole. A stronger flow separation leads to a more inhomogeneous in-hole velocity profile with an
off-centre velocity maximum. Assuming that the number of revolutions n.e, of the fluid in the
cooling hole caused by the induced swirl is purely dependent on the inlet velocity ratio and the
hole length (Saumweber, 2005), the distance along the hole axis required for one full revolution
[ and the number of revolutions possible n., for a given inlet velocity ratio and hole length L
are given as

liey = 2D VRiney and ngy = L/I. 4.1

In Table 4.2, the number of revolutions n., of the in-hole swirl is calculated for all cases ac-
cording to Equation 4.1 based on either the full hole length L or the length of the cylindrical
part of the hole Ly only. Integer values of n., suggest that the in-hole velocity profile has
completed one full rotation about the hole axis and is merely shifted in positive direction along
the hole axis. A possible velocity maximum due to the jetting effect would have regained its
initial location in the cross-sectional flow field. Based on Equation 4.1, a decrease of the blow-
ing ratio from BR = 3.0 to 1.0 and an increase of the coolant channel Reynolds number from
Rep . =5 x 103 to 30 x 10° yield an increase of n.ey by a factor of 3 and 6, respectively.

Saumweber and Schulz (2008a) and Fraas (2019) suggest that velocity maxima due to the jetting

3McClintic et al. (2019) conducted a measurement of the velocity field in a plane orthogonal to the hole axis
coinciding with the upstream edge of the diffuser. For a high inlet velocity ratio, the in-hole swirl was still detectable
in an in-hole plane close to the diffuser exit.
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Table 4.2: Number of revolutions of the in-hole swirl for all cases according to Equa-
tion 4.1 based on the full hole length L or the length of the cylindrical part
of the hole Ly

Lcyl /'L Nrev

Repcc = 5% 10° Repcc =30 x 103
BR=1.0 0.5/1.0 3.0/5.9
BR=2.0 0.3/0.5 1.5/2.9
BR=3.0 0.2/0.3 1.0/1.9

effect caused by the wake of a possible inlet flow separation in combination with the in-hole swirl
are the reason for the asymmetries observed in the thermal film cooling quantities. The velocity
maxima are transported to different lateral edges of the diffuser, depending on how many revo-
lutions are possible at a given inlet velocity ratio VRjye¢ and the hole length. Depending on the
exact location of the velocity maximum, the flow in the diffuser separates from either of the lat-
eral edges. While this explanation seems intuitive, the calculation of the number of revolutions
in Table 4.2 for the laidback fan-shaped hole in the present work contradicts with this theory.
As mentioned before and seen in Figure 4.11 and 4.12, the flow field is biased towards the same
lateral direction for a constant coolant channel Reynolds number. The approximated values
for the number of revolutions 7., in Table 4.2 would suggest otherwise. For both investigated
coolant channel Reynolds numbers, the lateral edge at which the flow separation occurs should
change at least once when increasing the blowing ratio from BR = 1.0 to 3.0. This is, of course,
inconsistent. The only exception is the high coolant channel Reynolds number if the full hole
length L is used for the calculation as it nearly produces integer values for n., only. Even if
the assumption in Equation 4.1 was inaccurate as to the exact value of ny, it would still require
the resulting n., to be close to a half or full rotation for all blowing ratios of the same coolant
channel Reynolds number to produce the observed lateral biases.

Fraas et al. (2019b) suggested a modification of the inlet cooling hole geometry to attenuate
the detrimental effect of the cross-flow on the diffuser aerodynamics. To reduce the size of a
possible inlet flow separation, they proposed a rounded inlet geometry with ripee = 0.5D. For
the low coolant channel Reynolds number, the resulting adiabatic film cooling effectiveness is
slightly improved but qualitatively similar compared to that of the reference geometry. For the
high coolant channel Reynolds number, the qualitative and quantitative distributions of the adia-
batic film cooling effectiveness change drastically (Fraas, 2019). This suggests that the expected
adverse effect of the inlet flow separation is secondary compared to the in-hole swirl at the low
coolant channel Reynolds number. This might be because no inlet flow separation occurs or
because it is insignificantly small for the low coolant channel Reynolds number. In such cases,
where the inlet flow separation is less relevant (low coolant channel Reynolds number), the in-
hole swirl appears to be more relevant to the diffuser aerodynamics and critical for the one-sided
flow separation in the diffuser.

Given the in-hole swirl direction, backflow into the diffuser would be favoured for y/p < 0 lead-
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ing to the majority of coolant leaving the cooling hole at the opposite lateral side y/p > 0. An
increase in inlet velocity ratio VRjper would lead to an increasing in-hole swirl, yielding larger
positive and negative wall-normal velocities at the cooling hole exit. This is consistent with the
wall-normal velocity distributions provided in section A.9.

Given the number of revolutions n., calculated based on the full hole length L for the high
coolant channel Reynolds number, the velocity maximum might, by coincidence, stay on the
same side. Hence, the same bias for all investigated blowing ratios would be observed.

As mentioned for the PF cases in subsection 4.2.2, the measurement data of the present work
constitutes excellent validation data for numerical flow simulations. A LES validated using the
flow field data of the present work could provide more insights into the in-hole flow field and the
exact reason for the observed phenomena. Film cooling flows, however, constitute a challenging
task for numerical flow simulations. As shown in the present work for the PF configuration, a
change in inlet velocity ratio and corresponding size and position of the inlet flow separation
leads to significant changes in the near-wall velocity distributions. An accurate prediction of
the size and position of the inlet flow separation is, therefore, decisive for the usability of the
simulation data. Experimental flow field investigations at the hole inlet could provide additional
validation data for numerical simulations to potentially minimise the unknown error of the pre-
diction of the in-hole flow field.

