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Popular science summary

Observations of our environment, combined with an insatiable curiosity to under-
stand it, has led to all the scientific discoveries mankind has ever made. Charles Dar-
win’s theory of natural selection, Marie Curie’s discovery of radioactivity, Sir Isaac
Newton’s formulation of the law of universal gravitation are examples of many. The
way we understand the behavior of fluids is also through observations we make in
nature, and the first observer to document a visual representation was Leonardo da
Vinci. Yet while sketching the flow of water in rivers and vortices he had one advan-
tage, the visual cues of the fluid behavior in water were visible to the eye. However,
this is very rare in nature. Although we are aware that the wind is blowing, we can-
not see it, we feel the heat from a blow-dryer but we cannot observe it. Nonetheless,
when the flow we are interested in has variations of properties that would cause the
refractivity to change, we might observe it if we now where and how to look since the
optical effects are indeed embedded in nature. A distinctive feature of these optical
effects is referred to as schlieren which a German word translates as “streaks” of optical
inhomogeneities. We experience them every day in the form of heat gazes rising from
a hot tarmac or on top of a candle flame. The reason we are able to observe these
inhomogeneities is because we have a reference frame in the background so we can
distinguish the changes.

The idea of having a reference frame to compare these inhomogeneities in presence
of a flow field led to the discovery of a measurement technique called background
oriented schlieren (BOS). The name “background-oriented” originates from the use
of a pattern in the background of a refractive index variation over which the motion
of optical features is traced. It is a relatively new version of schlieren imaging which
is one of the oldest measurement techniques (~160 years). Regardless of age, it has
proven itself to be the most versatile and popular optical measurement tool due to
its simplicity and non-intrusiveness. However, schlieren has certain disadvantages in
terms of cost and complexity, making BOS the superior choice. This led to the ever
increasing trend of advancements in BOS. Yet with each advancement, the complexity
of the measurement technique is increased while reducing adaptability and increasing
cost.

This thesis work takes a few steps back to identify and investigate the constraints of
BOS which drives the need for scientists to improve the hardware. It addresses soft-
ware elements to alleviate these constraints to the extent that it does not alter the basic
complexity, prioritizing high adaptability. To do this, an image processing technique
referred to as “optical flow” is employed. This approach utilizes the differences in
images with and without the flow fields of interest to identify the flow (i.e., the mo-
tion) of features in the background patterns. The motion of these features then enable
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the characterization of the intensity and orientation of the density varying flow struc-
tures within the field of view. Accordingly, the background patterns play a crucial
role to identify the displacements with high resolution and sensitivity. Hence, they
are optimized through a parametric study composed of numerical and experimental
assessments for maximum quality output from the measurement technique.

The high flexibility and adaptability of BOS is utilized to test the simplest form of the
hardware configuration to make measurements possible in almost every flow regime.
The scalability of the technique allows both small and large scale applications. The
explored capability of the image processing tools enabled competition with more com-
plicated and expensive setups. The wide range of applications explored provides a vast
spectrum of practical considerations creating a large knowledge base for both indus-
trial and scientific applications. The applications documented in the thesis take on
flow characterization for societal challenges of clean and sustainable aviation. Accord-
ingly, measurements of key flow phenomena that determine jet noise specifications,
sustainable aviation fuel characteristics, propulsion system performance and future
high-speed civil aviation platforms are made. The range of computational and ex-
perimental assessments are conducted to evaluate the capabilities of the measurement
technique and the associated image processing algorithms. Additionally, a database
of recommended practices is composed for each flow scenario. The know-how gen-
erated in this thesis is developed into a course of flow visualizations under the title of
“making the invisible visible”, portraying the power of flow visualization to the next
generation of aerospace researchers. So that BOS; a low-cost, highly adaptable, scal-
able and accessible measurement technique and the developed knowledge base can
visualize the currently invisible carbon-free and sustainable future of aviation.
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Populirvetenskaplig sammanfattning pa svenska

Observationer av var miljé, kombinerat med en omittlig nyfikenhet att forsta den,
har lett dill alla vetenskapliga upptickter minskligheten nagonsin har gjort. Charles
Darwins teori om naturligt urval, Marie Curies upptickt av radioaktivitet, Sir Isaac
Newtons formulering av lagen om universell gravitation ir exempel pa manga. Sittet
vi forstar vitskors beteende dr ocksd genom observationer vi gor i naturen och den
forsta observatéren som dokumenterade en visuell representation var Leonardo da
Vinci. Genom att skissa flodet av vatten i floder och virvlar hade han en fordel, de
visuella ledtradarna av vitskans beteende i vatten var synliga for gat. Detta dr dock
mycket sillsynt i naturen. Aven om vi ir medvetna om att vinden blaser, kan vi inte se
den, vi kiinner virmen frin en hirtork men vi kan inte observera den. And3, nir flodet
vi dr intresserade av har variationer i egenskaper som skulle orsaka att brytningsindex
forindras, kan vi observera det om vi vet var och hur vi ska titta eftersom de optiska
effekterna verkligen ar inbdddade i naturen. En sirskiljande egenskap hos dessa optiska
effekter kallas schlieren vilket 4r ett tyskt ord som Gversitts till “strimmor” av optiska
inhomogeniteter. Vi upplever dem varje dag i form av virmeskimrande luften som
stiger frdn en het asfalt eller ovanpi en ljusliga. Anledningen till att vi kan observera
dessa inhomogeniteter 4r att vi har en referensram i bakgrunden dir vi kan urskilja
forindringarna.

Idén att ha en referensram for att jimfora dessa inhomogeniteter i nirvaro av ett flo-
desfilt leder till upptickten av en mitteknik kallad Background Oriented Schlieren
(BOS). Namnet "background-oriented” kommer frdn anvindningen av ett ménster i
bakgrunden av en variation i brytningsindex 6ver vilket rérelsen av optiska funktio-
ner spéras. Det 4r en relativt ny version av schlieren-avbildning som ir en av de ildsta
mitteknikerna (cirka 160 dr). Oavsett dlder har den visat sig vara det mest méingsidi-
ga och populira optiska mitverkeyget pd grund av sin enkelhet och icke-intrusivitet.
Men schlieren har vissa nackdelar nir det giller kostnad och komplexitet, vilket gor
BOS till det dverldgsna valet. Detta ledde till en stindigt ckande trend av framsteg
inom BOS. Men med varje framsteg okade tekniken i komplexitet, vilket ocksd var
forknippat med 6kande kostnader och minskad anpassningsformaga.

Detta avhandlingsarbete tar nigra steg tillbaka for att identifiera och underséka be-
grinsningarna av BOS som driver behovet av att forbdttra hirdvaran. Det tar upp
mjukvaruelement f6r att lindra dessa begrinsningar till den grad att det inte forind-
rar den grundliggande komplexiteten, med prioritet pa hdg anpassningsférméga. For
att gora detta anvinds en bildbehandlingsteknik kallad "optisk flode”. Denna metod
anvinder skillnaderna i bilder med och utan de flédesfilt av intresse for att identifiera
flédet (d.v.s. rorelsen) av funktioner i bakgrundsmonstren. Rorelsen av dessa funktio-
ner mojliggor sedan karakterisering av intensiteten och orienteringen av de tithetsva-
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rierande flodesfunktionerna inom synfiltet. Bakgrundsménstren spelar en avgorande
roll for att identifiera forskjutningarna med hog upplosning och kinslighet. Dirfor
genomfors en studie bade berikningsmissigt och experimentellt f6r att optimera bak-
grundsmonstren f6r maximal kvalitetsutging fran mittekniken.

Den héga flexibiliteten och anpassningsformagan hos BOS anvinds for att testa den
enklaste formen av hardvarukonfiguration for att géra mitningar méjliga i ndstan alla
fldesregimer. Teknikens skalbarhet mojliggor bade smé och stora applikationer. Den
utforskade kapaciteten hos bildbehandlingsverktygen mojliggjorde konkurrens med
mycket mer komplicerade och dyra uppsittningar. Det breda utbudet av utforskade
tillimpningar ger ett stort spektrum av praktiska évervidganden och skapar en stor
kunskapsbas for bade industriella och vetenskapliga tillimpningar. De tillimpningar
som dokumenteras i avhandlingen tar upp flddeskarakeerisering for samhillsutma-
ningar med ren och hallbar flygning. Foljaktligen utférs matningar av nyckelflodes-
fenomen som bestimmer jetbullerspecifikationer, hillbara flygbrinslekvaliteter, pre-
standa for framdrivningssystem och framtida hdghastighets civilflygplattformar. Ett
antal beridkningsmissiga och experimentella bedémningar genomférs for att utvir-
dera kapaciteten hos mittekniken och de tillhérande bildbehandlingsalgoritmerna.
Dessutom sammanstills en databas med rekommenderade metoder for varje flodes-
scenario. Den know-how som genereras i denna avhandling utvecklas till en kurs om
flédesvisualiseringar under titeln “att géra det osynliga synligt”, som skildrar kraf-
ten hos flddesvisualisering for nista generation av flygforskare. BOS; en lagkostnad,
mycket anpassningsbar, skalbar och tillginglig mitteknik och den utvecklade kun-
skapsbasen kommer att visualisera den for narvarande osynliga avkolade och héllbara
framtiden for flyg.
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Optical Diagnostics with
Background Oriented Schlieren
A practical perspective on reactive
and non-reactive flow scenarios






Chapter 1

Introduction

The field of aerospace engineering is deeply intertwined with the study of complex
fluid dynamics, which plays a critical role in the design, performance, and safety of
both aircraft and spacecraft. Fluid dynamics, particularly in the context of aerody-
namics and propulsion, involves the behavior of air and other gases as they flow over
surfaces, through engines, and around structures at varying speeds and conditions.
The challenges presented by these flows are numerous and multifaceted, encompass-
ing a range of phenomena such as turbulence, heat transfer, compressiblity and com-
bustion. Hence, the application of fluid dynamics extends beyond non-reactive flow
scenarios in the case of propulsion systems, high-speed flight regimes and atmospheric
emissions where the interaction between flow physics and chemistry becomes a key
factor dominating the design and integration specifications for aerospace platforms.

Figure 1.1: Flow phenomena observed in aerospace platforms: boundary layer development over the fuselage
of A320 airliner (Ghate et al., 2022), wing tip vortices of AT-802A agriculture aircraft (Gallagher,
1992), F22 fighter jet executes a transonic flyby (Dejarnett, 2009), Apollo command module re-entry
to Earth atmosphere (Rockwell, 1968), GE F110 turbofan jet engine with afterburner operation
(Cole, 2004), F1 rocket engine (NASA, 2000).



Comprehensive understanding of flow physics related phenomena has led to the de-
velopment of multiple numerical and experimental tools to serve as a powerful arsenal
for researchers. As the elevated complexity of problems is associated with an immense
demand on resolution, more powerful measurement systems and computational re-
sources are required. In this regard, simplifications with appropriate assumptions are
needed to achieve the optimum trade-off between fidelity and computational cost
without forfeiting accuracy. Hence, the need for comparative studies between exper-
imental and numerical analysis is further emphasized to ensure the accurate represen-
tation of flow physics which makes verification and validation a long lasting need.
Therefore, the complexity of fluid dynamics in aerospace applications necessitates a
comprehensive approach that integrates theoretical analysis, computational model-
ing, and experimental validation. Mastery of these elements is essential for advancing
aerospace technology and achieving superior performance, safety, and efficiency in
modern and future flying vehicles.

1.1 Optical measurement techniques

In order to achieve experimental flow field information without altering the flow be-
haviour, qualitative and quantitative non-intrusive measurement techniques received
a huge interest. They enable direct comparisons between numerical and experimental
datasets, whereas intrusive techniques involve multiple stages of theoretical, numeri-
cal or empirical corrections to be applied for the rebuilding of flow properties (Allen,
1972; Ninnemann and Ng, 1992; Cutler and Johnson, 1997; Magre et al., 2001). On
the other hand, non-intrusive flow measurement techniques utilize advanced image
acquisition systems, various forms of coherent and incoherent light sources and opti-
cal components to measure and visualize fluid flow phenomena, enabling researchers
and engineers to capture detailed information about velocity fields, turbulence struc-
tures, and scalar distributions in both experimental and real-world environments.

A large variety of flow properties can be obtained by means of optical techniques.
Approaches such as Particle Image Velocimetry (PIV)(Adrian and Westerweel, 2011)
and Laser Doppler Anemometry (LDA)(Abbiss et al., 1974) can provide global and
point wise velocity information by means of seeding the flow and tracing the particles
via optical imaging and frequency shift detection respectively. Surface flow visualiza-
tions via oil flow (Lu, 2010), sublimation (Goldstein and Cho, 1995), temperature and
pressure sensitive paints (Liu et al., 2005), and IR imaging (Carlomagno et al., 1998)
provide essential information regarding the interaction of the flow field surrounding
objects for identification of critical phenomena such as separation, boundary layer
transition, fluid-structure interaction, and ablation. Flow temperature and species
composition information can be acquired locally and globally using Coherent Anti-



Figure 1.2: Optical measurement techniques: particle image velocimetry on a free jet (Puttinger, 2009) and a
microwave plasma heater (RSM, 2023), florescent oil flow visualization of a flying V model (Mar-
tin, 2011), Coherent Anti-Stokes Scattering measurements in BOXCARS configuration (Farquhar-
son, 2017), temperature sensitive paint on a flared cone (Sivasubramanian and Fasel, 2016), laser
induced fluorescence, laser Doppler anomometry for underwater velocity measurements (NASA,
1992), Rayleigh scattering measurements on hypersonic boundary layer transition (Wang et al.,
2019).

Stokes Raman Scattering (CARS) (Begley et al., 1974) and Rayleigh Scattering (Miles
et al., 2001) based of inelastic and elastic scattering of light from molecules or small
particles. Chemiluminescence (Dec and Espey, 1998) and Laser-Induced Fluorescence
(LIF) (Paul and Najm, 1998) can be utilized to obtain heat release, concentration, and
density information over a volume or 2D plane which is especially useful in combus-
tion research, environmental monitoring, and mixing studies, where understanding
the distribution and interaction of different species is crucial.

1.2 Schlieren Imaging

Schlieren and shadowgraph are powerful optical techniques used extensively in fluid
dynamics to visualize and analyze flow phenomena involving variations in fluid den-
sity (Settles, 2001). These methods exploit the refractive index changes caused by
density gradients in transparent media, enabling the observation of otherwise invisi-
ble features like shock waves, thermal plumes, and boundary layers. The non-intrusive
nature and high sensitivity of schlieren and shadowgraph imaging make them indis-
pensable tools in both fundamental research and applied engineering. A typical setup
consists of a collimated light source, the schlieren object, a knife-edge, and a camera.
As light passes through the fluid, it is refracted differently in regions with varying
density, causing deviations from its original path. These deviations are captured by



a camera after interacting with a knife-edge which creates the contrast image that

highlights areas of density change.

Figure 1.3: Various flow phenomena visualized by schlieren imaging: natural convection over a candle flame
(Gorman, 2015), supersonic flow past cylinder (Van Dyke, 1982), hypersonic shock wave boundary
layer interaction (Daub et al., 2022), underexpanded supersonic jet flow (Willert et al., 2012), hy-
personic cruiser at flight conditions, spherical hydrogen/air flame (Bangalore et al., 2013).

