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Abstract 

Laser-induced fluorescence (LIF) is an established technique for spatially resolved imaging of 

temperature, pressure, density, and gas composition in complex flows. Because the measure-

ment is quasi-instantaneous, it is particularly useful in turbulent and high-velocity flows. While 

in many applications either already existing species or species created during the process (e.g., 

fuels, products, or intermediates in practical combustion) are excited to fluoresce, so-called 

fluorescence tracers are added in inert flows or for answering specific questions via tracer LIF. 

Their photophysical characterization is crucial for quantitative analysis of measurements in 

practical applications. 

This work focuses on the advancement and application of the tracer LIF technique for the in-

vestigation of mixing processes in accelerated transonic and supersonic flows under conditions 

that occur, e.g., in supersonic combustion of air-breathing hypersonic propulsion systems or in 

proposed supersonic reactors for the synthesis of nanoparticles. For the chemical reactions that 

take place in both cases, efficient mixing of reactants at the molecular level within the short 

time scales available in the fast flows is crucial. To assess mixing at the molecular level, the 

sensitivity of aromatic tracers to collisional quenching by molecular oxygen was exploited. 

In a purpose-built air-driven modular flow channel at the ITLR in Stuttgart, the macroscopic 

and microscopic mixing behavior in the transonic wake of a central injector was measured by 

imaging in joint measurement campaigns as part of a collaborative project. The transonic mix-

ing boundary layers encountered are associated with strong pressure and temperature gradients. 

In particular, the strong cross-dependence of the LIF signal of the applied tracers on these flow 

conditions represents a major challenge for the quantitative signal evaluation. Because the tem-

perature range in the specific applications is below the previously explored conditions, hardly 

any photophysical data was previously available. To determine the missing spectroscopic in-

formation, two experiments, a cooled fluorescence flow cell and an optically accessible minia-

ture flow channel, were developed. While the flow cell enabled precise and independent ad-

justment of pressure and temperature, conditions similar to those in the Stuttgart flow channel 

could be created in the miniature flow channel. In addition to the development and application-

oriented testing of LIF measurement strategies, the miniature flow channel is also suited for 

spectroscopic measurements, since it can be operated with pure nitrogen containing variable 

amounts of oxygen. 

In this work, two fluorescence tracers, anisole and toluene, were characterized in detail for low 

temperatures with particular emphasis on mixing studies at the molecular level. In addition, the 

mixing behavior in the transonic wake was analyzed using toluene LIF. 
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Zusammenfassung 

Laser-induzierte Fluoreszenz (LIF) hat sich als bildgebende Messtechnik zur räumlich aufge-

lösten Bestimmung von Temperatur, Druck, Dichte und Zusammensetzung in Gasströmungen 

bewährt. Insbesondere in turbulenten Strömungen bietet sich der Einsatz an, da die Messung 

schneller als die relevanten Zeitskalen und damit quasi instantan erfolgt. Während bei vielen 

Anwendungen entweder bereits vorhandene oder während des Prozesses entstehende Spezies 

zur Fluoreszenz angeregt werden können (z.B. Kraftstoffe, Produkte oder Intermediate bei der 

technischen Verbrennung), werden bei inerten Strömungen oder bei spezifischen Fragestellun-

gen sogenannte Tracer hinzugegeben (Tracer LIF). Deren photophysikalische Charakterisie-

rung ist sowohl für das grundlegende Verständnis und Modellbildung als auch für die Kalib-

rierung der Messtechnik für die technische Anwendung entscheidend. 

Diese Arbeit beschäftigt sich mit der Weiterentwicklung und Einsatz der LIF-Technik zur Un-

tersuchung von Mischungsvorgängen in beschleunigten Trans- und Überschallströmungen un-

ter Bedingungen, die z.B. bei der Überschallverbrennung bei luftatmenden Triebwerken in der 

Raumfahrt oder in speziellen Überschallreaktoren zur Synthese von Nanopartikeln herrschen. 

Ziel war es dabei, den in beiden Anwendungsfällen entscheidenden Mischungszustand von 

Edukten auf molekularer Ebene bildgebend zu Messen. Um auch Mischungsprozesse unterhalb 

der Auflösung der eingesetzten Kamerasystem sichtbar zu machen, wurde die Empfindlichkeit 

aromatischer Tracer auf das Vorhandensein von molekularem Sauerstoff ausgenutzt. 

In einem speziell für Mischungsuntersuchungen entwickelten mit Luft betriebenen modularen 

Strömungskanal des ITLR in Stuttgart wurden in gemeinsamen Messkampagnen im Zuge eines 

Kooperationsprojekts das makroskopische und mikroskopische Mischungsverhalten in der 

transsonischen Nachlaufströmung eines Zentralinjektors bildgebend gemessen. Die dabei auf-

tretenden transsonischen Mischungsgrenzschichten zeichnen sich durch starke Druck- und 

Temperaturgradienten aus. Insbesondere die starken Querabhängigkeiten des LIF-Signals ein-

gesetzter Tracer von diesen Strömungsbedingungen stellen deshalb eine große Herausforde-

rung für dessen quantitative Auswertung dar. Weil der für die Anwendung relevante Tempera-

turbereich deutlich unterhalb der bisher untersuchten Bedingungen liegt, sind bisher kaum pho-

tophysikalische Daten vorhanden. Zum Schließen dieser Wissenslücken wurden in dieser Ar-

beit wurden zwei Tracer detailliert charakterisiert. Dazu wurden zwei Experimente, eine ge-

kühlte Fluoreszenz-Durchflusszelle und ein optisch zugänglicher Überschall-Miniatur-Strö-

mungskanal, entwickelt. Während die Durchflusszelle die präzise und unabhängige Einstellung 

von Druck und Temperatur erlaubte, konnten in dem Miniatur-Strömungskanal ähnliche Be-

dingungen wie in dem Stuttgarter Strömungskanal geschaffen werden. Der Miniatur-Strö-

mungskanal eignet sich, neben der Entwicklung und anwendungsnahen Erprobung von LIF-

Messstrategien, auch für spektroskopische Messungen, da er mit reinem Stickstoff und belie-

bigem Sauerstoffanteil betrieben werden kann. 
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Im Rahmen dieser Arbeit wurden zwei Fluoreszenztracer, Anisol und Toluol, für niedrige Tem-

peraturen mit besonderem Hinblick auf Mischungsuntersuchungen auf molekularer Ebene de-

tailliert charakterisiert. Zusätzlich wurde das Mischungsverhalten in der transsonischen Nach-

laufströmung mithilfe der LIF-Technik bildgebend analysiert. 
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1 Introduction 

 Predictable mixing behavior of reactants is crucial for many processes involving chemical re-

actions in the gas phase. The limits of the current understanding are challenged for example by 

optimizing practical combustion in the complex flow field of internal combustion piston en-

gines and gas turbines. Also, in air-breathing hypersonic engines for aerospace propulsion, fuel 

injection, mixing, and combustion take place under supersonic conditions. The short time avail-

able makes efficient mixing crucial. While significant past work has been devoted to the study 

of mixing at subsonic and some at supersonic conditions, less is known about mixing in the 

transonic region, where sub- and supersonic gas velocities coexist in the same system. Also, 

outside combustion technology, rapid gas mixing can play an important role. An illustrative 

application are recently proposed reactors that produce nanoparticles from gas-dynamically 

induced gas-phase reactions (Fig. 1.1, [1]). In this reactor concept, a (potentially oxidizing) 

main gas flow is first heated at elevated pressure. This then expands and accelerates to super-

sonic velocity in a convergent-divergent nozzle. A reactant (precursor for the target particulate 

material) is injected through a central injector downstream into the nozzle flow, where the 

temperature of the surrounding gas is significantly reduced by gas-dynamic cooling. Mixing 

with the precursor occurs in a transonic environment until overexpansion of the flow results in 

rapid deceleration to subsonic velocities inducing a steep temperature rise over a normal shock 

system in the direction of the flow. This gas dynamic heating initiates precursor decomposition, 

nucleation, growth, and agglomeration of particles occurs until they are stopped by a quenching 

system consisting of a secondary nozzle and a water injector. 

 

Fig. 1.1: A simplified reproduction of the operating principle of a reactor for gas phase synthesis from Grzona et 

al. [1]. 

The injection point is a compromise: On the one hand, the precursor may only be introduced 

into the accelerated, cooled flow, otherwise a premature reaction will occur. On the other hand, 

one wants the longest possible residence time to achieve sufficient mixing, which ultimately 

places the point of injection in the transonic region within the nozzle flow.  

Whether the position of the injector trailing edge is then in the supersonic or subsonic range 

has severe effects on the mixing behavior. Whereas large alternating structures form in the case 

of subsonic injection, a complex flow field is created at the trailing edge of the injector in the 

case of supersonic injection. Mixing at the molecular level as required for chemical reactions 

between the related compounds is strongly promoted by the former, as large vortices stir the 

precursor-rich and oxidant-rich regions, increasing the interfacial surface between them. In the 

Main flow

ShockPrecursor injection Particle growth

Heat supply Reaction volumeNozzle Quenching system
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latter case, the expansion of the mixing layer is significantly inhibited as the local Mach number 

increases. 

In both cases, the influence of the compressibility effects especially in the transonic regime is 

not yet understood. This is partially due to the lack of optical measurement techniques that: 

a. Allow spatially resolved measurement of the mixing behavior on molecular level.  

b. Allow measurements of concentration, temperature, density, and pressure below room 

temperature. 

Laser-induced fluorescence (LIF) is a powerful tool for imaging such mixing process by, e.g., 

replacing the injected fuel or precursor with a fluorescent substance (tracer). After excitation 

using a thin laser light sheet, the subsequent fluorescence is captured using cameras. The local 

tracer concentration can be calculated, provided corrections for other influences (temperature, 

pressure, bath gas composition) on the LIF signal are made. However, the spatial resolution of 

the cameras used in this technique is insufficient (by orders of magnitude) to detect concentra-

tion gradients on molecular length scales. Therefore, to address point a, an indirect LIF tech-

nique is applied in this work that exploits the dependence of the LIF signal of aromatic tracers 

on their mixing state with molecular oxygen contained in one of the mixing flows. In addition, 

the above-mentioned dependence of the LIF signal on flow conditions enables the imaging of, 

e.g., temperature fields. However, a quantitative interpretation of the LIF signal requires data 

on the photophysics of suitable tracers at low-temperature and low-pressure conditions. Since 

such data are lacking to date, suitable tracer candidates are characterized in detail in this work 

to address point b. 

This work resulted from a joint research project of the Institute of Combustion and Gas Dy-

namics – Reactive Fluids (IVG) at the University of Duisburg-Essen and the Institute of Aero-

space Thermodynamics (ITLR) at the University of Stuttgart aimed at identifying and funda-

mentally understanding the underlying mechanisms of mixing processes in compressible noz-

zle flows. To this end, a modular flow channel specifically designed for transonic mixing stud-

ies at practically relevant conditions was developed at the ITLR in Stuttgart allowing the in-

vestigation of wake flows behind various injectors mounted in an optically accessible Laval 

nozzle. In its standard configuration, the flow is accelerated through a nozzle designed for 

Mach 1.7 which reduces the flow temperature from about 100 °C as low as –40 °C depending 

on the injector geometry. 

Two suitable fluorescence tracers, anisole and toluene, were identified and thoroughly analyzed 

at the relevant conditions. For this purpose, two experiments, a cooled fluorescence flow cell 

and an optically accessible miniature flow channel, were developed. While the flow cell al-

lowed precise and independent adjustment of pressure (0.1–2 bar) and temperature (257–

293 K), conditions similar to those in the flow channel of the ITLR could be created in the 

miniature flow channel acting as a test bed for development and testing of LIF measurement 

strategies. Due to the moderate mass flow rates of the miniature flow channel, it could be 
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operated with pure nitrogen (or arbitrary mixtures of nitrogen and oxygen) and, therefore, was 

also suited for spectroscopic analysis of flow tracers. 

In joint measurement campaigns within the joint project, the mixing behavior in the transonic 

wake of two different central injectors was investigated in the modular flow channel at ITLR. 

The influence of a pressure gradient in the flow direction on the mixing layer was studied using 

toluene LIF in a single-color detection scheme. To visualize the mixing at the molecular level, 

a ratiometric scheme was used that exploits the oxygen-induced red shift of the toluene fluo-

rescence spectrum. In this two-color detection method, the spectral shift was calculated from 

the signal from two different cameras, each equipped with different optical filters with pass-

bands in different regions of the fluorescence spectrum. 

The thesis is structured as follows: First, a review of the literature is presented covering the 

application of LIF to supersonic flows, previous efforts of characterizing the flow tracers used 

in this work, and studies on imaging the mixing behavior on the molecular level (Chapter 2). 

Then, the theoretical background of the fluid dynamics of the problems to be studied and the 

photophysics required for understanding the LIF technique are explained (Chapter 3). After 

that, measurement schemes for the optical diagnostics are presented before a short overview of 

the three different flow experiments utilized in this work is given (Chapter 4). The two subse-

quent chapters cover the application of LIF to the first experiment, the modular flow channel 

designed by Judith Richter at the ITLR in Stuttgart [2]: Chapter 5 presents a study on the mixing 

behavior on the macroscopic level whereas Chapter 6 is concerned with the mixing behavior 

on the molecular level in the transonic wake of a central injector. Chapter 7 shows the results 

of a thorough photophysical characterization of the fluorescence tracers anisole and toluene for 

low temperatures and low pressure that was performed in the second experiment, the cooled 

continuous flow cell. The last of the experiments, the miniature flow channel, is described in 

detail in Chapter 8. After a thorough characterization, it was used to investigate the effect of 

collisional quenching of toluene by molecular oxygen at sub-ambient temperature. 
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2 Background 

In this thesis, each chapter that presents results (Chapters 5–8) also provides its own literature 

review relevant to its specific topic. To set itself apart, this section first presents a more general 

introduction to the challenges of applying LIF to supersonic flows. This is followed by a de-

tailed literature review of the characterization of aromatic fluorescence tracers used in this work 

in a chronological order. Lastly, previous works on imaging strategies for the measurement of 

the extent of molecular mixing in turbulent flows are presented. 

2.1 Application of LIF to supersonic flows 

Laser-induced fluorescence has been used to image gas composition, temperature, and even 

velocity in the supersonic flows. The quantitative interpretation of the signal is met with chal-

lenges due to the complex nature of those flow fields exhibiting strong gradients of pressure, 

density, and temperature. Often, extreme temperature regimes are encountered, which are hard 

to reproduce in controlled reference experiments used for calibration of the measured data. 

An excellent and recent example for this is the work of Gamba et al. [3] who applied toluene 

LIF to image a transverse cold jet (stagnation temperature 295 K) injected into a hot (460 K) 

supersonic cross flow. Strongly influenced by compression effects, the LIF image (Fig. 2.1) 

reveals the complex non-uniform flow pattern clearly showing a bow-shock structure, an up-

stream separation shock, and the turbulent wake of the jet.  

 

Fig. 2.1: Image showing the LIF signal intensity of toluene excited at 266 nm revealing the complex flow field of 

a transverse jet in a supersonic (M = 2.3) cross flow from Gamba et al. (Reprinted by permission from Springer 

Nature [3]). The cross flow (in positive x-direction) is nitrogen seeded with toluene whereas the jet (in positive z-

direction) is pure hydrogen.  

Using a two-color detection scheme, they were able to image the local temperature in regions 

where tracer was present. The temperature was established by measuring the temperature-in-

duced red-shift from the ratio of the images of two cameras equipped with different optical 

filters. The temperature-dependence of the ratio was determined from LIF spectra measured by 

5 mm

x

z

Intensity

low high
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Koban [4] allowing the calculation of the temperature field after a single-point calibration [5]. 

The detected temperatures ranged from 250 K in the direct wake of the jet up to 550 K in the 

shock-heated region just downstream of the bow shock front. Since LIF spectra were only 

available above room temperature, measurement of lower temperatures required extrapolation. 

Using the information on the temperature, they were further able to reconstruct the tracer con-

centration in terms of the local tracer partial pressure from single-shot LIF images.  

Seeding vapor phase tracers to high-velocity gas flows can be challenging when wide temper-

ature ranges must be covered. Strong temperature and pressure gradients may lead to local 

condensation in cold sections of the flow, while pyrolysis might be of concern in the same 

experiment in high-temperature zones [3, 6]. Combs et al. [7] used naphthalene as surrogate 

for the ablative heat shield to study the heat shield performance during atmospheric re-entry. 

They studied the concentration of ablation products in the wake of a space capsule model using 

naphthalene LIF which required detailed photophysical analysis under controlled conditions to 

correct for temperature and pressure effects [8]. This was achieved by adding naphthalene to a 

carrier gas (nitrogen with varying oxygen concentrations) in a sublimation seeder before gas-

dynamically cooling it by expansion through a supersonic nozzle into an optically accessible 

test chamber [9]. This way, they were able to characterize the fluorescence properties if naph-

thalene, which is solid at room temperature, down to 100 K. 

In a miniature rectangular flow channel (Mach number M = 2.0) similar but smaller in size to 

the one developed in this work, Handa et al. [10] used acetone LIF to measure the local varia-

tions in number density along the flow channel center line and compared the results to CFD 

simulations [11]. To this end, they used an expansion facility to measure the dependence of the 

acetone-LIF signal on local number density down to 170 K [12]. For ensuring that condensa-

tion does not occur within the test section despite the supersaturation with tracer required for 

sufficient signal, the maximum tolerable tracer concentration was established by monitoring 

the onset of condensation after a longer residence time in an extended version of the channel.  

2.2 Anisole and toluene as fluorescence tracers  

The selection of a suitable fluorescence tracer requires careful consideration of many of its 

properties, considering the boundary conditions of the particular experiment. In addition to the 

excitation wavelength and intensity, the LIF signal depends to varying degrees on the concen-

tration, temperature, pressure, and composition of the bath gas. Because of these combined 

dependences, either a comprehensive understanding of the photophysical properties of the 

tracer or careful multi-parameter calibration of the LIF signal is required. For sensitive meas-

urements, a strong dependence of the measured parameter such as the fluorescence integrated 

intensity, its decay curve, or its spectral distribution on the variable of interest is crucial.  

In addition to the photophysical properties of the tracer candidate, other physical and chemical 

properties also play a decisive role. For example, evaporation properties are important if the 

tracer is to be used as a surrogate for fuel components for spray analysis [13-15] or its diffusion 
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coefficients for mixing studies [2]. Limiting the signal from tracers that are liquid at room 

temperature is often the temperature-dependent vapor pressure, which can cause condensation 

in cold flows whereas tracers may decompose at high temperatures [6]. Furthermore, the con-

centration is limited by the onset of self-quenching [16], which also depends on the excitation 

intensity. Also, the maximum laser fluence is often limited by the onset of non-linearities [17]. 

Finally, the availability and environmental compatibility of the tracers should not be neglected, 

especially in large-scale experiments. 

The benzene derivates anisole and toluene, which were used in this work, are promising can-

didates for measurements at low temperatures as their high quantum yield [18-21] and, espe-

cially for anisole, absorption cross-section [6] partially make up for the concentration limit 

imposed by their vapor pressures. Also, they are relatively environmentally safe as both are 

considered non-carcinogenic and non-toxic. They are suitable both for temperature measure-

ments [3, 22-27] and, like other aromatics [28], for the measurement of local oxygen concen-

trations [29-32]. The latter indirectly allows measurement of the mixing behavior at the molec-

ular level, as will be discussed in detail in section 2.3.  

For both tracers, models predicting the LIF signal in the form of either semi-empirical or phys-

ical so-called step-ladder models [33] have been developed. The latter describe the deactivation 

of excited molecules by fluorescence and its competing processes iteratively for each of the 

mean vibrational energy levels in the excited state that are passed through during relaxation by 

a sequence of collisions (cf., section 3.2.4.1)  – hence the term step-ladder. The rate constants 

of these deactivation processes, which depend in part on the excess energy and thus, e.g., on 

temperature, are determined experimentally by fitting the models to the measured data. There-

fore, the confidence in the empirical models is limited to the range in which data are available. 

Currently, models are only valid above room temperature.  

The following sections provide an overview of the photophysical data available in the literature 

for toluene (section 2.2.1) and anisole (section 2.2.2) in the context of their application as flu-

orescence tracers for quantitative LIF measurements in gas flows. The motivation of the indi-

vidual authors ranges from the development of measurement techniques to solve engineering 

problems to fundamental research of the photophysics of fluorescence tracers. 

2.2.1 Toluene 

Groundbreaking work on the fluorescence properties of toluene vapor was published by Burton 

and Noyes [34] who studied the fluorescence and absorption properties in the ultraviolet region 

of its either pure or in various noble gases diluted vapor at several total pressures below 0.67 bar 

and a temperature range from room temperature up to 435 K. Narrowband excitation at wave-

lengths between 220 and 280 nm was achieved using broadband lamps in combination with a 

monochromator. They also studied the quenching effect of molecular oxygen on the fluores-

cence signal from 0 up to 9.3 mbar O2 partial pressure.  
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Reboux et al. [35, 36], intending to use toluene LIF for imaging fuel/air ratios in internal com-

bustion engines, did extensive measurements of fluorescence intensities after 248 nm excita-

tion at higher pressure up to 8 bar for various oxygen concentrations at room temperature. They 

found that at air pressures of above 3 bar oxygen-quenching is the dominant deexcitation path-

way. They concluded that the LIF signal only depends on the local fuel/air ratio in conditions 

prevalent during the engine compression stroke. 

Koban et al. [4, 18, 37-39] later found by extensively studying toluene LIF at engine-related 

temperatures from 300–950 K and pressures from 1–15 bar at two different excitation wave-

lengths, 266 and 248 nm, that this assumption is limited to low vibrational energies (low tem-

peratures and longer excitation wavelengths).  

Zimmermann et al. [23, 40] measured the fluorescence lifetime of toluene after excitation fs-

excitation with 248 nm for, e.g., developing an optical sensors for temperature measurements 

in internal combustion engines [26]. They found that the long and short lifetime components 

of the observed biexponential decay curve of the toluene fluorescence are differently influ-

enced by temperature and oxygen concentration. They therefore suggested that simultaneous 

measurement of tracer concentration, oxygen partial pressure, and temperature might be feasi-

ble as the ratio of both lifetimes provides information in the temperature while the temporally 

integrated signal can be related to the concentration (after correction for temperature).  

For in-cylinder temperature measurements in internal combustion engines, Devilliers et al. [41] 

increased the available pressure range to 1–22.3 bar by measuring the toluene fluorescence 

upon excitation with 248 nm in the compression stroke of an optical engine. Thus, temperature 

(293–773 K) was not varied independently but was rather a function of pressure. 

Yoo et al. [42] and Cheung [43] measured the fluorescence quantum yields for toluene at 0–

5 bar total pressure for 248 nm and 266 nm excitation. For this purpose, they used the Rayleigh 

calibration method described by Koch et al. [44] which allows the calculation of the absolute 

quantum yield while simultaneously measuring the absorption and Rayleigh scattering. 

Faust et al. [21, 45] analyzed the fluorescence spectra and fluorescence lifetimes of toluene 

measured with a streak camera after picosecond excitation at 266 nm. They increased the avail-

able temperature range to 296–1074 K and investigated different bath gas compositions includ-

ing pure N2, N2 with varying O2 content, and CO2. They found that the toluene fluorescence 

lifetime was almost identical for, both, N2 and CO2 atmospheres. Using their data, they devel-

oped an empirical model to predict the fluorescence lifetime of toluene under the conditions 

they studied. 

Rossow [46] developed a phenomenological step-ladder model for toluene for engine-related 

conditions. He, therefore, measured absorption and fluorescence spectra after excitation at 

266 for an extended pressure range up to 30 bar at various temperatures from 350–900 K. 

Estruch-Samper et al. [47] used toluene LIF to measure temperatures as low as 68 K in cool 

hypersonic flows. To this end, they measured the temperature-dependent spectral shift of the 
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toluene fluorescence after excitation at 266 nm for pressures of 13–827 mbar. They extrapo-

lated their results from the measured temperature range between 293–380 K results towards 

lower temperatures. They found the error of this technique to be within 15 % compared to the 

values expected in a well-studied canonical test case. 

Benzler et al. [48] measured the fluorescence lifetimes of toluene among other aromatic tracers 

at pressures below 1 bar down to 10 mbar for a temperature range between 296–475 K. From 

extrapolation of their data, they were able to calculate the collision-free (vacuum) fluorescence 

and non-radiative rate constants which they used to develop a semi-empirical fluorescence 

model. 

Table 2.1 provides an overview of the available literature data on toluene LIF from the studies 

cited in this section. 

Table 2.1: Publications on the photophysical analysis of toluene with a view to its use as a tracer in the gas phase 

for temperature or (oxygen) concentration measurement. The table shows the measurement range (temperature T, 

total pressure p and oxygen partial pressure pO2) as well as the excitation wavelength λ used and the bath gas 

composition. The asterisk * indicates that air with a volume fraction of 21 % oxygen was used as the bath gas 

instead of setting the oxygen concentration separately. The entries partly summarize several publications (see 

references) of the respective authors. 

Author (year) 
λ 

/ nm 

T 

/ K 

p 

/ bar 

pO2 

/ mbar 
Bath gas 

Measured  

parameter 

Burton and Noyes 

(1968) [34] 
220–280 293–435 0.001–0.67 0–93 

He, Ar, Kr, 

Xe, SF6 

Absorption and  

fluorescence spectra 

Reboux et al.  

(1994, 1996) [35] 
248 300 1–8 4000 

N2 (CO2, 

H2O) 

Fluorescence  

intensity 

Koban et al.  

(2002–2005)  
[4, 18, 37-39] 

248, 266 300–950 1–15 0–400 N2 
Absorption and  

fluorescence spectra 

Zimmermann et al. 

(2006) [40] 
248 300–570 1 0–70 N2 

Fluorescence  

lifetime 

Devillers et al.  

(2009) [41] 
248 293–773 1–22.3 * N2, air* 

Fluorescence  

spectra 

Yoo et al.  

(2010) [42] 
248 295 0–5 0 N2 

Fluorescence  

quantum yield 

Cheung  

(2011) [43] 
248, 266 295 0–5 0 N2 

Fluorescence  

quantum yield 

Faust et al.  

(2011, 2013) [21, 45] 
266 296–1074 1 0–210 N2, CO2 

Fluorescence  

lifetimes and spectra 

Rossow  

(2014) [46] 
266 350–850 1–30 0–167 N2 

Absorption and  

fluorescence spectra 

Estruch-Samper 

(2015) [47] 
266 293–380 0.01–0.83 0 N2 

Fluorescence  

spectra 

Benzler et al.  

(2015) [48] 
266 296–475 0.01–1 0 CO2 

Fluorescence  

lifetimes 

Beuting et al. 

(2021) [49] 
266 257–293 0.1–2 0 N2 

Fluorescence  

lifetimes and spectra 
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2.2.2 Anisole 

Hirasawa et al. [19] were committed to developing a highly sensitive but experimentally rela-

tively simple and robust LIF thermometry method for which they screened several tracer can-

didates, including anisole. Their idea was to find a tracer pair that could be excited simultane-

ously with single laser pulse but whose fluorescence signal is spectrally separated and, there-

fore, can be easily detected individually. Provided that the signals from the two tracers depend 

very differently on temperature, the ratio of both signals can be significantly more sensitive to 

temperature than, e.g., the signal of ratiometric single-tracer methods. The two-tracer technique 

still shares the advantage of the latter of being independent of variations in tracer concentration 

or local laser fluence if the ratio of the two tracers does not change. Although they finally did 

not consider anisole because its spectral separability from the other candidates was not satis-

factory, it proved promising for other applications because of its high signal intensity, which 

exceeded every other investigated candidate by a factor of at least 2.5. 

Faust et al. [20] followed up on these findings by performing a systematic study of the anisole 

photophysics in the context of gas-phase tracer LIF. Having technical applications such as in-

ternal combustion engines in mind, they measured fluorescence spectra and lifetimes for ele-

vated temperatures between 296–977 K at total pressures of 1–10 bar in an N2 atmosphere. 

They also studied the influence of oxygen quenching for oxygen partial pressures between 0–

210 mbar at atmospheric pressure for a similar temperature range. Faust then adapted his semi-

empirical fluorescence model for toluene [21] for anisole. 

Shortly after, Tran et al. [50] measured fluorescence spectra in different bath gases (N2, CO2, 

Ar) while extending the total pressure range to 2–40 bar and the oxygen partial pressure to 0–

7.5 bar. They found that, with the exception of oxygen, bath gas composition had little effect 

on the LIF signal in the studied temperature range from 473–873 K. Based on these measure-

ments, Wang et al. [51] developed a step-ladder model predicting the anisole fluorescence 

quantum yield for these conditions. 

Benzler et al. [48] further extended the pressure range in the opposite direction to pressures 

down to 10 mbar. They found that the pressure dependence of the LIF signal intensity flips 

from a monotonic increase at 355 K to a monotonic decrease at 475 K with increasing pressure. 

They interpreted this behavior as the transition from photo-induced heating to photo-induced 

cooling. The implications of these findings are discussed in detail in section 6.2. 

Zabeti et al. [6] investigated the maximum reasonable application temperature of anisole LIF 

in shock-tube experiments using mass spectroscopy finding that anisole is stable up to ~950 K 

before it decomposes. They measured absorption and fluorescence spectra up to this point and 

slightly above. Additionally, they measured the significantly different LIF spectra of the reac-

tion products during the pyrolysis of anisole at temperatures between 1255–1620 K. 

Whereas the studies on anisole LIF mentioned up to this point used 266 nm for excitation, 

Baranowski et al. [52] recently used a picosecond optical parametric generator and amplifier 
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for scanning the excitation wavelength from 256–270 nm to follow up on the findings of 

Benzler et al. [48]. For a temperature range between 325–525 K and pressures of 1 and 4 bar 

they found a unique temperature/wavelength combination at which the fluorescence lifetime 

became independent of pressure. These could be interpreted as wavelengths where the excita-

tion occurs exactly to the thermalized energy level in the excited state. They found that the 

energy required for that is underestimated in the available models. A significant improvement 

was achieved by using ab initio simulations of the wavelength-dependent transition probability 

(i.e., absorption spectra) to provide an approximation of the ground state energy transferred to 

the excited state. 

Table 2.2 provides an overview of the available literature data on anisole LIF from the studies 

cited in this section. 

Table 2.2: Publications on the photophysical analysis of toluene with a view to its use as a tracer in the gas phase 

for temperature or (O2) concentration measurement. The table shows the measurement range (temperature T, total 

pressure p and oxygen partial pressure pO2) as well as the excitation wavelength λ used and the bath gas compo-

sition.  

Author (year) 
λ 

/ nm 

T 

/ K 

p 

/ bar 

pO2 

/ mbar 
Bath gas 

Measured  

parameter 

Hirasawa et al. 

(2007) [19] 
266 295 1 0 N2 Fluorescence spectra 

Faust et al.  

(2013) [20] 
266 296–977 1–10 0–210 N2 

Fluorescence  

lifetimes and spectra 

Tran et al. 

(2014) [50] 
266 473–823 2–40 0–7500 

N2, CO2, 

Ar 
Fluorescence spectra 

Benzler et al. 

(2015) [48] 
266 296–475 0.01–1 0 CO2 

Fluorescence life-

times 

Zabeti et al.  

(2016) [6] 
266 

296, 575–980 

(1255–1620) 
1.5 0 Ar 

Absorption and  

fluorescence spectra 

Baranowski et al. 

(2019) [52] 
256–270 325–525 1, 4 0 N2 

Fluorescence  

lifetimes 

Beuting et al. 

(2021) [49] 
266 257–293 0.1–2 0 N2 

Fluorescence  

lifetimes and spectra 

 

2.3 Quantitative imaging of mixing states 

In a molecularly mixed state, the probability of collisions in a binary mixture with collision 

partners of the same and different kind are equally likely considering an equal ratio and iden-

tical collision cross sections of both substances. This state in which the molecules are homo-

geneously distributed on molecular level, represents the optimum conditions for chemical re-

actions such as combustion since diffusion processes do not inhibit the transport, e.g., of fuel 

to oxidizer. The original distinction by Eckart [53] for incompressible flows that was later 

adapted for compressible flows [54, 55], states that stirring (or macroscopic mixing) refers to 

the mechanical action of distribution of fluids while (molecular) mixing describes the diffusion 
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of the stirred fluids across their interfacing boundaries. According to Dimotakis [56], initially 

segregated fluids brought together in a turbulent manner are dispersed by motion of their dis-

sipating flow structures (stirring). As the larger eddies break down to smaller structures, mo-

lecular diffusion acts increasingly on the increasing surface of their boundaries. Therefore, mo-

lecular mixing acts on all size and time scales of the turbulence cascade and depends on the 

surface and, therefore, size of the flow structures. One can argue that a mixing state on molec-

ular level is reached once molecular diffusion dominates over viscous forces, i.e., at the Batch-

elor length or time scale [57]. 

In compressible turbulent flows (turbulent Mach number > 0.5), theoretical description of the 

mixing behavior is complicated since compression and, in the case of supersonic flows, shocks 

(Fig. 2.2) introduce additional dissipation pathways [56]. It was found that increased Mach 

numbers stabilize turbulent flows [58] leading to less effective mixing. This is especially prob-

lematic for the production of nanoparticles in supersonic reactors, which rely on molecular-

level mixing but prohibit early addition of the reactant prior to acceleration and gas-dynamic 

cooling to avoid premature reactions [1].  