4.3.3 Influence of Coherent Structures on Thermal Film Cooling
Quantities 7, and //ng

In accordance with Saumweber et al. (2001), Gritsch et al. (2003), and Saumweber and Schulz
(2008a), a detrimental effect of the orthogonal coolant cross-flow on the cooling performance
was reported by Fraas et al. (2019a) and Fraas (2019) for the laidback fan-shaped film cooling
hole investigated in the present work. The lateral bias of the coherent structures observed in
Figure 4.11 and 4.12 agrees well with the bias of the lateral maximum in the spatial distribution
of the adiabatic film cooling effectiveness discussed in Fraas et al. (2019a) and Fraas (2019).
A summary of the thermal film cooling quantities for the laidback fan-shaped geometry with
orthogonal coolant cross-flow is provided in subsection A.13.4. For a detailed analysis of the
thermal data, the reader is referred to Fraas et al. (2019a) and Fraas (2019).

The position of the maxima of 77, and %/n, are nearly coincident. The position of the maximum
in ni/ny in Figure 4.11 and 4.12 is, therefore, qualitatively representative for the 7, maximum
as well. The match between lateral bias in the flow field and 7, implies that a majority of the
coolant is transported by the dominant secondary flow structure.

As discussed previously, the dominant coherent structure is a Qcy pair for all OF cases. For the
low coolant channel Reynolds number, the lateral maximum of the adiabatic film cooling effec-
tiveness at¥/p = 5.0 is found between the dominant Qcy legs for all blowing ratios. For the high
coolant channel Reynolds number and the blowing ratios BR = 1.0 and 3.0, the maximum of the
adiabatic film cooling effectiveness is found below the dominant vortex with negative x-vorticity
at y/p = —0.8. For BR = 2.0, the lateral maximum of the adiabatic film cooling effectiveness is
in between of the Qcv pair vortex legs at ¥/p = —1.0.
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The laterally averaged adiabatic film cooling effectiveness 7, 1s shown in Figure 4.14a. For
the high coolant channel Reynolds number, the laterally averaged adiabatic film cooling effec-
tiveness is nearly identical for the blowing ratios BR = 2.0 and 3.0. This is plausible, as the
secondary flow field is qualitatively identical but with higher x-vorticity magnitudes at the high
blowing ratio BR = 3.0 (see Figure 4.12b and 4.12c¢). The larger amount of coolant available for
the BR = 3.0 is, therefore, compensated by the stronger Qcvy pair which carries the coolant jet
further away from the wall and entrains hot gas more quickly. For BR = 1.0, the effectiveness
is initially higher, identical at */p = 14 and lower downstream, compared to that of the higher
blowing ratios. The overall significantly weaker secondary flows allow the coolant to remain
closer to the wall. Due to the lower amount of coolant, the streamwise reduction of the adiabatic
film cooling effectiveness is much stronger compared to the higher blowing ratios.

For the low coolant channel Reynolds number and BR = 1.0, the laterally averaged adiabatic
film cooling effectiveness is identical to that of the high coolant channel Reynolds number. For
BR = 2.0 and 3.0, the 77, is much higher compared to all other OF cases. It is initially identical
for both blowing ratios but reduces slightly less for the highest blowing ratio BR = 3.0. This
drastic change of the laterally averaged adiabatic film cooling effectiveness is clearly related to
the strength of the secondary flows. For the low blowing ratio BR = 1.0, similar x-vorticity mag-
nitudes can be observed in the secondary flow field for both coolant channel Reynolds numbers
(see Figure 4.11a and 4.12a). This suggests a similar entrainment of hot gas and, hence, a similar
adiabatic wall temperature. Given that 77, y, for both coolant channel Reynolds numbers remains

OF, Rep.. = 5% 10°, BR = 1.00 —— OF, Rep . =30x10°, BR =1.00
OF, Rep .. = 5% 10%, BR =2.00 ---- OF, Rep ¢ =30x 10°, BR =2.00
OF, Repcc = 5% 10°, BR=3.00 - OF, Rep . =30 x 10, BR = 3.00
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020 ]
20157
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(a) (b)

Figure 4.14: Laterally averaged (a) adiabatic film cooling effectiveness 77, v and (b) ratio
of heat transfer coefficients with and without film cooling /%, for orthog-
onal flow configuration (OF); reproduced based on data in Fraas (2019)
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identical along the entire downstream distance for BR = 1.0, it is reasonable to assume that the
secondary flow field dissipates similarly quickly for both coolant channel Reynolds numbers. For
the two cases at the low coolant channel Reynolds number and blowing ratio BR = 2.0 and 3.0,
the x-vorticity magnitude is much lower compared to all other OF cases, approximately by a
factor of 4 to 5. The vorticity magnitudes are, hence, closer to what is observed for the PF con-
figuration. Due to the much lower vorticity, the hot gas entrainment is proportionally lower and
the laterally averaged adiabatic film cooling effectiveness significantly higher. Due to the larger
amount of available coolant at the high blowing ratio BR = 3.0, the laterally averaged adiabatic
film cooling effectiveness remains higher in downstream direction compared to BR = 2.0.

According to Fraas et al. (2019a), the maximum of the ratio of heat transfer coefficients with and
without film cooling ’i/n, appears to be laterally shifted at x/p = 5.0 but is close to the centre-
line further downstream. They assumed that a single vortex, much like observed for compound
angle holes, was responsible for carrying the coolant further in lateral direction and increasing
the ratio of heat transfer coefficients with and without film cooling closer to the centreline. As
shown in subsection 4.3.1, the secondary flow field contains at least one dominant Qcy pair.
To really understand the connection between local heat transfer augmentation and the coherent
flow structures, the local lateral distribution of the ratio of heat transfer coefficients with and
without film cooling %1/n, displayed by the blue lines in Figure 4.11 and 4.12 is revisited.