Schlieren methods are extensively used to study shock waves generated by supersonic
and hypersonic objects. They allow researchers to observe the formation, propaga-
tion, and interaction of shock waves with various surfaces and boundaries. Moreover,
they can visualize the development and behavior of boundary layers on acrodynamic
surfaces (Laurence et al., 2016), providing insights into drag reduction (Sridhar et al.,
2015) and flow control strategies (Lapushkina and Erofeev, 2017). These techniques
are used to investigate thermal plumes and convection currents in heat transfer exper-
iments (Tanda and Devia, 1998), offering valuable data on temperature distribution
and heat flux (Tanda et al., 2014). Furthermore, in combustion studies, schlieren and
shadowgraph imaging help visualize flame fronts (Brequigny et al., 2018), combustion
instabilities (Keller et al., 1982), and the mixing of fuel and oxidizer (Gutmark et al.,
1991), which are critical for optimizing combustion efficiency and reducing emissions.

Despite their usefulness, schlieren techniques come with certain limitations. First of
all, almost all the schlieren setups employed for the characterization of high-speed
flows are utilized for qualitative visualizations of the flow features, and although they
indicate the presence of key components in the flow, they do not provide any quantita-
tive information regarding their respective intensities. Moreover, although a standard
schlieren setup is rather inexpensive, they require proper optical access, and depending
on the size considerably large lenses or mirrors. Even though a light-based schlieren
setup can be calibrated to quantify the observed density gradients (either by grayscale



or color filters (Hargather and Settles, 2012)), illumination changes and/or setup vi-
brations (likely to happen in the surrounding environment of high-speed facilities)
would yield deviations from the reference calibration data and lead to a misinterpre-
tation of the acquired images.

1.3 Background oriented schlieren

Background oriented schlieren (BOS) is a relatively newer derivative of the light ray
based schlieren technique also used to visualize and quantify refractive index changes
in transparent media. BOS offers several advantages over traditional schlieren tech-
niques, making it a preferred method for many fluid dynamics and aerodynamics
applications. These advantages stem from its simplicity, flexibility, and ability to cap-
ture quantitative data with high spatial resolution. BOS requires only a camera, a
background pattern, and appropriate lighting, whereas traditional schlieren systems
involve complex arrangements of lenses, mirrors, and knife edges. This simplicity
reduces the time and expertise needed for setup. The absence of expensive optical
components like parabolic mirrors and precision alignment equipment makes BOS a
more affordable option for many laboratories and field studies. BOS can be used for
a wide range of scales, from small laboratory setups to large atmospheric studies. This
versatility allows researchers to apply BOS to a diverse array of experiments without
significant modifications to the setup. Due to its minimal optical requirements, BOS
can be easily deployed in field conditions.

BOS can capture large areas in a single image, providing a more comprehensive view
of the flow field. Traditional schlieren techniques, with their focused light paths,
are limited in the size of the observable area. The ability to cover larger areas al-
lows for full-field quantitative measurements, which are crucial for analyzing com-
plex flow phenomena over extensive regions (Hargather, 2013; Raffel, 2014; Trolinger
etal., 2015). BOS utilizes digital image processing techniques to calculate background
pattern displacements (Meier, 2002), enabling precise quantitative analysis of den-
sity gradients and refractive index changes. Advances in digital camera technology
and image processing algorithms have significantly improved the spatial resolution
of BOS (Atcheson et al., 2008; Cozzi and Géttlich, 2019; Liu et al., 2024), allowing
for detailed and accurate measurements. BOS systems are less sensitive to mechan-
ical vibrations and environmental disturbances compared to traditional schlieren se-
tups (Xiong et al., 2020), which rely on precise optical alignments. This robustness
enhances the reliability and repeatability of experiments. The quantitative data ob-
tained from BOS can be effectively used to validate and verify Computational Fluid
Dynamics (CFD) simulations, providing a powerful tool for combined experimental
and computational studies (Sourgen et al., 2004; Ramanah et al., 2007; Wang et al.,



2019). Moreover, since BOS does not require any calibration to be performed, it al-
lows accurate processing of the acquired images even in presence of mild vibrations,
provided that a high-quality reference image is present. In consideration of the more
recent developments, the need for a reference image can be removed (Gardner et al.,
2020; Weisberger and Bathel, 2022) with digital variations on the backgrounds en-
abling corrections for various sources of bias and random errors (Reichenzer et al.,
2021).

Figure 1.4: Various applications of background oriented schlieren: compressible flow structure around a T-38
fighter jet in supersonic flight (Heineck et al., 2021), blade tip vortices from a helicopter (Bauknecht
et al., 2014), wing tip vortices of a F14 tomcat (Raffel et al., 2012), natural convection over a coffee
cup (Cai et al., 2021), underexpanded supersonic jet flow (Nicolas et al., 2016), turbulent partially
premixed flames (Klemkowsky et al., 2017), plume of a candle flame (Meier and Roesgen, 2013),
respiratory measurement for medical mask requirements (LaVision, 2020).

Applications of BOS span a broad spectrum of fluid dynamics research and engi-
neering. BOS is used to visualize shock waves (Sommersel et al., 2008; Fisher et al.,
2019; Heineck et al., 2021), boundary layers (Zhu et al., 2022), and flow separation
on aerodynamic surfaces (Stadler et al., 2017), aiding in the design and optimization
of aircraft and spacecraft. In combustion research, BOS helps visualize flame fronts
(Choudhury and Joarder, 2022) and fuel-air mixing (Weilenmann et al., 2018) con-
tributing to the development of more efficient and cleaner combustion systems. BOS
is applied to study natural convection (Becher et al., 2020), thermal plumes (Sasono
et al., 2023) as well as heating and ventilation flows (Hargather et al., 2011), pro-
viding insights into climate conditioning systems. In medical research, BOS can be
used to visualize airflow in respiratory studies (Howard et al., 2023) and analyze fluid
dynamics phenomena in medical devices (Koponen et al., 2023). BOS is utilized in
various industrial processes to monitor and optimize fluid flow in systems such as heat
exchangers (Vinnichenko et al., 2014), reactors (Ollegott et al., 2023), and leak detec-
tion (Boudreaux et al., 2022; Sun et al., 2023). Recent advancements in high-speed
imaging and computational power have further enhanced the capabilities of BOS.
High-speed cameras enable capturing transient and dynamic flow events with high



temporal resolution (Ota et al., 2017), while powerful computational tools facilitate
real-time image processing and analysis (Wernet, 2019).

1.4 Outlook

This thesis concentrates on the applications and assessment of BOS measurements and
associated image processing tools for qualitative and quantitative characterization of
density varying flow features in multiple scenarios of non-reactive and reactive flows.
The biggest advantage of proving the capabilities of BOS is to showcase a technique
which has a major superiority of adaptability and scalability. It does not require com-
plex optical components such as mirrors and knife edges, making the setup simpler
and more adaptable to different experimental configurations. This flexibility is par-
ticularly beneficial for large-scale or field experiments where traditional setups would
be impractical. However, traditionally BOS is associated with major sensitivity and
resolution issues which originate from both optical and image processing concerns.
Hence, first the theoretical background of BOS and the associated optical restrictions
are provided in Chap. 2. Although the problem of inferior sensitivity and resolution
can be addressed through the application of different image processing techniques,
there is a lack of quantification of their abilities and limitations. Thus, the image pro-
cessing approaches employed for BOS and corresponding background pattern con-
figurations are detailed. Chap. 3 presents the experimental setups used to evaluate
the proposed measurement technique developments and their application to a wide
variety of flow fields. A summary of the results acquired from the experimental se-
tups to identify the key aspects of successful BOS measurements in each flow scenario
and possible improvements to sensitivity and resolution in absence of complex hard-
ware modifications is reported in Chap. 4. Finally, an overview of the entire research
activity and the concluding remarks are established in Chap. .






Chapter 2

Background oriented schlieren

Optical visualization techniques for refractive index variations have been extensively
used for characterization of non-reactive and reactive flows over many decades. The
sensitivity of these methods to refractive index variations (i.e. schlieren, shadowgra-
phy or interferometry), enable flow property changes such as density, concentration,
temperature to be recorded. A relatively newer addition to this family is a technique
referred to as the background oriented schlieren which is similar to the human obser-
vation of heat haze (mirage)(Fig. 2.1), where local density gradients between the hu-
man observer and a distant object distort or even mirror the perceived image. Thus,
the name “background-oriented” originates from the use of a pattern in the back-
ground of a refractive index variation over which the motion of optical features is
traced. The resultant information provides a synthetic schlieren image which is orig-
inally obtained as a direct light impingement to a photo detector.

Figure 2.1: Photos of naturally observed heat gaze or mirage (Harrison, 2008; Schaeffer, 2020; Larbalestier,
2022).
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2.1 Theoretical background

The BOS technique is based on the relation between the refractive index of a fluid
and its density, given by the Lorentz—Lorenz equation, which can be simplified to the
Gladstone—Dale equation provided in Eq. 2.1 (Gladstone and Dale, 1863).

n=1+Kp (2.1)

Here K refers to the Gladstone-Dale constant which has a weak dependency on the
wavelength of light utilized to illuminate the background and for air itis K4=0.223X10~

m3/kg.

3
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Then the deflection of a single beam contains information about the spatial gradient of
the refractive index integrated along the line of sight according to Eq. 2.2 which is an
extension of the Snell’s law that follows Fermat’s principle of light wave propagation
(Born et al., 1999).

Mluminated background
pattern

_ — =« Flow field of
\ interest

Imaging objective

High-resolution

ZD CMOS camera

Figure 2.2: Background oriented schlieren (BOS) imaging configuration. The green beam illustrates the origi-
nal path of the light ray while the red beam is the refracted path.

This deflection is captured by comparing the images recorded with air at rest and ex-
posure through the flow under investigation. The resulting images of both exposures
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can then be evaluated by image processing methods. Accordingly, a typical BOS setup
is comprised of a camera, a background pattern and a light source that is used to illu-
minate the background pattern (Fig. 2.2). The background and the camera are placed
on opposite sides of the flow field of interest such that the pattern is displaced opti-
cally from the perspective of the camera due to the varying refractive index through

the flow field.
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BOS is associated with a major sensitivity limitation originating from an inherent fo-
cusing problem (Raffel, 2015). Considering a generic optical configuration for a BOS
setup, increasing the sensitivity demands an amplification of the distance between the
object and the background (Z4), while minimizing the distance between the object
and the camera (Zg). However this is constrained due to two main reasons. First,
having the camera close to the object causes divergence of the light rays to dominate
the measured displacements related to the refractive index variations within the test
section which requires corrections and calibration (Elsinga et al., 2004). Secondly,
since the background needs to be in focus to accurately measure the displacements,
the object and the associated flow features of interest remain out of focus. Hence,
increasing the distance between the background and the flow field amplifies the geo-
metric blur. In combination with the diffraction limited minimum image diameter,
it reduces the sensitivity and the physical resolution of the system, severely affecting
the accuracy of the measurements (Gojani et al., 2013).
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Figure 2.3: Spatial resolution of a background oriented schlieren (BOS) setup for varying magnification and

aperture settings computed using Eq.2.3.

An inevitable trade-off exists between the sensitivity and resolution from an optical
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stand point. These experimentally verified theoretical predictions are valid regardless
of the image processing method of choice since they are associated with the optics
instead of the mathematics of image processing algorithms. Accordingly, the spatial
resolution (Ag) of a BOS setup that can be described via Eqn. 2.3. Here, dg refers
to the diffraction limited minimum image diameter which is the circle of minimum
confusion. Utilizing Eqn. 2.3, the resolution limits for the BOS setups with varying
optical settings can be computed (Fig. 2.3).

2.2 Backgr ound gener ation

The effectiveness of background oriented schlieren (BOS) relies heavily on the choice
of background pattern, as it directly impacts the quality and resolution of the data
obtained. Various types of background patterns are used in BOS, each suited for spe-
cific applications and experimental conditions. Regardless of the type of pattern used,
certain characteristics are essential for the background to be effective in BOS. The pat-
tern must have sufficient contrast to be easily distinguishable in the captured images,
ensuring accurate displacement measurement. The pattern should contain a broad
range of spatial frequencies to allow for detailed correlation across different scales of
displacement. Each small region of the pattern should be unique to prevent ambi-
guity during the image correlation process. The background must remain stable and
unchanged throughout the experiment to avoid introducing errors in displacement
measurements.

Figure 2.4: Random dot backgrounds generated with varying features of dot concentrations (1%t row), dot size
(2" row) and dot distribution randomness ratio (3™ row).
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The conventional background patterns in BOS are adjusted to suit the needs of the
cross-correlation approach, have a high SNR in correlation maps, which yields ran-
dom dot patterns based on the optical configuration of the measurement system. Four
main image generation parameters can be identified; the dot size (dp), dot concentra-
tion (IN), interparticle size (A p) and randomness of dot distribution (R R)(Fig. 2.4).
Accordingly, an appropriate combinations of these is necessary to maximize contrast,
minimize peak-locking and maximize subpixel interpolation accuracy (Adrian and
Westerweel, 2011). However, in consideration of the overall uniformity of dot distri-
butions over the entire image plane, the interparticle distance should be maximized
for each dp and N1 combination to prevent empty spots over the background pat-
terns. Hence, the independently controlled number of parameters is reduced to three,
eliminating Ap.

Alternative to dot patterns, artificial textures, such as noise patterns or computer-
generated graphics, can be designed to meet specific experimental requirements. These
textures can be optimized for contrast, frequency content, and spatial distribution.
In line with the sequential downsampling of images following a coarse-to-fine reso-
lution layout, multi-scale procedural noise patterns can be used as the background
image. Thus, the short comings of random noise functions can be avoided which of-
ten requires a match between the camera resolution and the background pattern for
optimum performance (Yang et al., 2014).

Figure 2.5: Background patterns with random dots (left) and wavelet noise (nr,nr)=(2,5)(mid-left),
(nr,mr)=(2,8) (mid-right) and (n;,n #)=(5,8) (right) provided with the corresponding normalized
image intensity histograms.

In this regard, the wavelet noise (WN) pattern proposed by Cook and DeRose (2005)
is commonly utilized in BOS to construct a background image to capture both large
and small scale structures with high accuracy (Atcheson etal., 2008; Bichal and Thurow,
2013; Beermann et al., 2017; Klemkowsky et al., 2017). The content stored within
these WN patterns is controlled by means of two parameters, 2" (initial resolution)
and 27 (final resolution). The lower spatial frequency content is modulated by the
lower resolution levels where large scale displacements are resolved. This also acts as
an anti-aliasing filter when the hierarchical approaches of the OF downsamples the
high-resolution image to a lower resolution by preserving orthogonality. Combined
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with the high frequency content governed by the final resolution specification, each
resolution level of noise represents a bandwidth limited procedural texture that can
be tailored to the specific spatial resolution needs of the experimental setup (Fig. 2.5).

Figure 2.6: Various background patterns utilized in BOS setups: laser speckles (Meier and Roesgen, 2013),
checkered pattern (Shimazaki et al., 2022), natural vegetation (Hargather and Settles, 2010) and
colored pattern (Ota et al., 2012).

Other background patterns can also be utilized in BOS Fig. 2.6. An alternative is
gridded patterns which are composed of regular arrays of intersecting lines, forming
a checkerboard-like structure. The uniformity of the grid allows for straightforward
displacement measurement. Grid patterns are particularly useful when there is a need
for uniform and easily interpretable data (Shimazaki et al., 2022). In some cases, nat-
urally occurring backgrounds, such as foliage, gravel, or textured surfaces, are used as
the reference pattern. These backgrounds can provide sufficient contrast and com-
plexity for BOS analysis. Natural backgrounds are particularly advantageous in field
studies or outdoor experiments where artificial patterns may be impractical to deploy
(Hargather and Settles, 2010). Speckle patterns are similar to random dot patterns
but are typically generated using coherent light sources, such as lasers, to create a
granular appearance. The speckle pattern’s high spatial frequency content makes it
highly sensitive to small displacements. Speckle patterns are ideal for high-resolution
measurements in small-scale experiments, such as those involving microfluidics or
detailed flow structures (Meier and Roesgen, 2013). Moreover, the commonly used
monochromatic backgrounds can be replaced by a color coded pattern. The sepa-
rate treatment of each color channel with various configurations of image processing
algorithms allow increased accuracy and spatial resolution (Sourgen et al., 2012).