 

Fig. 2.2: Instantaneous schlieren (top [59]) and LIF images (bottom [60]) showing the wake of an injector whose 

trailing edge located in the subsonic (left) and supersonic (right) section of a nozzle flow showing inherently 

different macroscopic mixing behavior. 

Macroscopic mixing or stirring has been extensively studied in configurations very similar to 

those discussed in this work by Chun [61] and Wohler [62-66]. The latter suggests that the 

dispersion of the flow structures for both, subsonic and supersonic injection, is self-similar in 

the far field (about 200 injector trailing edge heights downstream of the point of injection) of 

the flow independent of the angle of injection or injector geometries [66].  

Although some work has investigated the molecular mixing behavior on canonical cases in and 

supersonic flows, the relationships are not yet fully understood [67] and the number of inves-

tigations on geometries close to the application are still limited [68, 69].  

From an experimental standpoint, it is important to be able to distinguish between sub-resolu-

tion stirring and molecular mixing for, e.g., combustion applications. For illustration, consider 

a mixing flow of two different substances, say A and B, that is observed with an imaging 
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measurement system only sensitive to one of both substances, say A. The red square in the 

image on the left-hand side in Fig. 2.3 illustrates the limited resolution of the imaging system. 

In this case, the signal originating from the corresponding measurement volume is ambiguous: 

If for example the measured intensity would be 50 % of that expected of the measurement 

volume being completely filled with A, this could mean that the sub-resolution mixing state on 

molecular level is either completely mixed (Fig. 2.3a, gray color), completely unmixed (Fig. 

2.3b), or a combination of both (Fig. 2.3b). In other words, measurement of the intensity of A 

only yields the mixing fraction as the dilution of a A as a passive scalar (stirring). It does not 

provide information on the (molecular) mixing state according to the definitions given above. 

 

Fig. 2.3: Differentiation between sub-resolution stirring and molecular mixing. Left: Turbulent jet of fluid A in-

jected into a quiescent fluid B. The red square represents the maximum resolution of a detection system sensitive 

for a signal depending on the local amount of fluid A only. If the measured intensity corresponds to 50 % of the 

signal expected for pure A, both fluids may be a) mixed on the molecular level, b) stirred on a sub-resolution level 

but completely unmixed below that, or c) a combination of both as represented in the enlarged views of the meas-

urement volume (adapted from Meyer et al. [70] and Rossmann et al. [71]). 

To overcome the resolution problem, indirect methods have been developed. For example, the 

local heat release of a fast chemical reaction requiring molecular mixing of two reaction part-

ners given to A and B, respectively, was measured as a proxy for the local mixing level [55, 

72]. Despite refinements of the technique [56], interpretation of the results remains not trivial 

and spatial resolution requires scanning of a temperature probe. Also, the heat release and the 

reaction products may cause undesired side effects. Winter et al. [54] demonstrated the concept 

of a collisional energy-transfer fluorescence technique that measured the fluorescence of biac-

etyl induced by energy transfer upon collisions of UV laser-excited toluene molecules with 

ground-state biacetyl molecules. While this signal depended directly on the mixing state of the 

toluene containing and the biacetyl-containing flow, the fluorescence signal of biacetyl after 

selective excitation at longer wavelengths was found to depend on the biacetyl concentration 

only and, therefore, provided information on the stirring of the flows. 

The approach introduced by Paul and Clemens [73, 74] exploited the strong collisional quench-

ing effect of molecular oxygen on the laser-induced fluorescence of nitric oxide analogous to 

fast chemical reactions. To this end, NO was added to a N2 jet that was then mixed with an air 

co-flow. Since collisional quenching was considered having unity efficiency, the fluorescence 

signal only marked completely unmixed NO. By alternately injecting either the fluorescent or 

A

B
A + B

A B

A + B

?

a) b) c) 

A

B
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quenching liquid through a nozzle into a low-velocity co-stream containing the other fluid, they 

were able to identify the molecularly mixed portion of the forming axisymmetric shear layer.  

The limitation associated with this approach of not being able to make instantaneous measure-

ments has been eliminated by King et al. [75]. In addition to nitric oxide, they used acetone, 

whose fluorescence is not quenched by oxygen, as an additional tracer to monitor stirring on 

the macroscopic level. Assuming that the upper-level loss rates of the excited acetone are sig-

nificantly larger than its spontaneous emission rate and quenching effects and again, assuming 

an infinite quenching rate of NO in the presence of oxygen, they were able to calculate the 

mixing level on molecular level as shown in Fig. 2.4d. 

 

Fig. 2.4: Quantitative imaging of the molecularly mixed fraction in the mixing layer of a jet in a co-flow by King 

et al. (reproduced from [75], with the permission of AIP Publishing.) The co-flow is air seeded with acetone, 

whose fluorescence signal is insensitive to O2. The jet is N2 seeded with NO, whose fluorescence is assumed to 

be quenched by O2 with unity efficiency. Therefore, the a) acetone signal (Sacetone) represents the pure co-flow and 

the fraction found in the mixing layer whereas the b) NO signal (SNO) only marks the pure jet flow. Since the 

signals are normalized by the intensity of the respective pure flow, the molecularly mixed fraction (d) can be 

calculated by subtracting the SNO from the inverted acetone image (c). 

Meyer et al. [70] followed up on this work by reviewing the validity of the theory and assump-

tions in detail. While they highlighted the capabilities of the approach, they pointed out that 

especially the in-reality finite quenching rate leads to a considerable uncertainty. Rossmann et 

al. [71] then developed a modeling approach using several different quenching partners ac-

counting for the non-infinite quenching rate and the temperature dependence of the quenching 

cross-section. 

These techniques are increasingly complex in the order they were mentioned. For the approach 

of King et al. [75], e.g., two lasers and two cameras are required to measure both tracers. Exact 

alignment of the laser beams is critical [70]. Koban et al. [29] mitigated the problem by using 

toluene and 3-pentanone instead, with the former being sensitive to O2 while the latter acts as 

the passive scalar. Since their emission spectra overlap, both substances can be excited with a 

single laser. Contrary to the cold chemistry approach, both, air and N2, flows were seeded with 

the identical amount of both tracers. The ratio of the signal was then used to measure the local 

O2 concentration using previously obtained calibration data. However, energy transfer and 

spectral cross talk between both tracers proved problematic only allowing relatively low tracer 

a) Sacetone

Pure co-flow + mixing layer Pure jet + mixing layerPure jet flow Molecularly mixed fraction

b) SNO c) 1 – Sacetone d) 1 – Sacetone – SNO
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concentrations. Yu et al. [76] recently demonstrated an almost identical technique using ace-

tone instead of 3-pentanone while addressing and accounting for the energy transfer in detail. 

A further reduction of the experimental effort was achieved by Mohri et al. [30]. They used 

toluene as a single tracer and exploited that quenching in the O2-toluene system is more effi-

cient at high energies (short excitation wavelengths), therefore, inducing an apparent red-shift 

of the fluorescence spectrum. Using a two-color imaging system, the spectral change was de-

tected, and the local oxygen concentration was determined from calibration data. 

A very different but noteworthy approach was developed by Hu and Koochesfahani [77] that 

is especially intriguing due to its experimental simplicity and robustness. Here, acetone is used 

as a single tracer acting as both, marker for the passive scalar and quenching partner for cold 

chemistry. While its fluorescence is insensitive to oxygen contained in the co flow of an N2 jet 

seeded with acetone, its longer-lived (delayed) phosphorescence signal is strongly quenched. 

They used a single laser for excitation and a single intensified camera for detection of both 

signals separated by careful timing of two consecutive exposures. While the use of a single 

laser and single camera eliminates almost all alignment and many calibration issues, the down-

side of this approach were the long exposure times in the microsecond range required to capture 

the phosphorescence leading to spatial uncertainties of several millimeters in high-velocity 

flows, e.g., at the conditions studied by Chun [61], Wohler et al. [62-66], and Richter et al.  [59, 

60, 78-82].  
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3 Theory 

In this chapter, the theoretical principles of fluid dynamics required for the design of supersonic 

flow channels and the flow phenomena to be studied are described. Additionally, the underly-

ing photophysical processes of laser-induced fluorescence are presented. Finally, optical im-

aging measurement strategies and their capabilities for specific scientific objectives are dis-

cussed and compared. 

3.1 Fluid mechanics 

This section explains characteristics of the transonic wake flow in which the measurement 

techniques developed in this thesis are applied (chapters 5 and 6). It also introduces the fluid 

mechanical fundamentals of the nozzle flow necessary for the design of the miniature flow 

channel used in Chapter 8. Unless otherwise stated, the following explanations are based on 

the elaborations by White [83], and Weigand et al. [84] beginning with the following definition 

and classification.  

The Mach number M is the dimensionless ratio of the flow velocity u and the speed of sound 

a being M = 1 in the case of sonic flow. 

 𝑀 =
𝑢

𝑎
 (3.1) 

Whereas slow subsonic flows (M < 0.2) are considered incompressible, density effects cannot 

be neglected for increasing flow velocity (0.2 < M < 1.0). If the magnitude of the flow velocity 

or the velocity of an object relative to a fluid at rest reaches sonic velocity (0.8 < M < 1.2), we 

speak of transonic flow in which both supersonic and subsonic regions are present accompa-

nied by compressibility effects, e.g., in the form of shock waves. These are wave fronts caused 

by sound waves originating from a body moving at supersonic speed or in an obstacle in a 

supersonic flow. Shock waves cause sharp gradients of the state variables leading to complex 

flow fields. After further acceleration, the formerly mixed flow field becomes a pure supersonic 

flow (M > 1.2) [83]. The following chapters aim at deriving a set of equations for the one-

dimensional description of the frictionless transonic nozzle flow as function of Mach number. 

3.1.1 Speed of sound 

The speed of sound is the velocity with which an acoustic wave, i.e., a perturbation of pressure 

and the associated state variables, travels through a medium. For a perfect gas, the isobaric and 

isochoric heat capacities, cp and cV, are constant while the equation of state relating pressure p 

to density ρ and temperature T (specific ideal gas constant Rs) neglects intermolecular forces. 

This approximation is safe for small variations in temperature, especially since the ratio of 

specific heats κ is only a weak function of temperature [83].  
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 𝑝 = 𝜌𝑅𝑇, 𝑅𝑠 = 𝑐𝑝 − 𝑐𝑉, 𝜅 =
𝑐𝑝

𝑐𝑉
 (3.2) 

To derive a set of equations describing the flow through the flow channel, one can start with 

the fundamental equation describing the infinitesimal change in entropy s as a function of small 

changes in enthalpy h and pressure p. 

 𝑇d𝑠 = dℎ𝑠 −
d𝑝

𝜌
, dℎ𝑠 = 𝑐𝑝d𝑇  (3.3) 

Substituting Eq. 3.2 into Eq. 3.3 and after rearrangement and subsequent integration on obtains 

the following expression for the change of entropy.: 

 d𝑠 = 𝑐𝑝
d𝑇

𝑇
+ 𝑅

d𝑝

𝑝
, s1 − 𝑠0 = 𝑐𝑝 ln (

𝑇1
𝑇0
) + 𝑅 ln (

𝑝1
𝑝0

) . (3.4) 

Small gradients such as caused by sound waves travelling through a medium can be considered 

adiabatic and reversible so that an isentropic change of state (ds = 0) is a fair assumption. 

Therefore, with the left part equaling zero and after substitution of cp and R (Eq. 3.2), Eq. 3.4 

reduces to 

 0 =
𝜅

𝜅 − 1
ln (

𝑇1
𝑇0
) + ln (

𝑝1
𝑝0

)  (3.5) 

yielding a simple relationship between pressure, temperature, and density (via Eq. 3.2) for the 

isentropic state change of a perfect gas.  

 
𝑝1
𝑝0

= (
𝑇1
𝑇0
)

𝜅
𝜅−1

= (
𝜌1
𝜌0

)
𝜅

  ⇒    
𝑝

𝜌𝜅
= const. (3.6) 

Considering a sound wave propagating through a compressible medium with the velocity a 

from the reference frame moving with the sound wave with du being the fluid velocity as shown 

in Fig. 3.1. 

 

Fig. 3.1: One-dimensional sound wave propagating through a medium of pressure p and density ρ with the ve-

locity of a. The control volume (dashed line) is attached to the sound wave so that it stands still within the refer-

ence frame. Based on drawings by White [83]. 

A
A
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Then, assuming stationary behavior, the continuity principle dictates that the mass flow ṁ 

throughout the control volume (dashed line) remains constant for a constant control volume 

surface area A. 

 �̇� = const. = 𝜌𝑎𝐴 = (𝜌 + d𝜌)(𝑎 − d𝑢)𝐴 (3.7) 

In analogy to the mass balance, the momentum balance for the control volume can be written 

as follows. 

 𝑝𝐴 + �̇�𝑎 = const. = (𝑝 + d𝑝)𝐴 + �̇�(𝑎 − d𝑢) (3.8) 

Inserting Eq. 3.7 into Eq. 3.8 simplifies the mass balance to 

 d𝑢 =
d𝑝

𝜌𝑎
 . (3.9) 

With A cancelling, the following equation can be obtained from the mass balance (Eq. 3.7 ) by 

rearranging and neglecting the second order derivatives. 

 d𝑢 =
1

𝜌
(𝑎d𝜌 − d𝜌d𝑢) =

𝑎d𝜌

𝜌
  (3.10) 

The combination of Eq. 3.9 and Eq. 3.10 then gives  

 𝑎2 =
d𝑝

d𝜌
 . (3.11) 

Using the equation for isentropic change of state (Eq. 3.6) and the ideal gas law (Eq. 3.2), the 

speed of sound a of an isentropic perfect gas can be expressed in its common form. 

 𝑎 = √𝜅
𝑝

𝜌
= √𝜅𝑅𝑇 (3.12) 

3.1.2 Compressible isentropic nozzle flow 

To describe the flow through a duct with variable cross section A, it is convenient to start with 

the differential notations of the continuity equation (Eq. 3.7) and the momentum balance (Eq. 

3.8) shown in Eqs. 3.13 and 3.14, respectively. 

d𝜌

𝜌
+

d𝐴

𝐴
+

d𝑢

𝑢
= 0 (3.13) 
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d𝑝

𝜌
+ 𝑢d𝑢 = 0 (3.14) 

Inserting Eq. 3.11 into 3.14 and then into 3.13 describes the change of A required for a change 

in velocity as a function of the Mach number (Eq. 3.1). 

 
d𝐴

d𝑢
= A(

𝑢

𝑎2
−

1

𝑎
) =

𝐴

𝑢
(𝑀2 − 1) (3.15) 

It becomes apparent that for subsonic flows (M < 1) increasing velocity requires a decreasing 

cross section while for supersonic flows (M > 1) increasing velocity requires also an increasing 

cross section.  

 
d𝐴

d𝑢
|
𝑀 < 1

< 1 ,
d𝐴

d𝑢
|
𝑀= 1

= 0,
d𝐴

d𝑢
|
𝑀 > 1

> 1 (3.16) 

Consequently, to accelerate a flow from sub- to supersonic speed, the effective cross-section 

must be reduced and increased again after M = 1 is reached. This can be achieved in a conver-

gent–divergent duct or de-Laval nozzle as shown in Fig. 3.2. The flow channels described in 

this work feature a rectangular cross-section with a constant width (y-direction in Fig. 3.2).  

 

Fig. 3.2: Rectangular convergent–divergent duct (de-Laval nozzle) with constant width. 

The origin of the coordinate system used in this work always resides on the flow centerline at 

the smallest (critical) cross-section A* so that x* = 0. Index 0 denotes the inlet and index 1 the 

outlet of the nozzle, respectively. Sticking to the prior assumptions (stationary, isentropic one-

dimensional flow of a perfect gas) the energy balance for the nozzle reads as follows assuming 

that the flow at the inlet is at rest (which is approximately true for A0 >> A*) and neglecting 

differences in geodesic height. 

 ℎ𝑠,0 = ℎ𝑠 +
𝑢2

2
 (3.17) 
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With Eq. 3.2 and Eq. 3.3 this gives  

 𝑐𝑝𝑇0 = 𝑐𝑝𝑇 +
𝑢2

2
      ⇔      

𝑇0
𝑇

= 1 +
𝑢2

2𝑐𝑝𝑇
= 1 +

𝜅 − 1

2

𝑢2

𝜅𝑅𝑇
  . (3.18) 

With Eq. 3.12 and Eq. 3.1, we get the temperature as a function of the Mach number. 

 
𝑇0
𝑇

=
𝜅 − 1

2
𝑀2 + 1  (3.19) 

A similar relationship for pressure and density is obtained using the equation for isentropic 

change of state (Eq. 3.6). 

 𝑝0
𝑝

= (
𝜅 − 1

2
M2 + 1)

𝜅
𝜅−1

,      
𝜌0
𝜌

= (
𝜅 − 1

2
M2 + 1)

1
𝜅−1

 (3.20) 

The parameters at the critical cross-section (superscript *) can be determined by inserting 

M = 1. 

 𝑇∗ =
2𝑇0
𝜅 + 1

, 𝑝∗ = 𝑝0 (
2

𝜅 + 1
)

𝜅
𝜅−1

, 𝜌∗ = 𝜌0 (
2

𝜅 + 1
)

1
𝜅−1

 (3.21) 

Inserting the density terms of Eq. 3.20 and Eq. 3.21 into the continuity equation 3.7 at the 

critical point yields an expression for A depending on the critical nozzle cross-section A*.  

 𝐴 =
𝐴∗

𝑀
(
2 + (𝜅 − 1)𝑀2

𝜅 + 1
)

𝜅+1
2(𝜅−1)

 (3.22) 

This final set of equations can be used to approximate (neglecting boundary layer effects) the 

conditions inside and behind the nozzle at a given geometry for known inlet conditions, or vice 

versa. The design of the nozzle for the flow channel described in this work also accounts for 

boundary layer effects by incorporating computational fluid dynamics (CFD) is explained in 

detail in chapter 8.4.  

3.1.3 Transonic wakes 

In Chapters 5 and 6, mixing layers in accelerated transonic wake flows are studied using LIF. 

Since this work focuses on the measurement technique and less on the flow dynamics, the 

complex case of these frictional, turbulent shear flows and the associated compressibility ef-

fects will only be outlined roughly and phenomenologically.  

For a detailed treatment of the underlying principles, the reader is kindly referred to the work 

of Richter [2], which deals with the aerodynamic analysis of such flows as part of the collabo-

rative project on which this work is based. 
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A number of studies exist dealing with wake flows in the subsonic region (M < 1). Here, the 

wake of a blunt obstacle is dominated by large-scale spanwise vortices separating alternating 

for a wide Reynolds number range [85-88]. Figure 3.3 shows qualitatively the subsonic wake 

flow behind an obstacle with a blunt trailing edge such as of the injectors discussed later in this 

work. The profile of the time-averaged wake velocity deficit ud, being the difference of the of 

the local velocity to the undisturbed flow velocity u∞ (Eq. 3.23), is sketched in Fig. 3.3 on the 

right-hand side. Past studies showed. It was shown that its half-width δ1/2 increases quadrati-

cally with the distance to the point of interference which is also referred to as the ½-power law 

[89].  

 𝑢d = 𝑢 − 𝑢∞ , 𝛿1 2⁄ ∝ √𝑥  (3.23) 

The shape of this velocity deficit profile was found to be self-similar in the far field wake of 

objects in sub- [89] and supersonic flows [68]. Self-similarity in this context means that veloc-

ity profiles, such as those shown in Figs. 3.3 and 3.4 on the right, retain their shape and scale 

only by their individual velocity and length scales [89] with increasing distance from the point 

of origin . 

 

Fig. 3.3: Subsonic wake of a body with a blunt trailing edge, adapted from Nakagawa et al. [68]. 

The characteristics of the wake are fundamentally different for supersonic (M > 1) flows [68]: 

as shown in Fig. 3.4, first a subsonic recirculation zone forms in the closest vicinity to the blunt 

trailing edge accompanied by expansion fans originating from its edges. The short subsonic 

wake is followed by a recompression zone, recognizable by the characteristic oblique shocks 

that occur at its neck. These compressibility effects influence the wake significantly and inhibit 

its expansion with increasing Mach number while stabilizing the mixing layer [58]. 

Blunt trailing edge

Alternating eddies

𝑢(𝑥,  )

𝑢d(𝑥,  )

𝛿1 2

𝑢∞(𝑥)

𝑥
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𝑥
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Fig. 3.4: Supersonic wake of a body with a blunt trailing edge, adapted from Nakagawa et al. [68]. 

All cases discussed in this thesis concern a blunt body with injection of a fluorescence tracer 

at the vertical trailing edge at relatively low velocity and low mass flow rate compared to the 

main flow. Literature refers to such low-momentum injection also as base bleed [90, 91]. The 

Introduction of a traceable substance as base bleed provides a passive scalar whose distribution 

marks the mixing layer, provided that no temperature or pressure effects or mixing-induced 

photochemistry occur. This is on one hand of practical importance since it is analogous to fuel 

or precursor distribution in practical applications (Section 4) and on the other hand provides 

means for studying wake flows on a fundamental level [2, 66]. According to Pope [92], the 

lateral velocity deficit profile and the lateral concentration profile differ slightly with the latter 

being wider also affecting the perceived growth rate. Nevertheless, the use of concentration 

profiles as a proxy for the shape of the wake has become a common method for demonstrating 

self-similarity [59, 60, 64] since the laterally normalized mixture fraction is conserved identi-

cally to the lateral profiles of axial velocity [92]. 

3.2 Photophysics of organic fluorescence tracers 

In this section, the photophysical background for understanding the laser-induced fluorescence 

of organic tracer species is explained. Emphasis is placed on the properties of the benzene 

derivates anisole and toluene, which were used as fluorescence tracers. After a brief explana-

tion of the principles of matter-light interaction, the mechanisms responsible for the influence 

of environmental conditions on the fluorescence signal are described. 

3.2.1 Interaction of matter and light 

The molecules of interest for this work are toluene and anisole (Fig. 3.5) due to their fluores-

cence properties and, in particular, the additional sensitivity to collisions with molecular oxy-

gen. The energy levels of molecules are widely described by linear combinations of the atomic 

orbitals. Typical optically excitable transitions in both aromatic organic molecules in question 

are the π→π* localized at their C=C double bonds [28]. This chapter provides the theoretical 

background for the understanding of laser-induced fluorescence of both aromatic tracers. Un-

less stated otherwise, the contents of this chapter is based on the description of Klán and Wirz 

[93], and Sauer [94]. 

𝑥
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𝑀∞ > 1
𝑥
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Fig. 3.5: Structural formula of toluene and anisole. 

The ground-state configuration of both species is the singlet state (S0) where the total spin is 

zero as shown in Fig. 3.6. After absorbing a photon of proper energy, one electron is excited 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular or-

bital (LUMO). If the subsequently unpaired electron spins remain anti-parallel, the resulting 

spin configuration remains zero meaning that this excited state (S1) is also a singlet state. Dur-

ing radiative transition from S1 → S0, the molecule emits a photon of similar energy which can 

be observed as fluorescence. On the other hand, if the spins of the unpaired electrons are par-

allel, the excited state is called a triplet state (T1). In contrast to the singlet state, the relaxation 

from the T1 is spin-forbidden. Therefore, the radiative transition T1 → S0 referred to as phos-

phorescence is several orders of magnitude slower compared to fluorescence.  

 

Fig. 3.6: Representation of the spin configurations of the singlet ground state S1, the singlet excited state S2, and 

the triplet excited state T1, adapted from Klán and Wirz [93]. 

For molecules, the energy required for each transition does not only depend on the HOMO–

LUMO energy difference but also on the vibrational and rotational energy level of the molecule 

in the ground and excited state. The potential wells of the S0 and S1 state for a diatomic mole-

cule are qualitatively shown in Fig. 3.7a as Morse potentials, which also account for the anhar-

monicity of a diatomic oscillator. Because the electronic excitation is several orders of magni-

tude faster than the time scale of the molecular vibrations, the distance of the nuclei is invariant 

or “frozen” compared to the movement of the electrons during the excitation process, resulting 

in a “vertical” transition. Excitation or deactivation is much more likely if the probability den-

sity of the oscillator’s nuclear wave functions overlaps in both states. The likelihood for each 

such transition is shown qualitatively in Fig. 3.7b where the intensity representing the strength 

of the absorption and fluorescence is shown over the energy or the corresponding wavelength. 

The absorption and fluorescence lines result from the spatial overlap of the wave functions at 

the different vibrational levels also referred to as the Franck-Condon integral or factor.  
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Fig. 3.7: Cartoon for explaining the Franck-Condon principle: a) Morse potentials for the S0 and S1 states of a 

diatomic oscillator where green lines depict the probability density of the oscillators wave function. b) Absorption 

and emission lines derived from a) favoring the 0→2 transition and the resulting absorption and fluorescence 

spectra (dotted lines), adapted from Sauer [94]. 

The shape of the final absorption and emission spectra (dotted lines) are subject to the influence 

of temperature, pressure, and possible bath gas composition. The initial vibrational energy pop-

ulation in the ground state, and hence in the excited state energy level of the molecule after 

absorption of a photon of a certain energy, depends on the temperature. In combination with 

the Franck-Condon factors this leads to multiple effects affecting the spectral shape and 

strength. On one hand, the number of likely transitions increases with increasing energy level 

(Fig. 3.7a) resulting in more broadband absorption and fluorescence spectra. On the other hand, 

the energy difference between the high-probability S1 ⟷ S0 transitions changes due to the 

anharmonicity of the potential wells of the states that increases with vibrational energy. For the 

two tracers studied in this work, this leads to a preference of transitions with lower energy 

difference and, thus, a red shift of absorption and emission spectra. Finally, the overlap from 

S1 to higher excited S0 or triplet states (not shown) increases with the vibrational energy level 

so that losses through “horizontal” non-radiative processes (section 3.2.4.1) lead to similarly 

strong and near-exponential decrease of the fluorescence quantum yield with increasing tem-

perature for anisole and toluene [95]. 

3.2.2 Absorption 

The exponential attenuation of light along passing an optically dense medium is described by 

the Lambert–Beer law as illustrated in Fig. 3.8.  
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Fig. 3.8: Light absorption in an absorbing medium (green) as described by the Lamber-Beer law. 

The ratio of the attenuated light intensity Ilaser to the initial intensity Ilaser,0 depends on the ab-

sorber number density ntracer the absorption path length Δx and the wavelength-dependent and 

species-specific (chapter 3.2.1) absorption cross-section σabs (Eq. 3.24) 

 
𝐼laser
𝐼laser,0

= exp(−𝑛tracer𝜎absΔ𝑥) (3.24) 

The gas-phase absorption spectra of the two tracers used in this work, toluene a) and anisole 

b), are shown in Fig. 3.9 for different bath gas temperatures. Both substances can be excited 

using the commonly available wavelengths 248 and 266 nm (dotted lines) of KrF-excimer and 

frequency-quadrupled Nd:YAG lasers, respectively. Whereas the absorption cross-section is 

similar at 248 nm, it is about one order of magnitude larger at 266 nm for anisole. In practical 

applications, this compensates for the significantly lower vapor pressure of anisole compared 

to toluene of 3.2 mbar vs. 29 mbar at room temperature, respectively. For toluene, the absorp-

tion cross-section is nearly independent of temperature at 248 nm so that this wavelength was 

chosen in this work if a low temperature dependence of the LIF signal was desired (chapters 5 

and 6). 
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Fig. 3.9: Temperature-dependent absorption cross-section of a) toluene vapor measured in N2 at atmospheric 

pressure [96] and of b) anisole measured at 120 mbar in Ar bath gas [97]. 
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Since in this work LIF is applied to low density gases in cases, where nTracer is severely limited 

by the tracer vapor pressure at low temperature, the tracer concentration is so low that attenu-

ation of laser light passing the measurement volume was neglected unless stated otherwise.  

3.2.3 Emission 

Spontaneous emission of light during the transition of excited molecules from a higher to a 

lower electronic state is referred to as luminescence. Luminescence processes can be classified 

according to the type of excitation, e.g., chemiluminescence, electroluminescence, thermolu-

minescence, photoluminescence. According to the spin configuration of the electron states in-

volved, luminescence is further subdivided into fluorescence and phosphorescence, which will 

be discussed in detail in section 3.2.4.1. The LIF techniques discussed in this thesis relate to 

the measurement of extrinsic and intrinsic state variables from the non-saturated fluorescence 

signal after excitation with laser light. To explain what that means, it is useful to begin with a 

simple two-level energy model as shown in Fig. 3.10. Unless stated otherwise, the explanations 

in this section are based on the elaborations of Eckbreth [17]. 

 

Fig. 3.10: Simple two-level energy diagram reproduced from Eckbreth [17]. 

Consider a gas of identical molecules, which can exist in two electronic states (1 and 2). The 

absorption of a photon excites molecules from 1 to 2, from which they return to 1 by sponta-

neous emission or by non-radiative energy transfer (quenching). With increasing population of 

the excited state 2, stimulated emission, i.e., the emission of another photon triggered by an 

absorbed photon, plays an increasingly important role. Neglecting other processes like pho-

toionization and predissociation, which may contribute to a reduction of excited molecules but 

without returning them to the ground state, one can write the rate equations for describing the 

population of each level as follows [17].  

 
d𝑁1

d𝑡
= −𝑁1𝑏12 + 𝑁2(𝑏21 + 𝐴21 + 𝑄21) (3.25) 

 
d𝑁2

d𝑡
= 𝑁1𝑏12 −𝑁2(𝑏21 + 𝐴21 + 𝑄21) (3.26) 
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Here, N represents population density in the respective level. A21 is the rate constant and at the 

same time the Einstein A coefficient for spontaneous emission and Q21 is the rate constant for 

collisional quenching. The rate constants for absorption and stimulated emission b12 and b21, 

respectively, can be calculated from the Einstein coefficient B, the incident laser intensity ILaser, 

and Cλ a conversion factor of the same unit as ILaser [98]. If the laser irradiance (e.g., in units of 

W m–2 s–1) was used for ILaser, Cλ would be equal to the speed of light c [17]. 

 𝑏 =
𝐵𝐼laser
𝐶λ

 (3.27) 

If all irreversible upper-level losses are neglected (as done for Eq. 3.26), the total number of 

molecules is constant. 

 𝑁1 + 𝑁2 = const. = 𝑁1
0 (3.28) 

Inserting Eq. 3.28 into 3.26 eliminates N1 yielding 

 
d𝑁2

d𝑡
= 𝑁1

0𝑏12 − 𝑁2(𝑏12 + 𝑏21 + 𝐴21 + 𝑄21) . (3.29) 

Subsequent integration results in the expression 

 𝑁2(𝑡) =
𝑁1

0𝑏12
𝑟

+ 𝐾e−𝑟𝑡 (3.30) 

after introducing r for convenience and readability. 

 𝑟 = 𝑏12 + 𝑏21 + 𝐴21 + 𝑄21 (3.31) 

Prior to laser excitation, the population in the upper level is negligible [17] so that the integra-

tion constant K can be determined using the initial condition N2(t = 0) = 0. 

 𝑁2(𝑡) =
𝑁1

0𝑏12
𝑟

(1 − e−𝑟𝑡) (3.32) 

Equation 3.32 increases rapidly until it reaches a plateau when its exponential term approaches 

zero for rt >> 1 and, thus, achieves an equilibrium for sufficiently intense and long laser pulses 

[17]. 

 𝑁2(𝑡) =
𝑁1

0𝑏12
𝑟

 (3.33) 
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Rearranging Eq. 3.33 after reinserting Eq. 3.31 for r gives 

 
𝑁2 = 𝑁1

0
𝑏12

𝑏12 + 𝑏21

1

1 +
𝐴21 + 𝑄21

𝑏12 + 𝑏21

 . 
(3.34) 

Inserting Eq. 3.27 replaces the rate constants for absorption and stimulated emission. 

 
𝑁2 = 𝑁1

0
𝐵12

𝐵12 + 𝐵21

1

1 +
𝐴21 + 𝑄21

𝐵12 + 𝐵21

𝐶λ
𝐼laser

 
  

(3.35) 

With the saturation laser intensity defined according to Eckbreth [17] as 

 𝐼laser,sat =
𝐴21 + 𝑄21

𝐵12 + 𝐵21
𝐶λ , (3.36) 

Eq. 3.35 can be rewritten as 

 
𝑁2 = 𝑁1

0
𝐵12

𝐵12 + 𝐵21

1

1 +
𝐼laser,sat
𝐼laser

 
 . 

(3.37) 

Since the fluorescence intensity Sfl is proportional to spontaneous emission rate constant A21 

times the excited state population density N2, it follows that 

 
𝑆fl ∝ 𝑁1

0
𝐴21𝐵12

𝐵12 + 𝐵21

1

1 +
𝐼laser,sat
𝐼laser

 
 . 

(3.38) 

In the non-saturated case, i.e., ILaser << ILaser,sat, a limit analysis of Eq. 3.38 shows that the fluo-

rescence signal is proportional to the laser intensity. 

 𝑆fl ∝ 𝐼laser (3.39) 

Although the two-level model is a useful way to convey the basic idea behind linear LIF, the 

simplification does not fully represent the photophysics of typical organic tracers. In reality, 

additional electronic states and loss channels must be taken into account. Depending on the 

boundary conditions of the experiment, the onset of nonlinearities can already occur at low 

excitation energies. Photoionization and predissociation may need to be considered, and self-

quenching may become an issue. The following section therefore focuses on describing the 

photophysics of organic tracers with a view to their use as fluorescent tracers in practical ap-

plications. 