For the low coolant channel Reynolds number, an increase of the maximum ratio of heat trans-
fer coefficients with and without film cooling is observed for an increase in blowing ratio at
x/p = 5.0. The laterally averaged values of the ratio of heat transfer coefficients with and with-
out film cooling follow the same trend as shown in Figure 4.14. The maximum of the ratio of
heat transfer coefficients with and without film cooling is located in between the two Qcvy legs
for all cases. As for the PF configuration this is despite the fact that the Qcy pair seems reason-
ably close to the wall for all OF cases at the low coolant channel Reynolds number. As observed
for the PF cases, a lateral fluctuation of the Qcv pair location is likely causing the single lateral
maximum in contrast to what is observed in Baldauf et al. (1999b) and Baldauf (2001).

At the same time, the effect of boundary layer thinning is apparent for all blowing ratios, as the
lateral distribution remains slightly increased for y/p < 0, especially for the low blowing ratio
BR = 1.0. This is due to the secondary coherent structures at y/p ~ —1.4 and due to the stag-
nation point created between the dominant Qcy pair and the secondary coherent structure. It
is, however, surprising at first that even the much larger x-vorticity magnitudes with the closest
proximity to the wall for BR = 1.0 only yield a single lateral maximum in of %:/s, located below
the Qcy pair. As suggested for the PF cases already, this is thought to be related to a lateral
fluctuation of the Qcv pair, leading to a reciprocating flow in between the two vortex legs. As
mentioned previously, a reciprocating flow can yield significant increases in heat transfer aug-
mentation (Ye et al., 2021).

For the high coolant channel Reynolds number, the relation between the lateral distribution of the
ratio of heat transfer coefficients with and without film cooling is more convoluted but follows
the same rules. An increase of i/n is observed for stagnation areas and below coherent struc-
tures with high x-vorticities, but the observed maxima do not exactly align with either of these
two as for the OF cases with low coolant channel Reynolds number. Despite the much larger



82 Coherent Structures in Film Cooling Flows at Engine-Realistic Operating Conditions

x-vorticities, the local heat transfer augmentation is much lower compared to the low coolant
channel Reynolds number. This also reflects in the laterally averaged ratio of heat transfer co-
efficients with and without film cooling in Figure 4.14b. The reason for this is twofold. Firstly,
as shown for all PF cases (see Figure 4.3 and 4.4) and the OF cases at the low coolant channel
Reynolds number (see Figure 4.11), the contribution of the boundary layer thinning of the Qcvy
pair is evident but not prevalent. The more significant contribution is always in between the Qcvy
pairs and not below each Qcvy. This might be related to the strong asymmetry in the wall-normal
distance of the Qcv legs of the dominant pair. This can reduce the impact of a lateral unsteadi-
ness of the Qcy pair on %/n,. Secondly, the wall-normal distance of the Qcvy pair is increased
compared to the low coolant channel Reynolds number, which further reduces the heat transfer
augmentation below the Qcvy legs as long as the jet is attached to the wall.

In terms of the laterally averaged /t/n, t/ho, all OF cases at the high coolant channel Reynolds
number show a similar and relatively lower laterally averaged ratio of heat transfer coefficients
with and without film cooling compared to the cases at the low coolant channel Reynolds num-
ber. This is plausible given the previously discussed relations between the dominant coherent
structures and the %/h.

For the high coolant channel Reynolds number, it can be observed in 4.12 that the distance of the
Qcv pair(s) to the wall increases with an increase in blowing ratio. This is not observed for the
low coolant channel Reynolds number. Although similar, the highest values of /i, at */p = 5.0
are present for the high coolant channel Reynolds number at the blowing ratio BR = 3.0. This
suggests that the increased wall-normal distance of the Qcv pair from the wall is overcompen-
sated by the higher x-vorticity magnitudes.

As mentioned previously, the increased wall-normal distance one of the Qcv legs reduces the im-
pact of lateral fluctuations of the Qcvy pair on the heat transfer augmentation as the reciprocating
effect on the boundary layer between the vortex legs is attenuated.

The spatially and laterally averaged ratio of heat transfer coefficients with and without film cool-
ing observed for the low coolant channel Reynolds number confirms these considerations. The
ratio of heat transfer coefficients with and without film cooling increases with an increase in
blowing ratio and is initially much higher for all cases compared to the high coolant channel
Reynolds number. The wall-normal distance of the Qcy legs increases only slightly with an
increase in blowing ratio.

4.3.4 Concluding Remarks on the Coherent Structures and their
Relation to the Thermal Film Cooling Quantities 7, and /i,

For orthogonal coolant cross-flow, the secondary flows due to the interaction of hot gas and
coolant are much stronger and asymmetric. This asymmetry is typically explained as a conse-
quence of the wake of the inlet flow separation that is transported to different locations by the
in-hole swirl (Saumweber and Schulz, 2008a; Fraas, 2019). The estimated number of revolu-
tions n.ey, however, suggests that, rather than the wake of the inlet flow separation, the swirl itself
at the hole exit might be the primary cause for the observed flow separation in the diffuser at the
low coolant channel Reynolds number.
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In terms of thermal film cooling quantities, the same asymmetry is found in the spatial distri-
butions of the adiabatic film cooling effectiveness and the ratio of heat transfer coefficients with
and without film cooling. As for the PF configuration, the maximum values of the ratio of heat
transfer coefficients with and without film cooling are mostly observed below the centre of the
Qcv pair. Regions with the largest near-wall vorticities do, like in Aga and Abhari (2011), not
coincide with the maxima in the ratio of heat transfer coefficients with and without film cooling.