2.3 Optical imaging

In addition to the background generation parameters, another two important features
influencing the imaged intensity patterns are the magnification factor of the optical
setup and the utilized aperture setting on the objective. With regard to the latter,
whilst the distance Zp has no influence in terms of varying the imaged intensity dis-
tributions over the backgrounds, the change of f4 modifies the peak and range of

16



illumination intensities captured surrounding the speckles. Referring to these influ-
ences, the geometric blur on the schlieren objects is defined via Eqn. 2.4.

di=dy|1- },M’(ZA ~ ) (2.4)

where the M’ refers to the magnification of the schlieren object on the image plane
(M'" = Z!/Z4), f and d 4 are the focal length and the aperture diameter respectively.
Although, this is not an effective factor on the imaging of the background features,
the defocus on the schlieren object and the influence of aperture on the imaged back-
ground patterns (which is described through the diffraction limited minimum image
diameter dg using Eqn.2.5) cannot be isolated.

dg = 2.44f#(M + 1))\ (2.5)

in which A corresponds to the wavelength of the light source which in most BOS
applications is in the range of 450< A <550 nm. Based on the Eqn.??, it is observed
that M also influences the diffraction limited diameter of the imaged speckles. How-
ever, practical applications of BOS, especially ones where the flow features of interest
require a field of view (FOV) significantly larger than the sensor size of the cameras,
M has a value in the order of O(1071), hence the contribution of M to dg is rather
insignificant compared to fx (Fig. 2.7).

d; = \/(Mdp)? + d3 (2.6)

5

Figure 2.7: The influence of varying aperture on the normalized illumination intensities of diffraction-limited
imaging of speckles (1% column). Corresponding images of speckles with f,=6, fx=12, f4=18 and
F4=24 (2" to 5™ columns).
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2.4 Image processing

The sensitivity and resolution of a BOS system is also governed by the image process-
ing approach utilized to characterize the deviations of the light rays from their original
paths. Hence, selecting an appropriate image processing tool that is in agreement with
the specific requirements of the physical phenomena of interest and the BOS setup
configured plays a critical role in determining the capabilities and limitations of the
measurement campaign.

2.4.1  Cross-correlation

The most common method employed for this purpose is the cross-correlation based
block matching algorithm (Fig. 2.8, left) developed for particle image velocimetry
(Westerweel, 1997). The underlying theory of cross-correlation is computing a mea-
sure of similarity of two intensity maps as a function of displacement with respect
to the original position of the selected blocks of pixels referred to as interrogation
windows (IW) (Loeb et al., 1983). Visually, the correlation concept can be shown
using Fig. 2.8 (left). To obtain a quantitative two-dimensional vector field from such
images, BOS images must be systematically interrogated. To do so, these recorded
images are sampled using IWs, the dimensions of which determine the spatial resolu-
tion of the measurement. The I'Ws can be adjacent to each other, or more commonly,
have partial overlap with their neighbors that will allow for increased spatial resolution
(Dabiri, 2009).

The corresponding displacement vectors represent an average refractive index varia-
tion within the IW (Keane and Adrian, 1992). However, as the minimum size of the
IW governed by the necessary signal-to-noise ratios of intensity maps for higher cor-
relation coefficients to be established, resolution of the resulting vector field becomes
limited. This limitation not only reduces the resolution, but also yields the gradient
information being prone to oversmoothening due to the averaging effects (Hargather
and Settles, 2012). Even though multi-pass interrogation schemes exist to enable a
larger dynamic range (Scarano and Riethmuller, 2000), these approaches are devel-
oped for tracing fluid particle motions within a bulk flow which makes them ineffec-
tive against very localized flow features of density variations. Thus, the dependence
on neighboring pixel displacements and the documented degradation of accuracy in
presence of large displacement gradients (Kahler et al., 2012) further alleviates the ac-
curacy and resolution of BOS measurements when processed with block-matching
approaches such as cross-correlation.
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Figure 2.8: Schematic of cross-correlation (left) and optical flow (right) based deflection sensing schemes for
background oriented schlieren.

2.4.2  Optical flow

The problem of inferior sensitivity and resolution of BOS using block matching ap-
proaches can be addressed through the application of optical flow (OF) image process-
ing technique (Fig. 2.8, right) which defines the motion of objects within the image
plane by means of brightness patterns (Davies, 2012). The biggest advantage of us-
ing OF for BOS is its capability to capture the displacement of each pixel enabling
one vector-per-pixel resolution. This is proven to enable OF to go beyond the reso-
lution and accuracy characteristics of PIV algorithms for reconstructing density field
information (Atcheson et al., 2009).

Various approaches to OF analysis can be broadly distinguished to have a common
gradient based scheme that is associated with two main assumptions; brightness con-
stancy and spatial smoothness of the intensity distributions (Sun et al., 2008). The
combination of these assumptions leads to the governing equation of motion of illu-
mination intensities within the image plane (defined as the optical flow). Hence, a
constancy of illumination intensity can be established which suggests the intensity of
pixels moving within the image plane is constant and directly related to the motion
of illumination gradients within the image plane (Eq.2.7) (Kearney et al., 1987).

(x + dx,y + oy, t + dt)
(@,y,t) + Iy + dxl, + oyl

I t
(z,y,t) (7)

=1
=1
Hence, the displacement (0, dy) of normalized illumination intensities (I) can be
represented as functions of the temporal (01/0t) and spatial pixel intensity gradi-
ents (01 /Ox, OI /Dy). For BOS applications, the temporal derivative of illumination
intensities correspond to the difference between the disturbed and reference image

(0I/0t=(I,, — Iy)/At) while the nominal time interval is unitary since the difference
between I, and Ij is independent of time (At=1). Nevertheless, the underdetermined
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structure of Eq.2.7 requires a problem closure to obtain a unique solution which leads
to the well known aperture problem (Galvin et al., 1998).

2.4.2.1  Horn-Shunck optical flow

In order to address the aperture problem, Horn and Schunck (1981) proposed the
use of a quadratic penalty function (pp) for the displacement vectors corresponding
to the deviations from the brightness constancy assumption and described an energy
functional to be minimized (Eq.2.8). Moreover, Eq.2.8 also included a quadratic pe-
nalization (pg) of the displacement vector gradients to increase the robustness of the
algorithm against spurious displacement vectors (Barron et al., 1994). The weight-
ing between the contribution of the brightness constancy violations and the vector
gradients are controlled by a user defined regularization parameter, \. However, this
global penalization approach enforces the displacement vectors to vary smoothly over
the reconstructed domain. Thus, precise selection of its value is crucial for an accu-
rate displacement field estimation which would enable suppression of spurious vec-
tors while preserving physical displacement magnitudes throughout the image plane
(Nagel, 1983).

E(5z,by) = /Q po(ss — 1) + Aps(Vor, oy d2 (8)

2.4.2.2 Lucas-Kanade optical flow

Alternatively, the algorithm introduced by Lucas and Kanade (1981) assumes that the
flow is constant within a small neighborhood (window) around the pixel. This trans-
forms the problem into solving for the best vector field that satisfies the optical flow
constraint (Eq. 2.5) for all pixels in this window. For each pixel within the window,
the optical flow constraint equation provides one equation. Since there are generally
more equations than unknowns, the system is over-determined. The Lucas-Kanade
method solves this system using the least squares approach. The set of equations can
be written in matrix form and the least squares solution minimizes the error between
the predicted and actual temporal gradients, leading to the vector field of interest
(Eq. 22). The Lucas—Kanade method reduces the inherent ambiguity of the optical
flow equation by incorporating information from multiple neighboring pixels, mak-
ing it more robust against image noise compared to point-wise techniques (Bruhn
et al., 2005). However, as a purely local approach, it is unable to determine flow
information within uniform regions of the image.
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|(I; + 6z, + 6ny)\IW =0 (2.9)

2.4.2.3 Multi-resolution and multi-scale extensions

The biggest challenge of achieving high resolution displacement fields with optical
flow originates from the fact that practical image sequences contain multiple objects
in motion independently. This causes occurrence of a global incoherence in terms
of the acquired image intensity variations that also contain discontinuities (Deriche
et al., 1996). Hence, the derived set of governing equations is only valid for small
displacements in absence of any discontinuities. Therefore, additional methods are
required to relax the constraints on the brightness constancy based formulation of the
optical flow problem that would allow large displacements within the image plane to
be reconstructed accurately (Edward H. and James R., 1985).

Vector field n-3

Vector field n-2

Vector field n-1

Vector field n

Figure 2.9: Hierarchical algorithm of optical flow with image sequences (left) and the corresponding vector
fields (right) for different levels of the pyramid scheme.

Accordingly, hierarchical algorithms are proposed to separate the computation of dis-
placement vectors based on the scales of optical flow contained within the processed
images (Anandan, 1989). The acquired images are assumed to contain a wide spatial-
frequency spectrum where the high amplitude (low spatial-frequency) intensity vari-
ations are represented by the large scale motion within the image plane, while low
amplitude (high spatial-frequency) intensity variations provide the detailed structures
over a smaller range. Nevertheless, identification of these scales and separating them
accordingly requires a proper control strategy since spatial-frequency decomposition
based on the sampling rates of the lower-frequency information would lead to a loss of
resolution (Burt, 1981). Such a proper decomposition of the image intensities leads to
a pyramid scheme that is composed of different spatial-frequency channels (Tanimoto
and Pavlidis, 1975)(Fig. 2.9).
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2.4.3 Phase correlation

Beyond the standard optical flow and cross-correlation methods, there are alternative
image processing approaches utilized based on specific measurement environments
and flow scenarios. Benefiting from the noise isolation capabilities, phase modu-
lation and phase capturing based image processing algorithms are utilized in BOS
(Ramaiah et al., 2023). In combination with gridded patterns (which offer high-
contrast, repetitive structures making it particularly sensitive to small distortions), a
fast checkerboard demodulation (FCD) algorithm can be employed leveraging the
periodic structure of this pattern to efficiently decode the displacement information
by extracting phase and amplitude data from the distorted image (Shimazaki et al.,
2022). This process allows for rapid and accurate calculation of the displacement fields
without the need for complex or time-consuming cross-correlation methods (Wilde-
man, 2018). Another approach that utilizes Fourier domain analysis is the Fourier
Transform Profilometry (FTP). It involves projecting a known, periodic pattern—
such as fringes or grids—onto the background and capturing the distorted image
caused by refractive index changes in the flow. The Fourier transform is then applied
to these images to convert the spatial information into the frequency domain, where
the phase shifts corresponding to the flow-induced distortions can be isolated and
analyzed (Vinnichenko et al., 2023). Phase demodulation approaches can also be ex-
tended to multi-scale and multi-resolution schemes. In this regard, Rajshekhar and
Ambrosini (2018) introduced a diffractive optical element based BOS. This approach
relies on accurately estimating the phase encoded within the fringe pattern through a
windowed Fourier transform, followed by a multi-scale analysis of the extracted phase
using a continuous wavelet transform. Since the phase directly corresponds to refrac-
tive index fluctuations caused by temperature gradients, the multi-scale analysis offers
valuable insights into the underlying heat flow dynamics.

2.5 Work flow of background oriented schlieren

The first stage of building a BOS setup is determining the region of interest in the flow
field. This has two main implications for the configuration of the setup. First implica-
tion is identifying the placement of setup components over which the measurements
are intended. Although a BOS setup requires through optical pathway, not every facil-
ity is equipped with two way optical access. Moreover, due to the differences between
different facilities, different imaging and illumination conditions might exist. It is
common that not every facility allows the placement of powerful light sources such as
lasers or big LED arrays due to physical constraints of space or logistics. Accordingly,
the choice of lighting configuration, background type and background material needs
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to be made to meet the requirements imposed by the facility (Fig. 2.10, 1* stage). The
second implication is determining the imaging conditions. Depending on the spatial
resolution and sensitivity requirements based on the flow features of interest, a cor-
rect combination of imaging objective, background size, and the distances Zp and
Z 4 needs to be selected (Fig. 2.10, 2"! stage). Finally, the trade-off between depth of
field and illumination intensity is optimized by selecting an aperture setting for the
imaging lens. While a large depth of field is always preferred to minimize the blur
on the schlieren object, a large f4 would cause the light intensity captured by the
camera to be significantly reduced and the diffraction effects on the background to
be amplified, thus weakening the contrast among the background features.

1. FOV selection & background illumination 4. Reference & wind-on image acquisition

Data recording

2. Optical alignment & calibration 5. Deflection sensing

Experimental configuration

Ensemble
averaging

Data processing

6. Density field reconstruction
(Gladstone-dale relation)

3.2. Wavelet noise pattern

-Dn\\ n:amplr —

Background generation

Figure 2.10: Workflow for the background oriented schlieren (BOS) measurement technique.

After the optical setup is configured, calibration images are acquired to verify the

estimates of the magnification factor (M). In accordance to the measured M, the
necessary parameters for the background generation are determined (Fig. 2.10, 3“1
stage). Then reference images are acquired prior to the facility operation (Fig. 2.10,
4™ stage). Following the reference images, wind on images can be acquired by acti-
vating the facility and generating flow conditions with varying refractive index (Fig.

h

2.10, 4" stage). Once the images are acquired, displacement fields are computed by

23



means of any of the aforementioned image processing algorithms (Fig, 2.10,5™ stage).
It is shown in multiple studies that for accurate reconstruction of displacement fields,
each wind-on image should be processed individually with respect to the reference
image without performing any statistical processing over the raw images. This en-
ables preservation of imaging conditions and avoid deterioration of optical resolution
specifications. Statistical sampling (i.e., ensemble averaging) can be performed over
the displacement fields. Depending on the objectives of the experiments, the displace-
ment field can be related to the density field by means of the Gladstone dale relation
(Fig. 2.10, 6™ stage). Nonetheless, it should be kept in mind that since BOS is a line
of sight technique, in absence of tomographic imaging, assumptions regarding the
in-depth variation of density gradients are required for the planar density distribution
to be reconstructed.
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Chapter 3

Experimental applications

The high versatility of background oriented schlieren (BOS) allows a wide spectrum
flow scenarios (both reactive and non-reactive) to be investigated without the need
of major modifications to the measurement technique hardware. However, each ap-
plication demands slight variations in the optical configuration and image processing
sequences to achieve the highest accuracy and precision of flow property determi-
nation. These requirements are driven by the flow phenomena of each specific flow
regime and the corresponding configurations of the testing facilities. The wide spec-
trum of applications provided within this chapter establishes a knowledge base detail-
ing the specifics of measurement technique setups employed for each flow field with
the challenge of maintaining low complexity of setup components while explaining
the reasoning behind the need of each application for BOS.

3.1 Thermodynamics of swirling subsonic heated jets

Due to the scarcity of quantitative assessments on the use of optical flow for BOS, a
proper characterization of background pattern specifications does not exist. Rather,
the available literature concentrates on the performance of various optical flow algo-
rithms over the set of background images optimized for cross-correlation (Li et al.,
2023) or the variation in the generation algorithm of patterns (Vinnichenko et al.,
2023). Although it is still the case that speckle or random dot based backgrounds
are the most popular choice among the BOS users (Hayasaka et al., 2016; Nicolas
etal., 2017; Beermann et al., 2017; Grauer et al., 2018; Unterberger and Mohri, 2022),
the background generation rules relying on the cross-correlation algorithm lack com-
patibility with the mathematical background of optical flow estimation. Thus, even
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though optical flow is able to establish sensitivity and resolution limits far beyond
what cross-correlation was capable of, without the optimization of background pat-
terns, the measurement technique lacks a serious step of evolution. Accordingly, this
study aims to respond to this need of creating a framework for background pattern
optimization for maximizing the image processing capabilities of optical flow for BOS.