3. THEORY 

28 

 

3.2.4 Laser-induced fluorescence in the gas phase 

Following the absorption of the laser light, the subsequent fluorescence signal recorded by a 

detection system such as a camera can be described using Eq. 3.40 for weak unsaturated exci-

tation energy Ilaser.  

 𝑆fl  ∝  𝐼laser𝑛Tracer𝜎abs(𝜆, 𝑇, 𝑝)𝜙fl(𝜆, 𝑇, 𝑝, 𝑝q) (3.40) 

Its intensity Sfl is proportional to absorption cross section σ, and fluorescence quantum yield 

(FQY) ϕfl, which is defined as the ratio of emitted photons to the absorbed photons (Eq. 3.41). 

While the former depends on the excitation wavelength λ, temperature T, and pressure p, the 

latter is also influenced by the bath gas composition, represented by the partial pressure pq of a 

species potentially quenching the fluorescence signal as described further down in this chapter. 

 𝜙fl =
Number of emitted photons

Number of absorbed photons
= 𝑓(𝜆, 𝑇, 𝑝, 𝑝q) (3.41) 

In the simple two-level energy model discussed before in section 3.2.3, the FQY can also ex-

pressed as the ratio of the spontaneous emission rate constant to the total upper-level deactiva-

tion rate constants whereas the absorption cross-section is proportional to the absorption rate 

constant.  

 𝜙fl =
𝐴21

𝐴21 + 𝑄21
, 𝜎abs ∝ 𝐵12 (3.42) 

Thus, from equations 3.38, 3.36, and 3.42, an expression for the LIF signal intensity for stronger 

excitation in the non-linear case can be derived analog to Eq. 3.40. From Eq. 3.43 it is now 

obvious that the definition for the saturation laser intensity (Eq. 3.36) by Eckbreth [17] is cho-

sen so that Sfl,sat = 0.5 Sfl for Ilaser = Ilaser,sat. 

 
𝑆fl ∝

𝐼laser
𝐼laser

𝐼laser,sat
+ 1

𝑛Tracer 𝜎abs(𝜆, 𝑇, 𝑝) 𝜙fl(𝜆, 𝑇, 𝑝, 𝑝q) (3.43) 

This work deals only with linear LIF in the unsaturated case. However, the LIF signal is rou-

tinely checked for linearity by measuring the Sfl versus Ilaser for the laser intensities used or 

expected in each experiment. This is also important because other effects such as self-quench-

ing (see 3.2.4.1), which are not taken into account by the two-level model, can lead to nonlinear 

behavior even at excitation energies well below Ilaser,sat. 

3.2.4.1 Deactivation mechanisms 

Especially for larger gas molecules at temperature and pressure conditions prevalent in many 

practical processes, the dependence of ϕfl on pressure, temperature, and gas composition is not 

trivial. Before excitation, the molecules are typically in thermal equilibrium with their 
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environment so that the vibrational energy level in the ground state S0 corresponds to the ther-

mal energy level as indicated in the Jabłoński diagram in Fig. 3.11 (pink line representing the 

average thermal energy). After excitation with laser light, the initial vibrational level in the 

excited S1 state may be higher or lower than the thermal energy level depending on the laser 

energy (or wavelength, Eq. 3.44 with h being the Planck constant and c the vacuum light speed) 

and the vibrational energy in S0. 

 𝐸laser =
ℎ𝑐

𝜆
 (3.44) 

Through collisions with bath gas molecules, the excited molecules subsequently relax toward 

thermal equilibrium, either extracting energy from or transferring energy to their environment. 

As they pass through several vibration levels, this process is called (external) vibrational relax-

ation (VR) and has an almost unity probability of energy transfer per collision [28]. It is, there-

fore, extremely fast for high density media or liquids [93] so that subsequent radiative deacti-

vation of the excited molecules occurs almost exclusively from the thermalized ensemble. In 

lower-density gases, however, fluorescence and other deactivation processes act while VR is 

active so that light is emitted from transitions that originate from various vibrational levels 

along the relaxation cascade. Since the deactivation processes competing with fluorescence are 

energy-dependent and/or directly depend on the number of collisions, as described in the fol-

lowing sections, temperature, pressure, and gas composition have a strong influence on ϕfl. 

 

 

Fig. 3.11: Jabłoński diagram showing the different deactivation channels of an electronically excited molecules. 

Wiggly lines indicate radiative, straight lines non-radiative energy-transfer processes. 
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Deactivation mechanisms of the excited molecules can be subdivided into radiative and non-

radiative processes. The structure reflects the way they affect the LIF measurement technique: 

Radiative processes provide the quantity that is measured, light. Non-radiative energy-transfer 

processes such as collisional quenching depend on the collider species and collision frequen-

cies and thus on the one hand can complicate quantitative data interpretation but on the other 

hand can also provide additional information about these local conditions in the fluid. Unless 

stated otherwise, the following distinctions and considerations in this subsection are based on 

the elaborations of Schulz and Sick [28], and Sauer  [94]. 

Radiative deactivation  

Fluorescence (FL) is defined as the spontaneous emission of light during the transition of an 

excited molecule to the ground state. According to the Kasha rule, fluorescence only occurs 

between the lowest electronically excited state of each multiplicity (S1 and T1 for closed-shell 

organic molecules) as internal conversion (cf., Fig. 3.11) from higher excited states of the same 

multiplicity is typically three orders of magnitude faster than the spontaneous emission of light 

[93].[93]. Fluorescence is spectrally distributed (cf. section 3.2.1) while the shape of emission 

spectra is also attributed of the environmental influence on the molecule’s relaxation kinetics. 

For organic molecules, fluorescence typically occurs from S1 → S0 on a time scale of around 

10–9 to 10–7 s [28]. 

Phosphorescence (PH) is the spontaneous emission of a photon while relaxing from an excited 

state to the ground state involving a change in spin multiplicity (e.g., T1 → S0). Since this pro-

cess requires a spin change (Pauli-principle, cf. Fig. 3.6), it is quantum-mechanically forbidden 

and, thus, unlikely and slow in the order of 10–3 to 100 s [28]. Therefore, Fig. 3.11 shows the 

phosphorescence only occurring from the thermal energy level after the significantly faster 

vibrational relaxation in T1. 

Non-radiative deactivation  

Internal conversion (IC) is the spin-conserving non-radiative transition between two electronic 

states. As energy is conserved, the transition from an electronically higher state occurs to higher 

vibrational levels of the electronically lower state. IC acts on timescales around 10–12 to 10–6 s 

[93]. However, IC plays a fairly insignificant role for typical fluorescence tracers such as ani-

sole and toluene because of their large energy gap between S0 and S1. According to the energy 

gap law, there is less overlap of the vibrational wave functions with increasing energy differ-

ence reducing the transition probability [28]. At low vibrational excess energy in S1, which is 

the case for both tracers discussed in this work at low temperature after excitation with 266 nm 

as shown later (section 7.5), IC is almost negligible for aromatic tracers due to the small overlap 

of the wave functions in S0 and S1. With excitation of higher vibrational energy levels (higher 

temperature or increased excitation energy), however, IC becomes more significant as the IC 

rate increases more steeply than the rate of intersystem crossing (see below) surpassing it at 

excess energies of around ~104 cm–1 [46]. 
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Intersystem crossing (ISC) is the non-radiative transition between two electronic states of dif-

ferent multiplicity, e.g., S1 → T1. During this transition, the total energy is preserved so that 

the molecule gains vibrational energy (cf., Jabłoński diagram in Fig. 3.11) for the aromatic 

tracers discussed in this work. Though ISC is symmetry-forbidden for typical aromatic tracers, 

it is still orders of magnitude faster than spontaneous emission [28] acting on a similar time 

scales around 10–12 to 10–6 s [94]. As IC is relatively insignificant at low temperature and small 

excess energy for the reasons being given above, ISC is the most significant decay channel for 

the tracers in question [46]. As discussed separately below, collisions with molecular oxygen 

can significantly promote ISC for benzene derivatives. 

Intramolecular vibrational energy redistribution (IVR) describes the internal energy distribu-

tion within the fluorescing molecule to a large number of vibrational modes. With the high 

density of vibrational modes in large molecules such as the aromatics of interest for this work, 

IVR acts on a sub-10–12 s timescale [93]. For non-near-vacuum environments, the much more 

efficient external VR through collisions with bath gas molecules dominates so that IVR is 

mostly neglected for practical applications. IVR significantly influences the shape of the fluo-

rescence spectra in cases where few collisions happen during the fluorescence lifetime and, 

therefore, much of the detected signal originates from not yet collided excited molecules. This 

leads to a broadening of the emission spectra with decreasing fluorescence lifetime or decreas-

ing collision frequency [99]. 

Collisional quenching 

Different mechanisms can lead to deactivation or quenching of excited M* molecules after close 

contact to or collision with a quenching molecule Q. The non-radiative electronic energy trans-

fer can be much more efficient than the emission and subsequent absorption of a photon and 

occurs for certain tracer-quencher pairs, e.g., toluene and molecular oxygen with almost unity 

probability per collision [28]. The following paragraphs reproduce the basic principles of those 

mechanisms from the review paper of Schulz and Sick [28]. 

Dexter exchange describes the quenching of M* by exchange of electrons with Q. Since it re-

quires a spatial overlap of the orbitals of both species and, therefore, direct contact, it is also 

referred to as short-range energy transfer. This process is spin-allowed for the interaction of 

excited molecules in singlet (Fig. 3.12a) or triplet (Fig. 3.12b) state [28] with the singlet ground 

state quencher. 

 

Fig. 3.12: The two spin-allowed pathways for the Dexter exchange for energy transfer from excited molecules 

M* in a) singlet state and b) triplet state to a singlet ground state quencher molecule Q. 
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This leaves the quencher molecule in an excited singlet or triplet state, respectively, as shown 

in Eq. 3.45. 

 
M∗ + Q 

1 →  M 
1

 
1 + Q∗

 
1  

M∗ + Q 
1 → M 

1
 
3 + Q∗

 
3  

(3.45) 

Förster resonance energy transfer (FRET) or Coloumbic energy transfer describes the non-

radiative transfer from M* to Q over long (several molecule diameters) distances. Here, the 

oscillating electric field from photo-induced dipole oscillation of M* induces a dipole moment 

in Q. This requires a spectral overlap of the emission of donor M* and absorption of the accep-

tor Q [28]. Since the efficiency of the dipole–dipole interaction strongly depends on the inter-

molecular distance, the effect is exploited for molecular rulers in, e.g., applications in biology 

[94]. Possible paths for the energy transfer are shown in Eq. 3.46 [28]. 

 
M∗ + Q 

1 →  M 
1

 
1 + Q∗

 
1  

M∗ + Q 
3 → M 

1
 
1 + Q∗

 
3  

(3.46) 

Quenching by molecular oxygen 

Collisional quenching by molecular oxygen or, for short, oxygen quenching, is a special case 

of the Dexter short-range energy transfer [94]. Since the ground state of O2 is a triplet state, it 

can facilitate the spin-forbidden intersystem crossing of organic molecules from S1 → T1: After 

collision of the excited molecule with the ground state O2, a short-lived transition state in form 

of an exciplex 3(M, O2)
* [28] is formed. This exciplex decays as shown in Eq. 3.47 into triplet 

M and triplet (top) or singlet O2 (bottom). The latter requires that the S1 → T1 energy difference 

of M is larger than the energy required to excite O2 to its singlet state [100]. This is the case, 

e.g., for aromatic hydrocarbons but not for ketones explaining the significantly more efficient 

oxygen quenching for aromatics [28].  

 
M∗ + O2 

3 ↔ (M,O2)
∗

 
3 →  M 

3
 
1 + O2

 
 
3  

M∗ + O2 
3 ↔ (M,O2)

∗
 
3 →  M 

3
 
1 + O2

∗
 
1  

(3.47) 

However, literature on these mechanisms in the gas phase is sparse [4, 37, 46] and mostly 

phenomenological so far. Evidently, this process depends on the vibrational energy excitation 

energies. Koban et al. [37], e.g., found that for toluene the quenching effect was more pro-

nounced at excitation with 248 nm compared to 266 nm. Similarly, a strong red shift of the 

fluorescence spectrum is noticeable at higher energies [37] which seems to diminish at lower 

excitation energy [3, 4, 80] though the excitation energy dependence has not been studied sys-

tematically yet. 
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Self-quenching 

High tracer concentrations are often used for maximizing the LIF signal, sometimes only lim-

ited by the tracer vapor pressure. As collision rates of excited tracer molecules with other tracer 

molecules increase compared to bath gas molecules, energy transfer between tracer molecules, 

i.e., self-quenching (Eq. 3.48), becomes increasingly important.  

 M∗ +  M 
1 → 2 M 

1
 
1  (3.48) 

Fuhrmann et al. [16] investigated it in detail for toluene. They found that the toluene fluores-

cence is subject to a strong self-quenching effect depending on the tracer concentration and 

laser fluence. While it was absent at low laser intensities and low tracer number density (small 

number of excited molecules), it became significant with increasing power and concentration 

(large number of excited molecules). Thus, they concluded that self-quenching only occurs 

between excited state tracer molecules and proposed the following process as the dominating 

quenching pathway (Eq. 3.49). 

 M∗ + M∗
 
𝑛 →  M 

1
 
1 +M (3.49) 

They could not establish the multiplicity n of the colliding molecules and the state of the rem-

nant M which were left open for further study. Since the quenching cross section was 50 times 

smaller than the one of molecular oxygen, this effect is deemed negligible in oxygen containing 

bath gases. 

3.2.4.2 Deactivation kinetics 

For analyzing the deactivation kinetics, it is useful to introduce rate constants k for each com-

peting deactivation channel. Here is [M*] the concentration of excited molecules.  

 −
d

d𝑡
[M∗] = 𝑘[M∗] (3.50) 

The first-order solution of this differential equation yields the following equation where the 

index 0 indicates the initial concentration of excited molecules. The natural lifetime τ of the 

excited state, i.e., the time until the signal is decayed to e-1 of the initial signal, is, therefore, 

the reciprocal of k. 

 
[M∗]

[M 
∗]0

= 𝑒−𝑘𝑡,        𝜏 =
1

𝑘
 (3.51) 

The fluorescence quantum yield (Eq. 3.41) can also be expressed as the ratio (Eq. 3.52) of the 

fluorescence rate constant compared to the total rate constant ktot from all relevant deactivation 

channels combined. Here kfl is the radiative deactivation rate, and kISC and kIC the non-radiative 

deactivation rates for intersystem crossing and internal conversion, respectively. The rate 
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constant of a quenching species kq depends on the concentration (or partial pressure pq) of the 

quenching species and is therefore written as the product of the rate coefficient kq̃ and pq.  

 𝜙fl =
𝑘fl

𝑘tot + 𝑘q
=

𝑘fl

𝑘fl + 𝑘ISC + 𝑘IC + ∑ �̃�q𝑝q
=

𝜏eff
𝜏fl

∝ 𝜏eff (3.52) 

With Eq. 3.52, the ratio of the rate constants can be also expressed as the ratio of the excited 

state lifetime τfl and effective lifetime τeff. Contrary to τfl, τeff can be measured directly from the 

decay curve of the fluorescence signal since it corresponds to the loss rate of the total excited 

population. 

The Stern-Volmer equation (Eq. 3.53) describes the relationship between the fluorescence 

quantum yield and the concentration of a quenching species. Since the quenching rate is diffi-

cult to measure directly, the Stern-Volmer factor kSV is introduced as the ratio of the quenching 

rate coefficient kq̃ and the total deactivation rate ktot.  

 
𝜙fl,0

𝜙fl
=

𝜏eff,0
𝜏eff

= 1 +
𝑘q

𝑘tot
= 1 +

�̃�q

𝑘tot
𝑝q = 1 + 𝑘SV𝑝q (3.53) 

The Stern-Volmer factor is the slope of the normalized quantum yield (index 0 means that no 

quencher is present) plotted against the tracer concentration in the so-called Stern-Volmer plot 

shown in Fig. 3.13. It can therefore be easily determined experimentally by measuring the flu-

orescence intensity (or lifetime, cf. Eq. 3.52) for various quencher concentrations or partial 

pressures. The Stern-Volmer factor is usually temperature dependent, decreasing by an order 

of magnitude between 300 and 700 K for toluene at 266 nm excitation, for example [28].  

 

Fig. 3.13: Graphical representation of the Stern-Volmer coefficient as the slope of the normalized fluorescence 

signal intensity over the quencher partial pressure.  

Summary 

For both tracers studied in this work, toluene and anisole, collisional quenching is by far the 

dominant deactivation mechanism if molecular oxygen is present. It dramatically increases ISC 

by facilitating the otherwise spin-forbidden transition from the first excited to a triplet state 
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S1 → Tn (of spin multiplicity n) with almost unity probability upon collision. Without oxygen, 

ISC is still the most efficient non-radiative deactivation channel being orders of magnitude 

faster than the rates of spontaneous emission [28]. On the other hand, IC is much less relevant 

due to the large energy gap from S1 → S0 compared to S1 → T1 under the conditions that result 

in low excess energy in S1, which is the case at temperatures below room temperature and the 

excitation wavelengths used in this work.  

Table 3.1 summarizes the competing deactivation processes mentioned in this chapter, the un-

derlying transitions, and their typical time scale in form of deactivation rate constants for di-

luted gaseous aromatics.   

Table 3.1: Deactivation processes relevant for electronically excited aromatics and their time scales for gaseous 

states. 

Classification Process Abbr. Transition Timescale / s 

Radiative   

Fluorescence FL S1 → S0 10–9–10–7  [28] 

Phosphorescence PH T1 → S0 10–3–100   [28] 

Non-radiative, 

internal  

[94] 

Internal conversion IC S1 → S0 10–12–10–6   [94] 

Intersystem crossing ISC S1 → T1 10–12–10–6   [94] 

Intramolecular vibrational redistribution IVR S1 → S1 < 10–12   [94] 

Non-radiative,  

external 

Vibrational relaxation VR S1 → S1 Collision rate driven 

e.g., 10–10–10–8 

(cf., chapter 7.5) 
Collisional O2 quenching - S1 → Tn 
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4 Experimental methods 

This chapter explains the measurement strategies either used or considered in this work and the 

experiments they were applied to focusing on LIF imaging techniques. It also briefly presents 

the schlieren imaging method which was utilized to study density gradients in the investigated 

supersonic flow fields. The experiments in mixing flows to which these techniques have been 

applied to are briefly presented. 

4.1 Quantitative LIF 

As explained in the introduction (chapters 1 and 2), tracer LIF can be used in a variety of ways 

to measure intrinsic and extrinsic quantities of gases influencing the absorption or emission 

properties of the fluorescing species such as gas composition, temperature, pressure, and even 

flow velocity. Since the LIF signal is affected to some degree by all these parameters, meas-

urement strategies must be tailored specifically to the problem at hand to isolate the influence 

of the variables of interest and eliminate or compensate for cross dependencies.  

For example, a temperature increase typically decreases the fluorescence quantum yield and 

thus the fluorescence lifetime (Fig. 4.8b), shifts the fluorescence spectrum towards longer 

wavelengths, increases the absorption cross-section, and broadens fluorescence and absorption 

spectra. Similarly, collisional quenching by oxygen also reduces the fluorescence quantum 

yield and lifetime, and can, depending on the excess energy after excitation, also cause a spec-

tral red-shift and broadening (Fig. 4.8a).  
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Fig. 4.1: a) Normalized toluene-LIF spectra after excitation at 248 nm showing a shift of the spectral centroid 

towards longer wavelengths with increasing O2 partial pressure in N2 at a total pressure 1 bar at room temperature. 

Reproduced from Koban et al. [38]. b) Time trace of the normalized spectrally integrated toluene-LIF signal after 

ps-excitation at 266 nm showing a reduction of florescence lifetime with increasing Temperature partial pressure 

in CO2 at a pressure 1 bar. Reproduced from Benzler et al. [48]. 

Additionally, the efficiency and sensitivity of the detection system must be accounted for when 

applying LIF to real-world problems. To this end, the equation for the LIF signal presented in 

section 3.2 (cf., Eq. 3.40) can be rewritten as follows. Here, Ω stands for the detection solid 

angle, ηe for the detector quantum efficiency, ε for the light collecting optics transmission 
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efficiency, and Vm for the effective probe volume. For quantitative measurements, these pa-

rameters must be determined by calibration of the equipment or can be eliminated by suitable 

measurement strategies such as the ratiometric (sections 4.1.3 and 4.1.4) or temporal (section 

4.1.5) schemes.  

 𝑆fl(𝜆, 𝑇, 𝑝, 𝑝O2) = 𝛺 휂e 휀 𝐼laser𝑉m 𝑛Tracer 𝜎(𝜆, 𝑇, 𝑝) 𝜙fl(𝜆, 𝑇, 𝑝, 𝑝O2) (4.1) 

The experimentally accessible properties of the LIF signal, i.e., its intensity, its spectral shape, 

and its decay rate can be detected using various measurement strategies. The spectrally- and 

spatially-integrated LIF signal is relatively straightforward to measure using sensors with 

broadband spectral response and slow response time, such as large photodiodes or charge-cou-

pled devices (CCDs). The spectral shape, i.e., the LIF intensity as a function of the wavelength, 

can be determined using, e.g., monochromators or multiple sensors with different spectral sen-

sitivities (e.g., through optical filters). The decay rate of the fluorescence signal can be meas-

ured using fast detectors such as photomultipliers or precise timing of the data acquisition. 

The underlying research question of each particular application places further demands on the 

measurement strategy. For example, high time resolution is often required for highly transient 

processes, such as turbulent mixing layers. Spatial resolution (imaging) may be required, e.g., 

to monitor flame fronts in steady or unsteady combustion processes. Investigations of short-

lived phenomena may also require high repetitions rates to track, e.g., droplet breakdown and 

evaporation during fuel injection in internal combustion engines. 

Since the fluorescence lifetime is typically on the order of nanoseconds, single-shot LIF meas-

urements are quasi-instantaneous for most engineering applications. This does not apply to 

measurement strategies that require multiple laser pulses, such as measurements in which the 

absorption spectrum is probed by scanning the laser wavelength or where spatial resolution is 

achieved by scanning the laser over a measurement volume (e.g., confocal fluorescence mi-

croscopy). 

This chapter describes and compares the measurement strategies that can be used to determine 

the respective variables of interest, such as temperature T, pressure p, tracer number density 

ntracer, and oxygen partial pressure pO2. Since many of the named strategies can be used to de-

termine different parameters which influence the LIF signal in similar manner, the generic in-

dependent variable of interest γ is introduced for the sake of argument. 

 𝛾 = {

𝑇
𝑝

  𝑛tracer

𝑝O2

 (4.2) 
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4.1.1 LIF Imaging 

To achieve spatial resolution, either the exciting laser beam can be scanned along the measure-

ment volume, or the complete measurement volume can be illuminated at once while the spatial 

resolution is achieved using camera sensors which is also referred to as LIF imaging. The basic 

principle LIF imaging for measurements in gases in, e.g., combustion applications, has been 

introduced to in the early 1980s [101] and the basic principle has remained mostly unchanged 

(Fig. 4.2): A thin sheet of light is formed from a laser beam and used to excite fluorescing 

species in quasi-2D measurement volume. The fluorescing species are either formed in situ by 

chemical reactions or added as fluorescence tracers. A camera positioned perpendicular to the 

light sheet than captures the LIF signal and provides the two-dimensional spatial resolution.  

 

Fig. 4.2: Basic experimental setup for laser-induced fluorescence (LIF) imaging. 

Typically, imaging methods require spatial calibration, i.e., mapping of the acquired image to 

real world coordinates. This is achieved by using calibration targets placed in the region of 

interest. Reference points on the target are then used with algorithms for scaling the image 

following corrections for image distortion by dewarping, shifting, and rotating. For measure-

ments in the ultraviolet region, typically image intensifiers are used. Besides extending the 

sensitivity of the camera system to shorter wavelengths, they also provide more authority over 

the acquisition timing since they can be gated more quickly. This, on one hand, allows for 

additional measurement schemes and, on the other hand, allows short exposure times to dis-

criminate against background signal. 

4.1.2 Spectrally and temporally integrated measurements  

As mentioned in the introduction of this chapter, measurement of the spectrally and temporally 

integrated LIF signal is the most straight forward measurement scheme but requires calibration 

for the detection system efficiency. This can be achieved by careful characterization of the 

measurement equipment and consideration of the geometric arrangement. In practice, however, 

a so-called flat-field corrections are often performed instead. In the context of LIF, this is typ-

ically achieved by dividing each measured image S by a flat-field image FF recorded at con-

trolled conditions, i.e., known uniform tracer concentration, temperature, pressure, and bath-

gas composition (Eq. 4.3). Prior to that, the background (BG), which corresponds to any signal 
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not originating from the tracer fluorescence including scattered laser light, is subtracted. The 

background is ideally recorded at the same conditions as the flat fields just without any tracer 

present. Both, background and flat-field images are usually averaged over several shots to in-

crease signal-to-noise ratio (angle brackets indicating ensemble averages in Eq. 4.3).  

 SFF =
S − 〈BG〉

〈FF〉 − 〈BG〉
 (4.3) 

The flat-field correction achieves three things: First, it compensates for inhomogeneities of the 

laser light sheet intensity and the illuminated volume (ILaser and Vm cancel, cf. Eq. 4.1). Sec-

ondly, it corrects for variations in detection efficiency (Ω, ηe, and ε cancel, cf. Eq. 4.1). Thirdly, 

it can provide a calibration for quantitative measurements by normalizing σ and ϕfl to their 

respective level at the flat-field conditions. For example, the local tracer concentration can be 

easily derived if the flat-field images were taken at a known concentration as long as the signal 

depends linearly on the tracer number density. This is often the case for isothermal and isobaric 

conditions with otherwise constant bath gas composition.  

4.1.3 Single-color excitation and two-color detection schemes 

Often, it is desired to perform quantitative measurements of, e.g., temperature, pressure, or a 

quencher concentration (i.e., the independent variable γ introduced in Eq. 4.2), independent of 

the local tracer number density. This is the case when a homogeneous tracer concentration 

cannot be achieved or the tracer concentration itself is an additional variable to be measured. 

If the spectral shape of the LIF signal is influence by γ, the latter can be determined from 

spectrally resolved measurements. In the context of LIF imaging, this can be achieved by a 

ratiometric approach: To extract the spectral information, two cameras imaging the same meas-

urement volume illuminated by the laser light sheet (Ecx) are equipped with individual spectral 

filters (bandpass BP and longpass LP) that enable a detection of separate portions of the fluo-

rescence emission spectra as shown in Fig. 4.3a. 

 

Fig. 4.3: Single-color excitation and two-color detection scheme used to measure the independent variable γ 

from the change it inflicts on the emission spectrum (a) by relating it to the ratio (b) of two detection channels. 
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The ratio of both spectrally integrated signals SBP and SLP depends directly on γ as shown in 

Fig. 4.3b. In this case, the local tracer concentration and laser fluence in Eq. 4.4 cancel out. 

 
𝑆LP
𝑆BP

=
ΩLP휂e,LP휀LP𝜙LP(𝛾)

ΩBP휂e,BP휀𝐵𝑃𝜙BP(𝛾)
= 휁det

𝜙LP(𝛾)

𝜙BP(𝛾)
 (4.4) 

The different efficiencies of both detection channels can be expressed as a single parameter 

ζdet. This parameter can be established using a less involved single-point calibration. These 

ratiometric approaches have been used to image temperature [22] and oxygen partial pressure  

[30] in the past. Based on the available spectroscopic data [49], also pressure sensing seems 

feasible. The disadvantage of the ratio methods compared to single-shot measurements is that 

the signal-to-noise ratio is usually lower because only parts of the spectrum are detected. The 

uncertainty increases further due to error propagation when two noisy signals are divided by 

each other. In addition, the sensitivity is lower because the spectral change is usually weaker 

than the total change in signal intensity, so multiple acquisitions must often be averaged to 

achieve reasonable confidence. Further, exact spatial calibration (mapping) of both detection 

channels is required which sometimes is a significant challenge [80]. 

4.1.4 Two-color excitation and single-color detection schemes 

A different ratiometric approach uses two different lasers and a single detector capturing two 

consecutive images from fluorescence from two different excitation wavelengths (Exc1, Exc2) 

as shown in Fig. 4.4. This technique exploits the dependence of the absorption spectrum on the 

variable of interest γ. As it uses only a single camera, the detection side variables cancel out 

during ratioing while, analogously to the two-color detection scheme, a single parameter ζex 

can be calibrated to account for the two lasers different intensities.  

 

𝑆Exc1
𝑆Exc2

=
𝐼Exc1 𝑉m,Exc1𝜎(λEcx1, 𝛾)𝜙(λEcx1, 𝛾)

𝐼Exc2 𝑉m,Exc2𝜎(λEcx2, 𝛾) 𝜙(λEcx2, 𝛾)

= 휁ex  
𝑉m,Exc1𝜎(λEcx1, 𝛾)𝜙(λEcx1, 𝛾)

𝑉m,Exc2𝜎(λEcx2, 𝛾) 𝜙(λEcx2, 𝛾)
 

(4.5) 

Since a time delay is used to separate both frames, this method is strictly-spoken not instanta-

neous. However, the employment of, e.g., double-frame detection or the use of two cameras 

still allows for a high time resolution in the sub-microsecond region [102]. This technique has 

proven to provide high sensitivity for measuring temperature using ketones [102, 103] and 

aromatics [104] as tracers. As an additional challenge compared to the method described be-

fore, a careful alignment of both laser sheets is crucial to avoid any error stemming from non-

overlapping measurement volumes Vm. Temporal variations in laser energy and laser-sheet in-

homogeneity further reduce the precision of this technique and must be accounted for. 
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Fig. 4.4: a) Two-color excitation and single-color detection scheme for measuring a quantity of interest γ from 

the change it inflicts on the shape of the absorption spectrum by relating it on the b) ratio of two subsequent cap-

tured LIF signals excited from two different laser wavelengths. 

4.1.5 Temporal measurement schemes 

The independent variable of interest γ can be determined from the fluorescence decay curve 

provided its dependence on the fluorescence lifetime is known as illustrated in Fig. 4.5a. As 

described in section 3.2.4, the effective fluorescence lifetime is proportional to the fluorescence 

quantum yield. Unlike the FQY, it can be determined independently of the local concentration 

and the detection system efficiency making it an attractive technique for situations where cali-

bration of the detection system is difficult to achieve. The fluorescence decay curve can be 

measured directly using fast detectors such as photomultipliers or using time-correlated single-

photon counting (TCSPC). The latter, which is explained in detail later in section 7.4.1, is a 

technique that typically uses a high-repetition short-pulsed laser. Instead of measuring the re-

sulting signal as a function of time, the time until the first photon arrives at the detector is 

logged. The time trace is then reconstructed from the histogram of the arrival times with respect 

to the laser pulses. This technique offers an extremely high sensitivity even at low laser flu-

ences or tracer concentrations making it ideal for measurements in supersonic flows where 

concentrations are severely limited by the tracer vapor pressure. The downside of this approach 

is that for reconstructing the decay curve sufficient photon events are required so that multiple 

(at least on the order of thousands to millions) laser pulses are required so that this method 

cannot be considered instantaneous.  

The effective fluorescence lifetime τeff can be interpreted as the point in time at which the signal 

has reached 1/e (Fig. 4.5a) of its original value assuming sufficiently short laser pulse and a 

mono-exponential decay (cf., Eq. 3.52). In practical applications, however, the response of the 

detector and the laser pulse width must be considered. This is often done by modeling the 

fluorescence signal using a convolution of the instrument response function (IRF) and an ex-

ponential decay. The IRF is often the time trace of the laser pulse measured with the same 

detector, e.g., from laser scattered light. The lifetime is τeff then determined from a least-squares 

fit of the model function to the experimental data. This procedure is explained in detail in in 

section 7.4.1.  
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Fig. 4.5 a) Laser pulse and fluorescence signal time traces showing a b) decreasing fluorescence lifetime with 

increasing independent variable γ. 

For both, the direct measurement of the decay curve and TCSPC, scanning of the laser beam 

can be used to achieve spatial resolution, which is also an established approach for, e.g., con-

focal microscopy. Though kinetic cameras [105] and, for certain wavelengths, high-resolution 

sensors exist [106], ratiometric approaches using fast gated imaging have been proven in the 

past for measurements in the UV range [31, 107]. The latter capture two successive frames 

with a certain delay during the fluorescence lifetime. From the ratio of both images the lifetime 

and, consequently, the variable of interest can be calculated as shown in Fig. 4.6. 

 

Fig. 4.6: a) Laser pulse and different fluorescence signal time traces showing the gate times of two camera 

frames, I and II. The ratio of both frames depends on the fluorescence lifetime and, therefore, shows  

b) an increase with increasing independent variable γ as the fluorescence lifetime decreases. 

4.1.6 Other strategies 

Multiline excitation and broadband detection 

Multiline-excitation schemes use tunable lasers to excite different discrete transitions of 

smaller molecules. The wavelength-dependent measured fluorescence intensity is then fitted to 

simulated transition line spectra to determine the temperature. Therefore, this technique is cal-

ibration free, invariant to local concentration variation (stationary behavior assumed), and in-

dependent of excitation energy inhomogeneities and detection efficiency. It provides high sig-

nal-to-noise ratio even at low tracer concentrations and has been demonstrated for NO [108, 

109] and SiO [110]. The downside of this technique is the low time resolution due to the slow 
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wavelength scanning and is therefore limited to stationary processes. Further, the requirement 

to be able to simulate the spectra limits the technique to diatomic molecules so far. 