4.4 Heat Flux Reduction and Coherent Structures for Parallel and
Orthogonal Coolant Cross-Flow

To understand the combined effects of the adiabatic film cooling effectiveness 1, and the ratio
of heat transfer coefficients with and without film cooling ’i/ny, the heat flux reduction I as
defined in Equation 2.11 is used. I is essentially a modified version of the adiabatic film cooling

effectiveness 7,y scaled by the ratio of heat transfer coefficients with and without film cooling
hf/ho.

In Figure 4.15, the laterally averaged heat flux reduction I" for the PF and OF configuration is
presented.  For the PF configuration (Figure 4.15a), the overall qualitative relation between
the different operating conditions is similar compared to the results of the laterally averaged
adiabatic film cooling effectiveness 77, v, presented in Figure 4.10a. A change in coolant channel

Rep.cc = 5% 10°, BR = 1.00 —— Rep. =30x10°, BR=1.00
Rep.cc = 5% 10°, BR =2.00 -==- Rep. =30x 10, BR=2.00
Repc.=5%x10°, BR=3.00 - Rep . =30 x 10°, BR = 3.00
0.25 7
0.20 1

0.00 0.00
0 10 20 30 40 50 0 10 20 30 40 50

x/D x/D

(a) PF (b) OF

Figure 4.15: Laterally averaged heat flux reduction I for (a) parallel cross-flow config-
uration (PF) and (a) orthogonal cross-flow configuration (OF); produced
based on measurement data in Fraas (2019)
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Reynolds number at constant blowing ratio does not entail any qualitative change in the laterally
averaged heat flux reduction I compared to 7, . The same is true when comparing the results
of the blowing ratios BR = 1.0, 2.0 and 3.0 at the low coolant channel Reynolds number. For
the high coolant channel Reynolds number, a significant change in the qualitative relation for I”
compared to 77, can be observed when comparing blowing ratios BR = 2.0 and 3.0. For both,
I and 7., the high blowing ratio BR = 3.0 shows lower values initially, but higher values after a
certain downstream distance. This switch happens atx/p = 14 for 77, y, but much later at x/p =~ 32
for I. This can be explained by the missing Qacv pair due to the single jet core at the cooling
hole exit, leading to a more persistent Qcy pair due to its increased wall-normal distance pointed
out in subsection 4.2.2. Consequently, the laterally averaged ratio of heat transfer coeflicients
with and without film cooling %/, for BR = 3.0 at the high coolant channel Reynolds number
(see Figure 4.10b) remains higher compared to the other cases.

For the OF configuration in Figure 4.15b, the qualitative changes observed for a change in coolant
channel Reynolds number at constant blowing ratio are similar as for 7, in Figure 4.14a. The
main overall difference compared to 7, is that downstream of x/p ~ 32, I starts increasing
again due to the continued reduction of %/r, (see Figure 4.14b). At the high coolant channel
Reynolds number, the qualitative change between the heat flux reduction for the different blowing
ratios is the same as for 7, w. For the low coolant channel Reynolds number, the qualitative
change in I" and 7, is different when comparing the blowing ratios BR = 2.0 and 3.0. For
Na.w» the values are nearly identical at ¥/p = 5.0 but diverge downstream with a higher 7,y for
the high blowing ratio BR = 3.0. For the laterally averaged heat flux reduction I", lower values
are observed for BR = 3.0 initially, compared to BR = 2.0. Downstream of x/p ~ 27, the
laterally averaged heat flux reduction 7, v, is higher for BR = 2.0. The reason for this is, again,
the increased wall-normal distance of the Qcy pair for BR = 3.0 compared to BR = 2.0. This
results in a higher h/h, for x < 20 compared to all other cases of the OF configuration (see
Figure 4.14b).

To compare the cooling performance of a specific hole geometry at various operating conditions,
the area-averaged heat flux reduction I' is used. In Fraas (2019), the area-average is conducted
for the entire streamwise distance where temperature data is available such that x/p € [5, 50].
As can be seen in the laterally averaged heat flux reduction I” in Figure 4.15, the streamwise
distance along which the averaging is conducted, impacts the result. This is emphasised by
the area-averaged data for all blowing ratios presented in Figure 4.16. The area-average in the
present work is conducted for two different streamwise distances of */p € [5,10] and */p €
[5,50] in Figure 4.16a and 4.16b, respectively. These very different ranges are chosen, as the
streamwise distance between separate film cooling hole rows can vary strongly in gas turbines
and jet engines. The design process is usually iterative and there are additional constraints like
the airfoil aerodynamics and the internal cooling passages influencing the placement of the film
cooling rows.

The area-averaged heat flux reduction T is overall lower for a larger streamwise averaging dis-
tance. The area-averaged adiabatic film cooling effectiveness 7, and ratio of heat transfer
coeflicients with and without film cooling /A, are both reducing in streamwise direction. The
comparison of Figure 4.16a and 4.16b, hence, shows that the impact of a reduced adiabatic
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Figure 4.16: Area-averaged heat flux reduction ? for (a) /b € [5,10] and (b) */D €
[5,50]; produced based on measurement data in Fraas (2019)