An experimental assessment by means of a heated air jet is conducted to demonstrate
the theoretical and applicability considerations associated with the use of random dot
backgrounds with various configurations. The heated air jet generated by a Steinel
HL 1610 S heat gun. It has two operation modes, ejecting heated air at temperatures
of 575 K and 783 K with speeds of 4.7 m/s and 8.2 m/s respectively from a nozzle
with diameter 0.033 m. The corresponding nozzle diameter based Reynolds numbers
of the operation modes are Rep=3200 and Rep=3400. For the present experimental
assessment, only the first (low speed and low temperature) mode of the heat gun is
utilized to enable the spatial and temporal resolution limits of the measurement system
to fall within the range of instantaneous flow scales as much as possible.

Entocentric

lens

Figure 3.1: Background oriented schlieren (BOS) experimental setup with the heat gun.

Configuration of the BOS setup is composed of a Hamamatsu ORCA-Flash4.0 V3
Digital CMOS camera, a f = 100 mm Nikkor lens, a 10000 Im 80 Watt cool white
LED as the light source and backgrounds laser printed on 240 g/m? paper (Fig,. 3.1).
The backgrounds are generated via uniformly downsampling the total range of param-
eters to obtain 37 combinations of varying dot size (dp), dot concentration (Ny) and
distribution randomness (RR). The distance between the light source, and the back-
ground is adjusted to optimize the trade-off between light intensity and uniformity.
The distances between the camera, the background and the heat gun are configured
in consideration of three different factors. On top of the trade-off between increased
sensitivity and defocusing of the schlieren object, the resolution of the flow features
in the spatial domain are aimed to be limited to a spatial resolution level which can
be matched by the maximum shutter speed of the camera with a continuous light
source. Accordingly, 1000 images for each background pattern at an acquisition fre-
quency of f,q=100Hz are recorded with an exposure time of ¢=5 milliseconds to limit
the temporal averaging of flow features and to allow sufficient illumination signal to
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be captured utilizing an aperture of f4=16. Finally, local temperature measurements
are performed over the jet axis at 6 different longitudinal positions (1<L/D<6) from
the exit of the heat gun via a K-type thermocouple (Fig. 3.1, right).

3.2 Aerothermodynamics of transonic low-pressure turbine cas-
cades

Compressible phenomena play a crucial role in turbomachinery flows, significantly
affecting boundary layer behavior and loss mechanisms within the turbine cascades
(Gier and Hiibner, 2005; Martinstetter et al., 2010). Despite the importance of den-
sity varying flow features, the application of background oriented schlieren (BOS)
to high-speed flows in turbomachinery remains underutilized with only a few ex-
amples reported by Alhaj and Seume (2010) and Gong et al. (2018). The SPLEEN
(Secondary and Leakage Flow Effects in High-Speed Low Pressure Turbines) test case
focuses on transonic low-pressure turbines, which are characterized by low Reynolds
numbers, to address the shortage of experimental data in this area. To complement
the experimental work by Simonassi et al. (2022) and Lopes et al. (2022), the current
study aims to perform BOS measurements to characterize compressible turbine flows
and provide guidelines for applying this technique to the specific flow conditions un-
der investigation. The images were processed using cross-correlation and optical-flow
methodologies, and the results from these algorithms were compared with CFD data
presented by Rosafio et al. (2023).

INLET PERIODIC

WAKE GENERATOR INLET NOZZLE

Figure 3.2: Schematic of the VKI-S1 continuous high speed cascade wind tunnel.

The experiments were carried out in the closed-loop high-speed, low-Reynolds num-
ber wind tunnel S-1/C of von Karman Institute (Fig. 3.2 and Fig. 3.3, A). This facility
allows the independent variation of the Reynolds and Mach numbers, hence the en-
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gine representative conditions can be effectively reproduced. The facility is driven by
a 615 kW axial compressor, controlling the mass flux and therefore the Mach number,
while the Reynolds number is fine-tuned by a vacuum pump which enables reaching
pressure levels below 5000 Pa. Before admitting the air into the test section, a series
of screens and honeycombs are used to ensure homogeneous axial flow conditions. A
passive turbulent grid placed 400 mm upstream the cascade central blade can be used
to increase the free stream turbulence intensity up to 2.4%.

Figure 3.3: Background oriented schlieren (BOS) experimental setup configured in the VKI-S1 wind tunnel.

The tested turbine cascade is representative of a blade hub-endwall section of future
generation of small-mid range aircraft engines. Hence, these specific blades were de-
signed for transonic outlet Mach numbers, low acceleration and high deflection flow
exiting the turbine stage. Details about the specific blade geometries are described by
Simonassi et al. (2022). The BOS measurements were implemented with three op-
tical configurations that use different digital CMOS detectors (Hamamatsu ORCA-
FLASH 4.0 V3 and Imager SX 4M cameras for low-frequency measurements, and a
Dantec Dynamics SpeedSense 2012 for time-resolved measurements)(Fig. 3.3, C.1).
All three optical setups use a Tamron SP 180 mm lens (Fig. 3.3, C.2). A computer-
generated speckle pattern is designed based on the guidelines provided by Cakir et al.
(2024). A background pattern with a particle concentration of 0.027 ppp is laser
printed on 220 g/m? paper at a resolution of 1200 dpi (Fig. 3.3, D). The size of the
background dots was optimized for each combination of camera and FOV. The test
section features a single optical access, as visible in Fig. 3.3, therefore the background
location was constrained to be on the cascade end-wall. The backgrounds were front-
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illuminated by two racks of eight Cree XP-E2 Qs Green LEDs mounted on the outer
surface of the optical window, as shown in Fig. 3.3 (B).

3.3 Aeroacoustics of supersonic dual-stream co-axial jets

Dual-stream co-axial supersonic jets contribute significantly to the acoustic signature
of future aircraft concepts intended for use in supersonic civil aviation. There are three
primary noise-generating mechanisms present in supersonic jets: broadband shock-
associated noise, jet screech, and turbulent mixing noise (Tam, 1995). Although these
mechanism are well established for single-stream supersonic jets, investigations on
dual-stream cases with co-axial convergent-divergent nozzles is limited. As a conse-
quence, the objective is to generate a database that features a dual-stream supersonic
convergent-divergent nozzle operating at several expansion conditions. Similarly,
BOS is previously emplyed for qualitative and quantitative characterization (Wernet
et al., 2021), control (Kumar et al., 2011) and three-dimensional reconstruction (Nico-
las et al., 2017) of supersonic jets, but never before for measurements of dual-stream
jet configurations. Accordingly, BOS is utilized to identify the shock-cell structures
both single- and dual-stream configurations that are the basis for the shock-associated
noise generation.

Figure 3.4: Air supply of VKI-JAFAAR facility (left). Anechoic room and microphone far-field antenna (right).

The experiments are performed in the JAFAAR facility (Jet Aeroacoustic Facility for
Aeronautical and Aerospace Research) of the von Karman Institute (Fig. 3.4). The
facility is operated using a 40 bar pressure network (Fig. 3.4, left) employing two
identical pressure regulators and ensuring a sufficient mass flow. Downstream the twin
regulators, an electrical regulated valve is used in combination with a control loop to
maintain constant flow conditions at the jet outlet. A single buffer tank of 500 L is
then used downstream of the valve to dampen pressure oscillations from the pipeline.
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In order to control the jet streams of the coaxial nozzle separately, the independent
pressure lines are drawn from the buffer tank. Further information regarding the dual
stream piping design is available in Guariglia et al. (2018). The coaxial jets discharge in
an anechoic room with the dimensions of 4 x 3 x 4 m® and with a cut-off frequency of
about 200 Hz. Both pipes are equipped with static pressure probes and thermocouples
to control the flow conditions through the isentropic flow relations.

Background
pattern

Figure 3.5: Background oriented schlieren (BOS) experimental setup configured in the VKI-JAFAAR facility.

Configuration of the BOS setup is composed of a Phantom Miro M-310 Digital
CMOS camera (1280 %800 pixels, 12-bit, 20 um pixel size), a f = 150 mm focal length
Nikkor lens and a 10000 Im 80 Watt cool white LED as the light source (Fig. 3.5).
The backgrounds composed of speckle patterns generated under the guidelines es-
tablished by Cakir et al. (2024) are printed on translucent paper. A diffuser sheet is
placed between the background and the light source to achieve a high uniformity of
illumination intensity over the field of view. The distances between the camera, the
background, and the supersonic jet are configured in consideration of three different
factors. On top of the trade-off between increased sensitivity and defocusing of the
schlieren object, the resolution of the flow features in the spatial domain is aimed to
be limited to a spatial resolution level that can be matched by the maximum shutter
speed of the camera while a continuous light source is employed. Accordingly, the
aperture and the exposure time are set to f=16 and 20s respectively. The BOS data
is acquired at a rate of f,q=200 Hz for 20 seconds which amounts to 4000 images for
each operating condition.

3.4 Aerodynamics of supersonic flows

As the BOS measurements are increasingly employed for the development and vali-
dation of computational fluid dynamics models (Ramanah et al., 2007; Kirmse et al.,
2011), the cross-correlation based BOS becomes vulnerable to fall short of the cor-
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responding resolution and accuracy requirements, whereas OF is showcased as a vi-
able solution. Despite its utilization in various occasions (Atcheson et al., 2008; ?;
Grauer et al., 2018; Heineck et al., 2021), a lack of quantitative characterization of
its capabilities and application details exists, especially in high-speed flows. Thus, its
utilization requires proper quantification of the resolution, sensitivity and accuracy of
OF based BOS, as well as the optimization of the experimental and image processing
configurations. This study aims to quantify the accuracy characteristics of optical flow
compared to cross-correlation employing various background patterns. Accordingly,
the experimental applicability of the deflection sensing and background generation
methods under investigation is demonstrated by conducting BOS measurements of
Mach 3.5 supersonic flows over a von Karman Ogive and a 10° wedge.

Test section Diffuser

Settling chamber

40 bar SLIpp|y line Model Incidence mechanism

Figure 3.6: Schematic of the VKI-S4 supersonic wind tunnel.

The experimental setup employed in this section is implemented on the VKI-S4 su-
personic wind tunnel of the von Karman Institute (VKI) (Fig. 3.6). The VKI-S4 rig is
a blow-down wind tunnel equipped with a 2D contoured nozzle providing Mach 3.5
supersonic flow into a test section of 8 x10 cm?. The reservoir pressure can be adjusted
within a range of 3 to 18 bars to achieve a typical unit Reynolds number of 5x 10”/m.
Configuration of the BOS setup is composed of a Hamamatsu ORCA-Flash 4.0 V3
Digital CMOS camera, a Nikkor entocentric lens of focal length f = 200 mm and
four Chazon 100W 10x10 blue (465 nm) LED arrays as the light source (Fig. 3.7). The
LEDs, supplied with a DC power source, are utilized to illuminate the backgrounds
from behind to enhance the recorded contrast and eliminate reflection effects. The
backgrounds are laser printed on 240 g/m? paper sheets. A random dot background
pattern with particle density of N7=0.027 ppp is created with the dots generated as
white squares over a black background. Moreover, four wavelet noise backgrounds
are generated based on 3 different noise patterns with constant initial resolution level
(nr=2), while the final resolution level is varied between 10<n <12. The supersonic
tests are conducted with two different models of a von Karman ogive and a 10° wedge
(end-to-end). The exposure time of the camera is set to 100 ms. Accordingly, 40
wind-on images are recorded for each model and background combination with an
acquisition frequency of fqq=10Hz. An aperture of fx=22 is used to minimize the
defocusing effects of blur and diffraction in the vicinity of the model surface.
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Figure 3.7: Background oriented schlieren (BOS) experimental setup configured in the VKI-S4 wind tunnel.
3.5 Hypersonic shockwave boundary layer interactions

Shockwave boundary layer interactions have been a canonical case for combined nu-
merical and experimental investigations, which drives the interaction of high-speed
arial vehicles with the compressible flow field, dictating their performance specifica-
tions and design constraints (Delery, 1985). Accordingly, various experimental tools
have been used to characterize the flow behavior in SBLI scenarios, mainly focusing on
the non-intrusive techniques to infer the specifications of flow features optically. In
this regard, BOS provides a unique opportunity to quantitatively characterize density
varying flows by means of an inexpensive and simple setup (Raffel, 2015). Although
the availability of new advancements in hardware and software extended the reso-
lution limits of BOS imagery significantly (Ota et al., 2017; Weisberger and Bathel,
2022; Cakir, Lavagnoli, Saracoglu and Fureby, 2022; Molnar et al., 2023), the possibil-
ity of using BOS in a shockwave boundary layer interaction (SBLI) scenario is yet to
be explored. Hence, this study targets a detailed analysis of the flow features obtained
over a stainless steel cone (7.5°) flare (17.5°) model with a blunt (1.5 mm of radius) ex-
posed to Mach s hypersonic freestream using BOS setups of different configurations
to highlight the specifications and the resultant flow visualization characteristics.

fast acting valve

——

test section
T T/ diffuser

model injection system

supersonic ejector
air supply

Figure 3.8: Schematic representation of VKI-H3 hypersonic wind tunnel facility.



The VKI-H3 wind tunnel (Fig. 3.8) is a low enthalpy, blow-down facility designed
to generate hypersonic flows at large Reynolds numbers (Simeonides, 1990). For the
present investigations, its operational capabilities are extended with the addition of
a newly designed and integrated axisymmetric contoured nozzle, producing a uni-
form Mach s free jet with an inviscid diameter of 120 mm (Cakir, Grossir, Paris and
Saracoglu, 2022) which allows the free-stream unit Reynolds number to be varied from
sx10% to 35x10% /m with the current Mach 5 nozzle (Gyenge et al., 2024). The BOS
measurements are performed with 2 different optical configurations. As illustrated
in Fig. 3.9 (A), a conventional BOS setup is constructed with a diverging light ray
arrangement in which the light collection optics directly face the background pattern
through an entocentric lens. On the other hand, in case of a telecentric configuration,
the imaging arrangement only focuses the parallel light beams coming from the tar-
get on the sensor where an aperture is placed at the focal point, canceling non-parallel
light rays (Fig. 3.9, B). This optical arrangement can either be achieved via mirrors
(Orta et al., 2015) or by means of a telecentric lens (Cozzi et al., 2017). In the current
case, the telecentric setup has one focusing mirror (f1), a flat mirror, an aperture and
the imaging objective (f2). In this setup, the imaging objective and the focusing mir-
ror are placed with a separation of fi+ f5 to collimate the parallel light beams coming
from the background pattern and the aperture is placed at the focal point of both
mirror and objective.

_ Light source

Translucent
background
& diffuser

— /’
=

Focusing
mirror

Figure 3.9: Entocentric (A) and telecentric (B) background oriented schlieren (BOS) experimental setups con-
figured in the VKI-H3 wind tunnel.