Multiple tracer and mixed schemes 

Measurement schemes that use multiple tracers with distinct properties enable measurements 

with high sensitivity and/or measure multiple flow properties simultaneously. For example, 

NO was used together with acetone to indirectly determine the mixing ratio at the molecular 

level via oxygen quenching [75]. While the NO signal is strongly quenched by oxygen, the 

acetone signal is almost unaffected providing the local macroscopic concentration. From the 

ratio of both, the mixing state on molecular level could be derived. However, this required the 

use of two lasers and two cameras, since absorption and emission spectra of both substances 

are far apart, resulting in a relatively large experimental effort. This was later simplified con-

siderably by using toluene instead, which is sensitive to oxygen present as an aromatic, and 

3-pentanone as an oxygen insensitive component [29, 32]. In that case, the absorption spectra 

overlap while the emission spectra are still easily separable, thus, only one laser was necessary. 

Another approach used two tracers, a single-color excitation three-color detection scheme to 

measure temperature and oxygen concentration simultaneously [111]. Naphthalene and toluene 

were used as tracers and excited by one laser. There were three detection channels, one of 

which had a bandpass filter at the emission maximum of toluene, whereas the pass bands of 

the other two channels were on the longer wavelength emission spectrum of naphthalene. From 

the ratio of the latter, the temperature was determined using the spectral temperature depend-

ence of the naphthalene. From the ratio of the toluene signal to the naphthalene signal, the local 

oxygen concentration was then determined exploiting the different oxygen sensitivity of the 

two tracers. 

Multiple-tracer techniques provide means to measure multiple variables in complex flow fields. 

However, these schemes often require an increased experimental effort and sophisticated cali-

bration. Further, they may suffer from radiative (absorption) and non-radiative (collisional) 

tracer-tracer interaction, which is not yet fully understood and, therefore, subject to ongoing 

research. 

4.2 Schlieren imaging 

In the scope this work, schlieren imaging has been applied to measure density gradients caused 

by oblique or normal shocks and, by some extension, of weaker flow structures in a subsonic 

injector wake flow [59, 60, 78, 79]. This method is well-established to verify desired flow 

conditions in flow channel experiments by visualizing density gradients. This method only 

works in a line-of-sight integrated manner, which is a lesser problem for the flow channels 

discussed in this work, since their width in the direction of measurement remains constant. It, 

therefore, allows, e.g., to image the almost two-dimensional shock patterns (cf., Fig. 2.2a) and 

rolling vortices (cf., Fig. 2.2a) encountered during the mixing investigations. 
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Schlieren are defined as spatial gradients of refractive index n in transparent media. For gases, 

n is linearly dependent on the local density ρ as expressed by the Gladstone–Dale relation with 

the Gladstone–Dale coefficient kGD is approximately 0.23 m3/kg for visible wavelengths in air 

at standard conditions [112]. 

 𝑛 − 1 = 𝑘GD𝜌 (4.6) 

This dependence can used to indirectly detect density gradients by measuring the deflection of 

light passing through the measurement volume. Practical approaches are focused (i.e., colli-

mated [112]) shadowgraphy and schlieren imaging. The former is the slightly more direct ap-

proach: Parallel light is projected through the measurement volume onto a screen. Dark spots 

(hence the name) indicate non-uniform perpendicular density gradients along the line of sight 

as light is deflected. Schlieren imaging, on the other hand, applies additional spatial filtering: 

After passing the probe volume the collimated light is focused onto a knife edge or pinhole 

before arriving at the screen or detector (Fig. 4.7).  

 

Fig. 4.7: Typical dual-field-lens schlieren setup for visualizing density gradients in one spatial direction. 

Whereas the signal strength for focused shadowgraphy is proportional to the second derivative 

of the refractive index, schlieren imaging is more sensitive as its beam deflection angle ε (and, 

thus, contrast) depends on its first spatial derivative [112] where xi stands for the coordinate 

perpendicular to the knife edge orientation. 

 Ε𝑥𝑖
∝

d𝑛

d𝑥i 
∝

d𝜌

d𝑥i 
 (4.7) 

While quantitative interpretation of the recorded schlieren image (e.g., the calculation of a den-

sity field) is possible provided a precisely adjusted and well characterized optical arrangement, 

it is nearly infeasible for the non-perfectly two-dimensional phenomena observed in this work. 

However, it allows us to determine shock front positions accurately and, thus, provides valua-

ble insight into the prevalent flow conditions. 
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4.3 Flow experiments 

Overall, three different flow experiments were used in this work. Their individual purposes are 

briefly outlined in this section to provide guidance for the following chapters.  

4.3.1 Full-scale modular flow channel 

The rectangular cross-section modular flow channel located at the ITLR at the University of 

Stuttgart serves as a universal test bed to study accelerating flows and wake flows on the scale 

of up to by allowing installation of different injector bodies (also used for the injection of trac-

ers or precursors or fuel surrogates, hence the name) in the nozzle section of the duct. In the 

context of this work, it was used for the studies described in chapters 5 and 6. The general setup 

of the flow channel is described in detail in the dissertation by Judith Richter [2], who designed, 

tested, and characterized it for a M = 1.7 nozzle. Briefly, the experiment section consists of 

four modules: An inlet section, a nozzle module containing the converging-diverging nozzle, 

a longer test section, and an outlet diffuser. The nozzle module and the test section provide 

optical access on four sides allowing application various optical measurement techniques such 

as shadowgraphy [79] and schlieren imaging [59, 60], particle image velocimetry (PIV) [2], 

laser-induced thermal acoustics (LITA) [82], and laser-induced fluorescence [59, 78, 80]. Also, 

the vortex shedding frequency at the injector trailing edge was measured by beam steering [79]. 

Historically, these experiments succeed those carried out in a flow channel used by Chun [61] 

and Wohler [66]. The major difference is its name-giving modularity that enables the realiza-

tion of multiple configurations such as nozzles with different design Mach numbers and slanted 

test section top and bottom walls, which has proven useful to study the influence of and/or 

compensate for pressure gradients in the far-field of the wake as discussed in chapter 5.  

The hot gas facilities used are mostly identical (Fig. 4.8) and were described by Chun [61]: A 

screw compressor flows up to 1.45 kg/s air through multiple heater stages (1 MW) after strip-

ping it from atmospheric water in an air dryer (< 0.1 % residual relative humidity). An auxiliary 

air supply stores approximately 8 m3 air at 100 bar in four gas cylinders to ensure a safe shut 

down in the unlikely case of a compressor or power failure [66]. 
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Fig. 4.8 Flow facility of the Stuttgart flow channel [78]. 

Despite the excellent and proven suitability of the overall system for the investigation of wake 

flows, it has its limitations. Firstly, the operation of the facility is costly because of the energy 

and manpower requirements. Secondly, the development of measurement techniques that are 

sensitive to oxygen requires a specific variation of the oxygen concentration, which is not pos-

sible in a system operated with air. Therefore, the two additional experiments described below 

were developed. 

4.3.2 Cooled flow cell 

The flow cell described in Chapter 7 was built on the one hand to extend of the application 

range of the tracer substances towards lower temperatures. Furthermore, it serves as a calibra-

tion tool for the lifetime based LIF thermometry, which was used to characterize the miniature 

channel (chapter 8). In this context, the cell bridges the temperature range between the highest 

temperature achievable in the miniature channel (and room temperature, where abundant liter-

ature data are available. In addition, it was used to estimate the temperature effect on the oxy-

gen quenching of the toluene signal (chapter 6) before this relationship could be investigated 

in detail using the miniature flow channel. 

4.3.3 Miniature supersonic flow channel 

Chapter 8 is devoted to experiments in a miniature flow channel. It serves two purposes: Firstly, 

it provides conditions similar to those in the Stuttgart channel, but the total mass flow is low 

enough so that operation with pure nitrogen is also possible in a bench-top experiment. Thus, 

it allows the characterization of fluorescence tracers with respect to their sensitivity to oxygen 

at the relevant low temperatures and pressures. Furthermore, due to its rectangular cross-sec-

tion and four-sided optical access to the measuring section, it offers the possibility to test var-

ious optical measuring methods. 
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5 Macroscopic mixing 

The content of this chapter was published at the Aviation forum of the 2018 Fluid Dynamics 

Conference of the American Institute of Aeronautics and Astronautics [59] as follows.  

Beuting, M., Richter, J., Weigand, B., and Schulz, C., Experimental investigation of the 

influence of the pressure gradient on the transonic mixing behavior in blunt-body wakes using 

tracer LIF,  2018 Fluid Dynamics Conference, Atlanta, GA, USA, 2018, 3543, doi: 

10.2514/6.2018-3543 

© 2018 American Institute of Aeronautics and Astronautics. 

My personal contribution was the conduct and evaluation of the LIF and schlieren measure-

ments as well as the preparation of the manuscript. The measurements have been done during 

a joined measurement campaign in the labs of the ITLR in Stuttgart under supervision of Prof. 

Bernhard Weigand. The test hardware was designed, tested, and characterized by Judith Rich-

ter [60] who also provided the figures containing the drawings and parts of the text. Prof. Chris-

tof Schulz, Prof. Bernhard Weigand., and Prof. Thomas Dreier provided scientific guidance 

and support during the experiments and write-up. All authors mentioned contributed to the 

manuscript by helping with the interpretation of the results, with the wording, and by proof-

reading. 

Abstract: Toluene laser induced-fluorescence (LIF) has been used to study the effect of a 

stream-wise pressure gradient on the mixing behavior in the transonic wake of two different 

types of central injectors feeding a low momentum flow into an accelerating co-flow. For this 

purpose, an optically-accessible, modular flow channel with a rectangular cross-section has 

been utilized: Following a nozzle module comprising a M = 1.7 convergent–divergent nozzle 

and the injector assembly, three interchangeable test modules imposing a pressure gradient by 

featuring different opening angles (0°, 0.25°, and 1.25°) can be attached. The two injectors 

investigated distinguish by the extent of their trailing edge into the sub- and supersonic region 

of the nozzle flow. It was found that the self-similarity of the mixing layer is preserved in all 

cases independent of the imposed pressure gradient. Calculated growth rates of the mixing 

layer agreed well with the half-power law. 

5.1 Introduction 

Mixing processes of two or more gas-phase components have been in the interest of many 

researchers throughout the last decades. One of the various geometries of practical interest is a 

central injector through which a gas is injected into a gaseous co-flow. The wake flows caused 

in this arrangement have been subject of many publications. However, in most of these works 

either incompressible or supersonic wake flows were investigated, while only little research 

has been done on mixing under transonic conditions. This paper aims at closing this knowledge 

gap by providing a profound data set from experimental and numerical investigations. Previous 

studies in our labs suggest that the growth of the mixing layer is self-similar for different types 

of central injectors at a wide range of co-flow conditions [61, 64, 78]. For the most recent 
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experiments [78-80, 82], a modular sub- to supersonic flow channel including a convergent–

divergent nozzle was built to explore the limits of self-similarity under controlled co flow con-

ditions. This paper focuses on the influence of the stream-wise pressure gradient downstream 

of the nozzle exit on mixing processes in the wake of two different central injectors. The results 

discussed were experimentally obtained using tracer-based laser-induced fluorescence imaging 

(tracer LIF). 

5.2 Wake flow characteristics 

Two different injector types were investigated that differ only by the extent of their trailing 

edges, such that the injector trailing edge is either located 42.1 mm upstream (injector A, Fig. 

5.4a) or 10 mm downstream (injector B, Fig. 5.4b) of the nozzle throat (Fig. 5.3). The resulting 

mixing layer is dominated by distinct flow structures originating from the injector trailing edge 

that depend on the co-flow condition (sub- or supersonic) [68].  

Subsonic wakes are typically characterized by large vortex structures originating from the trail-

ing edge of the wake generator. These become clearly visible on short-time illuminated schlie-

ren images in the wake of injector A (Fig. 5.1a). Their frequency, and the strength of the in-

duced fluctuations depend on the wake generator geometry and co-flow properties and have 

been subject to studies for a wide range of Reynolds numbers [85]. In the case of a supersonic 

wake flow, expansion fans leave from the injector trailing edge followed by a recompression 

zone, where two oblique shock waves form. This applies to the wake of injector B (Fig. 5.1b). 

Like in subsonic wake flows, alternating eddies can form in the subsonic recirculation zone 

near the injector trailing edge. Though vortices, by definition, cannot exist in the supersonic 

domain, these structures persist beyond the nozzle throat. They can be interpreted as regions of 

alternating injectant concentration which are generated near the injector trailing edge and later 

transported downstream. 

 

Fig. 5.1: Short-time (5 µs) illuminated schlieren images showing the fundamentally different wake flow of 

 (a) injector A and (b) injector B both for α = 0° channel opening angle. 

a)

b)
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5.3 Flow channel 

The experiments were conducted at the high-enthalpy flow facility at the ITLR in Stuttgart that 

consists of a screw compressor, an air dryer, and three heater stages providing an air flow to 

the attached modular flow channel. (A detailed description can be found in Ref. [82].) The 

latter comprises a flange adapter (I), a nozzle module (II), the test section module (III), and an 

outlet diffuser (Fig. 5.2). Modules II and III are equipped with wall pressure taps and are opti-

cally accessible from four sides through fused silica windows.  

 

Fig. 5.2: Modular transonic flow channel. 

The convergent-divergent nozzle is designed for a Mach number of 1.7 (26.3 mm throat 

height). To study different pressure gradients, three different versions of module III with hori-

zontal opening angles of 0°, 0.25°, and 1.25° were designed (Fig. 5.3). The channel width is 

40 mm and constant throughout the whole duct whereas its height is 35.4 mm at the nozzle exit 

and differs therefrom according to the duct opening angle.  

  

Fig. 5.3: Cross-section of the flow channel showing injector geometry and position. The opening angles of the 

test section α are enlarged by a factor of two for better illustration. 

Both injectors are identical except for the length of their trailing section (Fig. 4): The trailing 

edge of injector A aligns with the nozzle inlet whereas the trailing edge of injector B reaches 

10 mm past the nozzle throat (x = 0 mm) into the supersonic region of the nozzle flow (Fig. 3). 

The latter is chosen arbitrarily and mostly for reasons of comparability with previous works 

[65, 78]. Both trailing edges are 5 mm high whereas the width of both injectors spans over the 

complete channel width of 40 mm. The injectant is fed laterally through the side-way injector 

holding plates before it exits through four 2.5 mm holes spaced by 4.8 mm at the injector trail-

ing edge. Two thermocouple ports allow for monitoring the injector flow temperature while 

the pressure is measured in both feed lines. 
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Fig. 5.4: Geometries of (a) injector A and (b) injector B. 

5.4 Flow conditions 

The inlet total temperature is set to 380 K for all experiments while the inlet total pressure is 

adjusted from 2.5 bar for injector A to 3.0 bar for injector B to maintain a constant air mass 

flow rate of 0.518 kg/s compensating for the reduction of the effective nozzle throat height due 

to the extent of injector B. The resulting nozzle exit Mach numbers (defined by the free stream 

velocity u∞ and temperature T∞, the isentropic exponent κ, and the ideal gas constant R accord-

ing to Eq. 5.1) are approximately 1.7 and 2.0. The free-stream Mach numbers at the point of 

injection are 0.3 and 1.4 for injectors A and B, respectively. The injector mass flow corresponds 

to only 0.14 % of the air mass flow. An evaporator system feeds 0.30 g/s toluene with 0.45 g/s 

nitrogen as carrier gas heated to 380 K. 

 𝑀∞ =
𝑢∞

√κ𝑅𝑇∞
 (5.1) 

Figure 5 shows the normalized wall pressure p̃ for both injectors and the three different channel 

opening angles. As intended, the opening angle of 0.25° results in a nearly zero pressure gra-

dient (Table 1) by just compensating the increasing boundary layer thickness. Analogously, the 

straight (0°) duct exhibits a positive pressure gradient by virtually narrowing the effective 

cross-section. The opening angle of 1.25° results in a negative pressure gradient until the flow 

decelerates due to overexpansion to subsonic speed manifesting as a shock train clearly visible 

in schlieren images (not shown). The resulting pressure gradients are noticeably smaller in the 

case of injector B compared to those of injector A. This can be attributed to the higher Mach 

number: First, the dependence of the pressure on the channel height is reduced according to 

isentropic relations. Secondly, boundary layer growth and, thus, the stream-wise decrease of 

the effective channel height is mitigated with increasing Mach number. 
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Fig. 5.5: Variation of the wall pressure p normalized by the respective inlet pressure p0 in stream-wise direction 

for (a) injector A and (b) injector B depending on the channel opening angle a. 

5.5 Laser-induced fluorescence 

Laser-induced fluorescence (LIF) is widely used for studying mixing processes by imaging 

distributions of atomic or molecular tracer species in sub- or supersonic flows [3, 28, 64, 65]. 

The cross-sectional area of interest is illuminated by a laser light sheet and the LIF signal is 

recorded with intensified CCD cameras. LIF techniques using aromatic tracer species such as 

toluene exploit their large absorption cross-section in the ultraviolet and their high fluorescence 

quantum yield. The peak of the toluene absorption spectrum at room temperature is close to 

250 nm; therefore, toluene LIF can be excited with 248-nm radiation from a krypton fluoride 

(KrF) excimer laser. The fluorescence is red shifted with a peak at approximately 280 nm [67]. 

The LIF signal Sfl (Eq. 5.2) depends on the incident laser intensity Ilaser, the camera detection 

efficiency η, the tracer number density ntracer the absorption cross-section σabs, and the integrated 

fluorescence quantum yield ϕfl. Absorption cross-section and quantum yield both depend on 

the incident wavelength λ and the temperature T, whereas ϕfl is also a strong function of the O2 

partial pressure pO2. 

 𝑆fl ∝ 𝐼laser휂 𝑛tracer𝜎abs(λ, 𝑇)𝜙fl(λ, 𝑇, 𝑝O2) (5.2) 

The optical arrangement used for this work (Fig. 5.6a) is mounted on a traversable optical table 

that allows measurements along the entire flow channel. A thin (less than 0.3 mm) and 24 mm 

wide light sheet is formed from the rectangular beam profile of an excimer laser (Lambda 

Physik LPX 120, 10 Hz, 8 ns pulses) by a single f = 500 mm cylindrical lens. A mirror below 

the flow channel (Fig. 5.6b and Fig. 5.6c) redirects the laser light to enter the flow channel 

through the bottom laser window. The laser window in module II follows the nozzle contour 

on the inside of the channel and thus acts as a focusing lens. Therefore, an additional f = –

40 mm cylindrical lens is used (Fig. 5.6b) to expand the light sheet and create a near homoge-

neous laser light intensity distribution in the nozzle region (module II). The laser pulse energy 

is monitored and attenuated to <62 mJ/cm2 to avoid partial saturation of the LIF signal. The 

fluorescence signal is redirected with a dichroic mirror with an edge wavelength of 310 nm and 

passes a 280±14 nm bandpass filter before it is detected by an intensified CCD camera 
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(LaVision Imager Intense with LaVision IRO). The mirror also acts as a beam splitter trans-

mitting light with wavelengths larger than 310 nm which can be captured by an additional 

camera for experiments relying on two-color detection methods [80]. 

 

 

Fig. 5.6: Top view (a) on the optical setup and detail views on module II showing the light sheet position for 

(b) injector A and (c) injector B. 

Background and flat-field images were obtained prior to the experiments to compensate for 

scattered laser light and light sheet and detection efficiency inhomogeneities. For the latter, 

toluene was added far upstream into module I to assure an even distribution in the flow channel 

at experimental conditions. Target images were used to correct for image distortions and to 

map pixels to physical dimensions resulting in a nominal resolution of approx. 14.8 px/mm. 

Fig. 5.7 shows averaged (200 shots) and corrected LIF images for both injectors for the straight 

(α = 0°) flow channel.  

  

Fig. 5.7: Averaged LIF images after background and flat-field correction normalized by the integrated signal along 

the y-axis for (a) injector A and (b) injector B for α = 0°. White areas mask the nozzle, window, and injector 

contours. Both images are composed from LIF measurements at various downstream positions, with their limits 

indicated by vertical white lines. 

Recent studies utilizing a two-color LIF technique [80] showed that fluorescence quenching by 

oxygen present in the main flow influences the signal in the direct vicinity of the injector 
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trailing edge due to incomplete mixing on molecular level. However, it was shown that the 

influence disappears after 7 mm (injector A) and 14 mm (injector B) downstream of the injec-

tor trailing edge in stream wise direction, respectively. 

Assuming a sufficient distance and that properties affecting the fluorescence signal (Eq. 5.2) 

perpendicular to the direction of flow only change insignificantly [64], the signal of normalized 

vertical intensity profiles is proportional to the normalized injected tracer concentration. Thus, 

the shape and the growth of the mixing layer can be derived from averaged tracer LIF images. 

For this purpose, profiles along the y-coordinate (averaged over 20 pixels in x-direction) were 

extracted.  

5.6 Results 

Fig. 5.8 shows normalized LIF-intensity profiles along the vertical coordinate at selected dis-

tances d from the respective injector trailing edge. Their abscissa depicts the vertical y-coordi-

nate normalized by the respective profile’s half-maximum half-width δ1/2. The latter is deter-

mined by finding the intersection of the smoothed flanks with the half maximum of each pro-

file. The near Gaussian shape of all profiles for both injector wake flows align well inde-

pendently of the applied pressure gradient, thus revealing self-similarity in all cases. 

 

Fig. 5.8: Normalized intensity profiles scaled by the respective half-width half-maximum value δ1/2 at various 

distances d from the trailing edge of (a) injector A and (b) injector B for all three opening angles (from top to 

bottom: 0°, 0.25°, and 1.25°). Only every 20th point (a) or 10th point (b) is displayed for clarity.  

-2

-1

0

1

2

3

Injector A, a = 0°

(y
-y

0
)/

d
1

/2

-2

-1

0

1

2

3

Injector B, a = 0°

-2

-1

0

1

2

3

Injector A, a = 0.25°

(y
-y

0
)/

d
1
/2

-2

-1

0

1

2

3

Injector B, a = 0.25°

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-3

-2

-1

0

1

2

3

a)

Injector A, a = 1.25°

d = 10 mm  d = 30 mm

d = 50 mm  d = 75 mm

d = 150 mm d = 225 mm

(y
-y

0
)/

d
1

/2

I / arb. u.

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-3

-2

-1

0

1

2

3

b)

Injector B, a = 1.25°

 d = 10 mm   d = 30 mm

 d = 100 mm  d = 150 mm

 d = 225 mm

I / arb. u.



5. MACROSCOPIC MIXING 

54 

 

Previous studies [64, 78] showed that the squared intensity profile half width δ1/2 is proportional 

to the square root of the distance to the origin of the wake (½-power law) [92]. The shear layer 

growth rate Δ can be calculated from the squared intensity profile half width and the horizontal 

distance to the virtual origin x0.  

 Δ = √
𝛿1 2
2

𝑥 − 𝑥0
 (5.3) 

Fig. 5.9 shows the evolution of δ1/2 and (δ1/2)
2 in stream-wise direction for all investigated cases. 

Directly after the point of injection the growth rate increases nonlinearly along with the nozzle 

cross-section in the case of injector A. For injector B, the growth rate decreases before it 

reaches the neck of the recompression zone (cf. Fig. 5.3) before in starts increasing. In both 

cases, the growth rate remains nearly constant from the beginning of module III (x = 62.2 mm) 

on following the ½-power law as indicated by the straight dotted lines (Fig. 5.9b and d) repre-

senting a linear fit to the data in the test section.  

 

Fig. 5.9: Stream-wise evolution of δ1/2 (top) and (δ1/2)2 (bottom) for (a) injector A and (b) injector B for all  

opening angles. Dotted lines represent a linear fit in the window section. For clarity, only every 20 th point is dis-

played. 

In the case of injector B (Fig. 5.9c and Fig. 5.9d), δ1/2 decreases significantly where the re-

flected oblique shock waves originating from the recompression zone behind the injector trail-

ing edge intersect. This causes a local compression accompanied by an increase in density. The 

positions of these contractions of the wake depend on the opening angle α and coincide well 

with the cross-section points of the oblique shock waves in the schlieren images as shown in 
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Fig. 5.10. Here, the position of the intersection after two reflections differs by about 14 mm 

between α = 0.25° and α = 1.25°. 

 

Fig. 5.10: Schlieren images of injector B comparing (a) the zero-pressure gradient case (0.25°) to (b) the maxi-

mum pressure gradient case (1.25°) showing the positions of the intersections of the reflected oblique shocks. 

The growth rate of the wakes Δ, which corresponds to the slope of the lines shown in Fig. 5.9c 

and Fig. 5.9d, was calculated according to Eq. 3 as summarized in Table 1. It increases for both 

injectors with decreasing pressure gradient from 0.45 mm1/2 to 0.70 mm1/2 for injector A and 

from 0.26 mm1/2 to 0.33 mm1/2 for injector B, respectively. This corresponds to previous re-

search findings that the growth rate of injection at subsonic co-flow is generally larger com-

pared to injection at supersonic co-flow conditions of a similar straight-channel configuration 

due to the absence of vortex shedding [78]. 

Tab. 5.1: Growth rate Δ dependent on the pressure gradient for all configurations. 

 Injector A Injector B 

α 

/ ° 

∂p̃/∂x  

/ mbar/mm 

Δ 

/ mm1/2 

∂p̃/∂x  

/ mbar/mm 

Δ  

/ mm1/2 

0 0.24 0.45 0.13 0.26 

0.25 0.03 0.49 0.02 0.27 

1.25 -0.34 0.70 -0.22 0.33 

5.7 Conclusions 

The mixing behavior in a transonic wake flow of two different central injector types has been 

experimentally studied focused on the influence of the stream-wise pressure gradient imposed 

by three different flow channel geometries. Tracer LIF imaging experiments showed that self-

similarity of the transonic mixing layer is preserved independently of pressure gradient or the 

injector configuration. The growth rate of the mixing layer was calculated finding that it fol-

lows the ½-power law. 
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6 Molecular mixing 

The content of this chapter was published in Optics Express [80] as follows.  

Beuting, M., Richter, J., Weigand, B., Dreier, T., and Schulz, C., Application of toluene LIF 

to transonic nozzle flows to identify zones of incomplete molecular mixing, Optics Express, 

2018, 26(8): 10266-10273 

© 2018 Optical Society of America. 

My personal contribution was the optical design, conduct, and evaluation of the LIF measure-

ments as well as the preparation of the manuscript. The LIF-images has been obtained during 

a joined measurement campaign in the labs of the ITLR in Stuttgart under supervision of Prof. 

Bernhard Weigand. The test hardware was designed, tested, and characterized by Judith Rich-

ter [60]. Prof. Christof Schulz, Prof. Bernhard Weigand, and Prof. Thomas Dreier provided 

scientific guidance and council during the experiments and the write-up. The calibration meas-

urements in the test cell were made independently at the IVG in Duisburg with Thomas Bar-

anowski assisting during the experiments. All authors contributed to the manuscript by helping 

with the interpretation of the results, with the wording, and by proof-reading. 

Abstract: Toluene laser-induced fluorescence (LIF) has been applied to image the mixing def-

icit on the molecular level in the transonic wake of two different blunt-body injectors in a 

compressible accelerated nozzle flow. A single-color excitation and two-color detection 

scheme is employed to measure the signal red-shift caused by the quenching effect of molecular 

oxygen on the fluorescence of toluene, which reduces and red-shifts the LIF signal if both 

substances interact on a molecular level. To this end, toluene is injected alternatingly with O2-

contaning and O2-free carrier gas into the air main flow. Differences of both signals mark re-

gions where mixing on molecular level is incomplete. A zone of molecular mixing deficit ex-

tending several millimeters in stream-wise direction is identified. The effect of local variations 

in temperature on the sensitivity of this technique is discussed using photo-physical data meas-

ured in a stationary low-temperature cell. 

6.1 Introduction 

Efficient and fast mixing on the molecular level is essential to enable supersonic combustion 

and reactions in shock-wave flow reactors [1]. Practical realizations often feature central injec-

tors that add a low-momentum feed of one reactant into a high-momentum sub- or supersonic 

flow containing the other [1, 62]. The fundamental understanding of mixing processes in such 

wake flows has been subject to fundamental research for several decades [67].  

Planar laser-induced fluorescence (LIF) of organic tracers [28] has proven particularly useful 

for visualizing instantaneous species distributions in high-speed gas flows due to its high time 

resolution. The spatial resolution of the optical detectors and the light-sheet thickness, how-

ever, restrict direct measurements to macroscopic structures. These are typically orders of mag-

nitude larger than the length scales relevant for the molecular interaction of reactants. Several 
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approaches to measure the level of molecular mixing have been proposed. They are based on 

the photo-physical sensitivity of the laser-excited species on collisions with constituents of the 

admixed gas, e.g., by fluorescence quenching: Clemens et al. [74] introduced an approach that 

exploits the quenching of nitric oxide (NO) fluorescence by O2. They identified the level of 

molecular mixing in the shear layer of a coaxial jet of N2 in air by alternatingly adding NO to 

each flow. King et al. [75] proposed a two-tracer approach. They marked the air flow with 

acetone, a ketone tracer insensitive to quenching by O2, and the second O2-free flow with NO. 

This method requires tracers with spectrally-separable fluorescence and, in this case, excitation 

at two separate wavelengths. Koban et al. [29] simplified this approach by substituting the O2-

sensitive NO with toluene, and acetone with 3-pentanone. The LIF signal intensity of aromatics 

like toluene strongly depends on the O2 partial pressure [39] and is spectrally well-separated 

from that of 3-pentanone, while both can be excited with the same UV laser. Further simplifi-

cation was introduced by Mohri et al. [30] who used toluene as single tracer and exploited the 

O2-induced red-shift [29] of the LIF signal to detect micro-mixing indirectly by measuring the 

local O2 distribution. The red shift was quantified by using two cameras equipped with filters 

for two separate portions of the fluorescence spectrum.  

Knowledge about the status of molecular mixing is also relevant from a diagnostics point of 

view. The determination of flow composition and temperature using O2-sensitive tracers de-

pends on the local (molecularly mixed) O2 partial pressure [3, 37]. A quantitative analysis of 

LIF signals in areas of incomplete mixing requires accurate measurement of the level of mo-

lecular mixing (and ultimately, additional photo-physical data for the dependence of the LIF 

signal as a combined effect of mixing state and temperature). 

This work demonstrates the application of single-color excitation, two-color detection toluene 

LIF, similar to Ref. [30], to a transonic accelerated nozzle flow [64] to qualitatively identify 

zones of deficient molecular mixing in the wake of two different central injectors.  

6.2 Theory 

The LIF signal emitted by organic tracers after electronic excitation by a laser pulse depends 

on the incident laser intensity Ilaser, the detection efficiency ηe, the tracer number density ntracer, 

the absorption cross-section σabs(λ,T), and the integrated fluorescence quantum yield ϕfl(λ,T, 

pO2) (Eq. 1). The absorption cross-section depends on the excitation wavelength λ and the tem-

perature T, and the quantum yield additionally depends on the O2 partial pressure pO2. 

 𝑆fl ∝ 𝐼laser휂𝑒𝑛tracer𝜎abs(𝜆, 𝑇)𝜙fl(𝜆, 𝑇, 𝑝O2) (6.1) 

O2-induced quenching has been studied for various aromatics like toluene [38], anisole [20], 

and naphthalene [21]. Besides reducing ϕfl by decreasing the fluorescence lifetime, O2 also 

causes a red-shift of the LIF emission for certain excitation wavelengths [38] similarly to the 

effect caused by increasing temperature [22]. This red-shift can be sensed by measuring the 

ratio R of the short- and long-wavelength section of the fluorescence spectrum using two 
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detectors equipped with either a “red” or a “blue” filter (Eq. 6.2). The ratio is independent of 

the incident laser intensity, the local tracer concentration, and the absorption cross-section.  

 𝑅 =
𝑆red

𝑆blue
=

휂red𝜙red(𝑇, 𝑝O2)

휂blue𝜙blue(𝑇, 𝑝O2)
 (6.2) 

Because quenching requires molecular collisions between O2 and the tracer, R depends on the 

mixing state of tracer and quencher on the molecular level. Figure Fig. 6.1 shows normalized 

toluene-LIF spectra for various pO2 at room temperature [38] and the derived signal ratio R for 

the filter pair used in this work.  

 

Fig. 6.1: (a) Toluene-LIF spectra at room temperature in N2 for a series of O2 partial pressures after excitation 

with 248 nm [38] and transmission curves of filters used in the present experiments. (b) Intensity ratios R  

(black symbols and line) and sensitivity (red line) of the two-color method. 

In areas where molecular mixing has not happened, R is independent of pO2 because collisions 

with O2 do not occur. These areas can be identified by comparing two measurements where 

toluene is used either with air or with N2 as carrier gas injected into a toluene-free air flow. R, 

however, also depends on temperature. Therefore, Rair (measured with air as carrier gas, i.e. 

mixing with the air main flow does not change the local pO2) is divided by RN2 (obtained from 

measurements with N2 as carrier gas). The resulting quotient ξ = Rair/RN2 then only represents 

the O2-induced red-shift and, thus, marks the areas where molecular mixing is incomplete. 