film cooling effectiveness is increasingly significant for the heat flux reduction in streamwise
direction. The observed reduction in I is stronger for the PF configuration compared to the
OF configuration. The results presented in section 4.2 and 4.3 also show that the dominant
secondary flow structures are attenuated quickly in streamwise direction. For the OF configu-
ration, the attenuation is, however, less quick compared to the PF configuration. This is also
reflected in the previously presented laterally averaged hi/ho in Figure 4.10b and 4.14b for the PF
and OF configuration, respectively. For both coolant cross-flow directions, understanding the
coherent structures in the flow and their relation to the heat transfer augmentation is, therefore,
more relevant when the streamwise distance between film cooling rows on the turbine blade
or vane decreases. Based on /t/h,, the relevant downstream region in the present work extends
by approximately a factor of two from 0 < x/p < 20to 0 < x/p < 40 for the PF and OF
configuration, respectively, when using a heat transfer augmentation of < 10 % as the thresh-
old. The optimal choice of blowing ratio BR to maximise the area-averaged heat flux reduction
I for a specific coolant channel Reynolds number and cross-flow direction changes for some
configurations when comparing Figure 4.16a and 4.16b. The I'-BR relation appears rotated in
clockwise direction from Figure 4.16a to Figure 4.16b such that a shorter streamwise averaging
distance always benefits the lower blowing ratios. For the larger streamwise averaging distance
of x/p € [5,50], the change in heat flux reduction from blowing ratio BR = 2.0 to BR = 3.0 is
mostly small while for x/p € [5, 10], the blowing ratio BR = 2.0 is clearly the optimal choice in
terms of maximising the area-averaged heat flux reduction for all configurations, except for the
PF configuration with the high coolant channel Reynolds number.

While it is not possible to give a generalised guideline for the design process, the information
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on the coherent structures presented in section 4.1, 4.2 and 4.3 combined with the heat flux
reduction I” provides valuable insights into the relation between the coherent structures driving
the heat transfer augmentation and the overall cooling performance.



5 Conclusion and Qutlook

Film cooling constitutes an essential cooling method used in gas turbines and jet engines to
maintain the integrity of the components under exceedingly high temperatures. From a fluid dy-
namics perspective, film cooling is a special case of the generic jet in cross-flow (JiC). The vast
amount of fundamental research on the flow field and the coherent structures in a generic JiC
is not directly transferable to a film cooling JiC as the operating conditions vary significantly.
Major differences include engine-realistic temperature ratios, hot gas cross-flow turbulence in-
tensities and coolant channel Reynolds number and cross-flow direction. Despite the well-known
significant influence, the coolant (or inlet) cross-flow is neglected in the majority of fundamen-
tal and application-oriented research. In addition, the majority of application-oriented research
is focused on the thermal film cooling quantities only. The flow field data that is available is
mostly inconclusive and insufficient with regard to characterising the coherent structures in the
film cooling JiC. Furthermore, the connection between the local coherent structures and the lo-
cal ratio of heat transfer coeflicients with and without film cooling has never been discussed.
The present work aimed at gathering, understanding and providing a combined data set including
both, the thermal film cooling quantities and detailed information on the flow field of the cooling
jet interacting with the hot gas cross-flow at engine-realistic operating conditions. The focus of
this work was to characterise the dominant coherent flow structures of the JiC at parallel and
orthogonal coolant cross-flow and their relation to the resulting thermal film cooling quantities,
the adiabatic film cooling effectiveness 7,y and the ratio of heat transfer coefficients with and
without film cooling //r, on the adjacent wall.

For this purpose, a unique film cooling test facility at the Institute of Thermal Turbomachin-
ery was used. It was previously build for extensive experimental investigations on the thermal
film cooling quantities with a focus on fully engine-realistic operating conditions. Most im-
portantly, this included engine-realistic temperature and blowing ratios, turbulence intensities
and the mostly neglected effects of parallel and orthogonal coolant cross-flow with different
coolant channel Reynolds numbers. Extensive measurements using stereoscopic Particle Image
Velocimetry were conducted in the present work to complement the thermal film cooling quan-
tities with highly resolved quasi-volumetric velocity data of the entire mixing region of the film
cooling jet and the hot gas cross-flow. The investigations in the present work were focused on a
laidback fan-shaped cooling hole geometry. In total, 12 different cases were investigated, vary-
ing the blowing ratio, coolant channel Reynolds number and the cross-flow direction. While the
theoretical dimensionless parameters were well-defined for all investigated cases, the effective
local blowing ratio or velocity ratio varied strongly at the film cooling hole exit.

For all investigated cases, irrespective of the coolant cross-flow direction, the dominant coherent
flow structure appeared to be a single or double counter-rotating vortex (£2cvy) pair in the plane
orthogonal to the hot gas cross-flow direction.

With regard to the formation of the dominant coherent structure, the flow field data in the present
work indicated differences depending on the local velocity ratio at the cooling hole exit.
For cases with local velocity ratios VRjoca1 < 1.0, the direction of the shear layer vorticity in

the streamwise, wall-normal centre plane was positive. The streamwise vorticity distributions
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downstream of the cooling hole exit suggested that the Qcvy pair observed in the plane orthog-
onal to the hot gas cross-flow was actually the streamwise part of the hairpin vortices Qppy. In
the plane orthogonal to the hot gas cross-flow, a Qypy is indistinguishable from a cv pair.
For cases with regions of local velocity ratios VRjocq1 > 1.0, a significant in-hole vorticity ap-
peared to contribute largely to the formation of the Qcy pair. The negative shear layer vorticity
in the streamwise, wall-normal centre plane indicated that hairpin vortices Qypy are not domi-
nating the resulting time-averaged flow field.

For the parallel coolant cross-flow configuration, the Qcy pair was symmetric. A single Qcvy
pair was present for the high coolant channel Reynolds number, while for the small coolant chan-
nel Reynolds number, two Qcy pairs were visible. In the latter case, the inner legs appeared as
an additional but weaker anti counter-rotating vortex Qacy pair located in between the Qcy
pair in the plane orthogonal to the hot gas cross-flow. A significant change in the lateral and
wall-normal position of the Qcvy pair was observed when comparing the low and high coolant
channel Reynolds number. The lateral spreading of the Qcy pair at the low coolant channel
Reynolds number was significantly increased compared to the high coolant channel Reynolds
number. The increased lateral spreading was responsible for keeping the coherent structures
closer to the wall, leading to a higher adiabatic film cooling effectiveness 77, and an increased
ratio of heat transfer coefficients with and without film cooling %i/n,. Whether or not an Qacy
pair is formed was related to the local velocity distribution at the film cooling hole exit. Every
significant velocity maximum at the cooling hole exit corresponded to a separate jet core. When
two lateral jet cores were present, one Qcy pair was observed to develop around each jet core,
irrespective of the formation process. For the low coolant channel Reynolds number, two jet
cores were present resulting in two Qcy pairs, where the inner legs of each pair appeared as the
Qacv pair in the plane orthogonal to the hot gas cross-flow. The additional Qacvy pair for the
parallel flow configuration at the low coolant channel Reynolds number was accompanied by a
higher adiabatic film cooling effectiveness 717,  and an increase in the ratio of heat transfer coef-
ficients with and without film cooling /s, compared to the cases with the high coolant channel
Reynolds number.