Two different cameras, Hamamatsu ORCA-Flash 4.0 V3 (2048x2048 pixels, 16-bit,
6.6pum pixel size) and Phantom Miro M-310 Digital CMOS camera (1280x 800 pix-
els, 12-bit, 20pum pixel size), are successively employed for the acquisition of the BOS
images. A Nikkor entocentric lens of variable focal length is mounted to both of the
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cameras. While the objective is set to f=200mm for the diverging BOS configuration,
f =13smm is used for the telecentric setup. When image acquisition is performed us-
ing Hamamatsu ORCA-Flash 4.0 V3 digital camera, the exposure time is set to 1ms
which allows an acquisition frequency of f,cq=100Hz. On the other hand, the larger
sensor size of the Phantom Miro M-310 Digital CMOS camera enables shorter ex-
posure times at 10us with image acquisition at a frequency of fyq=1kHz. For the
diverging BOS setup, the aperture is set to the minimum available on the imaging
objective fu=22, while for the telecentric configuration the depth of field control is
manipulated via the additional aperture. For each field of view, backgrounds com-
posed of speckle patterns are generated under the guidelines established by Cakir et al.
(2024) and printed on translucent paper. A diffuser sheet between the background
and the light source is placed to achieve a high uniformity of illumination intensity
over the field of view while the backgrounds are illuminated from the rear via a 10000
Im 80 Watt cool white LED (Fig. 3.9). In addition to the BOS measurements, oil flow
visualization technique is also employed to visualize the flow features attached to the
model surface as the shear forces exerted on the model surface shape the spatial distri-
bution of oil/titanium powder mixture. For improved contrast, the model is painted
in black and the oil mixture is illuminated with four Chazon 100W 10x10 blue (465
nm) LED arrays (Fig. 3.10). The oil flow visualization images are acquired with the
Phantom Miro M-310 Digital CMOS camera over a period of 20 seconds to record
the full oil pattern evolution.

X

1 ¥
LED light
source

§ —

Cone-flare
wind tunnel model

Figure 3.10: Test section of the VKI-H3 wind tunnel and the oil flow visualization setop.

3.6 Laminar burning velocity measurements on Bunsen burn-
ers

The advancement and implementation of novel sustainable aviation fuels necessitate a
comprehensive understanding of their chemical attributes and combustion character-
istics. A central fuel characteristic is the laminar burning velocity (LBV), representing
the speed of laminar flame propagation in a combustible gas mixture, and is influ-
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enced by pressure, temperature and composition (Konnov et al., 2018). This funda-
mental flame property encompasses the combined effects of heat release, diffusivity,
and reactivity within the mixture. Although background oriented schlieren (BOS) is
demonstrated to be both reliable and accurate for density field characterization in re-
active flows (Bauwens et al., 2017; Grauer et al., 2018; Choudhury and Joarder, 2022;
Wahls and Ekkad, 2022; Bacek et al., 2022), to the authors’ best knowledge BOS has
never been used for characterization of LBV. Hence, this study aims to demonstrate
and assess the use of BOS as a means to perform flame front reconstruction and, in
turn, evaluate LBV on a series of premixed flames.

3.6.1 High-pressure Bunsen burner

Fig. 3.11 displays a schematic of the burner utilized in the study. The high-pressure rig,
made of stainless steel, has a cylindrical design. It can operate at a maximum pressure
of 36 bar and withstand ambient temperatures up to 220°C. The chamber’s internal
volume is 25 liters, with an inner height of 500 mm and an inner diameter of 254.5
mm. To facilitate comprehensive optical diagnostics, the chamber is equipped with
four view-ports positioned at 0°, 90°, 180°, and 270°. Pressure within the chamber
is maintained at a constant level by electronically controlling the gas flow with back-
pressure regulators, ensuring a steady operation at desired conditions. Further details
of the high pressure rig are provided by Joo et al. (2015).
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Figure 3.11: Background oriented schlieren (BOS) setup configured in the high-pressure Bunsen burner and
general schematics of the high pressure combustion apparatus. 1—Access ports. 2—Top cap
flange. 3—Cooling coils in series. 4—Access ports. 5—Chamber tube. 6—Window frames.
7—Anti-reflection coated sapphire windows. 8—Bottom cap flange. 9—Mounting plate. 10—
Interchangeable burner module. 11—Chamber burner module. 12—Access ports. Adapted from
Joo et al. (2015).

Configuration of the BOS setup comprised a IMPERX PoE-C6410 camera (6480 %< 4860
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pixels, 12-bit, 3.451m pixel size) and a f=20omm constant focal length Nikkor lens
which enabled the visualization of a 15oxisomm field of view (Fig. 3.11, left). The
minimum aperture setting ( f4=32) is selected to maximize depth of field as the back-
ground is placed 6oomm from the burner axis and the camera is placed at 1.2m from
the burner axis on the opposite side. The high light intensity available to the imag-
ing sensor enabled short exposure imaging where the exposure time is set to 1ys. In
order to enhance statistical convergence in the temporal domain, a low acquisition
frequency of f=10Hz is utilized and in total 100 images are acquired for each operat-
ing condition. The background is composed of a computer generated speckle pattern
and printed on thick paper, and retro illuminated with a flood lamp.

3.6.2 Atmospheric Bunsen burner

The main component of the experimental setup is a water-cooled stainless steel Bunsen
burner comprised of an extended premixing tube, length 600 mm, and a convergent
nozzle (Fig. 3.12) with an exit diameter of 15 mm. The air and gaseous fuel supply is
controlled using two Bronkhorst mass flow controllers. The configuration of the BOS
setup is composed of a Basler ace acAr920-40gm Digital CMOS camera (1920x1200
pix resolution with 5.86 um pixel size), a Nikkor entocentric lens of focal length f = 28
mm, and a flood lamp as the light source (Fig. 3.12). The aperture of the objective was
set to =16 to maximize the depth of field. A computer-generated speckle pattern is
created based on the guidelines provided by Cakir et al. (2024) and laser printed on
240 g/m? paper.
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Figure 3.12: Background oriented schlieren (BOS) setup configured around the atmospheric Bunsen burner.

An alternative method that can compete with the adaptability and ease of application
of BOS is direct chemiluminescence imaging. During the chemical reactions that
take place in proximity of the flame front, radicals are formed in an excited state.
Hence, the decay of the radicals from this excited state causes spontaneous emission
of light at specific wavelengths depending on the chemical composition. The highest
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concentration of excited radicals exists within the flame front where the reactions take
place, thus the high emission intensity captured by the camera allows the flame front
to be detected. The same optical acquisition setup that was utilized for BOS was
also used to acquire chemiluminescence images of the flames. A dark non-reflective
surface was then placed between the background mount and the investigated flame to
prevent reflections and reduce background luminosity. However, since the intensity
of the flame chemiluminescence was significantly lower than that of the BOS light
source, the aperture was adjusted to fx=2.5, and the flame was put in the optical
focus.

3.7 Swirl-stabilized turbulent flames in gas turbine combus-
tors

To maximize efhiciency and ensure optimal performance in a gas turbine combus-
tor, it is crucial to reduce fuel consumption and minimize pollutant emissions in line
with current environmental regulations. Accordingly, lean premixed combustion re-
duces flame temperatures and prevents the formation of high-temperature hotspots,
thereby mitigating NOX emissions (Correa, 1998; Bauer, 2004; Lefebvre and Ballal,
2009). The CeCOST burner, modeled based on the EV/AEV burner (Sattelmayer
et al., 1992), features intricate turbulence-flame interactions similar to those seen in
industrial settings (Hodzic et al., 2018) which often use swirl-stabilized flames because
they provide high heat and power output in a compact design while maintaining sta-
ble combustion across various operating conditions (Lilley, 1977; Weber and Dugué,
1992). Although the flame dynamics and combustion characteristics of the CeCOST
burner are well studied (Subash et al., 2020; Liu et al., 2021; Pignatelli et al., 2022,
2024), there has never been an attempt to visualize temperature induced density gra-
dients. In this regards, BOS provides a unique opportunity of utilizing the already
installed imaging system (for PIV and chemiluminesce imaging) without interfering
with the optical configuration owing to the obliterated need for configuring a colli-
mated light system in comparison to the conventional schlieren approaches.

The CeCOST burner (Pignatelli et al., 2022; Feuk et al., 2022) is integrated in the
atmospheric combustion rig of Combustion Physics Division of Lund University.
Schematics and photos of the burner assembly are provided in Fig. 3.13. Bulk air flow
is provided into the burner via a compressor based blower system while the fuel injec-
tion is performed through injection holes on a spiral tube installed inside the settling
chamber (Pignatelli et al., 2022). Premixed conditions are achieved by means of a
quarter-cone (Fig. 3.13, left-red circle) swirler which induces a counter-clockwise swirl
followed by a premixing tube (diameter 5o mm, height 100 mm) mounted between
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Figure 3.13: General schematics and photo of the CeCOST atmospheric combustion rig adapted from Pignatelli
et al. (2024).

the swirler and the combustion chamber. At the exit of the burner, a quartz quadratic
cross-section (140 X140 mm?) 400mm long combustion chamber is located which al-
lows full optical access for non-intrusive diagnostics. The combustion chamber exit
is constrained by means of a quartz plate with a central circular outlet of 80 mm
diameter which exhausts the combustion products towards the ventilation system.
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Figure 3.14: Background oriented schlieren (BOS) setup configured in the CeCOST atmospheric combustion rig.

In the BOS setup, a IMPERX PoE-C6410 camera (6480x 4860 pixels, 12-bit, 3.451m
pixel size) is used. Due to the binning (2x2 pix?) performed on the imaging sensor,
a large integrated light intensity was obtained even at the lowest exposure setting.
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Hence, a natural density (ND) filter of level 0.6 is utilized to suppress the excessive
light intensity on the camera sensor. For the imaging, a f=200mm constant focal
length Nikkor lens is employed which images a field of view size 150x200mm. The
minimum aperture setting with fx=32 is selected to maximize depth of field as the
background is placed 60oomm from the burner axis and the camera is placed at 2m
from the burner axis on the opposite side. The high light intensity available to the
imaging sensor enabled short exposure imaging where the exposure time is set to 1/s.
In order to enhance statistical convergence in the temporal domain, a low acquisition
frequency of f=10Hz is utilized and in total 100 images are acquired for each operating
condition. The background is composed of a computer generated speckle pattern and
printed on thick paper, which is retro illuminated with a flood lamp (Fig. 3.14, right).
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Chapter 4

Summary of results

This chapter summarizes the flow characterizations derived from the experimental
setups discussed in Chap. 3. The results are presented in two parts: qualitative visu-
alizations of flow field features, and quantitative characterizations of density fields or
extraction flow properties, captured through refractive index variations. The qualita-
tive analysis focuses on the flow visualization capabilities of the background oriented
schlieren (BOS) technique, while the quantitative analysis highlights BOS’s advantage
over conventional schlieren methods—namely, the ability to reconstruct quantitative
flow information without calibration. Each section details the process of extracting
quantitative flow properties using displacement fields, reconstructed through an op-
tical flow-based image processing approach.

4.1 'Thermodynamics of switling subsonic heated jets

To evaluate the resolution and sensitivity of optical flow-based BOS under different
configurations of random dot background patterns, a parametric study was conducted
using a heated jet of air. This scenario presents a challenging case due to its highly
turbulent flow field, with scales that exceed the spatial and temporal resolution limits
of the optical setup. Prior to the experiments, synthetic analyses were carried out on
shock tube and density-driven turbulence flow fields, which identified varying op-
timal configurations for maximizing local resolution and sensitivity. Consequently,
background generation parameters were selected to align with the anticipated flow
field characteristics in the experiments. The increased complexity of the displace-
ment vector distribution in the heated jet case further highlighted the tunability of
the background patterns. Specifically, it was found that larger speckles with a high
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concentration enhance local resolution in highly turbulent flow fields, while greater
sensitivity to the randomness of the speckle distribution was observed.

Fig. 4.1 (middle) shows an instantaneous snapshot of the processed BOS images of
the heated jet. A strong swirling behavior is induced by the fan that accelerates the
flow out of the nozzle. This allows the heat gun to discharge air with large scale
turbulent structures. The shear layers are observed between the jet and the still air
over which Kelvin-Helmholtz (KH) instabilities are induced. The length scales of
these instabilities are rather small in proximity of the jet exit. Further downstream,
the eddies generated via the KH instabilities grow in size, spreading the jet spatially at
a relatively constant rate which is confirmed via the time averaged displacement map
(Fig. 4.1, right). This also yields an increase in the rate of heat transfer as the eddies
existing over the shear layers not only transport momentum but also thermal energy
between the fast jet and the surrounding still air. These findings are in line with the
literature on heated jets (Simonich et al., 2001; Viswanathan, 2004; Andersson et al.,
2005; Zhu et al., 2018).

Figure 4.1: A raw image from the background oriented schlieren (BOS) setup (left), instantaneous snapshot
of the displacement field reconstructed via optical flow (middle), and time-averaged displacement
field (right).

BOS also allows the temperature field to be computed by relating the displacements to
density gradients which in turn yields a temperature field using the ideal gas relation.
Since, the averaged profile of the jet is axisymmetric, the inverse Abel transform can
be employed to compute planar temperature gradients which can be directly related
to the changes in refractive index as described by Xiong et al. (2020). Accordingly, the
temperature profiles employing background patterns with fully random distribution
of speckles (RR=100%) are reconstructed to perform investigations of the response of
optical flow to varying speckle size (dp) and concentration (N) (Fig. 4.2). Starting
with the smallest speckle size (dp=1 pix) to assess the effect of speckle concentration
on temperature reconstruction accuracy and precision, a clear underprediction of the
temperature towards the center of the jet axis is observed. The low concentration of
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speckles yielding a less populated pattern results in a low level of signal to noise ratio
since the only illumination features optical flow can utilize belong to the interfer-
ence pattern of the light source with the thick paper. As the speckle concentration is
increased, a gradual improvement in reconstruction accuracy is captured for the tem-
perature field in proximity of the jet exit (L/D=1) whilst achieving considerably good
accuracy for L/D=3 and L/D=s directly above N;>0.012. Overall, highest accuracy
and precision for dj,=1 pix is obtained at Ny= 0.070 ppp whilst there exist local ex-
tremes exist in the error distribution, yielding a large overall accuracy deficit especially
for Ny<o.o060 ppp (Fig. 4.2).
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Figure 4.2: Time averaged temperature fields reconstructed by means of optical flow based background ori-
ented schlieren (BOS) using fully random (RR=100%) background patterns of varying speckle sizes
(dp) and speckle concentrations (N7). A sample time averaged global temperature field is pro-
vided with the temperature information extracted over three locations for comparison with the
thermocouple measurements.

Furthermore, investigating the influence of speckle size on the performance of optical
flow based BOS, an accuracy jump between the patterns with dp=1 pix and dp>1
pix is attained. Using speckles with size dp=2 pix and dp=3 pix, much larger illumi-
nation regions are obtained providing high SNR of illumination gradient maps for
the displacements induced over the backgrounds. Thus, the resultant temperature
gradients are reconstructed with greater accuracy. The best reconstruction capability
is attributed to the highest concentration of speckles (IN7=0.036) while no significant
difference between the results of N7=0.024 ppp and N1=0.036 ppp is observed quali-
tatively. Nevertheless, when the error distribution over the entire low field is extracted,
both the mean and median error values are observed to be lower with N7=0.036 ppp
for dp=2 pix, indicating not only better temperature reconstruction accuracy but also
higher precision (Fig. 4.2). Increasing the speckle size further to dj,=3 pix, the accu-
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racy deficit between different levels of speckle concentrations gets even smaller. Going
beyond the speckle size of dp>3 pix, the accuracy of reconstruction is observed to be
decreasing. As a result, the highest accuracy for RR=100% is obtained with dp=3
pix at the given concentration levels as optical flow requires more densely populated
patterns with smaller speckles to avoid large illumination features, which is analogical

to peak locking for block matching (Scharnowski and Kihler, 2020).

4.2 Aerothermodynamics of transonic low-pressure turbine cas-
cades

The straightforward setup of BOS enabled density gradient measurements within a
single optical access turbine cascade which required a highly sensitive configuration to
capture all relevant flow characteristics effectively. The flow field was analyzed from
both time-averaged and time-resolved perspectives using two displacement detection
algorithms: cross-correlation and optical flow. Compared to the cross-correlation
results, the optical flow method provided smoother displacement trends and more
reliable values across all critical regions of the FOV. BOS successfully detected shock-
wave patterns, boundary layer thickness, shock-wave boundary layer interactions,
trailing edge flows, and shock unsteadiness. The results were consistent with previ-
ous studies on shock-wave boundary layer interactions in LPT cascades under similar
Mach and Reynolds number conditions.