When calculating the ratio, the detection system efficiency such as the angle-dependent filter 

transmission cancels. Also, the effect of T cancels, as long as it can be considered identical for 

both measurements, Rair and RN2. 

To help understand the meaning of ξ, toluene-LIF spectra were measured between 264 and 

295 K (cf. Fig. 6.4) for pO2 between 0 and 210 mbar in a stationary cell after excitation with 

248-nm laser light generated from an EXPLA PL 2413 picosecond laser in combination with 

an EXPLA PL 401 parametric generator. A Horiba iHR320 Spectrometer was used to capture 

the toluene fluorescence [48]. The measured spectral data was used to calculate the quotient ξ 

for the filter pair used. The results are shown in Fig. 6.2, where unity indicates full molecular 

mixing and a value of 3 absence of mixing. The figure also shows the error in ξ caused by 

varying the temperature by 30 K within the relevant (low-temperature) range of our experi-

ment, which is below ~7 %. A more complete analysis of the low-temperature photophysics of 
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toluene is underway. In the context of this paper, where the aim is to qualitatively locate areas 

with deficient molecular mixing, this detailed analysis is not required. 

 

Fig. 6.2: Oxygen-dependence of ξ for the used filter pair calculated from LIF spectra obtained in a 

temperature-controlled static cell at atmospheric total pressure for different temperatures T  

within the range relevant for this paper. 

6.3 Experiment 

The experiments were performed at the supersonic test facility in Stuttgart. 517 g/s pressurized 

air was provided at a total temperature of 380 K to a modular transonic flow channel with a 

rectangular cross-section and a constant width of 40 mm (see Ref. [82] for details). The channel 

comprises a convergent-divergent nozzle (26.3 mm throat height) designed for an exit Mach 

number of 1.7. Optical access is provided laterally through fused silica windows and orthogo-

nally through so-called laser slot windows whose inside polished surfaces follow the shape of 

the nozzle. Fig. 6.3a shows the dimensions of the nozzle and the positions of the central injec-

tors. The wake flows of two injectors that extend over the whole channel width as shown in 

Fig. 6.3b were analyzed: A ‘subsonic’ (Inj A) and a ‘supersonic’ (Inj B) injector providing 

injection either prior or after the nozzle throat, respectively. Both injectors deliver the tracer 

through four 2.5-mm diameter holes spaced by 4.8 mm. In case of injector B, the nozzle throat 

is narrowed by the height of the injector trailing edge and, thus, the exit Mach number increases 

to 2.0. A constant main mass flow is ensured by setting the total pressure at the flow channel 

entry to 2.5 bar for injector A and 3.0 bar for injector B. The wake forming downstream of the 

injectors is dominated by periodic flow structures. These have been investigated in the wake 

of bluff bodies [89, 113] in the past. The size, the extent, and the frequency of these structures 

mainly depend on the free-stream Mach number (sub- or supersonic flow, compressibility ef-

fects) [91]. The detailed wake flow physics is not the topic of this paper; however, its periodic 

character is important to better understand the results. 
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Fig. 6.3: (a) Cross-section of the nozzle module and (b) dimensions of the two injector types Inj. A and Inj. B. 

Both injectors extend in z-direction to the full channel width of 40 mm. 

Fig. 6.4 shows free-stream Mach numbers and resulting temperatures downstream of the injec-

tors calculated from the nozzle shape assuming isentropic flow conditions. In the case of injec-

tor A, the main flow Mach number increases from 0.26 to 1.71 throughout the nozzle and the 

mean temperature drops from 375 to 240 K, which is confirmed by measurements with laser-

induced thermal acoustics in the nozzle without injector under the same main flow conditions 

[82]. For injector B, no experimental data are available yet. The isentropic flow equations, 

however, indicate that the main flow Mach number and temperature at the point of injection 

are approximately 1.42 and 270 K. While the flow is accelerated to M ≈ 2.0 to the nozzle exit, 

the temperature drops to ~213 K. 

 

Fig. 6.4: Adiabatic temperature distribution calculated from 1D adiabatic relations with respect to changes of the 

cross-section in stream-wise direction. 

An evaporator system (Brooks DLI) provides the injector flow of 0.30 g/s toluene either in 

0.45 g/s air or N2 corresponding to 0.14 wt.% of the main flow. The injector flow is heated to 

380 K matching the main flow total temperature. Even though these conditions may lead to 

supersaturation assuming a worst-case scenario where the injector flow remains unmixed while 

being in thermal equilibrium with the main flow, unwanted condensation could be excluded. 

This was evidenced by monitoring the signal ratio of the red and blue channel at different 

positions throughout the flow channel while varying only the toluene concentration to the evap-

orator’s maximum. Subpixel-sized droplets should induce a signal red-shift, since excimers 
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forming in liquid toluene are known to fluoresce at 320 nm [114]. The absence of such a signal 

indicates that the local concentration is low enough or that the residence time is insufficient for 

nucleation.  

The optical setup is sketched in Fig. 6.5(a). A rectangular beam provided by a 248-nm KrF 

excimer laser (8 Hz, 20 ns pulses) is formed by a f = 500 mm cylindrical lens to a 0.3 mm thin 

and 24 mm wide light sheet that is directed through the laser windows in the measurement 

section by a mirror below the channel as shown in Fig. 6.5(b) and Fig. 6.5(c). The light sheet 

is positioned in the center of the channel illuminating the flow between the second and third 

injector hole (cf. Fig. 6.3). In the case of injector A, the laser light passes an additional cylin-

drical lens (f = −40 mm) to expand the light sheet over the complete observable area behind 

the central injector (Fig. 6.5b). The laser fluence is attenuated to ~70 mJ/cm2 before entering 

the channel to ensure linear signal response. An energy monitor records pulse-to-pulse energy 

fluctuations. A dichroic beam splitter (Semrock Brightline FF 310) divides the LIF signal into 

a blue and a red channel. The blue channel is further equipped with a bandpass filter (Semrock 

Brightline BP 280) while an additional long-pass filter is used on the red channel to suppress 

scattered laser light (cf. Fig. Fig. 6.1a). Two ICCD cameras (LaVision imager intense, IRO) 

capture the signal. All optical equipment is mounted on a three-axis translatable optical table. 

 

Fig. 6.5: (a) Optical setup and light sheet positions within the nozzle with (b) injector A and (c) injector B. 

6.4 Results 

Two-color ratioing methods require image mapping after geometric adjustment of the cameras. 

Since the channel shifted during the experiments due to thermal expansion, additional spatial 

calibration was needed: A transparent backlit target was placed on the camera-facing observa-

tion window and the optical table was moved away from the flow channel by the distance of 

the target to the light sheet position. The LaVision DaVis software was used to generate a 

mapping function with a residual error of ~0.8 pixels. To account for the deflections caused by 
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the window, the correlation between 200 pairs of LIF images was calculated and maximized 

iteratively after applying the mapping function.  

To assess the degree of molecular mixing the ratio R of the red and the blue channel, represent-

ing the signal red-shift, is calculated according to Eq. 6.3 for each laser pulse. The signals of 

both channels S are corrected for pulse-to-pulse intensity variations and for background signal 

by subtracting averaged (200 pulse) background images ⟨BG⟩. 

 𝑅 =
𝑆red − 〈BGred〉

𝑆blue − 〈BGblue〉
 (6.3) 

For comparison of the case of homogeneous O2 concentration to the O2-free case, averaged 

ratios ⟨Rair⟩ and ⟨RN2⟩ are calculated from 1000 single ratios each. The results are plotted in 

Fig. 6.6a–d. In all cases, only regions where both channels provided sufficient signal (i.e., 

> 20 counts/pixel) are considered. Figures 6.6e and f show the standard deviation of R related 

to its average value to indicate the temporal fluctuation, where the upper half of each figure 

refers to Rair and the lower half to RN2. A measure for concentration fluctuations is provided by 

the relative standard deviation of the signal intensity. This is shown in Fig. 6.6g and h for the 

red channel (less sensitive to signal red-shift as the blue channel) for injection with homoge-

neous O2 concentration. The area of strong fluctuations in the wake of injector A results from 

the periodic character typical for subsonic wakes that involve large coherent flow structures. 

In the case of injector B, the length and time scales of those structures are smaller and, thus, 

the fluctuations are less. 
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Fig. 6.6: Signal red-shift in the wake of injectors A and B after using alternatingly (a)–(b) air (homogeneous O2 

concentration) and (c)–(d) N2 as carrier gas of the tracer flow, respectively. The surrounding flow is air in both 

cases, the grey boxes indicate the injector trailing edge position. (e)-(f) show the standard deviation of R and (g)–

(h) show the standard deviation of S, each divided by the respective average value. Regions without sufficient 

signal (less than 20 counts/pixel in either LIF signal channel) were masked in all images S prior to the ratioing 

operations. 

The quotient ⟨ξ⟩ of both averaged ratios as defined in Eq. 6.4 is shown in Fig. 5.7. This repre-

sents a measure of the degree of incomplete molecular mixing indicated by values above 1.  

 〈𝜉〉 =
〈𝑅air〉

〈𝑅N2
〉
 (6.4) 

 

Fig. 6.7: Averaged quotient ξ as a measure for the O2-induced red-shift and, thus, incomplete molecular mixing 

for (a) injector A and (b) injector B. 

To determine the extent of this zone in stream-wise direction, as relevant for technical pro-

cesses requiring molecular mixed reactants at a certain point after injection [1], centerline 

(y = 0 mm) profiles of R and ξ are extracted as shown in Fig. 6.8. For both injectors, the red-

shift near the trailing edge is considerably stronger if O2 is present in the injected flow (blue 

lines) compared to the case with N2 (red lines) as carrier gas. This zone extends to about 7 mm 
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past the trailing edge of injector A and 16 mm past injector B. Further downstream of that zone, 

the signal ratio is nearly independent of the injector flow composition while still decreasing. 

This reduction can be attributed to the blue-shift of the LIF signal due to gas-dynamic cooling 

(cf. Fig. 6.4). 

In the wake of both injector types, ξ increases before it drops again further downstream. This 

can be traced back to the light sheet position that is aligned in between the two center injection 

holes (cf. Fig. 6.3b, Fig. 6.5b and c for details). In the very vicinity of the trailing edge the 

leftmost portion of the image only represents the recirculated mixture, while 3D-flow effects 

further downstream entrain unmixed injector flow into the image plane. In addition, in the case 

of injector B, two droplets (approx. 2 mm in diameter) form on each side-window inner surface 

about 2 mm behind the injector trailing edge. Both are visible in Fig. 6.6b and d, and Fig. 6.7b 

and cause a sudden drop followed by an increase of the signal around x = 12 mm in Fig. 6.8b. 

The droplets can be observed at various conditions by naked eye even without tracer flow. 

Thus, we suspect residual water in the main flow to condensate due to rapidly changing condi-

tions in the recirculation zone at the trailing edge of injector B.  

 

Fig. 6.8: Profiles (extracted from Fig. 6.6(a)–(d) and Fig. 6.7) of the O2-induced fluorescence red-shift represented 

by the quotient ξ (bottom) calculated from the averaged signal ratios R of both channels (top) for (a) injector A 

and (b) injector B along the centerline (y = 0 mm). The grey bands represent the standard deviation of ten 100-

shot averages. 

6.5 Conclusions and outlook 

A single-color excitation and dual-band detection tracer LIF technique has successfully been 

applied to monitor the mixing deficit on molecular level in a transonic nozzle flow. The wakes 

of two central injectors feeding a low-momentum jet into an accelerating air flow were ana-

lyzed showing that the extend of the zone with apparent incomplete mixing depends on the 

point of injection: In the case of the injection into a supersonic (M = 1.42) main flow, it extends 

with approximately 16 mm more than twice the distance in stream-wise direction compared to 

the injection in a subsonic flow (M = 0.26) with 7 mm. The results presented here are of qual-

itative nature. For quantification, detailed photo-physical data for the complete range of con-

ditions in the flow channel are required, which are subject to ongoing work in our lab. Further, 



6. MOLECULAR MIXING 

65 

 

complementary measurement techniques are required to measure and to correct for temperature 

and pressure effects accordingly. 
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7 Tracer characterization 

The content of this chapter was published in Applied Physics B [49] under the Creative Com-

mons CC BY 4.0 license available under creativecommons.org/licenses/by/4.0/ as follows. 

Beuting, M., Dreier, T., Schulz, C., and Endres, T., Low-temperature and low-pressure effec-

tive fluorescence lifetimes and spectra of gaseous anisole and toluene, Applied Physics B, 

2021, 127(4): 59 

My personal contribution was the optical design, conduct and evaluation of the measurements 

as well as the preparation of the manuscript. Dr. Torsten Endres, Prof. Christof Schulz and 

Prof. Thomas Dreier provided scientific guidance and council during the experiments and 

write-up. All authors contributed to the manuscript by helping with the interpretation of the 

results, with the wording, and by proof-reading. 

Abstract: Fluorescence spectra and lifetimes of anisole and toluene vapor in nitrogen have 

been measured at conditions below ambient (257–293 K and 100–2000 mbar) upon excitation 

with 266-nm laser light to expand the applicable range of anisole and toluene laser-induced 

fluorescence (LIF) for conditions below room temperature that occur in expanding flows and 

cases with strong evaporative cooling. Anisole fluorescence spectra broaden with decreasing 

pressure while fluorescence lifetimes decrease simultaneously. This is consistent with a more 

pronounced effect of internal vibrational redistribution on the overall fluorescence signal and 

can be explained by significantly reduced collision rates. In the case of toluene, the transition 

from photo-induced heating to photo-induced cooling was observed for the first time for 

266 nm. The data confirm predictions of earlier work and is particularly important for the ad-

vancement of the available photo-physical (step-ladder) models: Since those transitions mark 

points where the molecules are already thermalized after excitation (i.e., no vibrational relaxa-

tion occurs during deactivation), they are important support points for fitting empirical param-

eters and allow analytical determination of the ground state energy transferred to the excited 

state. The data enables temperature and/or pressure sensing, e.g., in accelerating cold flows 

using laser-induced fluorescence of both tracers. 

7.1 Introduction 

Laser-induced fluorescence (LIF) of organic gas-phase tracer species has been widely used to 

measure temperature, composition, and density of various kinds of flows, often with the pur-

pose of light-sheet based imaging [28]. While concentration and density measurements take 

advantage of local signal intensities [115] , temperature measurements are often based on rati-

ometric measurements of signal intensities detected in separate spectral regions of the fluores-

cence emission bands [3, 22, 27, 47]. A similar approach can also be used for the analysis of 

molecular interactions, when collisional quenching (and thus, e.g., local O2 partial pressure) 

can be detected through modifications in the fluorescence spectra [29, 30, 73, 80, 116]. A less 

frequently applied technique exploits the dependence of the fluorescence lifetime on tempera-

ture, pressure or bath-gas composition for quantitative measurements [23, 26]. While the 

file:///C:/Users/Matthias/Google%20Drive/Dissertation/Prosa/creativecommons.org/licenses/by/4.0/
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effective fluorescence lifetime is proportional to the fluorescence quantum yield, it can be 

measured directly without knowledge of the tracer concentration. 

The use of these effects for quantitative measurements requires detailed knowledge of the un-

derlying spectroscopic properties under the respective environmental conditions. Most appli-

cations studied so far have focused on the application of tracer LIF at room temperature or 

above, e.g., for the analysis of fuel/air mixing in combustion systems and extensive data bases 

as well as modeling approaches have been developed for these conditions as discussed in the 

following sections. For temperatures below room temperature that are practically relevant, e.g., 

in expanding flows, in engines at cold start, or in sprays with strong evaporative cooling, the 

underlying spectroscopic data is missing and thus, the applicability of existing photophysical 

models is not validated. In this paper, this deficiency is addressed with studying fluorescence 

properties of two relevant species, anisole and toluene, in sub-ambient conditions and compar-

ing the results with the state-of-the art model understanding. 

The application of tracer LIF to challenging environments such as internal combustion engines 

or supersonic flows requires careful choice of the best-suited fluorescence tracer and spectro-

scopic approach. Besides the dependence of the tracers photophysical properties on tempera-

ture, pressure, and bath-gas composition, factors like evaporation properties (i.e., for spray 

analysis [13, 15, 117]), high-temperature stability [6], environmental impact (especially,  in the 

case of large-scale experiments [1, 60, 64, 80]), interaction with the reactive system (auto-

igniting fuel/air mixtures [118]) and physical limits (attainable vapor pressure, onset of self-

quenching [16]) must be considered for a proper choice of tracer. Applications to super- or 

transonic flow experiments [3, 5, 8, 60, 64, 80] pose several challenges: Firstly, due to gas-

dynamic cooling, temperatures drop well below standard conditions where so far little photo-

physical data on typical tracers are available. Secondly, the environmental impact of the tracers 

used must be limited as large amounts are required for full-scale experiments ruling out the 

application of toxic species, e.g., nitric oxide, which would be a more obvious choice for cold 

gas flows as demonstrated in literature [75, 116, 119]. Aromatics such as anisole and toluene 

are promising candidates for tracer LIF in such flows because they, firstly, can easily be excited 

by standard laser wavelengths such as emitted by KrF excimer lasers (248 nm) or the 4th har-

monic of Nd:YAG lasers (266 nm) [120]. Secondly, they exhibit large fluorescence quantum 

yields [18, 20] that enable application at low tracer concentration and that compensate for their 

limited vapor pressure at low temperature.  

Toluene is an established and well-studied fluorescence tracer for various applications [121]. 

In contrast, anisole has gained attention more recently. Its advantages include an increased per-

molecule signal level that enables improved signal-to-noise ratios in many applications despite 

its lower vapor pressure compared to toluene [15, 27]. However, most efforts studying photo-

physical properties of anisole [6, 48, 50, 51] and toluene [5, 23, 34, 41, 45, 48, 122] have been 

carried out for room temperature or above and photophysical data at low temperature and low 

pressure are scarcely available.  
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Low-temperature conditions outside the previously explored range occur frequently in tran-

sonic nozzle flows, e.g., where spatial temperature and pressure gradients are present in which 

our own LIF measurements have been limited to qualitative analysis [60, 80] so far. In the past, 

Combs et al. presented a thorough photophysical analysis of naphthalene vapor [8] for meas-

uring flow properties in cold supersonic wake flows [9].  Using toluene LIF, Gamba et al. [3]  

measured temperature in supersonic flows with complex compressibility effects with a two-

color detection scheme. However, since their spectral calibration data was only available above 

room temperature, the complete temperature range could not be covered. Estruch-Samper et al. 

[47] encountered the same problem while applying a similar technique in a hypersonic gun 

tunnel but used linear extrapolation of their above room-temperature data for toluene. Also, 

concentration measurements in cold supersonic flows required sophisticated calibration tech-

niques [3, 5]. The data provided in this paper closes these gaps for anisole and toluene. 

Practical applications of tracer LIF have often been supported by empirical data fits [20, 21, 

48] or semi-empirical models [46, 51, 123, 124] that predict the fluorescence quantum yield 

for the given conditions. Both require measured data for validation in the respective tempera-

ture range. Measurements within an increased parameter range thus provide critical boundary 

conditions for the validation of existing models [18, 46, 51] and expand their valid range. Also, 

because of reduced collision rates, processes such as intramolecular vibrational energy redis-

tribution, which are usually insignificant compared to rapid vibrational relaxation [93], are eas-

ier to study in low-density and low-temperature environments. The current state of model de-

velopment is described in section 7.2 also highlighting the importance of extending the existing 

datasets to regions of lower temperature and pressure regions.  

The primary goal of this work is to provide spectrally-resolved fluorescence intensities and 

fluorescence lifetimes, representing fluorescence quantum yields, for anisole and toluene in so 

far scarcely or not available ranges of temperature (257–293 K) and pressure (100–2000 mbar). 

Such data expand the applicable range of anisole and toluene LIF and also support the advance-

ment of the most recent fluorescence quantum yield models toward the low-temperature and 

low-pressure regime.  

7.2 Photophysics 

The fluorescence signal of organic tracer species depends on the tracer number density ntr, the 

incident laser intensity ILaser, the tracer’s absorption cross-section σ and fluorescence quantum 

yield (FQY) ϕfl. For aromatic tracers, σabs is a function of temperature T and pressure p, whereas 

ϕfl additionally depends on the partial pressure pq of the respective quenching species q present 

in the gas such as oxygen [38], other organic molecules [29], or excited state molecules of the 

tracer itself [16].  

 𝑆 ∝ 𝑛tracer𝐼laser𝜎abs(𝑇, 𝑝)𝜙fl(𝑇, 𝑝, 𝑝q) (7.1) 
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After excitation from the ground state S0 to the first excited state S1, single-ring aromatics like 

anisole and toluene can fluoresce in the ultraviolet spectral range (S1→S0). The fluorescence is 

in strong competition with rapid non-radiative deactivation of the excited state through inter-

system crossing (ISC) to the triplet state T1, internal conversion (IC) to highly vibrationally 

excited states in S0, and collisional quenching, while undergoing vibrational relaxation (VR) 

within the S1 state due to collisions with bath gas molecules. Intramolecular vibrational energy 

redistribution (IVR) can often be neglected in denser gases where VR is dominant because of 

high collision rates. 

The quantum yield of a fluorophore is defined as the ratio of the rate of spontaneous emission 

of light kfl to the total deactivation rate ktot with the latter being the sum of the rate constants 

for each individual deactivation channel (cf. Fig. 7.1). The rate constants for intersystem cross-

ing kISC and internal conversion kIC often are combined to the single non-radiative rate constant 

knr. The rate constant for collisional quenching is the product of the quenching rate kq and the 

tracer concentration (here in the form of pq). The ratio of the rate constants can further be 

expressed as the ratio of their reciprocals, the excited state lifetime τfl and the experimentally 

accessible effective lifetime τeff, respectively [28].  

 𝜙fl =
𝑘fl

𝑘tot
=

𝑘fl

𝑘fl + 𝑘ISC + 𝑘IC + ∑𝑘q𝑝q
=

𝑘fl

𝑘fl + 𝑘nr + ∑𝑘q𝑝q
=

𝜏eff
𝜏fl

∝ 𝜏eff  (7.2) 

Step-ladder models as first described by Freed and Heller [33] and implemented, e.g., by Thur-

ber et al. for ketones [124] describe the successive vibrational relaxation in the initially opti-

cally excited energy levels of the fluorophore and is competition with fluorescence emission 

and non-radiative deactivation processes using kinetic rate expressions. Implementations con-

sist of a procedural model function that traverses all occupied vibrational energy levels in S1 

during VR (cf. Fig. 7.1a): After excitation to a certain energy level Einitial in S1, the contribution 

of each subsequent energy level to 𝜙fl during thermalization is calculated from the balance of 

all competing deactivation channels while each step corresponds to the mean time between 

collisions. The rate constants used for quantifying this kinetic scheme are either parameterized 

(energy-dependent) equations or scalar fit parameters that are determined from fitting the 

model function to measured fluorescence data. The starting point, Einitial, is determined from 

the laser energy Elaser, the ground-state thermal energy level Etherm,0 and the S0–S1 band gap E0 

(Eq. 7.3). 

 𝐸initial = 𝐸laser + 𝐸therm,0 − 𝐸0  (7.3) 

The thermal energy levels Etherm are calculated from the vibrational frequency modes (Eq. 7.4). 

 𝐸therm = ∑
𝜔𝑖

exp (
ℎ𝑐𝜔𝑖

𝑘𝑏𝑇
⁄ ) − 1

𝑛

𝑖=1

  (7.4) 
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Based on these relations, attempts to model the FQY or fluorescence lifetime have been made. 

Thurber et al. [124] have presented a phenomenological step-ladder model describing the FQY 

of acetone. Rossow [46] adapted this step-ladder model for toluene between 350 and 900 K 

and 1–30 bar. Faust et al. [21] developed an empirical model for toluene predicting the FQY 

for a range of temperature (T = 296–1025 K and 296–977 K, respectively), pressure (p = 1–

10 bar) and bath-gas composition (pO2 = 0–210 mbar) by measuring fluorescence lifetimes 

upon picosecond laser excitation at 266 nm.  

Faust et al. also developed an empirical model for anisole [20] using data obtained at similar 

conditions. Wang et al. adapted a more physical step-ladder model to anisole [51] using exper-

imental normalized FQY data for p = 2–40 bar and T = 473–873 K and different bath-gas com-

positions. Benzler et al. [48] investigated the effective fluorescence lifetime of anisole for tem-

peratures between 296 and 475 K at low pressure (<1 bar). They observed a switch-over of the 

fluorescence lifetime from increasing to decreasing with pressure occurring between ambient 

temperature and 355 K and explained it with the transition from photo-induced heating (PIH) 

to photo-induced cooling (PIC).  

 

Fig. 7.1: Jablonski diagrams showing the principle of a) photo-induced heating, b) photo-induced cooling after 

increasing temperature, and c) photo-induced heating after increasing pressure based on the findings of Benzler 

et al. [48] and Baranowski et al. [52] for anisole at elevated temperatures. 

Photo-induced heating (Fig. 7.1a) occurs if the initially populated vibrational energy level 

Einitial after laser excitation of the fluorophore exceeds the thermal energy level Etherm,1, i.e., the 

most populated energy level of the thermal distribution in the excited state. Energy exchange 

(radiative or non-radiative) with the environment occurs while the excited molecule thermal-

izes to Etherm,1. Photo-induced cooling (Fig. 7.1b) occurs if Einitial is below Etherm,1 and the 

molecule extracts heat from the environment while relaxing through the vibrational energy 

levels. These effects were initially observed for naphthalene by Beddard et al. [125] and, later 
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thoroughly described and analyzed by Wadi et al. [126].  As the non-radiative deactivation rate 

knr increases with increasing vibrational energy, τeff is lower for higher excess energies for 

both tracers, anisole [51] and toluene [46]. Increasing pressure (Fig. 7.1c) leads to faster vibra-

tional relaxation to Etherm,1 due to increased collision rate. This means that τeff increases with 

increasing pressure in the case of PIH (knr is higher at Einitial compared to Etherm,1) and decreases 

in the case of PIC (knr is lower at Einitial compared to Etherm,1).  

Baranowski et al. [52] followed up on the findings of Benzler et al. [48] by systematically 

varying the excitation wavelength (λ = 256–270 nm) while measuring the fluorescence lifetime 

of anisole for moderate temperatures (T = 335–525 K) and pressures (p = 1–4 bar) above am-

bient conditions. By observing a vanishing pressure dependence (i.e., the tipping point where 

PIC switches to PIH) for a specific temperature and given excitation wavelength, they could 

improve the predictions of Einitial by approximating the portion of Etherm,0 actually transferred to 

S1 using the spectral overlap of the excitation wavelength with ab initio calculated absorption 

spectra. To this end, they exploited that at the tipping points, excitation occurs directly to the 

thermal energy level so that Einitial equals Etherm,1. Hence, they were able to calculate the effec-

tive ground-state thermal energy Ētherm,0 from a straight-forward energy balance (Eq. 7.5) to 

support their assumptions. 

      �̅�therm,0 = 𝐸therm,1 − 𝐸Laser + 𝐸0 (7.5) 

However, there still exist uncertainties in the simulation of the absorption spectra at elevated 

temperatures due to unknown spectroscopic simulation parameters. Knowledge of additional 

tipping points, therefore, is crucial to validate the assumptions and further increase the accuracy 

of the predictions. One could also imagine using Ētherm,0 as additional fit parameter. 

The work of Benzler et al. [48] also suggests that in the case of toluene, the PIH–PIC transition 

temperature for the commonly used excitation wavelength of 266 nm is below ambient condi-

tions as the pressure dependence of the signal drops until his lowest measured temperature of 

296 K. However, confirmation of this prediction has been lacking so far.  

7.3 Experiment 

7.3.1 Continuous flow cell 

A liquid-cooled flow cell with four-way optical access was utilized for all experiments pre-

sented here (Fig. 7.2). The cell consists of the 150-mm long cylindrical test section with an 

inner diameter of 10 mm. Laser light enters and exits the cell through windows at its far ends 

while fluorescence can be collected through two side windows perpendicular to the light prop-

agation direction in the center of the cell providing a large numerical aperture (NA ≈ 0.4). An 

insulated outer jacket (inner diameter 40 mm) allows to circulate liquid coolant around all sur-

faces of the test section except the windows. Therefore, all windows are mounted retracted 

within the jacket to minimize heat losses. Threaded retainers made from low heat-conduction 
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plastic press the windows against o-ring seals that are supported by an inner metal ring. This 

permits inward and outward pressure loads for operation at below and above ambient pressure 

while enabling easy removal for cleaning purposes. The retainers feature tube connectors for 

providing a constant flush gas flow of dry N2 to avoid condensation of atmospheric water on 

the outer window surfaces if the cell is operated below ambient temperature. Optionally, sec-

ondary windows can be mounted in the retainers to prevent water condensation. The tempera-

ture is measured by two thermocouples inserted approximately 2 mm into the flow through the 

inlet and exit lines, respectively. 

 

Fig. 7.2: Liquid-cooled flow cell with four-way optical access. Inner diameter along the laser light propagation 

direction is 10 mm, the absorption path length is 150 mm. Thermocouples are inserted through the sample-gas 

inlet and outlet so that their tips reach into the inner cell volume. 

The sample-gas feed system consists of two mass flow controllers (MFCs) and a bubbler (Fig. 

7.3). One MFC feeds the carrier gas (N2) through a bubbler containing the tracer while the 

other provides a bypass flow (N2) for dilution. The bubbler is cooled to the same temperature 

as the cell ensuring that the dew point temperature of the mixed gas flow is below the cell 

temperature to prevent condensation. The ratio of bypass-to-bubbler gas flow was 4:1, meaning 

that the tracer partial pressure was always below 20 % of its vapor pressure at any given tem-

perature. This results in a maximum tracer number density (at the highest temperature and 

pressure investigated) of <1.3×1016 cm–3 for anisole and <1.1×1017 cm–3 for toluene and a low-

est tracer number density (at the lowest temperature and pressure) of <5.0×1013 cm–3 and 

<6.8×1014 cm–3, respectively. A pre-cooler installed directly on top of the cell compensates for 

ambient heat added on the way ensuring minimal temperature variation inside the cell. In all 

cases, the coolant is provided by the same compressor-cooled circulating chiller (Huber Mini-

chiller 300, cooling power 300 W at 15 °C and 70 W at −20 °C) with an operating temperature 

range from room temperature down to −20 °C. The total gas mass flow rate was 1000 sccm 

resulting in a flow velocity of approximately 0.3 up to 6 m/s. Thus, the complete cell volume 

is exchanged at least every second even in the worst (i.e., the highest-density) case. 
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Fig. 7.3: Simplified flow diagram of the sample-gas feed system. 

The pressure prior and after the flow cell is adjusted with needle valves. The first valve up-

stream of the flow cell is set to ensure that the pressure in the feed system before entering the 

cell and is above 2.5 bar monitored by a pressure transducer (Keller, 35 X HTC, 0−15 bar, 

accuracy 0.5 % of full scale). Maintaining this pressure ensures that ambient oxygen cannot 

enter the system even if small leaks exist. Two parallel needle valves downstream of the flow 

cell are required to set the cell pressure over the complete investigated range of 100–

2000 mbar. The pressure in the flow cell is measured at the cell exit using a capacitance ma-

nometer (MKS, Baratron 722B, 0−5000 mbar, accuracy 0.5 % of reading). Prior to the experi-

ments, the low-pressure section has been helium leak tested. The temperature is calculated from 

the arithmetic mean of the two thermocouples (type K, calibrated using the triple-point method) 

readings in the gas inlet and exit lines (Fig. 7.2). This approximation has been validated to be 

within the measurement error by inserting an additional thermocouple directly into the meas-

urement plane through a stainless-steel dummy instead of one of the detection windows. Ex-

periments were performed at five set-point temperatures with a repeatability of <0.05 K (95 % 

confidence interval).  

7.4 Optical setup 

7.4.1 Fluorescence lifetime measurements 

The effective fluorescence lifetime was measured by time-correlated single photon counting 

(TCSPC, [127]) that has been applied to tracer LIF-related studies before [23, 26]. The TCSPC 

system (see Ref. [26] for details) consists of a mode-locked high repetition rate (1–20 MHz) 

picosecond fiber laser (Fianium, FemtoPower UVP266-PP-0.1, 266 nm, 5 nJ/pulse, 20 ps), a 

fast photomultiplier tube (PMT) (Hamamatsu, R3809U50, 150 ps rise time), and a TCSPC 

board (Becker & Hickl, SPC-130). Short excitation pulses are required because of the short 

fluorescence lifetimes of anisole [20, 48]. Because of the single-photon detection principle of 

TCSPC, experiments at very low signal levels are possible. This enables measurements with 

the low tracer partial pressures prevailing at the low temperatures. In addition, measurements 

can be carried out at low laser fluence , which prevents self-quenching by laser-excited mole-

cules, according to the mechanism described by Fuhrmann et al. [16] for toluene. Hence, 

Coolant

Coolant Vacuum pump

Mass flow controllers

Needle valves

P

P

N2

Flush gas

Pressure sensorBubbler

Flow cell

Needle

valve

Coolant

Precooler



7. TRACER CHARACTERIZATION 

74 

 

limiting the number of excited molecules by either reducing the tracer concentration or the 

laser fluence eliminated any measurable non-linearities in the LIF signals vs. concentration. In 

our case, the laser fluence was <0.6 µJ/cm2 which is well below their established minimum 

5 mJ/cm2 where no non-linearities were observable at any conditions. We confirmed the line-

arity of the signal by systematically varying the bypass ratio from 4:1 down to 0 for both trac-

ers.  