For the orthogonal coolant cross-flow configuration, the strong asymmetry of the Qcy pair was
observed to agree well with the direction of asymmetry in the adiabatic film cooling effectiveness
Na.w and the ratio of heat transfer coefficients with and without film cooling #t/r,. This asym-
metry is typically explained as a consequence of the position of the in-hole velocity maximum
or minimum resulting from the inlet flow separation transported along the hole by the in-hole
swirl. In the present work, an estimate of the number of rotations of the coolant in the cooling
hole due to the in-hole swirl was conducted. It suggested that the asymmetries observed in the
flow field and the thermal film cooling quantities at the low coolant channel Reynolds number
may be related to the in-hole swirl direction at the cooling hole exit.

For both, the PF and the OF cases, the streamwise location where the initiation of the Qcvy
pair started was directly correlated to the streamwise location of the velocity maximum at the
cooling hole exit. The number of Qcy pairs observed was dependent on the number of lateral
wall-normal velocity maxima at the cooling hole exit.

In terms of local heat transfer augmentation, a single, very significant lateral maximum of the
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ratio of heat transfer coefficients with and without film cooling %i/r, was located in between the
Qcv pair for all cases where both Qcvy legs had a similar wall-normal position. This was the case
for all parallel flow cases and the orthogonal flow case with the low coolant channel Reynolds
number. Contrary to the usual claims, the position of the lateral maximum of %/, coincided with
neither the axis of the secondary flow structures, nor the location of the maximum streamwise
vorticity, nor the regions subjected to downwash and impingement of the secondary flows onto
the wall where boundary layer thinning is expected. The location of the lateral maximum of
hi/n, did, however, coincide with the separation region of the secondary flow between the Qcv
legs. As a possible explanation for the strong increase in %/, in a separation region while no jet
detachment occurs, the lateral fluctuation of the Qcvy pair observed in previous studies leading
up to this work was discussed. This lateral fluctuation would lead to a reciprocating boundary
layer near the wall between the Qcy legs. A reciprocating boundary layer is known to increase
the heat transfer significantly.

For the orthogonal coolant cross-flow case with high coolant channel Reynolds number, the
maximum value of %t/n, was lower by a factor of ~ 2.0 compared to the low coolant channel
Reynolds number. The lateral maximum in 1/, was biased towards the centre of the film cooling
hole and located approximately below the centre of the Qcy which was further away from the
wall. For these cases, the wall-normal position of the Qcy pair was not symmetric, such that one
Qcv leg was significantly further away from the wall than the other. A weaker but distinguishable
second lateral maximum of %/n, was present. This secondary maximum was located below
regions where the secondary flow field lead to an impingement of the flow onto the wall.

For the first time, the present work provides a combined data set of the flow field and the thermal
film cooling quantities of a film cooling JiC at engine-realistic operating conditions. A detailed
characterisation of the coherent flow structures around and downstream of a laidback fan-shaped
film cooling hole was provided and their formation discussed. It was clearly shown that quasi-
volumetric flow field data is required to correctly characterise the resulting coherent structures
and their formation, especially for the orthogonal coolant cross-flow configuration. Widely ac-
cepted concepts of the prevalent coherent structures based on flow field investigations on generic
JiC investigations are revisited.

Unique and partially unexpected relations between the local distribution of the ratio of heat trans-
fer coefficients with and without film cooling and the dominant coherent flow structures were
observed. The results of the present work in combination with previous flow field investigations
suggest that the most significant heat transfer augmentation is related to an unsteady component
of the Qcvy pair. The usually discussed reasons for heat transfer augmentation are observed to
play a comparatively minor role. These results question the quasi-steady modelling approach for
the heat transfer augmentation due to film cooling. Furthermore, the significance of understand-
ing the impact of the dominant coherent flow structures on the heat flux reduction for the design
of film cooled airfoils was outlined to provide impulses for the design process of film cooling.
Hence, the present work contributes to both, the application-oriented film cooling research field,
and the fundamental understanding of the significant drivers for heat transfer augmentation in
jets in cross-flow.

In future works, a more detailed analysis of the flow phenomena driving heat transfer augmen-
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tation downstream of JiCs should be conducted. The analysis should focus on getting a more
detailed understanding of the impact of reciprocating boundary layers on the ratio of heat trans-
fer coeflicients with and without film cooling. Furthermore, the relevance of the fluctuation fre-
quency and amplitude to the heat transfer augmentation should be analysed to gain an optimal
understanding of how to minimise the heat transfer augmentation due to film cooling. Further-
more, the limits to the steady-state assumption in terms of fluctuation frequency and amplitude
in film cooling should be investigated thoroughly.