BOS images visualizing the compressible flow features within the transonic blade pas-
sage for varying Mach and Reynolds numbers are provided in Fig. 4.3. The typical
flow structures of a shock wave within a turbomachinery row were clearly detected.
Just upstream the shock wave, the flow in the passage accelerates due to the passage
geometry. When the sonic condition is reached, the passage chokes. Owing to the
further contraction of the passage (boundary layer growth on suction and pressure
sides), the flow suddenly compresses through a normal shock (Graham and Kost,
1979). Moreover, in fully convergent turbine cascades, shocks and expansion waves
inside the cascade emanate from the blade trailing edge, and impinge on the adjacent
blade suction side (Gostelow et al., 2009). From the BOS images in Fig. 4.3, it can be
deduced that the shock intensity is correlated to the Reynolds number. Accordingly,
the weakest shock intensity is captured for the lower boundary of the test matrix in
terms of Reynolds number (Rea=70x10%). Then, as the Reynolds number is increased
to Rep=120%10%, the passage shock gets stronger with a 57% increase in the captured
displacement. This is promoted by the changing thickness of the boundary layers as
the Reynolds number varies, which dictates the effective contraction ratio within the
channel between the two turbine blades.
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Figure 4.3: Visualization of shock impingement on the blade suction side and wake region for Re;=70x 103
M2=0.95 (1%t column), Re2=120% 10° M5=0.95 (2" column), Re5=140x 10 M>=0.95 (3" column),
Re>=120x10° M5=1.00 (4™ column) and reconstructed shock waves (5" column).

Furthermore, while the Reynolds number had a modest impact on the location of
shock wave impingement, it significantly influenced the shock intensity. The orien-
tation and behavior of the compressible flow features were observed to be insensitive
to the turbulence level controlled by an upstream wake generator. In contrast, the
Mach number affected both the shock impingement position and shock intensity.
Additionally, the shock wave-induced boundary layer separation observed on the suc-
tion side of the turbine was compared with a previous experimental study by Lopes
et al. (2022). The BOS results aligned with this study, indicating a boundary layer
separation at /¢ ~0.68 for M2=0.95 (where ¢ refers to the chord length of the tur-
bine blade). The FOV capturing the rear part of the turbine blade (at the bottom of
Fig. 4.3) revealed the trailing edge flow topology. At M2=0.95, the trailing edge shock
was observed to emanate only from the pressure side, whereas for Mo=1, trailing edge
shock waves were generated downstream of both the suction and pressure sides of the
turbine blade. The shock waves for the various Reynolds and Mach numbers tested
are plotted in Fig. 4.3(5™ column). Asa general trend, the shock wave originates closer
to the trailing edge as the Reynolds number increases due to changes in the state of
the boundary layer (Rossiter et al., 2022).

To detect the spatial orientation of the dominant modes of shock wave oscillations,
proper orthogonal decomposition (POD) analysis was conducted on a focused region
containing the shock wave. This analysis was performed for the highest Mach num-
ber case (M3=1), with results presented in Fig. 4.4. The POD analysis targeted the
fluctuating displacement across the shock wave. Mode 1, the most energetic mode,
represents the average displacement of the shock wave. Mode 2 reveals closely spaced
displacement peaks, indicating the unsteady and complex structure of the density
field surrounding the shock wave. Mode 3’s spatial function mirrors that of Mode
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Figure 4.4: Proper Orthogonal Decomposition (POD) analysis on shock wave dynamics.

1 but with an opposite sign, accounting for phase-oriented relocation of the shock
wave. This analysis was validated by reconstructing the displacement field. When
only Modes 1 and 2 are considered, the shock wave’s center remains stationary while
its width and intensity fluctuate over time. However, Mode 3 causes the shock wave
to shift in the streamwise direction. Further investigation is required to identify the
sources of the shock wave instability.

4.3 Aeroacoustics of supersonic dual-stream co-axial jets

BOS optical measurements were used to characterize the complex interactions within
the shock-cell structure when the dual supersonic streams of a coaxial jet interact un-
der varying nozzle pressure ratios. The BOS data provided visualization of the density
gradients both within and around the jets, facilitating the spatio-temporal decompo-
sition of flow structures related to different noise generation mechanisms. The study
confirms the presence of three primary noise mechanisms in supersonic jets oper-
ating under non-design conditions: Broadband Shock-Associated Noise (BBSAN),
jet screech, and Turbulent Mixing Noise (TMN). For the dual-stream case, two BB-
SAN humps were observed, likely resulting from the interaction between the inner
and outer shear layers with shock-cell structures. Jet screech, characterized by fun-
damental tones and their harmonics, was prominent in non-adapted cases. Mixing
noise dominated the low-frequency spectrum, exhibiting a directional characteristic
downstream. Overexpansion or underexpansion conditions, along with variations
in secondary stream velocity, significantly impacted shock-associated noise and tonal
components.
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4.3.1  Flow characteristics of supersonic dual-stream co-axial jets

The analysis of the BOS measurements for different exit Mach numbers of the pri-
mary nozzle, with no flow through the secondary nozzle (Fig. 4.5), confirms a well-
documented evolution in the jet structure (Norman et al., 1982; Raman, 1998). As
the primary jet stream reaches supersonic speeds, the jet is overexpanded below the
design Mach number (1.1<Mp<r1.4). Hence, a conical shock wave attached to the
lip of the nozzle exists which compresses the lower exit pressure to the ambient con-
ditions. The shear layers acting as a contact discontinuity separate the jet stream from
the surrounding air over which the pressure is constant while density varies (Fig. 4.5).
A very distinctive feature of overexpanded supersonic jets can also be observed from
the BOS results which is the increasing spacing of shock cells with increasing nozzle
pressure ratio (increasing Mp). Since the nozzle is designed to have perfect expan-
sion to ambient conditions at design condition, no shock structure is observed and the
only density-varying feature is the shear layer that surrounds the primary jet stream
for Mp=r.5. Finally, as the primary jet stream reaches Mp=1.6, the jet is underex-
panded above the design Mach number with an expansion fan attached to the nozzle
exit that is followed by a shock train.
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Figure 4.5: Visualization of radial density gradients reconstructed with background oriented schlieren (BOS)
for varying primary jet Mach number (1.2<Mp<1.6).

Moving on to the dual-stream flow behavior illustrated in Fig. 4.6, as the secondary
stream is accelerated to 1.2<Mg, the regular shock-shock interaction (RI) observed
at the primary jet centerline transitions to Mach interaction (MI) which is captured
as a quasi-normal shock segment (Hornung, 1986). The intensity of the MI is ob-
served to increase between Mg=1.2 and Mg=1.3 in which the shock wave generated
at the primary nozzle lip inside the secondary jet stream reflects from the outer shear
layer and penetrates into the primary jet stream. Accordingly, the opening angle of
the initial shock wave is observed to be detrimental in terms of its influence on the
primary jet behavior. For Mg<1.4, the opening angle is small, hence the reflected
shock impinges too closely to the RI of the first conical shock wave inside the pri-
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mary jet stream leading to the MI. As the Mg increased, the sizes of the shock cells
are increased which also increases the angle between the shocks and the radial axis.
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Figure 4.6: Visualization of radial density gradients reconstructed with background oriented schlieren (BOS)

for the constant primary jet Mach number (M p=1.5) and varying secondary jet Mach number
(1.2<Mg<1.6).

Increasing the Mach number beyond the design condition leads to an underexpanded
jet, hence the expansion fan appears attached to the lip of the secondary nozzle. As the
shear layers of the secondary nozzle follow a concave curvature, the flow experiences
a compression which leads to the generation of the barrel shock that is followed by
a shock train due to the reflection of the shocks between the outer shear layer and
the primary nozzle surface. Finally, the combined shock cell structure observed for
the design condition is stretched significantly at each Mach number increment over
Mg=1.4. This leads to the presence of MIs not only for shock-shock interactions
between the secondary and primary streams, but also within the core flow of the
primary stream itself. Thus weakening the intensity of the compressible flow features
downstream of the first interaction zone.

4.3.2 Noise characteristics of supersonic dual-stream co-axial jets

Following the seminal work of Tam (1995), three different types of noise-generating
mechanisms are present in supersonic jets operating under non-design conditions:
broadband shock-associated noise (BBSAN) (André et al., 2013), jet screech (Raman,
1999), and turbulent mixing noise (TMN) (Jordan and Colonius, 2013). The latter is
produced by coherent turbulent structures traveling downstream the jet, the so-called
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wavepackets (Maia et al., 2019; Cavalieri et al., 2019), and is present in subsonic and
supersonic regimes. Jet screech and BBSAN are due to the interaction between the
spatio-temporal wavepackets and the quasi-steady shock-cell structures. BBSAN is
a non-discrete noise mechanism that dominates the sideline directions and the high
frequencies (Wong et al., 2021). On the other hand, jet screech is a tonal sound
mechanism, caused by a self-reinforcing feedback loop (Edgington-Mitchell et al.,
2021).
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Figure 4.7: Far-field noise spectra at different polar angles for the dual-jet case with 0.9<Ms<1.2 (left) and
1.3<Ms<1.6 (right) at constant primary nozzle pressure ratio (M p=1.5).

Fig. 4.7 demonstrates the sound spectra reconstructed from far field microphone
measurements for the cases with varying secondary nozzle isentropic Mach number
0.9<Mg<r.2 while primary nozzle is kept at M p=1.5. Focusing on the acoustic sig-
nature of the dual supersonic stream cases (Fig. 4.7, right), it is noted that for all four
conditions within this range, the maximum contribution of TMN occurs around
Sts=0.25. For all cases except the baseline at Mg=1.4, both the fundamental tone and
its first harmonic are identified, increasing in intensity as the observer moves towards
upstream directions and shifts towards lower St values with increasing Mg. A re-
duction in the contribution of BBSAN is observed in the baseline case at Mg=1.4,
which exhibits two distinct humps of similar intensity (clear from 70° and beyond)
and no tonal contribution. Even in the other cases, the high-frequency BBSAN hump
is present, which is presumably related to the interaction between the outer shear layer
and the shock-cell structures, reaches a maximum at 110° and Mg=1.6, where it is
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12 dB higher than the maximum TMN contribution.
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Figure 4.8: Visualization of 1 and 2"¢ POD modes of radial and axial density gradients reconstructed with
background oriented schlieren (BOS) for Mg=1.3 (1°' row) and Ms=1.4 (2" row) at Mp=1.5.

In order to understand the contribution of compressible flow features to the noise
generation mechanisms, the dominating spatial flow field features are decomposed
via performing a proper orthogonal decomposition (POD) analysis. Fig. 4.8 shows
leading modes of density gradients along the jet axis and the radial direction for two
different cases. At constant primary nozzle pressure ratio (Mp=1.5), for Mg=1.3 a
strong interaction is observed between the vortices in the shear layers of the secondary
nozzle and the shock structure (Fig. 4.8, 1™ row). The K-H instabilities at the exit of
the secondary nozzle are amplified as they propagate downstream and the local eddy
size increases. As these larger eddies reach the exit of the primary nozzle, they inter-
act with the shock-cells generated between the two supersonic streams, increasing the
intensity of the turbulent structures. This leads to a strong interaction between the
shockeells and the viscous instability within the shear layers leading to the noise gener-
ation mechanism, referred to as screech. The noise spectra extracted from microphone
measurements also highlights the existence of screech tones (Fig. 4.7, right). On the
other hand, in case of Mg=1.4 there is no strong periodic unsteadiness captured that
relates to the the vortices in the shear layers. Instead, the dominant unsteadiness is
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purely associated with the localized oscillations of the shock structures. Thus, any
constructive interference between the shear layer instabilities and the shockeells is de-
molished, preventing the generation of screech tones (Fig. 4.7, right).

4.4 Aerodynamics of supersonic flows

In order to assess the respective capabilities of background oriented schlieren (BOS)
and various computational approaches for capturing flow structures to relevant high-
speed aviation platforms, a joint experimental and numerical analysis of a full scale
wind tunnel scenario with a 10° wedge exposed to Mach 3.5 supersonic conditions
is performed. The experimental data is acquired by means of a background oriented
schlieren (BOS) setup where the optical flow (OF) based reconstructions are com-
pared against the ones obtained via cross-correlation (XCOR). Superior character-
istics of resolution and sensitivity is observed with OF which allows higher accuracy
reconstructions of density variations. Moreover, numerical simulations are performed
with different modeling strategies which yielded a dataset with variations in flow field
structures that are key to accurate description of the flow physics. In this regard, the
impact simulation domain definition, the treatment of temporal domain and turbu-
lent structures are investigated against the experimental results while highlighting the
specific features of the BOS measurement technique in use for validation studies.

4.4.1 Assessment and application of optical flow in background oriented
schlieren for compressible flows

Initial assessment of the experimental results is performed by analyzing the recon-
structed flow structures of the supersonic flow over the two models. Fig. 4.9 (left)
denotes a strong conical shockwave attached to the nose of the ogive. Although this
shock is generated with a conical form at the tip, its angle reduces towards the down-
stream of the model. On the other hand, the leading edge shock of the wedge is
observed to be straight due to the planar structure of the model (Fig. 4.9, right). Yet
its thickness increases further away from the model due to the end wall effects of a
relatively low aspect ratio test section (Wang et al., 2015). Downstream of the oblique
shock, the supersonic flow proceeds towards the expansion shoulder of the wedge
where it re-aligns with the incoming stream and generates a strong expansion fan.

The increased resolution brought by OF enables a sharper identification of the shock
location at the tip both with RD (Fig. 4.9, 2" row-left) and WN (Fig. 4.9, 3" row-left)
backgrounds compared to XCOR (Fig. 4.9, 1** row-left). The differences between the
utilized reconstruction approaches become more severe when finer details in the weak
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Figure 4.9: Time averaged vertical displacements for supersonic flow past von Karman ogive (left column) and
10° wedge (right column) reconstructed with cross-correlation (1% row), optical flow with random
dot (2" row) and wavelet noise (3" row) backgrounds.

expansion region over the ogive surface is investigated (Fig. 4.9, 2 & 3 rows-left).
Moreover, the clarity of the flow features in the base region of the ogive (separated
shear layer, the lip shock and the reattachment shock) further highlights the increased
resolution characteristics of OF against XCOR (Fig. 4.9, 1 row). In addition to the
resolution limit, the bandwidth limited characteristic of XCOR restricts the dynamic
range of the ray displacements. Hence, in close proximity of the expansion shoulder,
the displacement magnitudes reach beyond ~8 pixels which is above the resolvable
limit of 16x16 pix? TWs with 50% overlap. Thus, in combination with the spatial
smoothing effect, the displacements are severely underestimated (Fig. 4.9, 1% row).
Nonetheless, in regions further away from the model where the density gradients are
more outspread with lower amplitudes, the displacement vectors are reconstructed

with similar accuracy using both XCOR and OF based approaches (Fig. 4.9, right).