 

Fig. 7.4: Optical setup for simultaneous measurement of fluorescence spectra and fluorescence lifetimes.  

The optical setup is shown in Fig. 7.4: The laser beam is directed centrally through the flow 

cell and fluorescence is detected through one of the quartz windows by the PMT mounted 

perpendicular to the beam propagation direction. A bandpass filter (Semrock, BP292, 292 nm, 

14 nm FWHM) centered close to the peak wavelength of the fluorescence spectrum of both 

tracers (Fig. 7.5b) is used in front of the PMT to block residual ambient and laser stray light. 

For both tracers, Faust et al. established that the measured fluorescence lifetime was independ-

ent of the spectral integration window [20, 21]. Reflective UV-grade neutral-density (ND) fil-

ters (Thorlabs, NDUV, OD 0.3–3.0) are used to limit the photon count rate so that only after 

every 10th–200th pulse a photon is detected avoiding pile-up effects [127] caused by more than 

one photon per laser pulse reaching the detector. The cavity in front of the laser inlet and outlet 

windows was deep enough to prevent interaction with moist room air by purging without an 

additional window, while the optical path to the PMT could be completely enclosed to ensure 

sufficient flushing by dry N2.  

The fluorescence lifetime τeff is determined by the convolve-and-compare method [128]. To 

this end, the temporal fluorescence signal trace is modeled by the convolution (operator ∗) of 

the instrument response function (𝑆IRF) of the TCSPC system with a mono-exponential decay 

(Eq. 7.6). 𝑆IRF corresponds to the elastically scattered light measured without the bandpass fil-

ter while flushing the flow cell with pure N2.  

 𝑆fl(𝑡) = 𝐶1 (𝑆IRF(𝑡) ∗  exp (−
𝑡

𝜏eff
)) + 𝐶2 𝑆IRF(𝑡)  (7.6) 
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The second term in Eq. 7.6 accounts for potential residual laser stray light. The scaling factors 

C1 and C2 as well as τeff are determined by fitting the model function to the temporal signal 

trace. The noise floor is subtracted from signal (<5 counts per channel) and SIRF (<10 counts) 

to avoid artifacts during the convolution and preventing the need for an additional fit parameter 

for a constant offset. Example fits are shown for toluene at near ambient conditions in Fig. 

7.5a, with the residuals between the model function and the measured data presented below the 

graph. Each measurement is repeated at least three times.  

   

Fig. 7.5: (a) Typical TCSPC signal, IRF, and fit using the convolve-and-compare method. (b) Transmission bands 

of the BP292 bandpass filter and an ND filter with an optical density of 0.3 (Thorlabs, NDUV03A) for reference 

measured in a UV-Vis spectrophotometer (Varian, Cary 400 Scan) compared to spectra of toluene and anisole 

vapor in N2 at near-ambient conditions. 

7.4.2 Fluorescence spectra 

Fluorescence spectra are measured following excitation with the same laser system operating 

at 2 MHz. Two off-axis parabolic mirrors (Fig. 7.4) image the fluorescence signal onto the 

entrance slit of a spectrometer (Horiba, iHR320, 320 mm focal length, 1200 groves/mm grat-

ing) with the spectrum in the exit plane dispersed on a CCD detector (Horiba, Syncerity CCD, 

256×1024 pixels). The entrance slit opening is set to 100 µm while the exposure time (mechan-

ical shutter) is varied from 1–10 s depending on the signal level. The intensity is integrated 

over the 256 vertical pixels. Note, that the spectra we measured for this work have not been 

smoothed. This was unnecessary since the integration time was chosen so that the signal level 

was at the maximum of the instrument’s dynamic range so that signal noise is nearly imper-

ceptible. 

In a post-processing step, a previously recorded dark spectrum taken with the same exposure 

time (laser off) is subtracted. Outliers are removed prior to averaging individual spectra by 

interpolation between neighboring pixels. Spectra are then corrected for the wavelength-de-

pendent transmission characteristics and detection sensitivity of the complete system, which 

was determined using an intensity-calibrated laser-driven light source (Energetiq EQ-99); the 

wavelength axis was calibrated using known atomic line emissions from a Hg(Ar) pen-ray 

lamp (LOT). The spectral resolution of the setup with the aforementioned settings was 
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measured to be 0.27 nm (FWHM of the 296.7-nm Hg line). To compare the measured fluores-

cence spectra with previously published data recorded at lower resolutions, the spectra were 

downsampled by convolution with a Gaussian function (Fig. 7.6), with a FWHM determined 

by minimizing the least-squares error to the literature data. Especially in the case of toluene, 

our spectra then agree well with those of Koban et al. [122]. Agreement with the spectra of 

Faust et al. [20], however, is not so good, which may be attributed to their significantly lower 

spectral resolution of ~3 nm of the streak camera system used in their work. 

 

Fig. 7.6: Measured (a) toluene and (b) anisole fluorescence spectra at close-to standard conditions next to literature 

data from Koban et al. [122] and Faust et al. [20]. For better comparability, the new high-resolution (0.26 nm 

indicated by arrows) spectra were downsampled by convolution with a Gaussian with an FHWM of ~2.35 nm. 

Each individual spectrum in Fig. 7.6 and in the following chapter is normalized by its integral 

value between 275–360 nm. The ordinates of each plot are then scaled arbitrarily so that y = 1 

corresponds to the maximum intensity of each test series, thus maintaining the relative intensity 

of the graphs to each other.   The spectral interval for the normalization was chosen so that 

laser stray light (visible in low-intensity measurements, cf. Fig. 7.12a on the left-hand side) 

would not distort the graphs ratio to each other.  

7.5 Results 

7.5.1 Anisole 

As shown in Fig. 7.7a, for anisole, τeff decreases in the low-pressure region (< 600 mbar) with 

decreasing pressure thus exhibiting PIH behavior at all temperatures investigated. This is in 

good agreement with Benzler et al. [48] who found that Einitial > Etherm,1 for excitation at 266 nm 

and temperatures from ambient to about 400 K. For higher pressures (> 800 mbar), τeff de-

creases slightly supposedly due to increased nitrogen bath gas quenching. A similar effect on 

the fluorescence lifetime has been observed by Cheung et al. for 3-pentanone [123]. At all 

temperatures, anisole fluorescence lifetimes exhibit a similar temperature dependence (Fig. 

7.7b) decreasing by 10 % over the investigated temperature range of about 35 K.  
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Fig. 7.7: (a) Pressure dependence of the effective fluorescence lifetimes of anisole for a range of temperatures 

below ambient. (b) Relative (normalized by the room temperature value) effective fluorescence lifetime showing 

the temperature dependence for the investigated pressure range. Error bars represent the statistical error of re-

peated measurements. Lines (spline fits) were added to guide the eye. 

 

Fig. 7.8: Temperature-dependent normalized anisole fluorescence spectra for (a) the lowest (100 mbar) and  

(b) for the highest measured pressure (2000 mbar). Arrows indicate the spectral resolution.  

Normalized fluorescence spectra for anisole are shown in Fig. 7.8 for the lowest (a) and highest 

(b) investigated pressure. In both cases, an increase in temperature causes a slight broadening 

of the spectra, which is most prominent in the sharper spectral features at shorter wavelengths. 

Additionally, a slight shift of the spectral centroid to longer wavelengths is visible (cf. Fig. 

7.10). The spectral centroid λc can be interpreted as the center of the area below each intensity 

curve and is calculated according to Eq. 7.7.  

 𝜆c =
∫𝜆𝑆fl(𝜆)d𝜆

∫ 𝑆fl(𝜆)d𝜆
⁄    (7.7) 

One needs to be careful to not confuse shifts of the spectral centroids with a shift of the fluo-

rescence spectra. Rather, the spectral features at shorter wavelengths become weaker compared 

to those at longer wavelengths so that only normalized spectra appear to shift. The shift of the 
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anisole fluorescence spectral centroid with increasing temperature can be explained by consid-

ering the anharmonicity of S0 and S1: The increase of ground state energy at increased temper-

ature results in a population of higher vibrational levels in S1. If one considers only that more 

energy is available, one expects a shift to shorter wavelengths. However, it follows from the 

Franck-Condon principle that transitions are particularly strong that link similar vibration lev-

els ν’ in S1 and ν’’ in S0. As a result of an increase in anharmonicity from S0 to S1, the well 

depth (dissociation energy) in S1 is smaller than in S0, and E(ν’) is converging faster than E(ν’’). 

This and the Franck-Condon principle then cause that an increase in E(ν’) (e.g., by temperature 

increase) is associated with a shift of the spectral centroid to longer wavelengths. The shift to 

the short wavelength by increasing p is caused by the same effect since anisole shows PIH 

behavior so that collisions reduce E(ν’’). For more details, see, e.g., Uy et al. [129]. 

Somewhat unexpectedly, as shown in Figs. 8 and 8 for the lowest and highest temperatures 

investigated, a reduction in total pressure broadens the spectral features. This behavior can be 

explained by considering that for a molecule undergoing slow VR (long τeff), fluorescence oc-

curs from several levels along the vibrational energy cascade (cf. Fig. 7.1a). A rapidly thermal-

ized (short τeff) molecule, in contrast, emits light from a narrower distribution of energy levels 

around Etherm,1.  

Kimura et al. [99] observed this effect by evaluating highly time-resolved fluorescence spectra 

for naphthalene. Spectra measured just after (1 ns) excitation, well before the estimated mean 

collision time (~6 ns), exhibited a broadband structure while spectra measured after several 

collisions (up to 120 ns) were much finer structured. They concluded, that in the first case only 

sub-nanosecond IVR was responsible for the broader energy distribution of emitting vibra-

tional energy levels, while in the second case molecules have already thermalized to a narrow 

energy distribution around Etherm,1.  

In the case of anisole, the mean time between collisions at room temperature has been estimated 

to 0.82 and 0.03 ns at 100 and 2000 mbar, respectively, by calculating the Lennard–Jones fre-

quency using the coefficients from Wang [51] and assuming a bubbler efficiency of 75 % (ac-

tual anisole vapor pressure divided by saturation vapor pressure). This means, that especially 

in the low-pressure case, only few (<15) collisions occur during the fluorescence lifetime com-

pared to the high-pressure case (>380). This explains the much broader spectral structure of 

the former as IVR has a larger effect on the vibrational energy distribution compared to the 

external (collision-driven) VR.  
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Fig. 7.9: Pressure-dependent normalized anisole fluorescence spectra for (a) the lowest (257 K) and 

(b) for the highest measured temperature (292 K). Arrows indicate the spectral resolution. 

 

Fig. 7.10: Wavelength of the centroid of the anisole fluorescence spectra calculated for the region from 275 

to 360 nm as (a) a function of pressure and (b) a function of temperature. Lines (spline fits) were added  

to guide the eye.  

7.5.2 Toluene 

As shown in Fig. 7.11a, for toluene, τeff increases monotonously with pressure in the low-pres-

sure region (< 600 mbar) for T ≤ 274 K but decreases for 292 K. This implies that the transition 

from PIC to PIH occurs between 292 K and 283 K as predicted when extrapolating the results 

of Benzler et al. [48]. For both cases τeff decreases slightly for higher pressures (>800 mbar) 

due to increasing nitrogen quenching. Contrary to anisole (cf., Fig. 7.7b), the temperature de-

pendence of τeff (Fig. 7.11b) differs significantly for different pressures. Whereas τeff decreases 

~26 % at 2 bar, it only drops ~10 % at 100 mbar over the investigated temperature range of 

35 K while exhibiting a more non-linear behavior. 
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Fig. 7.11: (a) Pressure dependence of the effective fluorescence lifetimes of toluene for a range of temperatures 

below ambient. (b) Relative (normalized by the room temperature value) effective fluorescence lifetime showing 

the temperature dependence for the investigated pressure range. Error bars represent the statistical error of re-

peated measurements. Lines (spline fits) were added to guide the eye.  

 

Fig. 7.12: Temperature-dependent normalized toluene fluorescence spectra for (a) the lowest (100 mbar) and 

(b) for the highest measured pressure (2000 mbar). Arrows indicate the spectral resolution. 

 

Fig. 7.13: Pressure-dependent normalized anisole fluorescence spectra for (a) the lowest (257 K) and (b) for the 

highest measured temperature (292 K). Arrows indicate the spectral resolution. 
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Fig. 7.14: Wavelength of the centroid of toluene fluorescence spectra calculated for the region from 275  

to 360 nm as (a) a function of pressure and (b) a function of temperature. Lines (spline fits) were added 

to guide the eye. 

Toluene fluorescence spectra are shown as a function of temperature (Fig. 7.12) and pressure 

(Fig. 7.13), for the lowest (panels a) and the highest (panels b) pressure and temperature, re-

spectively. It is apparent, that the spectra are nearly invariant to changes in pressure. At the 

lowest temperature (Fig. 7.13a), however, the fine structure of the spectrum is more pro-

nounced compared to the room temperature spectrum (Fig. 7.13b). The spectral intensity cen-

troid remains nearly constant except for the low-temperature (i.e., below about 280 K) and low-

pressure (i.e., below about 800 mbar) cases where it red-shifts by up to 1.5 nm (Fig. 7.14). 

Unfortunately, scattered laser light (Figs. 7a and 7a, left-hand side of the spectrum) affects the 

calculation of the centroids especially at those low-signal conditions. The absence of a signif-

icant low-pressure broadening compared to anisole can be explained by the much longer fluo-

rescence lifetimes (Fig. 7.11) and, therefore, more dominant VR and insignificant contribution 

of IVR to the temporally integrated fluorescence signal. 

7.6 Implications for temperature measurements 

Quantitative LIF measurement techniques generally exploit that the absorption and fluores-

cence properties of the fluorophore, or rather the combination of both, can be related to a phys-

ical property (temperature, pressure, concentration, bath gas composition) [28]. Two-color de-

tection schemes are often used to measure the spectral change of the fluorescence signal by 

spectrally separating it onto two detectors. This method is popular [121] since it allows for 

directly imaging a dependent variable (i.e., the ratio of both detector signals) using a relatively 

simple setup (single light source with two cameras with different optical filters). However, it 

requires at least a single-point calibration to account for differences in detection efficiency of 

both detection channels. This often proves difficult for experiments that only allow calibration 

under controlled conditions at rest. This applies, e.g., in cases where optical accesses shift spa-

tially due to thermal expansion under operating conditions as we encountered in previous ex-

periments [80]. Fluorescence-lifetime based methods, on the other hand, measure the 
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fluorescence decay time which can be detected independently of the variable sensitivity of the 

detection hardware. This makes them especially attractive for challenging environments [23, 

26] if spatial resolution is not required or achieved otherwise (e.g., by scanning the laser beam).  

To evaluate the suitability of the data for temperature measurements relying on the two meas-

urement schemes discussed above (spectral and lifetime-based), the sensitivity of either was 

calculated for atmospheric pressure as an example. For the lifetime-based scheme we assumed 

that fluorescence lifetime is measured while the properties of interest are interpolated from the 

tabulated lifetime data. For the spectral method, we used the single-color excitation (266 nm) 

and two-color detection scheme employed by Kranz et al. [130] for anisole and Gamba et al. 

[3] for toluene to calculate the signal ratio based on their respective spectral filter sets. Since 

Gamba et al. used two independent optical paths, each camera was equipped with its own filter, 

a 280-nm (±5 nm) bandpass and a 305-nm longpass (colored glass), respectively (Fig. 7.15b). 

Their choice was based on previous work, where the suitability of different filter sets based on 

sensitivity and signal-to-noise ratio was considered [5]. In the case of Kranz et al., the optical 

paths of both channels partly overlap until the light is separated by a dichroic beam splitter 

(310-nm cut-off wavelength) before it reaches the cameras individual filters, a 280-nm 

(±10 nm) and a 320-nm (±20 nm) bandpass. Additionally, each camera is equipped with a 266-

nm longpass filter to block scattered laser light. The resulting filter curves (Fig. 7.15a) have 

been calculated from the manufacturer’s (Semrock) datasheets. 
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Fig. 7.15: Spectra and filter curves for a hypothetical two-color detection scheme to measure temperature based 

of the optical filter sets used by (a) Kranz et al. [130] for anisole and (b) Gamba et al. [3] for toluene.  

The resulting signal ratios R = Sblue/Sred for are shown in Fig. 7.16 for a (a) temperature varia-

tion at p = 1000 mbar and (b) pressure variation at T = 274 K. For better comparison to the 

evolution of the fluorescence lifetime data, both R and τeff are normalized their ambient value 

and are further referred to as the normalized dependent variable Γ. The dashed lines in Fig. 

7.16a represent second-order exponential functions that have been fitted to Γ. These have been 

used to calculate the sensitivity shown in Fig. 7.16b defined as the absolute normalized change 

of Γ over the normalized change of the temperature.  



7. TRACER CHARACTERIZATION 

83 

 

255 260 265 270 275 280 285 290 295

1.00

1.05

1.10

1.15

1.20

1.25
1000 mbar Anisole

 Spectral method

 Lifetime-based

Toluene

 Spectral method

 Lifetime-based

N
o

rm
a

liz
e

d
 d

e
p

e
n

d
e

n
t 
v
a

ri
a

b
le

 G
(T

)

Temperature / K

Lifetime-based: G = teff/teff,292K

Spectral method: G = R/R292K

a)

255 260 265 270 275 280 285 290 295
0.5

1.0

1.5

2.0

2.5

3.0
1000 mbar

S
e

n
s
it
iv

it
y
 |
(d

G
/G

)/
(d

T
/T

)|

Temperature / K

Anisole

 Spectral method

 Lifetime-based

Toluene

 Spectral method

 Lifetime-based

b)
 

Fig. 7.16: (a) The experimentally-accessible independent variable Γ normalized to ambient conditions of a  

temperature series at 1000 mbar and (b) the according sensitivities of the hypothetical measurement  

schemes calculated from a second-order exponential fit (shown as dashed lines in (a)).  

The lifetime-based method outperforms the spectral method in the case of toluene regarding its 

sensitivity, especially in the higher temperature region. In the lower-temperature region how-

ever, the sensitivities are similar. For anisole, the spectral method yields a higher sensitivity 

also showing a positive trend with decreasing temperature. In all cases, one would have to 

consider the achievable signal level of each method. For the spectral method, e.g., one may opt 

for a different filter pair to trade off some sensitivity for increased signal-to-noise ratio which 

is especially important for ratiometric methods [121]. For measurements in steady-state appli-

cations where averaging does introduce only minor statistical error, one may choose the oppo-

site. 

7.7 Conclusions 

Effective fluorescence lifetimes (Appendix A) and higher resolution (0.27 nm) fluorescence 

spectra of anisole and toluene vapor in nitrogen have been studied for 266-nm excitation in a 

temperature range below ambient (257–293 K) for various pressures (100–2000 mbar), thus 

extending the available datasets for these common aromatic tracer LIF species to conditions 

prevalent, e.g., in trans-/supersonic flow experiments. The measured dataset enables thermom-

etry or even pressure sensing (if temperature can be established otherwise, e.g., by laser-in-

duced thermal acoustics [82]) under such conditions using either fluorescence lifetime-based 

or spectral (single-color or two-color-ratio) LIF schemes. We found that thermometry using 

toluene LIF with a lifetime-based measurement scheme could compete with the sensitivity 

achieved with a commonly applied spectral ratiometric method. It is important to note that the 

lifetime-based measurement scheme, contrary to the spectral-method, does not require a single-

point calibration making it particularly useful in applications where controlled reference-con-

ditions cannot be achieved easily. Further, this method allows measurements with a single light 

source and single detector independent of tracer concentration without the need of ratioing (i.e., 
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introducing additional error), which is highly useful to measure temperature or pressure in, e.g., 

mixing flows. 

The transition from photo-induced cooling (PIC) to photo-induced heating (PIH) behavior was 

observed for toluene between 283 and 292 K, confirming predictions from literature [48]. As 

this transition marks the point where the initial energy after excitation equals the thermal en-

ergy in the S1 state (Einitial = Etherm,1), no vibrational relaxation occurs during deexcitation since 

the molecule is already thermalized. This enables the calculation of the averaged ground state 

energy Ētherm,0 transferred from S0 to S1 for the given excitation wavelength from a straight-

forward energy balance [52]. Baranowski et al. [52] recently identified the (usually) unknown 

Ētherm,0 is a major cause of uncertainty in step-ladder models. Hence, these points are crucial 

for model validation and development.  

For anisole, a broadening of fluorescence spectra correlating with decreasing fluorescence life-

times with total pressure was observed while for toluene the spectra remained nearly invariant 

to pressure. This is consistent with literature [99] identifying sub-nanosecond intramolecular 

vibrational energy redistribution (IVR) as the responsible mechanism, which is more dominant 

at conditions where fewer collisions with bath gas molecules occur (i.e., in the case of short 

excited state lifetimes, low density, and low temperatures). Published step-ladder fluorescence 

models [46, 123, 124] neglect IVR since they were parameterized for above-ambient condi-

tions. Our findings imply that accounting for IVR will be crucial for advancing these models 

to below-ambient conditions. 

All measured effective fluorescence lifetimes measured for both tracers are summarized in Ap-

pendix A. At the present time we are preparing to launch an online database dedicated to shar-

ing and visualizing published and unpublished spectroscopic data for gas-phase tracer LIF ap-

plications [131] to which the data  including the fluorescence spectra will be uploaded.  
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8 Miniature flow channel 

It is intended to submit the contents of this chapter as for publication as a separate research 

paper under the following title. 

Beuting, M., Richter, J., Schulz, C., Weigand, B., Endres, T. Miniature flow channel for spec-

troscopic characterization of fluorescence tracers for in situ optical diagnostics. 

My personal contribution was the mechanical design and construction of the flow channel ex-

periment including gas conditioning, 0D calculations, and design and operation of all optical 

and non-optical instrumentation. I planned, performed, and evaluated all experiments. Judith 

Richter designed the nozzle geometry and supported the design of the flow channel in the plan-

ning phase by preliminary CFD simulations and contributed the 3D CFD simulations to this 

publication. The manuscript was prepared by me, to which all co-authors also contributed by 

scientific advice, proofreading, and help with the wording. 

Abstract A small-scale rectangular flow channel is introduced to provide a low-temperature 

environment for spectroscopic characterization of gaseous fluorescence tracers. The tracer-

laden gases are cooled gas-dynamically by acceleration through a convergent-divergent nozzle 

to supersonic speeds before entering a four-way optically accessible test section. Its modular 

approach enables the variation of its internal geometry and, therefore, flow conditions. In this 

paper, a M = 1.7 nozzle was used to resemble flow conditions used in a larger-scale flow chan-

nel used in our previous works, where temperatures as low as 240 K are expected. Due to its 

small cross-section of 5 × 5 mm2 at the nozzle exit, the mass flows were low enough so that 

the miniature flow channel could be, unlike its larger counterpart, operated with pure N2 with 

arbitrary O2 concentrations. In this paper, the flow conditions in the flow channel are first char-

acterized in detail. For this purpose, fluorescence lifetime based LIF thermometry was used in 

addition to CFD simulations, schlieren imaging, and LIF imaging. In an example measurement 

to demonstrate the suitability of the flow channel for tracer spectroscopy down to about 230 K, 

the influence of oxygen quenching on the LIF signal of toluene was investigated. We found 

that the quenching effect is independent of temperature even at O2 concentrations as low as 

1 vol.%. This implies that LIF imaging methods relying on the O2 quenching effect for, e.g., 

the investigation of sub-resolution mixing processes, could be applied to transonic flows where 

strong temperature gradients exist. 

8.1 Introduction 

Despite many efforts studying transonic mixing wake flows, the underlying principles are not 

yet fully understood. Understanding the gas mixing in such flows both on a macroscopic level 

and on a molecular level on the flow conditions is important for fuel/air mixing in supersonic 

combustion or for mixing of reactants in supersonic nanoparticle synthesis reactors [1]. In our 

previous work we characterized transonic mixing wake flows using various optical methods 

such as schlieren or shadowgraphy [59, 60, 65, 79], particle imaging velocimetry (PIV) [2], 
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laser-induced thermal acoustics (LITA) [82], and laser-induced fluorescence (LIF) [59, 60, 64, 

65, 80]. While LIF imaging can provide information about the mixing level on a macroscopic 

and a molecular level [70, 73, 75, 77, 119] of two gas flows, the spectroscopic properties under 

the relevant temperature and pressure conditions must be known. Toluene is frequently used 

for such studies as it provides a high fluorescence quantum yield. Its strong dependence on 

collisional quenching by molecular oxygen can be additionally used to determine mixing on a 

molecular level [18, 21, 38]. Toluene can be excited by commonly available laser wavelengths 

(e.g., 266 or 248 nm) [120] and is readily available for large-scale flow experiments, being 

environmentally acceptable [28]. However, very few works focus on the sub-ambient-temper-

ature fluorescence properties of toluene [49] limiting its use to quantitative studies in the case 

of accelerated flows in which the temperature can be as low as 240 K [60, 80]. To fill this gap 

in the available spectroscopic data, we use a supersonic optically accessible miniature flow 

channel that provides the required conditions by gas-dynamic cooling for characterizing fluo-

rescence tracers. The facility additionally acts a testbed for calibration and demonstration of 

imaging techniques. 

Gas-dynamic cooling of sample gases is a common technique for accessing low-temperature 

regimes [132-134]. For LIF-based imaging measurements in such an environment, Combs et 

al. expanded a preheated sample gas containing naphthalene vapor provided by a sublimation 

seeder into an optically accessible evacuated chamber through different convergent-divergent 

nozzles covering a parameter space of 100–525 K and 10–400 mbar [8]. In a separate experi-

ment, they used a rectangular flow channel to validate their measurement schemes in a turbu-

lent boundary layer [9]. Later, they used the spectroscopic data to image the transport of abla-

tion products of a heat shield approximated by a solid naphthalene layer in the wake of a space 

capsule during atmospheric reentry by correcting the signal for its temperature and oxygen 

dependence [7]. Handa et al. applied acetone LIF in a rectangular flow channel (design Mach 

number M = 2.0) to measure the local species number density as a metric for local pressure 

variations [11]. Their channel height was 0.5 mm whereas the width was 2.5 mm, which is 

more than one order of magnitude smaller than the channel presented here. They studied the 

influence of the inlet pressure and the flow channel length on the flow pattern, more precisely, 

on the shock pattern forming in high length-to-height ratio flow channels at relatively low 

Reynolds numbers (Re = 3100). They found that the relations for high Reynolds number flows 

did not apply: They observed a gradual pressure change instead of the normal shocks or pseudo-

shocks expected in under expanded confined flows. Recently, Yu et al. used a two-tracer (ace-

tone and toluene) approach to measure the oxygen concentration in an atmospheric nozzle flow 

quantitatively [76]. To this end, they first characterized the fluorescence properties of both 

tracers and the tracer mixture in a purpose-built static cell. The local oxygen concentration was 

then derived by calibration of the ratio of the individually registered LIF signals of both tracers 

similarly to the approach by Koban et al. [29] demonstrated for a toluene/3-pentanone mixture. 

They found that there is a significant quenching caused by acetone on the fluorescence signal 

of toluene. Ehn et al. used the fluorescence lifetime relying on precise gating of two detectors 
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for measuring the local oxygen concentration in an atmospheric jet containing toluene [31, 107] 

and for qualitative measurements in combustion processes [135]. 

8.2 Theory 

8.2.1 Fluid dynamics 

The compressible accelerated flow in the flow channel nozzle can be described by a set of 

equations [84]. Assuming an isentropic change of state, the local Mach number M and the 

geometry of the nozzle are related as follows. Here κ is the ratio of the specific heats, A is the 

cross-sectional area, and A* the narrowest cross-section at which M = 1. 

 𝐴

𝐴∗
= (

2 + (𝜅 − 1)𝑀

𝜅 + 1
)

𝜅+1
2𝜅−2

𝑀−1 (8.1) 

The state variables such as temperature T and pressure p can also be expressed via the ideal gas 

law as a function of the local M. 

 𝑇

𝑇0
= (

𝜅 − 1

2
𝑀2 + 1)

−1

,   
𝑝

𝑝0
= (

𝜅 − 1

2
M2 + 1)

𝜅
1−𝜅

 (8.2) 

Especially in small flow channels as discussed in this work, boundary layer effects play a sig-

nificant role due to wall-to-wall interaction in the corner regions of the rectangular cross-sec-

tion. While the scope of this work does not comprise boundary layer theory, we focus on the 

adverse effect of boundary layer growth on the usable measurement volume (i.e., the boundary 

layer free section of the flow) determined by numerical simulations and experimental data. To 

this end, we define the velocity boundary layer position δu,99 at the point where the velocity u 

equals the asymptotic velocity u∞ according to the following equation. The temperature bound-

ary layer position δT,99, which is particularly important for the selection of the probe volume 

for tracer characterization, is defined analogously. 

 𝑢(𝑥,  = 𝛿𝑢,99) =  0.99𝑢∞(𝑥) (8.3) 

 𝑇(𝑥,  = 𝛿𝑇,99) =  0.99𝑇∞(𝑥) (8.4) 

The compressible displacement thickness δ* is then calculated between the flow channel wall 

and the velocity boundary layer according to Eq. (8.5) considering the local density ρ. 

 𝛿∗(𝑥) = ∫ (1 −
(𝑥,  )𝑢(𝑥,  )

𝜌∞(𝑥)𝑢∞(𝑥)
)

𝛿99

𝑧wall

d   (8.5) 
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8.2.2 Laser-induced fluorescence 

In this work, laser-induced fluorescence diagnostics using toluene as tracer (tracer LIF) serves 

two purposes: Firstly, it is used to characterize of the flow channel by providing in situ meas-

urement of temperature and the mixing state of the sample gases on a macroscopic level (sec-

tion 8.6). Secondly, it is applied to demonstrate the flow channel’s ability for spectroscopic 

tracer characterization and the feasibility of measuring mixing behavior on a molecular level 

(see section 8.7). The underlying principles are discussed in the following paragraphs. 

The fluorescence signal intensity Sfl (Eq. 8.6) is linearly dependent on the tracer number density 

ntracer and the exciting laser intensity Ilaser if concentration and laser light are significantly below 

the onset of non-linear saturation effects or self-quenching [16]. Due to the dependence of the 

tracer absorption cross-section σabs and the fluorescence quantum yield ϕfl on temperature T 

and pressure p, one parameter can be determined directly from the LIF signal, provided the 

other can be determined otherwise. 

 𝑆fl ∝ 𝑛tracer𝐼laser𝜎abs(𝑇, 𝑝)𝜙fl(𝑇, 𝑝, 𝑝q) (8.6) 

Molecular oxygen quenches the fluorescence signal of aromatics efficiently leading to a sig-

nificant reduction in the fluorescence signal accompanied by an apparent red shift of the fluo-

rescence spectrum [38]. The strength of the quenching effect depends on the collision rate of 

the O2 molecules with the tracer molecules and, therefore, ϕfl also depends on the local 

quencher species concentration expressed as the quencher partial pressure pq. This allows for 

an indirect measurement of the mixing state on a molecular level if, e.g., an O2-free flow is 

mixed with an O2-containing flow using a single tracer [30]. 

The fluorescence quantum yield is defined as the ratio of the fluorescence rate constant kfl to 

the total deactivation rate being the sum of all rate constants ktot (Eq. (8.7)). Here, knr comprises 

the non-radiative deactivation rate constants for intersystem crossing and internal conversion, 

and kq the quenching rate. The reciprocals of kfl and ktot are the natural fluorescence lifetime τfl 

and the effective fluorescence τeff, respectively. Therefore, ϕfl and, consequently, the LIF in-

tensity Sfl is proportional to τeff which is experimentally accessible by measuring the fluores-

cence signal decay curve [28].  

 𝜙fl =
𝑘fl

𝑘fl + 𝑘nr + ∑𝑘q𝑝q
=

𝑘fl

𝑘tot
=

𝜏eff
𝜏fl

∝ 𝜏eff  (8.7) 

The great advantage of using τeff instead of Sfl to measure flow properties is that it is neither 

dependent on the tracer concentration nor on the detection system efficiency ξ. In addition, we 

have found that in the case of toluene under sub-ambient conditions, a fluorescence lifetime-

based scheme for temperature measurement provides some advantage in terms of sensitivity 

over schemes that detect spectral changes using two-color detection [49].  
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8.3 Flow channel experiment 

The flow channel’s primary purpose is to provide conditions found in larger-scale flow chan-

nels [59, 60, 64, 65] for developing and validating laser-based diagnostics such as LIF. Its 

smaller scale and, therefore, reduced mass flows allow to use the channel with pure nitrogen 

instead of compressed air. This is crucial for developing measurement strategies for determin-

ing sub-resolution mixing states by indirectly measuring the effect of oxygen quenching on the 

fluorescence signal [80]. The gas-dynamic cooling enables measurements for characterization 

of the spectroscopic properties of the tracer in an extended temperature range of our previous 

works [48, 49] aiming at improving the fundamental understanding of tracer photophysics to 

temperatures below room temperature in a continuous flow system.  

 

Fig. 8.1: Cross-sectional drawing of the flow channel assembly. The internal contours defining the constant-width 

(5 mm) flow domain in y-direction are color-coded according to the purpose of the distinct sections. The config-

uration shown has a metal plug with pressure taps instead of the window on the side opposite to the observer.   