Inconsistencies in the commonly used explanation for the location of the flow separation in the
diffuser based on the position of the wake of the inlet separation at the diffuser inlet were ob-
served in the present work. To better understand the relation between the hole inlet and exit flow
fields, additional PIV measurements covering the hole inlet should be conducted. Based on the
(S)PIV data, numerical simulations using LES should be conducted and validated. When a good
agreement is achieved, the simulation data could be used to better understand the corresponding
in-hole effects and how to influence the flow field to improve the thermal film cooling quantities.
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A.2 PF: Velocity Distributions at Hole Outlet: Streamwise Velocity
Component u
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white lines correspond to the contours of wall-normal velocity w shown in
section A.4.
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A.3 PF: Velocity Distributions at Hole Outlet: Lateral Velocity Com-
ponent v
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A.4 PF: Velocity Distributions at Hole Outlet: Wall-Normal Velocity
Component w
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A.5 Vorticity Distributions at Hole Outlet: Streamwise Vorticity w,
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in section A.4.
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white lines correspond to the contours of wall-normal velocity w shown
in section A.4.
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A.6 Vorticity Distributions at Hole Outlet: Wall-Normal Vorticity w,
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A.7 OF: Velocity Distributions at Hole Outlet: Streamwise Velocity
Component u
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A.8 OF: Velocity Distributions at Hole Outlet: Lateral Velocity Com-

ponent v
3
4 € S E R R RN R R R R 0.16
1 4 < € - - SN S R N N " N "\ "\ "=
2 - T e S R N N e e
- - \
1 ) 0.08
1 N - 4
5 o ko)
S 4 °: F0.00 =
6 o -~
25 D
S -0.08
e 4 € € € e —ad e
-2 4 4 € € € € e h Ak Ak h AR
T € € € A A Ak A
<< eeee -0.16
-3 T T T L T f T T 1 T T f T T f — -
-2 -1 0 1 2 3 4 5 6 7 8
x/D — O-IOMref,z
(a) OF, Rep e = 5% 10°, BR=1.0
3
4 A 4t e 0.16
4k L € T E R
2 T R e AL S S
PERIRE S S G RN, ‘\‘\\“ ~—
R S s s NN — e
. o ) oy chci e N ottt 0.08
- -
AR B S N o e T N N e e 2 e o e e o e S “‘1-)
Rood s -0.00 =
) - € % -~
-« -
14 « <« « : -
< 4 « —hal >
NODDBEEY ; -0.08
IO ——
-2 4 e 44—«(///// ////
« « 44—4—«1//////////// fffff
A e e e el A AT A AT AT AT AT AT A e e Rt ———t—t——————————] -0.1 6
3 T L S e — T T T T T g T g T T t T T T T

-1 0 1 2 3 4 5 6 7 8
)C/D — 0~10uref,z

(b) OF, Rep o =30 x 103, BR = 1.0

Figure A.19: Impact of the coolant ejection on the near-wall lateral velocity, v, and in-

v), at ¢/p = 0.3 for BR = 1.0.

plane velocity field, ((u — uret,)



Appendix 129

3 ~
L e R R RORORORORORCROR R R e 0.16
4y < * = R  RERRRKRNNKNKNNRNRN R S e
, < -
2 T .9 . “\Wm
: : e 0.08
1 N “ <« <
Q LG E
0d I 1IZ2 L0.00 =
= b K K =
Y 3=
1A , A &
, k K K K
Lk A b ke ke ke A s A A -0.08
R IR VP PR Y Y e
-2 P P R R e e R e
€ € € el hhe ke h he h et
4 4k € € e e el e e - -0.16
-3 T T T T T T T T T T T T s e B LI a—
-2 -1 0 1 2 3 4 5 6 7 8
x/D — 0.10uyef,
(a) OF, Rep cc = 5% 10°, BR = 2.0
3 -~ —
L a4 ke ke e e T T ] 0.16
T 4 4 & « € e F T T T
4" 4 4 & k4T I I N
42 N e e a
| ~ =B B 0.08
1 T “ 4 \\
<<<<< N « K% Z %% % % % % % 4% % %% 2|
a : . Y p AL k)
SR ‘ L 0.00 =
-~ . \ ~
10T
It = -0.08
“« * € <« <—4ud% "
21 < < ez 2 PR o S S SN NGNS SN S S
o oy <A 4,‘,4_,k‘/A/‘/‘/‘/‘///////(e«—s\\\v\\\\\\\‘\*
R I e o o < R e b -0.16
-3 T T T T T T T T T T T T y T T f T T f | —
-2 -1 0 1 2 3 4 5 6 7 8
x/D — 0.10uyef,

(b) OF, Rep o =30 x 103, BR = 2.0

Figure A.20: Impact of the coolant ejection on the near-wall lateral velocity, v, and in-
plane velocity field, ((u — uretz) , v), at ¢/p = 0.3 for BR = 2.0.



130 Appendix
3 ——————————
R R R RRRORUORCRORCROR KR e 0.16
e RORCRORCORCORCRCRCR R R R R e ettt
2 « -« € - \\\\\\\\\\\\\\««««(kkk//mw
R RS S N AR R e e — — e o s
D 0.08
1. <« <« ——
ol | == ‘\'\“\‘\‘\‘\‘\\
s« === 5
SENY \\:\\‘\'\\\\\\&\'\'\*\'\'\'\‘ F0.00 =
-~ s '\\ \‘\\‘\‘\‘\‘\‘\‘\\ ‘ -
4 4w >4 \\\\\\\\\\\\\\\\*
_1 4 A YA W R RN RN R RN RN RN N N R
. e -0.08
-2 4 AAA&A’A’A’A’(KA’/A/////[("'
4 L L L L L MMM M At ==
o o -0.16
-3 T L L I e E— T T T T T T T T T T T
-2 -1 0 1 2 3 4 5 6 7 8
x/D — 0 10Mrefz
(a) OF, Rep cc = 5% 10°, BR = 3.0
33—
b L e L L L I e e e e | 016
h L e L b N N N N ke e h Ak h A A A e ]
2 4 b 4 b b b A SR, NN bbb b sl de b d il d e a4
I i N T T T L L 4 4L A a A
4 4 b b bl
4 L & K ‘(/ == e 008
14. . . 4«
ST DR 000 =
SN - =S : A | Fooo =
-~ o o o [ - ~
R B I = g
SEERRR A==
DB , 0.08
T EERE
-2‘1444—4—4—1—:4/‘/‘/ ///k*‘\\\\\
R R R e o N 4’4—-1—%‘\\‘\\\\\\\\\\\\‘
« € € AT L hh h A A h S e e S S S RN -0.16
-3 T 1 f T T T T T LA S
-2 -1 0 1 2 3 4 5 6 7 8
x/D —_ O.IOMref,Z