The density profiles over three lines (Y=-17mm, -21mm and -25mm) are extracted
to perform quantitative comparisons with the theoretical values of density variations
across the shock wave and the expansion fan (Fig. 4.10). Even though the OF based
approaches are able to capture a higher increase of density, the results are observed
deviate up to 70% of the theoretical values for the oblique shockwave. This is mainly
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Figure 4.10: Time averaged density variations over the flow fields of 10° wedge at Y=-17mm (top), Y=-21mm
(middle) and Y=-25mm (middle).

governed by the fact that the density variation across the shockwave is not resolv-
able due to the optical limitations of the setup. Regarding the expansion fan, a good
agreement of the density variations using OF in comparison to the theoretical values
is obtained closer to the model, while measurements with XCOR are significantly off
from the theory (Fig. 4.10, top-A.2). This is a clear quantification of the inaccuracies
introduced by the combined effect of the bandwidth filtering and lower resolution of
the XCOR method in comparison to the multi-scale reconstruction algorithm of OF
based deflection sensing. Yet, reducing the effective resolution of the schlieren object
in order to have the background in focus causes density gradients to be dissipated
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even for OF Additionally, the smoothness constraints associated with OF prevents
displacements to be discontinuous which is a severe limitation for capturing the edges
of the theoretical expansion fan. Moreover, further away from the model the differ-
ences between the XCOR and OF reconstructions are reduced owing to the mitigated
localization of the expansion fan and the corresponding reduction in the amplitude
of the density gradients.

4.4.2 Investigations of shock wave boundary layer interactions at high Reynolds
numbers

The flow feature composition of a SBLI scenario is well explored via various experi-
mental and numerical approaches (Gaitonde, 2015). Yet there is a lack of comparative
studies especially within a practically interesting Re range and dimensional specifica-
tion. Hence, the case of a 10° wedge exposed to Mach 3.5 supersonic flow in a full
scale wind tunnel operating at a high Re (Re; ,,,=46.8x10% 1/m and Rey,, ~10%)
provides a unique scenario in which the influence of various upstream features on
the formation of the SBLI can be investigated (Fig. 4.11). Accordingly, a comparative
study is comprised of experimental data acquired by means of BOS and numerical
simulations performed using two different turbulence treatment methods; Reynolds
Averaged Navier Stokes (RANS) and Large Eddy Simulations (LES). Regarding the
RANS setup, due to its superior accuracy in similar computational studies involving
interactions of shock waves with boundary layers (Boychev et al., 2021), the k —w SST
turbulence model is employed (Menter, 1994). In the case of LES, the influence of the
fluctuations stored in the subgrid scales is computed by solving a transport equation
for the subgrid-scale turbulent kinetic energy proposed by Kim and Menon (1995) as
the localized dynamic k45 equation model (LDKM).

Figure 4.11: Instantaneous flow structures over the wind tunnel walls demonstrated via isosurfaces of
0.01(A2)maz (colored by the Mach number distribution) and distribution of density gradient mag-
nitude.
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Analyzing the flow structures of the incidence shockwave turbulent boundary layer
interaction captured by the experimental data, the shockwave generated at the leading
edge of the wedge (Fig. 4.12, C1) impinges on the boundary layers developing over
the walls of the nozzle contour (Fig. 4.12, BL2). Upon the impingement, a reflected
shockwave (Fig. 4.12, C3) is generated whose foot (Fig. 4.12, C2) is resolved to be up-
stream of the incident shockwave impingement location. This indicates the presence
of a separation region induced by the strong adverse pressure gradients (Fig. 4.12, Cr).
The separated shear layers act as an effective compression surface to move the foot
of the reflected shock upstream. Downstream of the reflected shockwave, an expan-
sion fan (Fig. 4.12, E2) is generated, notifying that the size of the separation bubble
is sufficiently large to create a crest over which the flow following the separated shear
layer experiences a strong deflection towards the wind tunnel wall. As the flow pass-
ing through the expansion fan gets deflected towards the surface, the separated shear
layer reattaches to the nozzle wall. The flow following the shear layer gets compressed
gradually through a series of weak compression waves which coalesce to form the
reattachment shock (Fig. 4.12, C4).

Figure 4.12: Instantaneous flow structures within the SBLI region demonstrated via isosurfaces of pressure
gradient magnitude (gray), sonic surface (gold) and flow reversal region (red)(left-1%* row), iso-
surfaces of 0.01(A2)maqz (colored by the Mach number distribution) and distribution of density

gradient magnitude (left-2" row), surface skin friction (left-3" row), pressure coefficient distribu-

tions (left-4'" row). Steady-state (RANS) and time averaged (BOS and LES) vertical density gradient
distributions within the SBLI region (right).

The differences between the results obtained with RANS and LES, and the experimen-
tal data are concluded to be mainly driven by the treatment of the temporal domain
and the turbulence closure method. In the case of LES, the resolution of turbulent
fluctuations provided a superior accuracy of capturing the physics involved within
the formation of boundary layers which in turn affected the flow features develop-
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ing over the wedge as well as dictating the formation of the flow structures within
the region of SBLI. In this regard, better agreement with the experimental data in
terms of capturing the effective viscous surface is denoted with LES. On the other
hand, the absence of transition modelling in the case of RANS led to the premature
imposition of fully turbulent boundary layers. This not only impeded with accurate
capturing of the density jump accuracy over the oblique shock, but also caused an
overprediction of the flow retardation close to the wall within the boundary layers
while the latter contributed to the overestimation of the shear layer separation within
SBLI. Moreover, the comparisons of 2D and 3D mesh configurations demonstrated
the differences between wall-resolved and wall-modelled approaches on capturing the
flow features accurately. Although the wall resolved approach enabled RANS to have
more cells within close proximity of the wall, the overestimation of the separation
region induced by time averaging and underestimation of incoming boundary layer
momentum could not be avoided. Contrarily, the wall modelled LES required wall
functions to compute the flow properties in the wall adjacent cells. Nonetheless, a
greater agreement of the LES results with the relevant physical phenomena that the
experimental data represents was noted as well as considerably good agreement with
the higher fidelity simulation results provided in the literature.

4.5 Hypersonic shockwave boundary layer interactions

In order to assess different optical configurations for BOS setups and demonstrate
the performance of BOS in comparison to conventional schlieren in a challenging
scenario, BOS measurements of transitional shock-wave/boundary-layer interactions
in hypersonic flow are performed using entocentric (ento-BOS) and telecentric (tele-
BOS) optical configurations. Although tele-BOS is proposed to resolve the drawback
of defocusing by increasing the depth of field of the optical setup significantly (Ota
et al., 20155 Cozzi et al., 2017), its applications involve a trade-off between the at-
tainable depth of field and spatial resolution. This contradicts with the need to use
cameras capable of recording at high acquisition frequencies for high-speed testing en-
vironments due to their low spatial resolution specifications. Moreover, the telecentric
imaging configuration for BOS requires large focusing mirrors with a suitable focal
length. This can be inferred as an argument opposing the superior scalability and
adaptability of BOS. Thus, justifying the use of a telecentric setup requires proper
assessment of the accuracy and precision deficit between ento-BOS and tele-BOS,
which is performed via comparing the resolution and sensitivity of the flow visualiza-
tions obtained via BOS against conventional schlieren images, numerical simulation,
data and oil surface visualizations.

Fig. 4.13 provides results from laminar numerical simulations, conventional schlieren

56



images with two different FOVs (global-left and focus-right), as well as surface oil
flow visualizations, which illustrate the physical phenomena taking place as the Mach
5 freestream interacts with the cone-flare model. Due to the slightly blunt leading edge
of the model, a bow shock detached from the nose of the cone is present (Fig. 4.13, Cr).
The hypersonic flow following the surface of the cone interacts with the compression
corner yielding a conical shockwave (Fig. 4.13, C2), separating the boundary layer
over the cone, which leads to a recirculation zone surrounding the cone-flare joint
(Fig. 4.13, R). As the adverse pressure gradients propagate upstream within the sub-
osnic portion of the boundary layer, the flow reversal region grows towards upstream
and moves the shock foot upstream (Fig. 4.13, S). The recirculation region accordingly
separates the incoming boundary layer forming a shear layer which reattaches to the
surface of the flare generating a reattachment shock (Fig. 4.13, C3). The concave cur-
vature of the effective compression surface with the adverse pressure gradients yields
the generation of Gortler vortices (Fig. 4.13, G), and transitions the boundary layer
to turbulent state as the instabilities within the shear layer are significantly amplified
(Knight and Mortazavi, 2018).

Schlieren

Figure 4.13: Time averaged horizontal knife-edge schlieren images, surface skin friction lines extracted by sur-
face oil flow visualization and steady state vertical density gradients computed via numerical sim-
ulations.

Starting with the ento-BOS configuration, the overall flow topology is captured with
very good agreement in comparison to the knife-edge schlieren images which were
already shown to match the CFD and oil flow visualization results. Regarding the
bow shock and separation shock, the knife-edge schlieren data is observed to have a
slightly higher signal to noise ratio compared to the BOS data (Fig. 4.14, top). This
is due to the fact in BOS the schlieren features are defocused in order to focus on
the background pattern and the small aperture settings induce a diffraction induced
loss of resolution in order to maximize depth of field. Moreover, there is a certain
neighborhood dependency induced by the choice of regularization constant which is
necessary to prevent spurious vectors. Finally, the shockwave is a source of strong
shadowgrapy effects. In the case of conventional schlieren, these are superimposed
over the schlieren effects, enhancing the signal intensity treated as positive density
gradient changes across the shock. However, in the case of BOS images, shadowg-

57



raphy effects induce an image blur without any apparent motion of the background
pattern. Thus, the resolution and sensitivity of displacement detection over the shock-
wave reduces. Nonetheless, one major disadvantage of schlieren over BOS is the large
mirrors mounted with a long separation distance to enhance sensitivity. Therefore, it
becomes vulnerable to vibrations causing the focal point of the schlieren light beam
to vary with respect to the knife-edge location, varying the sensitivity of the schlieren
setup during image acquisition. These vibrations are almost completely eliminated
with the BOS setup since an optical path of in total 2 m (from BG to camera) is suf-
ficient to capture flow features with similar resolution and sensitivity in comparison
to ~10 meters for the optical path length of the knife-edge schlieren setup.

Ent6e-BOS Ento-BOS

Tele-BOS Tele-BOS

C1

Figure 4.14: Time averaged vertical density gradients reconstructed by entocentric (top) and telecentric (bot-
tom) background oriented schlieren (BOS) setups, surface skin friction lines extracted by surface
oil flow visualization and steady state vertical density gradients computed via numerical simula-
tions.

The comparison between entocentric and telecentric optical configurations reveals
that the key factor relating the differences between the results of two optical config-
urations is the choice of imaging lenses and it’s impact on the depth of field. In the
telecentric setup, using a large focal length objective drastically reduces the depth of
field, amplifying defocusing of the schlieren object. Conversely, using a small focal
length objective increases the depth of field but expands the field of view, resulting in a
smaller portion of the imaging sensor being covered by the flow field, leading to a no-
ticeable reduction in resolution (Fig. 4.14, bottom). Additionally, the reduced sensor
coverage diminishes illumination intensity, which is already limited by the additional
diaphragm to eliminate non-parallel light rays from the background. Regarding the
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flow structures captured in the displacement fields, the bow shock intensities remain
comparable between ento-BOS and tele-BOS, and the resolution of the reattachment
region does not significantly degrade when transitioning to tele-BOS. A key advan-
tage of tele-BOS is the reduction of perspective effects, which improves the resolution
of the transitioning boundary layer downstream of the reattachment zone. How-
ever, tele-BOS captures the flow reversal region with lower intensity, a consequence
of both the lower spatial resolution of the imaging configuration and the reduced
depth of field. The latter is particularly critical when focusing on the cone-flare in-
tersection, where a reduced depth of field introduces significant geometric blurring
and diffraction effects, degrading the imaging quality of background features near
the model (Fig. 4.14, bottom-right). These regions are where the flow field features
of interest, such as the separation region, are located, resulting in diminished recon-
struction quality of density variations induced by flow features near the model. Thus,
although tele-BOS increases the optical setup’s complexity, ento-BOS, with an ap-
propriate choice of conventional imaging lenses and setup parameters, achieves more
accurate results with a more flexible configuration composed of fewer components,
provided the same image acquisition tools are used for both setups.

4.6 Laminar burning velocity measurements on Bunsen burn-
ers

Ease of application and the possibility for versatile adaptability to different experi-
mental settings promoted BOS as an alternative non-intrusive optical measurement
technique for the extraction of laminar burning velocity (LBV) information. This is
further supported by the direct relationship between temperature gradients and refrac-
tive index variation under known pressure conditions, which allows BOS to preserve
superior accuracy regardless of any change in luminosity (e.g. hydrogen flames or
flameless combustion processes operated under dilute conditions) or other experimen-
tal settings. It is shown that the availability of vectorial displacement field provides
unique opportunities for maximizing reconstruction accuracy and precision which is a
clear superiority of BOS over standard schlieren approaches. Overall, BOS provides a
significant agreement with available data in the literature and the chemiluminescence
imaging results which can match the low complexity specifications. Even though Bun-
sen burners are associated with certain limitations, the burner setup does not restrict
the capabilities of BOS for LBV measurements, which can also be used in spherical
flames, flat flames, etc.
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4.6.1  High-pressure Bunsen burner

The experiments are performed with n-heptane and bio jet fuels. Prior to mixing
with air, both liquid fuels are evaporated and transferred to the mixing chamber via
heated stainless steel pipes. Although the pipes are covered with thermal isolation
material and heated throughout the fuel supply system, significant deviation of the
fuel/air mixture temperature from the desired settings is observed upon injection into
the combustion chamber. Accordingly, although the measurements are performed for
both fuels over a ¢ range of 0.8<¢<1.5, the suboptimal thermal configuration of the
fuel supply system caused significant stability issues for flames at low ¢ values. As this
issue was too pronounced for the bio-jet fuel measurements, only results of n-heptane
are reported here.
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Figure 4.15: Time averaged density gradient magnitude and flame front detection on the Bunsen burner (left).
Laminar burning velocity of n-heptane/air mixtures at 1 atm extracted by means of background
oriented schlieren (BOS) in comparison to modeling and experimental data from literature (Davis
and Law, 1998; Huang et al., 2004; Kumar et al., 2007; Chong and Hochgreb, 2011).

Once the images are processed with optical flow, horizontal and vertical displace-
ments induced by the temperature gradients over the flame are reconstructed. This
allows post analysis to be performed either directly on the vectorial components of
the displacements or various derivatives such as vector magnitude and second or-
der gradients. After analyzing the images and the data set constructed, horizontal
density/temperature gradients (radial with respect to the burner axis) are utilized to
capture the flame front position and orientation. The flame front is reconstructed by
scanning both sides of the burner radially at different longitudinal coordinates along
the flame height during which the flame front location is identified as the location of
maximum radial temperature gradient. Then the extracted coordinates are classified
based their longitudinal location with respect to the burner exit and the flame tip. In
accordance with Hu et al. (2018), the central (60%) portion of the flame is selected
for the LBV calculation. This prevents flame stretching effects at the tip and heat
loss to the burner affecting flame speed calculations as they yield deviations from the
theoretical conical shape.
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Fig. 4.15 shows the LBV variation with ¢ captured via BOS plotted against available
experimental and modeling data from literature, given at different injection temper-
atures of n-heptane/air mixtures. The overall trend of the LBV variation with ¢ is
consistent with the reference datasets since the computed LBV values reside between
380K and 350K. This is an expected result due to the aforementioned issues regarding
the fuel supply system. At low ¢ values a proximity to the LBV data that corresponds
to a higher mixture temperature is observed while the opposite is valid for the high
¢ settings. This can be explained due to the increasing mass flow rate of liquid fuel
which reduces the residence time of the fuel as it passes through the portion of fuel
supply system that is actively heated. Although the uncertainties involved with these
measurements hindered the possibility of showcasing the full potential of BOS as an
alternative approach for calculating LBV, they acted as a preliminary assessment for
the approach and allowed further tailoring of the post processing algorithms for im-
proved precision of flame front reconstruction, which is explained in detail in the
following section.