The flow channel (Fig. 8.1) is designed in a modular approach and parts defining the internal 

geometry can be replaced as needed. The following nomenclature describes the different flow 

channel components: The frame describes the main body of the channel holding all parts in 

place. The nozzle (Fig. 8.1, green contour) module is a two-part piece comprising the conver-

gent and divergent nozzle as well as the subsonic part of the flow channel. The test section 

(red contour) begins just downstream of the nozzle and is fully optically accessible. In analogy 

to the nozzle, the exit section (blue contour) consists of a two-part transitional piece that con-

nects between the confined test section and the outlet cross section. Inlet and outlet (orange 

contour) describe two identical transition pieces from the round piping of the gas delivery and 

exhaust system to the rectangular internal flow channel geometry. The coordinate system used 

throughout this work is defined relative to the center of the nozzle’s critical (smallest) cross 

section where x = y = z = 0 mm with x increasing in downstream direction. 

8.3.1 Geometry 

The flow channel has a rectangular cross section with a constant width (yz direction) of 5 mm. 

The nozzle exit, i.e., the transition between nozzle and test section was set to 5 × 5 mm2. These 
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geometric constraints provide enough boundary layer free flow while maintaining a managea-

ble mass flow rate as described below.  

The convergent-divergent nozzle geometry has been computed using the code of Grümmer et 

al. [136] that implements the method of characteristics for calculating rectangular or axisym-

metric nozzles profiles for flow channel applications optimized toward a most compact (short 

in streamwise direction) design. The tool accounts for boundary-layer growth by calculating 

the displacement thickness (Eq. 8.5) assuming that the boundary layer is already turbulent at 

the nozzle throat before adding it to the nozzle height. The subsonic part of the geometry is 

modeled maintaining a monotonous height decrease and a tangential transition to the sonic part 

of the nozzle. Note that the resulting contour shown in Fig. 8.2 exhibits a slight discontinuity 

close to the critical cross section. This is due to the first-order gas-dynamic waves occurring 

since the program uses the Prandtl-Mayer corner flow and is therefore expected [136]. 

 

Fig. 8.2: Contour (top half) of the M = 1.7 nozzle used for all the measurements in this work. 

The supersonic nozzle outlet height was chosen to be 5 mm so that the test section inlet cross 

section was a square of 5 mm x 5 mm while the subsonic nozzle inlet was arbitrarily set to 

20 mm. The resulting critical height at the nozzle throat was 3.8 mm at the nozzle throat 

(x = 0 mm) for a design Mach number of M = 1.7.  

The 100-mm long test section, i.e., the optically accessible part of the flow channel, begins 

right at the nozzle exit at x = 7 mm and has a constant width of 5 mm. The height (z-direction) 

at the nozzle exit is 5 mm. To compensate for boundary layer growth, the top and bottom test 

section walls are tapered (Fig. 8.3), thus increasing the height and therefore counteracting the 

boundary layer growth by increasing the internal cross-section. Relying on experience from a 

larger-scale flow channel [59] and CFD simulations (Fig. 8.3), a 0.5° opening angle was chosen 

increasing the cross section from 25 mm2 to approximately 37.4 mm2 throughout the test sec-

tion.   

However, it is neither expected nor required that this approximation fully compensates the 

three-dimensional boundary layer growth. Rather, it serves to avoid blocking of the flow chan-

nel by boundary layer effects. A compensation of the boundary layer growth in the direction 

of observation (y) would require a more complicated setup and is not required for spectroscopic 

measurements that were only performed close (~12 mm downstream of the critical cross sec-

tion) to the nozzle exit.  
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Fig. 8.3: Normalized pressure along the flow direction from CFD simulations (bottom) for channel contours (top, 

in the form of cross-sectional area) with opening angles of 0°, 0.25° and 0.5° for p0 = 3.6 bar and T0 = 300 K. The 

pressure profile for 0.25° shows a positive pressure gradient, whereas the pressure gradient for 0.5° is slightly 

negative. At 0°, the pressure profile clearly shows the presence of a normal shock in the test section and conse-

quently a deceleration to subsonic velocities at about x = 12 mm. 

The exit geometry continues the lower and upper window shape for 10 mm before expanding 

by 5° for 20 mm before again expanding by another 10° in both directions. The basic idea is to 

fix the streamwise position of the normal shock of the flow decelerating to subsonic velocity 

at this final transition by first expanding less and then more than the Prandtl-Meyer angle. 

However, the exit geometry did not appear to influence the CFD simulations and the experi-

ments and, therefore, is considered optional and was omitted for the reasons given in 8.4. 

8.3.2 Mechanical design 

The construction of the flow channel consists essentially of a main frame, in which various 

interchangeable parts are inserted (Fig. 8.1). The body of the main frame was divided into two 

halves for manufacturing purposes, which were joined by welding after machining their inter-

nal geometries (registering pins were used for a precise fit). The external geometries were ma-

chined after joining both parts to ensure that the surfaces relate to each other as accurately as 

possible. Nozzle and outlet geometries each consist of two parts. Their precise fit in the main 

frame is ensured by registering pins and a tongue-and-groove connection to the inlet and ex-

haust flanges. The latter are identical and represent the transition from round pipeline of gas 

supply to rectangular duct cross-section.  The geometry of the transition pieces was optimized 

to avoid sharp bends and thus additional pressure loss. Since they could not be manufactured 

in this way using conventional methods, they were produced by selective laser melting. The 

flange surfaces and O-ring groove have been finished conventionally after additive manufac-

turing whereas the round cross-section has been welded to a 20 mm outer diameter stainless 

steel pipe. 
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Two different kinds of windows are inserted into the main body: The horizontal observation 

windows that provide a large numerical aperture for the detection systems, and the vertical 

laser windows that provide optical access for the laser beam perpendicular to the optical path 

of the observation.  

All windows are machined from UV-grade fused silica and exhibit a T-shaped geometry so 

that they provide a flange for being pressed into a gasket against the main body. That way, they 

can be easily replaced as is required after the windows wear out. Excessive wear is mostly 

found on the edges facing the channel’s interior. Since the windows have been intentionally 

left unchamfered and sharp to avoid introducing cavities disturbing the flow, they are prone to 

chipping during removal and installation. Laser and side windows can each be replaced as 

required by an identically shaped metal plug with 0.5 mm bores for measuring the static wall 

pressure in the flow channel. These pressure tapping points are evenly spaced by 15 mm with 

the first being located 12 mm downstream of the critical nozzle cross-section. Additional pres-

sure tapping points are located in the subsonic part of nozzle and exit geometry at x = –24 mm 

and x = –138 mm opposing each a through hole for a thermocouple. The adjacent bores are 

slightly off-center in the vertical direction and do not face each other directly. 

8.3.3 Flow facility 

The flow facility (Fig. 8.4) consists of the flow channel experiment itself, the main gas flow 

conditioning, and the evaporator system providing the toluene vapor acting as fluorescence 

tracer. The main gas flow is either compressed air or N2 (purity 99.99 %) provided by a cryo-

genic liquefied gas evaporator, both belonging to the lab’s gas supply system. The air flow is 

used during the startup/warmup of the flow channel and in between measurements to keep the 

experiment at steady temperature while saving N2. To further reduce the stress on the N2 sys-

tem, a gas cylinder battery of five 90-l vessels buffers enough nitrogen for a few minutes of 

measuring. The gas flow is fed by two mass flow controllers (Bronkhorst F-203AV (8–

1000 slm) for air, and Bronkhorst D-6371 (20–1000 slm) for N2) to the gas heater stage 1. A 

third mass flow controller (Brooks GF081, 0–83 slm) provides pure O2 on demand from a gas 

cylinder (purity 99.995 %) to the same location.  
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Fig. 8.4: Simplified process and instrumentation diagram (omitting, e.g., all valves) showing the flow channel 

and the sample gas conditioning system. Straight lines are rigid connections, curved lines are flexible connec-

tions, and double lines (bold and light) indicate heat tracing. 

Heater stage 1 consists of two parallel heaters (Omega AHP-7562, 0.75 kW) and is connected 

through a flexible line to heater stage 2 (Leister 102.362, 3.6 kW). The second stage is only 

power regulated while the first stage is controlled by a closed loop controller using a dedicated 

thermocouple just downstream of the heater. At the same position, the main gas flow and the 

sample flow from the evaporator system is mixed.  

The latter consists of a pressurized reservoir containing the liquid tracer which is dosed from 

there via a Coriolis mass-flow controller (Brooks Quantim, 0–0.36 g/s). To avoid formation of 

bubbles from outgassing gases dissolved in the liquid during depressurization, the reservoir is 

pressurized with He since its solubility in toluene is significantly lower than that of, e.g., N2 

[137, 138]. All lines conducting liquid tracer are made of PTFE, thus allowing residual He to 

diffuse through its walls on the way to the mass flow controller. The principle of operation of 

the evaporator itself (Brooks DLI) is based on the atomization of the liquid tracer of the mass 

flow controller into a supersonic flow of N2 carrier gas under addition of heat (max. 1.5 kW, 

temperature controlled at 150 °C). The carrier gas is provided by a mass-flow controller 

(Brooks GF41, 0–38 slm) from the N2 lab supply. The resulting flow from the evaporator is 

then fed to the aforementioned position just downstream of the second heated stage through a 

flexible heated line to avoid condensation on the way. After mixing with the main flow, the 

complete mixture is fed to the flow channel through an insulated corrugated hose.  

As discussed in section 8.3.2, the flow channel provides access for thermocouples and taps for 

pressure sensors at inlet and exit, and, optionally, metal plugs shaped as windows or laser slots 

with taps for measuring pressure profiles within the flow channel test section. Each pressure 

sensor is connected via a flexible tube to a pressure sensor array consisting of ten piezo-resis-

tive pressure transducers (Freescale Semiconductors, MPX5700AP, 0–7 bar, 2.5 % full-scale 

error). The pressure sensors are read out by a microcontroller (Atmel, ATmega32U4, 10-Bit 

ADC, four times oversampling). Each pressure sensor has been checked against a calibrated 
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precision sensor (Keller 35XHTC, 0–15 bar, 0.5%-FS error) showing no deviation out of their 

specified error. 

8.3.4 Boundary conditions 

For the characterization of the flow channel, measurements and simulations were compared for 

a M = 1.7 nozzle at total inlet temperatures ranging from T0 = 100–150 °C at an inlet pressure 

of p0 = 3.1 bar. The Mach number and the minimum inlet temperature were chosen to resemble 

the inlet conditions used in our previous work [60]. The upper inlet temperature yields a theo-

retical temperature of ~268 K behind the nozzle (Eq. (8.2)) and, therefore, provides some over-

lap with the temperature range that could be achieved in our static cell (257–293 K) [49]. The 

inlet pressure is somewhat of a compromise: For a pressure p0 < 3 bar, the simulation showed 

an unstable flow within the test section. A significantly higher pressure and, therefore, flow 

rate, however, overstressed the nitrogen supply system leading to a rapid pressure drop and too 

low measurement time.  

The resulting main flow mass flow ranged from 10.6–11.4 g/s depending on the inlet temper-

ature. The evaporator system provided liquid 0.03 g/s toluene vapor in 0.2 g/s nitrogen. This 

limits the toluene saturation so that no condensation within the test section is expected as dis-

cussed in detail in section 1068.6.4. 

8.4 Computational fluid dynamics 

Computational fluid dynamics (CFD) simulations were performed to design and validate the 

flow channel. The 3D computational grid is a simplified version of the flow channel interior 

omitting the straight part of the inlet geometry and lacks the exit geometry completely. We 

found that the exit had no influence on the results and therefore just added to the numerical 

cost.  The resulting structured mesh consists of 4.65×106 nodes and is refined near the walls 

so that a dimensionless wall distance of the first cell y1
+ is < 1 everywhere.  

 

Fig. 8.5: Cross-section (z = 0 mm) through the 3D numerical domain. 

Reynolds-averaged Navier-Stokes (RANS) equations are solved numerically in ANSYS CFX 

19.0 using the kω two-equation turbulence model. The inlet boundary condition is either con-

stant mass flow or constant pressure, depending on the respective operating point. The channel 

outlet is set to a supersonic (zero gradient) boundary condition. All walls are treated as no slip 

and adiabatic.  
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8.5 Optical diagnostics 

The flow channel is mounted on a motorized linear translation stage (Fig. 8.6) to enable meas-

urements at various downstream positions and to quickly move the experiment between the 

three different optical diagnostics (Fig. 8.7) described in this chapter that are mounted at adja-

cent locations.  

 

 

Fig. 8.6: Flow channel assembly mounted on the motorized translation stage consisting of a belt driven sled 

on linear rails. The unusual shape of the inlet and outlet flanges serves to minimize thermal stresses  

during additive manufacturing. 

The translation stage consists of a sled and four linear bearings riding on two linear rails con-

nected to a timing belt and driven by a geared stepper motor. To account for unavoidable back-

lash introduced by the gearing, each position is always approached in the same (positive x) 

direction. The repeatability of the positioning has been measured to be less than 10 µm using 

a micrometer gauge. The position reference is established by a limit switch at the positive end 

of the travel in x-direction. 
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Fig. 8.7: Optical diagnostics used in this work showing a schlieren setup (top), a LIF imaging setup 

(center), and a scanning setup for LIF lifetime measurements. The flow channel can be moved along the x-axis 

(downstream direction) between the different measurement setups. 

8.5.1 Schlieren imaging 

For visualizing flow features such as oblique or normal shocks, a schlieren setup is used to 

image variations in local density. An LED (465 nm, 3 W) coupled to an optical (600 µm) fiber 

provides a point light source. The LED is pulsed with 10 µs pulses using a driver identical to 

the one Menser et al. [139] used for their work. This enables short-time illumination with de-

tection even with consumer cameras. The light is collimated by a 50-mm diameter lens (focal 

length f = 500 mm) before it enters the flow channel. After passing the flow channel and being 

deflected by potential density gradients, it is focused by an identical lens on the position of a 

four-way aperture acting as an adjustable knife-edge before being imaged by a consumer cam-

era lens (Samyang F2.0/135mm, f/2.0, f = 135 mm) onto a CMOS camera (LaVision, Imager 

M-Lite 2M).  

For spatial mapping of the images, a target plate, whose outer dimensions exactly follow the 

divergent contour of the measuring section, is inserted into the flow channel. The opaque plate 

contains staggered (0.5 mm distance) holes (0.3 mm diameter), that are registered by the LaV-

ision DaVis software for spatial calibration using the pinhole model. 

8.5.2 Fluorescence lifetime thermometry 

Time-correlated single photon counting (TCSPC) was used to measure the toluene fluorescence 

lifetime after excitation with 266-nm pico-second laser pulses. The system is identical to the 

one used in our previous work in which we characterized the toluene fluorescence lifetime for 

sub-ambient conditions in a flow-cell [49]. Laser light produced by a high repetition-rate 

Nd:YAG fiber laser (Fianium, FemtoPower UVP266-PP-0.1, 266 nm, 5 nJ/pulse, 20 ps pulse 
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width, 1–20 MHz rep rate) is directed by two mirrors (final mirror not shown in Fig. 8.7) 

through the bottom laser window at the centerline (y = 0 mm) of the flow channel. The fluo-

rescence signal is imaged onto an optical fiber (Thorlabs M114, solarization resistant, 600 µm 

diameter, NA = 0.22) using a two-lens (f = 35 mm) setup with a pinhole in between providing 

a 1:1 magnification plus spatial filtering. On the other end of the fiber a fast photomultiplier 

tube (PMT) (Hamamatsu, R3809U50, 150 ps rise time, used at 3.0 kV) detects the signal after 

it passes a bandpass filter (Semrock, BP292/27, 292 nm center wavelength, 27 nm FWHM 

bandwidth) blocking ambient and scattered laser light. Laser and detector are connected to a 

TCSPC board (Becker & Hickl, SPC-130) registering the individual relative arrival times of 

the first photon arriving after a laser pulse and calculating the histograms resembling the fluo-

rescence decay curves. See Friesen et al. [26] for further details about this method. To avoid 

pile-up effects arising from detecting more than a single photon at a time, the signal intensity 

is attenuated using neutral density filters (Thorlabs, NDUV, OD 0.3–3.0), thus only after every 

10th–100th laser pulse, a photon is registered. The laser repetition rate is set to 2 MHz according 

to the anticipated fluorescence lifetimes. 

Spatial resolution in z-direction is achieved by moving the entire fiber entrance optic assembly 

using a vertical a motorized stage. The latter consists of two linear rails and bearing and is 

driven by a lead screw connected to a stepper motor with a resulting repeatability of less than 

10 µm. 

The measurement volume is limited in y-direction (depth of the field) by the width of the laser 

beam (approximately 1.2 mm, measured from burn pattern) whereas in x- and z-direction the 

entrance optics further limit the spot size of < 1.0 mm. The latter has been measured by scan-

ning the sharp edge between a high and low reflective surface of a target plate through the 

plane of focus. The spot size has then been calculated from the FWHM of the differentiated 

signal along the spatial coordinate.  

The fluorescence lifetime is calculated analogously to previous works [26, 49] using the con-

volute-and-compare approach of Settersten et al. [128]. To this end, a model function is fitted 

to the time trace of the fluorescence consisting of the convolution of the instrument response 

function (IRF) and a mono-exponential decay (Eq. 8.8, the ∗ operator denotes the convolu-

tion). The IRF is measured from scattered laser light without tracer and bandpass filter The 

scaling factor A is introduced to match the signal level whereas factor B scales a portion of the 

IRF representing residual scattered laser light still passing the bandpass filter. Prior to fitting, 

the background of signal and IRF is subtracted so that no additional parameter is required ac-

counting for that. 

 𝑆fl(𝑡) = 𝐴(𝑆IRF(𝑡) ∗  exp (−
𝑡

𝜏eff
)) + 𝐵  𝑆IRF(𝑡)  (8.8) 
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Fig. 8.8 shows a typical signal measured in the flow channel after collecting photons for 1 s at 

2 MHz laser repetition rate as well as the IRF, the resulting fit, and the residual.  
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Fig. 8.8: Instrument response function IRF, a typical LIF decay curve measured by time-correlated single-pho-

ton counting (TCSPC), and data fit using the convolute-and-compare approach. The red line in the residual plot 

shows its moving average. 

The temperature is then interpolated from the measured fluorescence lifetime data [49] graph-

ically represented in Fig. 8.9a using the measured fluorescence lifetime and the flow channel 

pressure measured using the wall pressure sensors. 

 

Fig. 8.9: Graphical representation of the previously measured calibration data (Beuting et al. [49]) showing a) the 

temperature as a function of the toluene fluorescence lifetime and local pressure (blue points) with the surface 

spun by interpolated splines and b) a surface plot of the systematic error of a temperature measurement from 

measured fluorescence lifetime and pressure using this data. 

For quantification of the temperature uncertainty, a Monte-Carlo approach has been utilized 

accounting for the published error of the tracer characterization measurements as well as the 

statistical error of this measurement (see Appendix B for details). The resulting error is shown 

in Fig. 8.9b ranging from approximately ±1 K at the lowest investigated temperature up to 

> ±3 K at the lowest temperature. The temperature sensitivity of this technique, as discussed in 
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Beuting et al. [49], corresponds to approximately 1.25 %/K outperforming, e.g., two-color de-

tection techniques. Another great advantage of this technique is its independence of the detec-

tion system efficiency and local tracer concentration, opposed to intensity measurements.  

8.5.3 LIF imaging 

The LIF imaging system serves two purposes. Firstly, it is used to qualitatively establish the 

local tracer concentration to assure that the tracer is evenly distributed and, therefore, the con-

centration in the measurement volume can be calculated exactly for spectroscopic characteri-

zation measurements. Secondly, it is used to measure the local reduction in intensity caused by 

oxygen quenching in mixing an oxygen containing flow with an oxygen-free flow to demon-

strate indirect measurement of the mixing state on a molecular level.  

As shown in Fig. 8.7 (bottom), a 45 mm wide laser light sheet at 266 m is formed from the 4th 

harmonic of a nanosecond pulsed Nd:YAG laser (Quantel Q-smart 450) using a sheet forming 

optic (LaVision, f = –50 mm). It is directed through the flow channel lower laser window nor-

mal to the direction of flow at its centerline (y = 0 mm). The light sheet thickness is < 0.5 mm 

(burn pattern) with a laser fluence of ~60 J/cm2 (energy measured using a Coherent EnergyMax 

energy monitor). After exciting the toluene, the fluorescence signal is imaged using an image 

intensifier (LaVision IRO-X) with a CMOS camera (LaVision imager M-Lite 2M) equipped 

with a UV lens (LaVision, f = 85 mm, f/2.8, optimized for 220–450 nm). A 280-nm bandpass 

filter (Semrock, BP280, 280 nm center wavelength, 14 nm FWHM bandwidth) suppresses am-

bient and scattered laser light.  

In postprocessing, all images were corrected for shot-to-shot energy fluctuations of the laser 

using the energy monitor signal. Background images (100 shots average) were recorded and 

subtracted from all other images to account for residual ambient and scattered laser light pass-

ing the bandpass filter. To account for inhomogeneities of the laser light sheet, flat field images 

are recorded prior to the experiments at uniform conditions. To this end, the flow channel is 

only supplied by constant flow of toluene (0.6 g/min) in N2 (24 g/min) resulting in a partial 

pressure of 8.7 mbar (corresponding to a total number density of 2.1×1017 cm–3) at a total tem-

perature of 100 °C. This flow was slow enough so that no noticeable acceleration and, there-

fore, cooling occurs. For flat field correction, the background-corrected images were divided 

by the averaged (100 shots) background-corrected flat field images. 

Spatial calibration is achieved using the same target plates and mapping procedure as explained 

in section 8.5.1. The difference is that the LIF setup required backlighting (white LCD screen) 

of the target placed at the light sheet position, which required temporary removal of the band-

pass filter in front of the camera lens. 

8.6 Characterization of the flow channel 

This chapter presents the qualitative and quantitative characterization of the channel flow using 

the methods presented in sections 8.4 and 8.5. 
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8.6.1 Qualitative analysis of the supersonic flow field 

Fig. 8.10 shows the a) Mach number, b) temperature, c) pressure, and d) streamwise velocity 

field resulting from the RANS simulation for an inlet temperature of T0 = 150 °C for the com-

plete numerical domain. The other inlet temperature cases are presented in appendix G. 

 

Fig. 8.10: Results of the URANS CFD simulations showing the a) Mach number, b) temperature, c) pressure, 

and d) streamwise velocity field on the xz-plane (y = 0 mm) for an inlet temperature of T0 = 150 °C. 

In all cases, a typical pattern of weak, oblique shocks can be seen originating in the de Laval 

nozzle and diminishing toward the middle of the test section as the shocks are reflected multiple 

times. No further structures are visible further downstream. The flow accelerates slightly 

throughout the test section (Fig. 8.10a and d) as the inclination of the top and bottom walls 

overcompensates the boundary layer growth. Consequently, pressure and temperature (Fig. 

8.10b and c) decrease in downstream directions.  

Such oblique shocks are also clearly visible in the Schlieren images. Fig. 8.11a shows ensemble 

averaged schlieren images for inlet temperatures T0 = 100 and 150 °C, which are in the absence 

of recognizable differences representative for the complete investigated inlet temperature 

range. A pattern of oblique shocks is clearly recognizable up until x = 25 mm where it fades in 

downstream direction. This shock pattern originates from the nozzle exit where the expansion 

fans are not completely cancelled out despite the carefully designed nozzle contour (cf., Fig. 

8.1). 
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Fig. 8.11: Averaged (100 shots) Schlieren images for the a) minimum (T0 = 100 °C) and b) maximum 

(T0 = 150 °C) inlet temperature condition at an inlet pressure p0 = 3.1 bar. The images were obtained  

at three positions and stitched after mapping and adjustment for increased contrast. 

Fig. 8.12 shows short-time illuminated (~10 µs exposure) schlieren images taken at different 

uncorrelated points in time. These show high-frequency flow structures but no significant 

shock waves of any sort that would indicate a deceleration of the flow to subsonic speeds within 

the test section. The influence of these instabilities on the LIF signal is discussed in detail later 

(section 8.6.5).  

 

Fig. 8.12: Uncorrelated short-time illuminated (~10 µs) schlieren images each stitched from three uncorrelated 

single images taken at different positions. 

The shock pattern is also visible in ensemble-averaged flat field-corrected toluene LIF images 

(Fig. 8.13) obtained after excitation with a laser light sheet generated from the ns-Nd:YAG 

laser spanning about 80 % of the test section. The shock system influences the fluorescence 

intensity as the signal increases and decreases alternatingly after each shock wave before it 

more gradually increases downstream of the center of the test section.  
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Fig. 8.13: Ensemble-averaged (100 single shots) flat-field corrected toluene-LIF images for all investigated inlet 

temperatures. 

Considering Eq. 8.6, this increase is not trivial to explain since many effects influence the LIF 

signal in different ways. For example, an increase in temperature leads to reduced fluorescence 

quantum yield while the accompanying density increase increases the tracer number density. 

Also, the temperature dependence of the absorption cross-section is yet unknown in the respec-

tive temperature range. Unfortunately, the resulting LIF signal (Fig. 8.14) is ambiguous (in 

terms of signal intensity vs. temperature) as the considerations based on extrapolation and lit-

erature data and several assumptions shown in Appendix F suggest. Therefore, the temperature 

is determined using the fluorescence lifetime thermometry method discussed in 8.5.2 instead 

as presented in the following section. 
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Fig. 8.14 Estimated temperature-dependent toluene-LIF signal for 266-nm excitation and the contributing fac-

tors for temperature fluctuations around a reference temperature of 300 K in an isobaric (1 bar) case. Please re-

fer to Appendix F for a detailed derivation and discussion of the underlying assumptions. 
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8.6.2 Temperature and pressure 

For analysis of the flow-channel performance, the wall pressure is measured during the exper-

iments while the temperature is determined from the fluorescence lifetime measurements of 

toluene added as a fluorescence tracer to the flow (cf., section 7.4.1). The results of the meas-

urements) along the centerline and then compared to the CFD data. Fig. 8.15 shows the ex-

pected toluene fluorescence lifetime for T0 = 150 °C calculated from the temperature (Fig. 

8.10b) and pressure field (Fig. 8.10c) from the CFD using the previously measured calibration 

data (Fig. 8.9). 

 

Fig. 8.15: Expected fluorescence lifetime interpolated from calibration data measured previously in a cold cell 

([49], Fig. 8.9) using the temperature and pressure field from the CFD for an inlet temperature of T0 = 150 °C. 

Figure 8.16a shows the centerline (y, z = 0) pressure trace extracted from the simulation com-

pared to the wall pressure measurement and Fig. 8.16b the temperature trace compared to the 

temperature determined from the fluorescence lifetime measurement. There is a significant dif-

ference between experiment and simulation in both cases. While at the nozzle exit the pressure 

is ~0.16 bar higher, the measured temperature exceeds the numerical result by ~12 K at the 

nozzle exit increasing further downstream to ~0.4 bar and 37 K at the end of the test section. 

This leads to two conclusions: First, since a deviation from the predicted values is already 

visible at the nozzle exit, the flow velocity and Mach number is reduced, which might result 

from an imperfect geometry due to manufacturing inaccuracies. Second, since the deviation 

increases further towards the exit of the flow channel, the boundary layer growth is underesti-

mated, possibly as a consequence of the stronger oblique shock waves originating from the 

nozzle exit (due to the manufacturing-related gap between the nozzle contour and the window). 
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Fig. 8.16: Centerline temperature (a) and pressure (b) profiles. Solid lines show simulation data, whereas symbols 

are the measured temperature from the fluorescence lifetime thermometry (a) and the static wall pressure (b), 

respectively. The temperature data at x = –24 mm outside the test section stems from the reading of the thermo-

couple in the not yet convergent inlet part of the nozzle module. 
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The reduction in Mach number can be estimated from the temperature deviation by fitting the 

adiabatic equation for temperature (Eq. 8.2) to the experimental data from the lifetime ther-

mometry, yielding a corresponding Mach number of M = 1.56 (Fig. 8.17a). The observed av-

eraged wall pressure of approximately 0.8 bar at x = 12 mm (Fig. 8.17b) also matches the pres-

sure of 0.77 bar calculated from Eq. 8.2 quite well. 
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Fig. 8.17: Test section temperature (a) at x = 12 mm as a function of the inlet temperature. The black squares show 

the measurement from the lifetime thermometry, the black line is a fit of Eq. (8.2) to the measurement, the red 

squares are extracted from the 3D-CFD centerline, and the blue line is the expected temperature calculated from 

the adiabatic equation (Eq. (8.2)) for the nozzle design Mach number M = 1.7. Test section pressure (b) at x = 12 

mm as a function of the inlet temperature. The falling trend shows the increasing heat losses with increasing 

temperature and, therefore, the deviation from the adiabatic assumption. 

Fig. 8.17b, however, reveals some difference in pressure between the different inlet tempera-

ture cases, dropping slightly with increasing inlet temperature from 0.82 to 0.78 bar. This is 

not unexpected since the flow channel is non-adiabatic. Therefore, heat losses increasing with 

temperature lead to an increased pressure drop. The CFD on the other hand yields a pressure 

of 0.64 bar slightly above the expected value from the isentropic calculation of 0.63 bar. 

8.6.3 Influence of the boundary layer 

For the application of the flow channel for tracer spectroscopy, a sample region that is free of 

strong gradients is required. As the decreasing near-wall velocity in the flow direction in Fig. 

8.18 shows, the boundary layer makes up a relatively large part of the inner cross-section of 

the flow channel increasing with the distance to the nozzle.  
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Fig. 8.18: Simulation of the velocity in x direction showing the reduction in velocity in the axial (xz) and lateral 

(yz) plane caused by the boundary layer growth in downstream direction. Also note the interaction of the top and 

side boundary layers in the corners of the rectangular duct leading to a more rounded velocity profile further 

downstream. 

The boundary-layer-free region is determined from the temperature boundary layer as defined 

in Eq. 8.4. Its height (z-direction) is calculated by subtracting the boundary-layer thickness 

from the flow channel height. Fig. 8.19a shows the development of the boundary-layer-free 

height along the downstream position for the different inlet temperature conditions investigated 

in this work. The value drops between approximately from 4.6 mm at the nozzle exit down to 

2.8 and 3.0 mm at the test section exit for the highest and lowest inlet temperature case, respec-

tively. In all cases, some fading ripples caused by the reflected oblique shocks are clearly vis-

ible until approximately the center of the test section in downstream direction. Similarly, the 

displacement thickness as defined in Eq. 8.5 and shown in Fig. 8.19b rises about 0.4 mm 

throughout the test section with minimal difference for the different inlet temperature cases.  
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Fig. 8.19: a) Boundary-layer-free height determined using the velocity criterion  as defined in Eq. 8.3 and b) the 

displacement thickness as defined in Eq. 8.5. 

This means, that temperature-sensitive spectroscopic measurements can be performed through-

out the complete test section for a region of interest of 1 mm in diameter. This is also supported 

by the LIF images shown in Fig. 8.13. Additionally, the TCSPC measurements were repeated 

at z = +1 mm above and z = –1 mm below the flow channel centerline (Appendix E) not show-

ing significant differences. 
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8.6.4 Tracer condensation 

For maximizing the signal, a maximum permittable tracer concentration is chosen that prevents 

condensation within the test section. To this end, the ratio of the local toluene partial pressure 

ptol (from the chosen toluene mass flow rate of 0.03 g/s and the local density from the CFD) 

and its saturation vapor pressure ptol,sat (from the toluene saturation data from ref. [140] using 

the local temperature from CFD simulations) is calculated. Figure 8.20 shows the ratio for the 

lowest investigated inlet temperature investigated whereas Fig. 8.21 provides the ratio along 

the channel center line for all inlet temperatures. It is apparent that the saturation condition is 

not fulfilled except for the last ~15 mm of the test section in the case of the lowest inlet tem-

perature of T0 = 100 °C where an oversaturation by less than 10 % occurs as the density rises 

towards the flow channel exit. However, no indications of condensation such as increased scat-

tered laser light in LIF measurements or significant changes of the refractive index in schlieren 

images were observed. The reason for its absence are likely the short residence time of the 

oversaturated gas in the flow channel (~28 µs at a flow velocity of ~538 m/s), the carrier gas 

being free of particles that could facilitate nucleation, and the fact that the measured tempera-

ture is in reality higher than the temperature predicted by the CFD simulation (cf., Fig. 8.16). 

 

Fig. 8.20: Simulation of the toluene saturation as the ratio of the local toluene partial pressure ptol and toluene 

saturation vapor pressure ptol,sat for a toluene mass flow rate of 0.03 g/s at the lowest investigated inlet tempera-

ture of T0 = 100 °C. 
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Fig. 8.21: Centerline (y = z = 0 mm) toluene saturation as the ratio of the local toluene partial pressure ptol and 

its saturation vapor pressure ptol,sat for a toluene mass flow rate of 0.03 g/s. 

8.6.5 Flow instabilities 

Flow instabilities occur in the channel and are clearly visible in the quasi-instantaneous short-

time illuminated schlieren images. Similar structures are also visible in the single-shot LIF 

images as shown in Fig. 8.22. Nevertheless, it is not obvious whether these structures originate 

from the boundary layer or the undisturbed main flow: While the line-of-sight integrating 
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schlieren images would show them in either case, the LIF images could either reflect changing 

flow conditions in the center of the flow channel or the deflection of the laser light sheet by 

density gradients only present in the boundary layer (beam steering).  