(b) OF, Rep o =30 x 103, BR = 3.0

Figure A.21: Impact of the coolant ejection on the near-wall lateral velocity, v, and in-

v), at #/p = 0.3 for BR = 3.0.

plane velocity field, ((u — uret) ,



Appendix 131

A.9 OF: Velocity Distributions at Hole Outlet: Wall-Normal Velocity
Component w
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A.10 OF: Evolution of Coherent Structures in x-Planes based on the
In-Plane Velocity Field and the x-Vorticity w,

In this section, the evolution of the coherent structures in x-direction is visualised for the OF con-
figuration to improve the intuitive understanding of the secondary flow field. The time-averaged
lateral and wall-normal velocity components are shown in x-planes at x/p = 0, 3.0, 5.0 and 8.0
with a background contour of normalised x-vorticity w, for the low and high coolant channel
Reynolds number Rep .. The black lines below the horizontal axis indicate the downstream
edges of the cooling hole diffuser exit geometry. The white line in the third figure of each subset
is an iso-line of turbulent kinetic energy corresponding to the iso-surfaces depicted in Figure 4.2.
The blue or green lines represent the lateral distribution of the ratio of heat transfer coefficients
with and without film cooling %/, at x/p = 5.0 and 8.0 based on data from Fraas (2019). No
quantitative scale for %/, is added to the figures as only the relative distribution is relevant in the
present work. Detailed information on the quantitative distribution of %:/r, is provided in sec-
tion A.13 and by Fraas (2019). The x-axis corresponds to /n, = 1.0. The relative distribution
is to scale, linear and equal for all blue lines for all cases. The ratio of heat transfer coefficients
with and without film cooling is, hence, quantitatively directly comparable for all cases, except
for the OF cases with high coolant channel Reynolds number (green lines in Figure A.28, A.29
and A.30). For those cases, the heat transfer augmentation is significantly lower and a factor
of two is applied to #t/n,. This is indicated by the different colour choices for the lines - green
instead of blue. When comparing the OF cases with high coolant channel Reynolds number
quantitatively to the other cases, this has to be considered.
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A.11 Vorticity Distributions at Hole Outlet: Streamwise Vorticity w;
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plane velocity field, ((« — uref,),v), at ¢/p = 0.3 for BR = 1.0. The
white lines correspond to the contours of wall-normal velocity w shown
in section A.4.
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Figure A.32: Impact of the coolant ejection on the near-wall x-vorticity, wy, and in-
plane velocity field, ((# — ure,),v), at ¢/p = 0.3 for BR = 2.0. The
white lines correspond to the contours of wall-normal velocity w shown
in section A.4.
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A.12 Vorticity Distributions at Hole Outlet: Wall-Normal Vorticity w;,
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A.13 Summary of Thermal Film Cooling Quantities for Parallel and
Orthogonal Coolant Cross-flow

A.13.1 PF: Adiabatic Film Cooling Effectiveness 7, v
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Figure A.37: Adiabatic film cooling effectiveness 7,y for (a) low and (b) high coolant
channel Reynolds number; produced based on data in Fraas (2019).
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A.13.2

PF: Ratio of Heat Transfer Coefficients With and Without

Film Cooling //ng
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Figure A.38: Adiabatic film cooling effectiveness 1,y for (a) low and (b) high coolant
channel Reynolds number; reproduced based on data in Fraas (2019)
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A.13.3 PF: Heat Flux Reduction I" acc. to Baldauf et al. (2002)

Figure A.39: Heat flux reduction I for (a) low and (b) high coolant channel Reynolds
number according to Baldauf et al. (2002b); produced based on data in

Fraas (2019).
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A.13.4 OF: Adiabatic Film Cooling Effectiveness 7,
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Figure A.40: Adiabatic film cooling effectiveness 1, for (a) low and (b) high coolant
channel Reynolds number. Reproduced based on data in Fraas (2019).
Coolant cross-flow direction is in negative ¥/p direction.
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A.13.5 OF: Ratio of Heat Transfer Coefficients With and Without

Figure A.41: Adiabatic film cooling effectiveness 7, for (a) low and (b) high coolant
channel Reynolds number. Reproduced based on data in Fraas (2019).
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A.13.6 OF: Heat Flux Reduction I" acc. to Baldauf et al. (2002)
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Figure A.42: Heat flux reduction I for (a) low and (b) high coolant channel Reynolds
number according to Baldauf et al. (2002b); produced based on data in
Fraas (2019)
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A.13.7 Laterally Averaged Adiabatic Film Cooling Effectiveness 7, \
and Ratio of Heat Transfer Coefficients With and Without
Film Cooling ’/h,
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Figure A.43: Laterally averaged adiabatic film cooling effectiveness 7, and ratio of
heat transfer coefficients with and without film cooling 4t/i, for parallel
((a) and (b)) and orthogonal coolant cross-flow configuration ((c) and (d));
reproduced based on data in Fraas (2019)
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A.13.8 Laterally Averaged Heat Flux Reduction I acc. to Baldauf et

al. (2002)
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Figure A.44: Laterally averaged heat flux reduction I for (a) parallel and (b) orthogonal
coolant cross-flow configuration; produced based on data in Fraas (2019)
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