4.6.2  Atmospheric Bunsen burner

The experiments using the atmospheric Bunsen burner setup were performed with
CHy/air mixtures with equivalence ratio (¢) varied over a range of 0.8<¢<1.4. Dur-
ing burner operation, some instabilities in the flame position and orientation were
observed. In order to capture unsteady effects and prevent flame front broadening
due to averaging in time, the acquired images are processed instantaneously. This
enables the extraction of probability distributions of the instantaneously computed
LBV for the acquisition of temporal statistics.

The time-averaged flame structures are reconstructed via chemiluminescence (Fig. 4.16,
2" column) and BOS (Fig. 4.16, 3 to 6™ columns). The bright luminosity from
the radicals indicates the flame front position and orientation in the chemilumines-
cence images. Whereas the high displacement magnitude caused by the localized
high-amplitude temperature gradients visualize the reaction zone in the case of BOS.
As seen in Fig. 4.16 (1" column), the raw photos of the flame already provide a clear
indication of the shape and position. The approaches employed for the reconstruction
of the flame front using BOS rely on features represented by different intensity fields.
The horizontal displacements are induced by the refractive index gradients parallel to
the burner exit plane. Hence, they enable an accurate description of the central por-
tion of the flame since the conical apex angle (v) of the flame is smaller than 45°. The
flame front can then be captured as the outer edge in Fig. 4.16 (3" column). On the
other hand, using vertical displacements, a complete flame surface can be captured
since the flame tip and skirts induce refractive index changes in the vertical direction
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Figure 4.16: Raw photos of the flame (1% column), flame front detection with chemiluminescence imaging (2
column) and background oriented schlieren (3™ to 6™ columns) for different equivalence ratios

(¢).

due to their curvature. Moreover, using the displacement magnitude, a higher con-
trast intensity field is obtained, which is beneficial for the flame front detection as
it relies on sharp gradients of pixel intensity values. The ability to extract a shadow-
graph image from the displacement field by computing the Laplacian is again unique
to BOS. The Laplacian represents the regions of high rate of change of displacement
amplitudes, and it provides a clear definition for the boundaries of the flame front
and the secondary heating zone.

A comparison of laminar burning velocities extracted using BOS against direct chemi-
luminescence imaging, 1D numerical simulations and experimental data from litera-
ture is provided in Fig. 4.17. Overall, a considerably good agreement is present with
the 1D simulations. Hence, these results confirm a high accuracy of LBV measure-
ments using Bunsen burners, provided that the region of regularization over the flame
front is selected appropriately (Hu et al., 2018). However, there are differences among
the employed image processing approaches which need to be addressed. In the case
of lean and rich mixtures, for which LBV values are lowest, the apex angle of the
conical flame reduces. This enables an increased precision for flame front reconstruc-
tions using the horizontal displacement field. Contrarily, for equivalence ratios at
which the LBV is maximized (¢~1), the increasing cone angle refers to a smaller
flame with the flame font approaching the horizontal axis. This reduction in horizon-
tal displacements lowers the precision of extracted LBV values through the images of
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Figure 4.17: Laminar burning velocity of CH4/air mixtures at 298K and 1 atm extracted by means of background
oriented schlieren (BOS) in comparison to direct chemiluminescence imaging, 1D numerical simu-
lations and experimental data from literature (Bosschaart and de Goey, 2004; Dirrenberger et al.,
2014; Gu et al., 2000; Bourque et al., 2009; Park et al., 2011; Lowry et al., 2011).

Ozn. The opposite is valid for the flame front reconstructions performed using the
vertical displacement field. For ¢~1.1, the flame tip approaches towards the burner
rim, increasing the cone apex angle. Hence, the weighting on the refractive index
gradients oriented in the vertical direction increases, providing suitable conditions to
reconstruct the flame front and compute the LBV more precisely.

Flame front reconstructions and LBV computations performed using the displace-
ment magnitude field reveal symptoms from the results obtained with the individual
vector components. As such, the low precision of LBV computations for conditions
with reduced cone angle is inherited from horizontal displacements. For 1.1<¢<1.35,
the reconstructions with the displacement magnitude are considerably precise and
accurate. Similarly, the reduced precision for the richest mixture (¢=1.4) originates
from the contribution of dyn. Nevertheless, the overall best match with the results of
the GRI 3.0 mechanism is obtained using the displacement magnitude field. Finally,
using the shadowgraph field, despite the good agreement, an additional numerical dis-
cretization error exists, which contributes to the slightly amplified uncertainty range.
Yet, the high contrast edge information provided to the flame front reconstruction
procedure enables relatively constant precision for all the evaluated ¢ values.
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4.7 Swirl-stabilized turbulent flames in gas turbine combus-
tors

The experiments on the CeCOST model stationary gas turbine combustor are per-
formed with premixed methane (CH,) and air using both confined and unconfined
configurations. Throughout the measurements, the full operating condition range of
the CeCOST burner with Reynolds number ranging between 10 x 103 <Rep <20x 103
is scanned at different equivalence ratios. The flame behavior of the CeCOST burner
can be classified in three different regimes as lean blow-off, stabilized flame and flash-
back. While the lean blow-off limit is almost constant for the entire range of Reynolds
numbers considered, the flashback limit is around ¢=0.6 at lower Reynolds numbers
and increases rapidly around Re=20x10? indicating that the flame can be stabilized in
a wider regime for even larger Re. Accordingly, the BOS images are acquired at two
different Reynolds numbers (Rep=10x10% and Rep=20x10?) and at three different
equivalence ratios (¢=0.7, ¢=0.72 and ¢=0.8). The images are processed with the
optical flow image processing algorithm and the reconstructed displacements are rep-
resented in terms of instantaneous and time-averaged displacement magnitude within
a region of interest tocm downstream from the premixing tube exit. The displacement
magnitudes indicate the shape, intensity and orientation of the premixed flame, re-
action zone and integrated heat release. Moreover, they are directly correlated to the
intensity temperature gradients, which due to constant atmospheric pressure environ-
ment.

t/D []

Figure 4.18: Instantaneous (top) and time-averaged (bottom) displacement magnitudes reconstructed via
background oriented schlieren (BOS) for varying operating conditions.
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Fig. 4.18 shows that the flame is stabilized in the combustion chamber for both Re p=10x 103

and Rep=20x10? at ¢=0.7 and ¢=0.8. The density magnitude contours reveal the
conical shape of the flame with the high intensity of heat release concentrating over
the outer shear layers of the swirling air-fuel mixture. The swirling mixture leads to
a vortex breakdown provided that the swirl intensity is sufficiently high which stabi-
lizes the flame within a central recirculation zone (CRZ) (Billant et al., 1998; Stone
and Menon, 2001). Subash et al. (2020) performed particle image velocimetry mea-
surements in previous experimental investigations to determine swirl number to be
S=0.6 for both cases, using the ratio between tangential momentum and axial mo-
mentum normalized by the mixing tube radius (Hodzic et al., 2018). Hence, the high
tangential momentum, indicated by the magnitude of the swirl number, generates
centrifugal forces causing a strong radial pressure gradient and the occurrence of the
CRZ. Moreover, as the fuel/air mixture exiting the mixing tube expands into the com-
bustion chamber, an outer recirculation zone (ORZ) is created between the swirl cone
and the flange of the combustion chamber. However, due to the unconfined condi-
tions used during the acquisition of BOS images, the ORZ is much smaller compared
to the confined configuration. This is mainly due to the large mass flow entertainment
of air from the surrounding environment enforced by the shear layers of the swirling
jet.

- = Rep=10x10% $=0.70 —Rep=20x10° ¢=0.70
- = Rep=10x10* ¢=0.72 ——Rep=20x10°> $=0.72
- = Rep=10x10° $=0.80 —Rep=20x10* ¢=0.80

0.09

0.08

. . 0
r/D [] /D[]

Figure 4.19: Time-averaged horizontal temperature gradients reconstructed via background oriented schlieren
(BOS) for varying operating conditions.
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For both Rep, the displacement magnitude is relatively low at ¢=0.7 due to lower
heat release per unit mass of air flow. Nonetheless, for higher Rep the amplitude of
displacements increases at constant ¢ value as the thermal power increases with higher
mass flow rates of fuel (Fig. 4.19). Low signal intensity was found in the center due
to the central recirculation zone (CRZ) and in the corners due to an outer recircu-
lation zone (ORZ). The visualized flame shape via BOS does not vary significantly
for different Rep values due to the nearly identical swirl numbers. Accordingly, the
high amplitude of average displacement values (which can also be inferred as loca-
tions of high probability for the reaction zones) indicate that the flame stabilization
is over the shear layers of the CRZ. However, the heat release (large displacement
magnitude) zone can hardly be observed in the outer shear layer for the unconfined
scenario investigated using BOS despite the low flow speed. This can be due to the
rapid cooling of the reactant stream due to wall heat losses and heat losses to the
entrained room temperature air as well as reduced residence time, influenced by the
entrainment of surrounding air. Furthermore, the propagation of the reaction zones
closer to the ORZ is mitigated due to the quenching of the flame in proximity of the
burner flange which supports the generation of a V-shaped heat release zone. This
observation is supported by the high-fidelity numerical investigations performed us-
ing the CeCOST burner configuration, where it was shown by that the V-shaped
flame was captured only when heat loss to the combustor walls were considered to be
non-negligible (Chong et al., 2009).
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Chapter s

Conclusions

The schlieren imaging technique is one of the oldest and most versatile non-intrusive
measurement methods. However, it is associated with certain drawbacks due to the
need for calibration, vulnerability to vibrations, the need for proper optical access,
large lenses, and mirrors. This not only yields a higher expense in terms of the setup
components, but also severely restricts the flexibility of the applications. In this re-
gard, background oriented schlieren (BOS) provides a cost-effective alternative for
quantitatively characterizing density-varying flows by means of an inexpensive and
straightforward setup. Leveraging its ease of application, demonstrating BOS’s su-
perior adaptability and scalability across a wide range of applications offers a signif-
icant advantage to the field of experimental fluid dynamics. Therefore, this thesis is
concentrated on the application and evaluation of BOS, along with associated image
processing tools, for qualitative and quantitative characterization of density-varying
flow features in various reactive and non-reactive flow scenarios.

Measurement technique dCVClOPantS

Traditionally, BOS is known to have degraded resolution and sensitivity character-
istics, which outweighed its benefits when compared to parallel light schlieren sys-
tems. Accordingly, optical flow (OF) has demonstrated to provide a means to recover
high-fidelity density field variations at the deflection detection stage of BOS with-
out altering the level of complexity of the experimental setups. In order to gain full
comprehension of OF’s capabilities over the conventional cross-correlation (XCOR)
approach, a comparative study was conducted including both synthetic and experi-
mental measurements of supersonic flows over various models. The OF-based recon-
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structions revealed superior characteristics of resolution and sensitivity in comparison
to XCOR, allowing higher accuracy reconstructions of displacement vectors. The hi-
erarchical schemes enabled OF to resolve the full spatial-frequency spectrum of the
displacements contained within the image plane, where the bandwidth-limited nature
of XCOR suffered not only from smoothing due to spatial averaging, but also from a
limited dynamic range.

Despite the proven success of optical flow, the most popular background patterns em-
ployed in BOS setups were designed to suit the needs of the XCOR approach, whereas
OF is associated with a substantially different mathematical background. Therefore,
in order to characterize the resolution and sensitivity response of OF-based BOS to
the background generation configurations, a parametric study was performed com-
posed of theoretical, numerical and experimental assessments. Based on the results
obtained for the compressible flow fields, the optimal choice for maximizing local res-
olution was established as a high density of small speckles. However, turbulent flow
fields posed a more challenging case in terms of flow structures with scales ranging
well beyond the spatial and temporal resolution limits of the optical setup. Hence, in
contrast to the compressible flow scenarios, the highest accuracy of reconstructions
was obtained with larger speckles while still maximizing concentration. The effect
of randomness ratio is also observed to be more critical in the case of turbulent flow
fields, where the resolution capabilities were maximized with the highest level of pat-
tern randomness.

Experimental applications

Having discovered the application considerations of BOS, and performance specifica-
tions of OF, the focus was shifted toward exploring the capabilities in challenging flow
visualization applications. In this regard, thermodynamics of a swirling heated sub-
sonic jet of air was investigated, where the instantaneous temperature gradients were
used to visualize the jet and to reconstruct the time averaged temperature field across
the jet. Compressible flow features in a transonic low pressure turbine were captured
to characterize the impact of operating conditions on passage shocks and trailing edge
flow structures. The unique capability of BOS to perform optical measurements us-
ing a single optical access enabled the reconstruction of steady-state density gradients
within the cascade flow, characterizing the airfoil wake formation, boundary layers,
and shock waves, as well as time-resolved analysis on the shock wave boundary in-
teractions. Moreover, the modular configuration of a BOS setup was also used to
visualize the flow topology of dual-stream co-axial supersonic jets. Aimed at reducing
the acoustic signature of supersonic aviation platforms, the experimental campaign
discovered the underlying physics of noise generation mechanism in the case of inter-
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actions between the shock-cells and shear layers when a supersonic annular co-flow is
added to a supersonic jet. Furthermore, BOS is used to provide non-intrusive recon-
struction of density varying flow features around objects at supersonic speeds and in a
region of incidence shock wave boundary layer interactions at higher Reynolds num-
bers. While the flow visualization results are employed to extract quantitative proper-
ties through advanced image post-processing techniques, density fields are computed
to provide information on the flow evolution within the wind tunnel test section
and around the models. Additionally, the results obtained in scales relevant to ap-
plications and boundary conditions are used as a reference, and compared against
numerical simulations of varying fidelity.

Expanding the application envelope to reactive flows, BOS is demonstrated as an al-
ternative approach for flame visualization in Bunsen burners and for laminar burning
velocity measurements of methane/air mixtures. Thus, BOS extends the capabilities of
schlieren imaging and its ability to visualize flame structures of low luminescence, e.g.
burning hydrogen or diluted mixtures under flameless conditions, making it applica-
ble for studies of combustion concepts aimed at reducing CO2 emissions. Further-
more, BOS is utilized for characterizing temperature and heat release in a model gas
turbine combustor. Turbulent flow-flame interactions in the CeCOST burner were
visualized across various operating conditions for swirl-stabilized turbulent flames of
premixed methane/air. The effect of changing Reynolds number and equivalence ratio
on the flame stabilization and orientation are highlighted, comparing the intensity of
temperature gradients captured via BOS. These findings contribute to advancements
in energy transition efforts for power generation and air transport, as the insights
gained from BOS on lean premixed combustion play a key role in reducing pollutant
emissions and enhancing combustion efficiency.

Knowledge transfer

The new discoveries made in thesis must be shared, preserved, and applied across dis-
ciplines and generations to sustain innovation and address complex global challenges.
Without this continuous exchange, the engineering community would be trapped in
a cycle of rediscovery, unable to surpass the current state of knowledge. Inspired by da
Vinci’s words “Studly the science of art. Study the art of science... Realize that everything
connects to everything else.”, a course on flow visualization is developed to equip the
next generation of researchers and engineers with the skills to truly “see” what they
observe. The knowledge generated in this thesis has been integrated into the course,
alongside established techniques, with the guiding principle of ‘making the invisi-
ble visible.” Though complex, the students of the von Karman Institute’s Research
Master program were trained both theoretically and practically to master various flow
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visualization methods, combined with advanced data processing approaches. Hav-
ing completed the third edition of the Lab, the success of the course is demonstrated
by the exponential increase in the number of students enrolled and the subsequent
successes achieved by each of these students in their projects, demonstrating their
excellence in experimental research.
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Figure 5.1: Photos and flow visualizations from the first two editions of the flow visualization course at von
Karman Institute’s Research Master program.
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