 

Fig. 8.22: Flat-field corrected uncorrelated single-shot LIF images showing intensity variations caused by flow 

structures for inlet temperature T0 = 150 °C. The symbols at x = 34.5 mm and z = 0 mm mark the position where 

additional time-resolved fluorescence lifetime measurements were performed. 

For clarification, time-resolved fluorescence lifetime measurements are performed that are in-

dependent of the local laser intensity fluctuations. To this end, the fluorescence signal decay is 

measured after excitation with a ns-pulse (light-sheet illumination) using the same detector and 

collection optics as used for the TCSPC measurements. In contrast, however, the decay curve 

for each individual laser shot is recorded with an oscilloscope to achieve single-shot perfor-

mance. The fluorescence lifetime is then determined using the convolute-and-compare method 

(cf., Appendix D) analog to the method described in section 8.5.2. Here, the previously rec-

orded time trace of scattered laser light acts as the instrument response function which is reli-

able for relatively long fluorescence lifetimes of toluene compared to the laser pulse width 

(~8 ns). Fig. 8.23 shows the normalized fluorescence lifetime compared to the normalized in-

tensity extracted at the same position (as marked in Fig. 8.22) from the same measurement 

volume. Both measurements show a near identical standard deviation of about 5 %. As the 

fluorescence lifetime should be insensitive to fluctuations of the exciting laser intensity, one 

can conclude that the fluctuations seen in the images actually originate from temperature fluc-

tuations in the center of the flow field and not from beam steering of the laser light sheet by 

the boundary layer. 
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Fig. 8.23: Fluorescence intensity and fluorescence lifetime each normalized by its arithmetic mean at T0 = 150 °C. 

For time-resolved single-shot measurements, the latter is determined from the fluorescence signal decay curve 

measured after excitation with a ns-pulse (light-sheet illumination). The detector and collection optics are identical 

to those used with TCSPC (cf., section 8.5.2) while the photomultiplier signal is read using a high-speed oscillo-

scope (Tektronix TDS7054). The lifetime is then determined using the convolute-and-compare method with the 

previously recorded time trace of scattered laser light acting as the instrument response function. The signal is 

collected at the centerline (z = 0 mm) between the second and the third wall pressure bore (x = 34.5 mm). The 

fluorescence intensity corresponds to the average over a 1 × 1 mm2 area at the same x-position extracted from flat-

field corrected LIF images. 

8.7 Demonstration: measurement of oxygen quenching on toluene LIF 

The susceptibility of the toluene fluorescence signal to the local O2 concentration allows for 

indirect measurement of the mixing state between a toluene-containing and an oxygen-contain-

ing gas on a molecular level. However, the cross dependence of the signal on temperature and 

total pressure makes the application of such measurements to accelerated transonic mixture 

wake flows downstream of central injectors, with their characteristically strong temperature 

and pressure gradients, particularly difficult [60]. Koban et al. [37] states that for low-vibra-

tional excitation of toluene (i.e., low temperatures or relatively long excitation wavelengths) 

its fluorescence quantum yield depends on the O2 partial pressure only. This was demonstrated 

experimentally for 266-nm excitation at room temperature, while at higher temperatures the 

signal showed a significant temperature dependence. This can be explained by the lower non-

radiative energy losses at lower vibrational energy levels (i.e., at lower temperatures) compet-

ing with the less temperature-sensitive quenching process. Recent work [48, 52] showed that 

at 266-nm, excitation occurs very close to the thermal energy level in the excited state at room 

temperature with the exact point being between 283–292 K [49]. This means, that at the lower 

temperatures relevant for this work, excitation occurs to a level above the thermal energy level 

in the excited state. Additionally, lower pressure causes slower vibrational relaxation. There-

fore, excited molecules relax more slowly and spend more time at higher vibrational levels 

with higher non-radiative loss rates other than quenching. The assumption that the O2 depend-

ence of the toluene FQY is independent of temperature has yet to be proven for the present 

temperature and pressure range. This is now rectified in this chapter, demonstrating the suita-

bility of the flow channel for spectroscopic measurements at the same time. 
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For providing varying O2 concentrations in the flow channel, it is fed with a main flow of 

nitrogen while O2 is introduced in various amounts upstream of both heater stages. The N2 flow 

is adjusted so that the inlet pressure remains constant. The flow channel is configured with two 

laser slots and one window while the opposing window is replaced with a metal plug with 

pressure tapping points. The fluorescence lifetime is then recorded using the TCSPC setup at 

right at the first sensor position at x = 12 mm enabling pressure measurements as close as pos-

sible to the measuring volume. The temperature at this point is determined previously using 

fluorescence-lifetime thermometry in pure tracer-seeded N2. 

Fig. 8.24 shows the recorded fluorescence time traces for O2 concentrations from 0–5 vol.%. 

The fluorescence lifetime is determined using the convolute-and-compare technique discussed 

in section 8.5.2 and plotted in Fig. 8.25 (left) for different temperatures.  
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Fig. 8.24: Toluene fluorescence signal time trace for various oxygen concentrations at 265 K (determined using 

the fluorescence lifetime measured at 0 vol.% oxygen) at a total pressure of 0.76 bar measured at the first pres-

sure sensor location at x = 12 mm. 

Figure 8.25a shows that even at 1 vol.% O2, the fluorescence lifetime becomes invariant to 

temperature, confirming the assumptions made earlier. Fig. 8.25b shows the Stern–Volmer plot 

derived from Fig. 8.25a. The Stern-Volmer coefficients kSV are determined from a linear fit and 

shown in the figure legend.  
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Fig. 8.25: The measured toluene fluorescence lifetime depending on the oxygen concentration (a) and the corre-

sponding Stern-Volmer (b) plot showing the quenching effect of molecular oxygen on the toluene fluorescence 

signal for varying temperatures (determined using the fluorescence lifetime measured at 0 vol.% oxygen) at a total 

pressure of 0.76 bar measured at the first pressure sensor location at x = 12 mm. 

8.8 Conclusions 

A small-scale modular supersonic flow channel has been designed, built, and characterized. Its 

suitability for its two main purposes, enabling photophysical analysis of tracers and providing 

a testbed for LIF imaging techniques at near-application sub-ambient temperature, has been 

demonstrated.  

The flow channel had a rectangular cross-section. Through a modular design, it is configurable 

in its essential sections (nozzle, test section, and outlet) by exchanging the respective parts. 

While the inner width of the channel is fixed at 5 mm, different Mach numbers can be set by 

using nozzle geometries with different throat heights. The test section consists of four elements, 

either fused silica windows for optical accessibility or dummies for measuring the pressure. In 

this work, the configuration with a M = 1.7 nozzle and a symmetrically widening test section 

increasing in height with a slope of 1° in the downstream direction was used. 

Pointwise temperature measurements using the fluorescence lifetime thermometry based on 

data obtained in our previous work [49] were carried out. We found that the gas flow was less 

expanded as expected since our measured temperature (+14 K) and wall pressure (+0.16 bar) 

were increased compared to CFD data, which corresponds to a reduction in Mach number from 

1.7 to 1.56. We attribute this deviation to two effects: First, a system of oblique shocks that is 

clearly visible in Schlieren and planar LIF images originating from the nozzle exit. Since a 

similar system is only faintly visible in the CFD data, we assume that it is more pronounced in 

the experiment due to manufacturing imperfections, especially at the transition from the stain-

less-steel nozzle geometry to the fused-silica windows of the test section. Second, since both 

pressure and temperature further increase in downstream direction throughout the test section, 

the boundary layer growth is likely either underpredicted in the CFD or it is increased due to 
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interactions with the shock system. Future work should address the difficulties in predicting 

the flow channel conditions. 

An experiment was carried out to demonstrate the suitability of the flow channel for spectro-

scopic measurements. The effect of collisional quenching by O2 on the toluene-LIF signal was 

studied by measuring the fluorescence lifetime using time-correlated single photon counting 

for various O2 concentrations. The results confirmed assumptions [37] that the temperature 

dependence of the LIF signal disappears in the presence of O2 even at concentrations below 

1 vol.%. Therefore, we concluded that at the investigated conditions of ~250 K and above, 

mixing studies measuring the LIF signal as a function of the local mixing level of toluene and 

nitrogen on the molecular level can be performed even if local temperature gradients are pre-

sent. 
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9 Outlook 

In this work, the application of laser-induced fluorescence (LIF) to accelerated transonic flows 

was investigated, which required the extension of photophysical data sets of suitable fluores-

cence tracers towards lower temperatures and lower pressures. Although insights into the pho-

tophysics and fluid dynamics of transonic wakes have been gained through the application of 

LIF, there remain open questions or issues that have arisen throughout this work. These are 

summarized in this chapter. 

Photophysics 

The measured fluorescence lifetime data of anisole and toluene should be used for improvement 

and extension of semi-empirical fluorescence step-ladder models towards lower temperatures. 

For toluene, the transition from photo-induced heating to photo-induced cooling upon excita-

tion at 266 nm was observed within the studied temperature range. These points mark transi-

tions at which the molecules are already thermalized after excitation (i.e., no vibrational relax-

ation takes place during deactivation) and, therefore, allow the analytical determination of the 

ground state energy transferred to the excited state. The latter has recently been identified as a 

major uncertainty in the modeling of the fluorescence signal [52]. 

The temperature range of the cooled fluorescence cell used to measure temperature and pres-

sure-dependent fluorescence lifetimes and pressures was only limited by the cooling capacity 

of the used thermostat allowing a minimum temperature of 257 K. A more potent device would 

enable measurements at temperatures as low as the minimum temperature of 240 K expected 

for the boundary conditions chosen for previous flow channel experiments [60]. In addition, 

the thermostat should be capable of heating to allow operating temperatures well above room 

temperature for providing a greater overlap with conditions used in literature. 

For modeling of the LIF signal, e.g., for measurements using single-color excitation and single-

color detection LIF schemes, information on the tracer absorption cross-section at low temper-

ature and pressure is required. Absorption measurements of the pulsed fourth harmonic of 

Nd:YAG lasers were unsuccessful using the fluorescence cell developed in this work due to 

carbon deposits forming rapidly on the inside of the cell windows, likely due to photodissoci-

ation of adsorbed tracer molecules on the inner window surfaces. A specialized absorption cell 

with internal window flushing and, ideally, a long absorption path to compensate for the low 

tracer vapor pressure would be required for accurate measurements. Additionally, the tracer 

number density within the cell must be established reliably either by using a precisely metered 

sample gas delivery system or other means to establish the tracer concentration. 

Measurements of the effect of oxygen quenching on the LIF signal of toluene were performed 

after excitation with 248 and 266 nm. From the literature, it appears that the quenching effect 

strongly depends on the vibrational energy level in the excited state, both in terms of the influ-

ence on the integrated fluorescence intensity and the spectral distribution. However, an analysis 
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of the energy dependence, e.g., by systematic variation of the excitation wavelength, is still 

outstanding. 

Mixing studies 

In this work, the extent of the mixing layer in the transonic wake of two injectors with blunt 

body trailing edges located in the accelerating nozzle flow was determined by LIF imaging in 

the modular flow channel at the ITLR in Stuttgart. In all cases, self-similar behavior of the 

mixing layer was observed, although the flow fields differed fundamentally depending on 

whether the trailing edge of the injector was located in the sub- or supersonic region of the 

nozzle. Despite introducing downstream pressure gradients (this work) and use of different 

nozzle and injector geometries (Wohler et al. [62]), self-similar behavior of the expanding mix-

ing layer was observed. Therefore, future work should explore whether self-similar behavior 

of transonic mixing layers represents a universal principle and, if not, where the limits of this 

consideration lie. To this end, the LIF measurements should be repeated for different for dif-

ferent flow channel configurations allowing more injector positions and additional injector 

geometries, which are currently under development at the ITLR. 

Using a two-color detection scheme, a zone of incomplete molecular mixing was identified 

within the recirculation zone close to the injector trailing edge spanning several millimeters 

downstream of the point of injection for both injector geometries. To this end, the quenching 

effect of oxygen in the main air flow on the LIF signal of toluene in the oxygen-free low-

momentum injector flow was exploited. It is well known that the mass flow in coaxial injection 

affects macroscopic mixing. Thus, an increase in the injection leads to a stabilization of the 

flow and less efficient mixing [90]. The influence of the injection rate on molecular mixing, 

however, has yet to be investigated. 

Further, the LIF imaging experiments should include measurement of the spanwise (yz-plane) 

extend of the mixing layer (Fig. 9.1) for studying the influence of the side walls in complex 

flow pattern in the nozzle of the rectangular modular flow channel. To this end, a new nozzle 

module with larger windows extending further downstream is currently being developed at 

ITLR, allowing additional camera and light sheet positions. Cameras must be equipped with 

Scheimpflug adapters to allow imaging of the region of interest from the oblique viewing angle. 

 

Fig. 9.1: LIF setups configured for single-color excitation and two-color detection for measurements in a) the 

xz-plane, as used for measurements in this work, and b) the yz-plane showing cameras equipped with 

Scheimpflug adapters, as proposed for future work. 
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The LIF images obtained in the modular flow channel, especially in the case of the two-color 

measurements, required ensemble averaging over several hundred shots for achieving accepta-

ble signal levels. This was mainly due to the tracer concentration limited by its vapor pressure 

in the oxygen-containing main flow. To, e.g., resolve the periodic vortices present in the case 

of subsonic injection, either single-shot or phase-locked imaging prior to averaging would be 

required. For the latter, a method for measuring the vortex shedding frequency by laser beam 

steering was successfully demonstrated [79] which may allow triggering the LIF system in 

phase with vortex shedding events.  

The two-color detection LIF technique, which was used in this work to analyze the mixing 

behavior at the molecular level from the O2-induced red shift of the fluorescence signal, could 

also be used for imaging the local density in the flow channel independent of the local tracer 

number density: At constant O2 concentration (working medium air) and homogeneous tracer 

distribution, the O2 partial pressure depends on the local total density. The temperature could 

be determined simultaneously from the fluorescence signal intensity once corrected for the 

local density (and O2 concentration) determined from the two-color ratio method. The required 

modifications of the flow channel to allow for homogeneous seeding of the main flow with 

tracers are already planned. 

Mixing studies in the small-scale flow channel 

For the development of the LIF measurement strategies proposed above, it would be desirable 

to generate a flow field with alternating periodic structures in the small-scale flow channel, 

similar to the injector wake flow studied in the modular flow channel at ITLR. This would 

require modification of the small-scale flow channel so that a small body (e.g., a cylinder) could 

be introduced into the flow. Ideally, this body would also serve as an injector for fluorescence 

tracers to perform basic mixing studies within the flow channel while fully controlling the 

composition of the main flow (i.e., pure N2 atmosphere and/or homogeneous seeding with other 

tracer substances) and, therefore, also allowing techniques such as “flip” imaging [141].  

Boundary layer effects and the interaction of the wall boundary layers with each other play a 

central role for the flow field within the small rectangular flow channel. The optical accessibil-

ity of its test section from four sides through allows to investigate the boundary layer growth 

and the interaction of the boundary layers, e.g., to improve the prediction by CFD simulations. 

To this end, the selective visualization if the boundary layer using LIF could be achieved by 

injection of tracer into the boundary layer through a slit perpendicular to the flow direction at 

the beginning of the test section. Additionally, analog to the proposed lateral imaging for the 

modular flow channel at the ITLR, the interacting boundary layers in the yz-plane (cf., Fig. 9.1) 

could be visualized by changing the light sheet position accordingly and using Scheimpflug 

adapters.  

The suitability of the flow channel for spectroscopic measurements was demonstrated by meas-

uring the fluorescence lifetime of toluene as a function of oxygen concentration. In the future, 
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these measurements should be extended to include spectral measurements and additional trac-

ers for which no low-temperature data is available yet. The currently used evaporation system 

is suitable for a variety of common aromatic tracers with thermophysical properties similar to 

toluene, such as anisole, 1,2-xylene, 1,2,4-trimethylbenzene, and 1,4-difluorobenzene. The use 

of lower boiling ketones that are insensitive to the presence of O2 such as acetone, 3-pentanone 

is equally possible. 
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10 Summary and conclusions 

The work reported in this thesis is centered around a joint project of the Institute of Aerospace 

Thermodynamics (ITLR) at the University of Stuttgart and the Institute for Combustion and 

Gas Dynamics – Reactive Fluids (IVG) at the University of Duisburg-Essen. The project was 

motivated by the still incomplete understanding of the flow physics of transonic mixing layers 

– partly due to the lack of suitable measurement techniques for the relevant flow conditions. 

The latter result from the complex flow fields in applications where transonic mixing plays a 

role. For example, in supersonic combustion for hypersonic propulsion or in proposed super-

sonic flow-reactor concepts, reactants are added to accelerating transonic flows characterized 

by strong pressure and temperature gradients. Expansion of the gases and, thus, gas-dynamic 

cooling leads to temperatures and pressures far below standard conditions. For both applica-

tions, sufficient mixing within the short residence time in the fast flows is crucial. Measurement 

techniques suitable for visualizing the mixing behavior, such as laser-induced fluorescence 

(LIF), however, require knowledge of the photophysics of suitable fluorescence tracers which 

is sparse at low temperature. To combat this issue, extensive studies were carried out within 

this work to extend the applicability of the tracer-LIF technique which included the photophys-

ical characterization of suitable tracer candidates. Furthermore, LIF was applied to study the 

mixing layer in the transonic wake of a central injector in a modular flow channel at ITLR 

specifically developed for transonic mixing studies. The key findings of this dissertation are 

listed in the following paragraphs. 

Macroscopic mixing or stirring in transonic wakes was investigated in the flow channel at the 

ITLR using LIF imaging. For this purpose, toluene was added to the flow from two different 

central injectors placed at different positions in a convergent-divergent nozzle (design Mach 

number 1.7) so that their blunt trailing edge was either upstream (subsonic injection) or down-

stream (supersonic injection) of nozzle throat. The extend and growth rate of the resulting mix-

ing layers downstream of the injector was measured from toluene concentration profiles ex-

tracted from the LIF images. Despite the inherently different characteristics of the two wake 

flows, self-similar behavior was observed in both cases. It is known from the literature that 

even small positive pressure gradients increase turbulence in the wake, which leads to an in-

crease of the growth rate. However, it has been unclear whether or how this affects the self-

similarity of the mixing layers in the transonic region or if self-similarity is a universal princi-

ple. To get closer to the answer to this question, different pressure gradients were imposed on 

the wake flow by equipping the modular flow channel with test sections with different sidewall 

inclinations. No deviations from the self-similar behavior for the resulting pressure gradients 

of –0.34 to 0.24 bar/m (subsonic injection) and –0.22 to 0.13 bar/m (supersonic injection) were 

found. In all cases, the observed growth rate of the mixing layer followed the ½-power law. 

In the same apparatus, also the extent of molecular mixing in the near field after the point of 

injection was studied. Since the relevant length scales, i.e., where molecular diffusion domi-

nates over viscous forces, cannot be resolved directly, the mixing state at the molecular level 
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was determined indirectly by the quenching effect of molecular oxygen on toluene LIF, which 

reduces and redshifts the fluorescence signal in the case of excitation at 248 nm. The spectral 

change in the region where the oxygen-free injector flow mixes with the oxygen-containing 

main flow was imaged using a two-color detection approach. Regions with incomplete mixing 

within the transonic nozzle flow were identified close to the injector trailing edge. The results 

showed that the region was similar in size after subsonic and supersonic injection extending 

only several millimeters in downstream direction, so that the flow was mixed on the molecular 

level before exiting the nozzle – despite an inhomogeneous macroscopic tracer distribution can 

be observed at the same point. 

Photophysical tracer characterization and calibration required for quantitative measurements 

at the conditions prevalent in the flow channel experiments were performed in two different 

purpose-built experiments. Anisole and toluene vapor fluorescence spectra and fluorescence 

lifetimes at varying sub-ambient pressure and temperature (100–2000 mbar, 257–293 K) were 

studied in a cooled optical flow cell. For toluene, the reversal of the dependence of fluorescence 

lifetime on pressure was observed at a temperature between 283 and 292 K for 266-nm excita-

tion. This point marks the transition point from photo-induced heating to photo-induced cool-

ing, which was predicted to be just below room temperature but could not be observed yet. For 

anisole, the data showed that in the case of low collision rates (i.e., mean time between the 

collisions is of the same order of magnitude as the fluorescence lifetime), internal vibrational 

redistribution within the excited molecules significantly influences the spectral shape fluores-

cence causing a broadening effect of the fluorescence spectrum with decreasing pressure. These 

insights and the data points measured for the first time under such conditions support the gen-

eration of stepladder models for both tracers. Further, different temperature measurement 

schemes based on the new data were discussed and evaluated. 

A supersonic miniature flow channel mimicking the flow conditions of the ITLR modular flow 

channel of the ITLR was designed, built, and thoroughly characterized. It serves two purposes: 

First, it is a tool for tracer characterization that extends the temperature range for spectroscopic 

measurements down to about 230 K by gas-dynamically cooling the tracer-laden sample gas. 

Secondly, its rectangular cross section, modular approach, and convenient optical access makes 

it a versatile testbed for validating imaging measurement techniques at low experimental cost 

compared to experiments in the full-scale version at the ITLR. In contrast to the latter, it could 

be operated with flows of pure nitrogen with any desired oxygen concentration enabling spec-

troscopy of fluorescence tracers, especially regarding oxygen quenching. As such, the Stern-

Volmer coefficients for the oxygen quenching of toluene were determined under near-applica-

tion conditions for varying sub-ambient temperatures. It was found that the signal was temper-

ature independent under the prevailing conditions at oxygen concentrations greater than 

1 vol.% when excited at 266 nm. This suggests that toluene LIF can be used to study the mixing 

of oxygen-free and oxygen-containing flows even under the strong temperature gradients that 

occur in accelerated transonic flows.  
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In summary, this work has addressed the application of tracer LIF techniques in transonic flows 

where temperatures and pressures are below standard conditions. In this context, mixing be-

havior was measured on the macroscopic and the molecular level using LIF imaging in a flow 

channel specifically designed for studying transonic wake flows. The photophysics of two suit-

able fluorescence tracers, anisole and toluene, were studied in detail in a purpose-built spectro-

scopic cooled flow cell. The data obtained can be used for quantitative measurements of tem-

perature and pressure in cold flows which was demonstrated in miniature flow channel. Spec-

troscopic measurements in this miniature flow channel gave implications for measurements of 

the mixing behavior on the molecular level by exploiting the quenching effect of molecular 

oxygen on the fluorescence signal of toluene. The new extended data sets could and should be 

used to improve and extend the fluorescence models available for both tracers. 
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Appendix 

A. Effective fluorescence lifetimes of toluene and anisole 

Table A.1: Effective fluorescence lifetimes of toluene and anisole measured in Chapter 7 for total pressure 

p = 100–2000 mbar und temperature T = 257–292 K. 

  Toluene  Anisole 

Pressure 

/ mbar 

 Effective fluorescence lifetime / ns  Effective fluorescence lifetime / ns 

 257 K 265 K 274 K 283 K 292 K  257 K 265 K 274 K 283 K 292 K 

100  57.46 56.65 55.14 53.58 51.90  11.85 11.58 11.32 11.06 10.83 

200  58.33 57.28 55.70 53.74 51.71  12.30 12.11 11.77 11.51 11.21 

400  59.25 57.43 55.74 53.40 50.80  12.63 12.40 12.09 11.77 11.51 

600  59.28 57.36 55.56 52.85 49.86  12.71 12.48 12.18 11.85 11.58 

800  59.15 57.17 55.25 52.40 49.13  12.73 12.50 12.19 11.87 11.59 

1000  58.88 57.13 54.98 52.12 48.44  12.72 12.50 12.21 11.84 11.56 

1500  58.44 56.69 54.41 51.24 47.04  12.68 12.47 12.17 11.78 11.51 

2000  57.94 56.26 53.85 50.54 46.06  12.64 12.42 12.13 11.74 11.41 
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B. Error estimation for the fluorescence lifetime thermometry method  

The systematic error of the fluorescence lifetime thermometry technique is determined using 

the statistical errors of the calibration measurement published earlier [49]. The procedure 

shown in Fig. B.1 starts with determining the fluorescence lifetime τm from the measured signal 

time trace S(t) using the convolute-and-compare fitting method. Before looking up the corre-

sponding temperature Tm from the calibration data (lifetime τc as a function of pressure pc and 

temperature Tc), random Gaussian noise is added to all relevant parameters (see table in Fig. 

B.1). To this end, the standard deviations for the calibration pressure, σp,c, the calibration tem-

perature, σT,c, and the calibration fluorescence lifetime, στ determined in previous work [49] 

were used. Since different pressure sensors are used in this work, the standard deviation of the 

pressure measurement σp,m is calculated from the pressure data measured in chapter 7. Because 

the method, equipment, and signal level for determining the fluorescence lifetime is identical 

to the calibration measurements, the identical standard deviation στ is used for the fluorescence 

lifetime (hence omitting the index). After that, the interpolating plane (cf., Fig. 8.9) is calcu-

lated from the noisy calibration data (τ’c, p’c, T’c). Finally, the measured temperature Tm is 

looked up using the noisy measured lifetime τ’m and pressure p’m from the interpolating plane. 

This is repeated 100 times for each point so that the temperature uncertainty Terror can be cal-

culated from the statistics (standard deviation in this case). 

 

Fig. B.1: Flow chart for the systematic error determination of the fluorescence lifetime ther-

mometry method. 
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C. Schlieren images 

Figure C.1 shows ensemble-averaged schlieren images from the flow channel described in 

Chapter 7 for the different temperature inlet cases. The differences are imperceptible in all 

cases. 

 

Fig. C.1: Ensemble averaged (100 shots) schlieren images obtained in the flow channel at an inlet pressure 

p0 = 3.1 bar for all investigated inlet temperatures from T0 = 100 to 150 °C (a–f). 
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D. Fluorescence lifetime fit for nanosecond excitation of toluene LIF 

Figure D.1 shows the fit result of the convolute-and-compare method used in chapter 8.6.5 to 

determine the fluorescence lifetime from the toluene-LIF signal decay curve measured after 

excitation with a nanosecond laser pulse. The instrument response function (IRF) is determined 

from scattered laser light without tracer present.  
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Fig. D.1: Typical fluorescence intensity time trace, instrument response function, and fit using the convolute-

and-compare method for the toluene-LIF signal upon ns-excitation at 266 nm. 
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E. Temperature at different vertical positions in the miniature flow channel 

Figure E.1 shows the temperature along the miniature flow channel center plane (y = 0 mm) 

for different vertical z positions for the highest and lowest temperature investigated (cf., chapter 

8.6.2). It is apparent, that the temperature deviates only slightly at the nozzle exit and to a lesser 

degree further downstream 
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Fig. E.1: Flow temperature measured at different vertical (z) positions in the flow channel  

at an inlet pressure p0 = 3.1 bar 
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F. Estimated temperature dependence of toluene LIF at low temperature 

According to Eq. 8.6, the LIF signal is proportional to the in the absorption cross-section σabs, 

the tracer number density ntracer in the probe volume, and the fluorescence quantum yield ϕfl, 

all of which depend on the local temperature T and, partly, on pressure p. For modeling the 

signal variation Sfl within a LIF image caused by temperature variations relative to certain ref-

erence conditions (index ref), several assumptions are made. The considerations in this chapter 

are made for pref = 1 bar, Tref = 300 K, and an excitation wavelength of 266 nm. 

 
𝑆fl(𝑇, 𝑝)

𝑆fl,ref
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𝑛tracer(𝑇)

𝑛tracer,ref

𝜎abs(𝑇)

𝜎abs,ref

𝜙fl(𝑇, 𝑝)

𝜙fl,ref
 (F.1) 

The absorption cross-section at the 266-nm laser line is extrapolated from the data of Koban et 

al. [122] as shown in Fig. F.1 using a linear fit to their lower-temperature (300–400 K) data 

resulting in the following relation. 

 𝜎(𝑇) = 1.37 × 10−21𝑇 K−1 cm−2 − 2.15 × 10−19 cm−2 (F.2) 
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Fig. F.1: Temperature dependence of the toluene absorption cross-section at the 266-nm laser line from Koban 

et al. [122]. The dashed line corresponds to a linear fit to the values the linear region between 300–400 K. 

The relative fluorescence quantum yield is equal to the relative fluorescence lifetime τ. The 

latter is interpolated from the data measured within this work. 

 
𝜙fl(𝑇, 𝑝)

𝜙fl,ref
=

𝜏(𝑇, 𝑝)

𝜏(𝑇ref, 𝑝ref)
 (F.3) 
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Since the local pressure amplitudes cannot be measured independently, assumptions must be 

made for relationship of p to T for looking up τ and for determining the change in ntracer. 

There are two conceivable scenarios for the origin of temperature fluctuations in the flow chan-

nel. The first assumes that the fluctuations are caused by upstream flow effects and entrainment 

of gas from the boundary layer with a different temperature than the mean flow. Pockets of gas 

with different temperatures are then transported with the flow to the measurement point. Along 

the way, the pressure of the gas equalizes with the surrounding flow. The density then results 

from the ideal gas law assuming a constant pressure, i.e., isobaric conditions.  

 𝑝 = const. = 𝑝ref (F.4) 

 
𝑛tracer

𝑛tracer,ref
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𝜌
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𝑇ref
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 (F.5) 

The resulting relative LIF signal intensity can then be estimated by the product of the temper-

ature-dependent absorption cross-section, tracer number density, and quantum yield. 
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The second scenario assumes that the fluctuations arise from localized compression and ex-

pansion effects. The relationship of p to T can then be described assuming isentropic change 

of state, which is reasonable to assume for small fluctuations of temperature.  
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𝑝ref (F.7) 
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The relative LIF signal intensity can then determine analogously to the isobaric case by inser-

tion into Eq. F.1. 
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As shown in Fig. F.2, the relationship of LIF signal intensity and temperature is ambiguous for 

low temperatures as the influence of the absorption cross-section increase is counteracted by 

the decrease of the fluorescence quantum yield in both scenarios. In the isobaric case (Fig. 

F.2a), the turning point of the intensity curve is at lower temperature of ~273 K compared to 
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~320 K in the isentropic case (Fig. F.2b). This is mainly because in the former case the number 

density decreases with increasing temperature, while in the latter case it increases. 
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Fig. F.2: Relative LIF signal at low temperatures for a) the isobaric assumption and b) isentropic assumption for 

small fluctuations of flow temperature for a reference temperature of Tref = 300 K and pressure pref = 1 bar. 

Assuming that the extrapolated temperature dependence of the absorption cross-section is suf-

ficiently correct, a quantitative measurement of the local flow temperature using LIF images 

obtained by single-color excitation and detection is not feasible for the temperature range stud-

ied. Thus, different schemes, such as fluorescence lifetime thermometry, are required. 

It should be noted that the pressure dependence of the absorption cross-section of toluene was 

neglected due to the lack of literature data. However, an increase in pressure would likely have 

a similar effect on the absorption cross-section as an increase in temperature: Since the 266-

nm laser line is slightly beneath one of the stronger absorption features in the toluene absorption 

spectrum, the absorption cross-section increases as the absorption spectrum (cf., Fig. 3.9) 

broadens with increasing temperature and pressure. Therefore, if the pressure dependence of 

the absorption cross-section was considered, the ambiguity of the signal would be similar in 

the isentropic case with just the turning point of the temperature-dependent signal would shift 

to lower temperatures.  
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G. CFD simulation results of the miniature flow channel 

The following Figs. G.1–5 show the results of the CFD simulations of the miniature flow chan-

nel studied in Chapter 8 for all investigated inlet temperatures. As written in the synopsis of 

Chapter 8, the URANS simulations were performed by Judith Richter, whereas the evaluation 

and calculation of derived variables was performed by me. 

For the two highest temperatures T0 = 140 and 150 °C (Figs. G.4 and G.5), also the estimated 

relative LIF signal is shown as discussed in section 8.6.5 calculated using the approach pre-

sented in Appendix F. Such images would be less meaningful for the lower temperature cases 

since calculating the signal would have required significant extrapolation of the available flu-

orescence lifetime data and were, hence, omitted. 

 

Fig. G.1: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) density, e) Mach 

number, and f) toluene-LIF intensity distribution on the center (y = 0) xz-plane for T0 = 100 °C and p0 = 3.1 bar.  
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Fig. G.2: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) Mach number, e) 

density, and f) toluene saturation on the center (y = 0) xz-plane for T0 = 110 °C and p0 = 3.1 bar. 
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Fig. G.3: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) Mach number, e) 

density, and f) toluene saturation on the center (y = 0) xz-plane for T0 = 120 °C and p0 = 3.1 bar. 
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Fig. G.4: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) Mach number, e) 

density, and f) toluene saturation on the center (y = 0) xz-plane for T0 = 130 °C and p0 = 3.1 bar. 
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Fig. G.5: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) Mach number, e) 

density, and f) toluene saturation on the center (y = 0) xz plane for T0 = 140 °C and p0 = 3.1 bar. The g) toluene 

absorption cross-section, h) expected fluorescence lifetime, and i) expected relative toluene fluorescence signal. 
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Fig. G.6: Simulation results showing a) temperature, b) pressure, c) downstream velocity, d) Mach number, e) 

density, and f) toluene saturation on the center (y = 0) xz plane for T0 = 150 °C and p0 = 3.1 bar. The g) toluene 

absorption cross-section, h) expected fluorescence lifetime, and i) expected relative toluene fluorescence signal. 
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