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1 Introduction

1.1 Motivation

Evaporation is an interesting technical way to transfer heat, because of the low temperature
differences needed to transfer high amounts of heat. Evaporation is widely used as a heat trans-
fer mechanism in technical applications ranging from cooling of microelectronic devices to the
generation of electrical power. Therefore evaporation plays a vital role for modern civilization.

Although evaporation processes have been intensively studied in the past decades physical prin-
ciples underlying the processes are not yet fully understood. Therefore they are not described
in a way that allows a prediction of the heat transfer for an arbitrary system. Many correlations
can be found in literature which allow a prediction of the heat transfer for special evaporation
processes within a limited parameter range in an operating map manner.

In technical applications the performance limits are approached more closely than ever before,
because of the need for performance, efficiency, and cost optimization. Therefore predictive
tools are needed on the basis of physical principles. In order to gain the needed understanding of
the physical principles and to validate numerical modeling and simulation, generic experiments
are required.

In the past these experiments were focused on the measurement of temperature distribution
on the surface of a heated wall on which the evaporation process takes place. For the un-
derstanding of evaporation processes additionally the knowledge of temperature fields in the
liquid phase close to the interfaces is of major importance. Measuring such temperature distri-
butions contactlessly with high spatial and temporal resolution is a challenge for measurement

technology.

1.2 Objectives

By means of two-color/two-dye planar laser-induced fluorescence thermography (2c/2d PLIF-
Thermography), it is possible to measure temperature fields in transparent liquids contactlessly.
2c/2d PLIE-Thermography is an optical measurement technique which utilizes the temperature
dependence of the fluorescence intensity of fluorescent dyes dissolved in a liquid. So far, 2c/2d




PLIF-Thermography has mainly been used in the investigation of single-phase processes, e.g.
convection and mixing. The extent to which 2¢/2d PLIF-Thermography can also be applied to
two-phase processes, in particular those in which evaporation takes place and the temperature
field near the liquid boundaries is to be measured, has not yet been clarified. Clarifying this is
the objective of this work.

1.3 Structure

The work is structured as follows. In chapter two an introduction to the basics of 2c¢/2d PLIF-
Thermography is given followed by a brief summary of the state of the art. The chapter con-
cludes with a summary of open scientific questions arising from the literature study, which form
the starting point of this work. In the third chapter the experimental setups and materials used
for this work are described along with the procedures used for the experiments and the data
evaluation. In chapters four and five the results of the conducted investigations are presented
and discussed. In chapter six a summary of the conducted work and the main results are given
followed by an outlook concerning open scientific questions arising from the results of this

work.

2 1 Introduction



2 State of the Art

In the first two sections of this chapter the basics and the concept of two-color/two-dye planar
laser-induced fluorescence thermography are explained along with its application to evapora-
tion processes which can be found in literature. In the following an overview of other spatially
resolved temperature measurement techniques regarding their application to stationary evapo-
rating liquid menisci is given. The chapter is concluded with a summary of the open scientific
questions this work is dealing with.

Readers who are interested in the basics of quantum mechanics and molecular spectroscopy
kindly refer to Atkins and Paulo (2013) - Physikalische Chemie [2], chapters 8-13. A detailed
overview of fluorescence spectroscopy is given by Valeur (2013) — Molecular Fluorescence: Princi-
ples and Applications [56], chapters 1-4. Details about the structure and properties of fluorescent
dyes can be found in Schéfer (1973) — Dye Lasers [49], chapter 5.

2.1 Two-Color/Two-Dye Planar Laser-Induced Fluorescence Thermography

In this section the basics of two-color/two-dye planar laser-induced fluorescence thermography
are explained. First an introduction to the measurement method is given. Afterwards the origin
of temperature dependence, possible spectral conflicts, linearity assumptions, and photobleach-
ing are examined more closely. Finally overviews of common materials used as well as reported

measurement uncertainties and temporal and spatial resolutions are given.

Measurement Method

Planar laser-induced fluorescence thermography (PLIF-Thermography) is based on the temper-
ature dependence of a fluorescence signal of a dissolved fluorescent dye excited by laser light.
According to Sakakibara, Hishida, and Maeda [48] the fluorescence intensity I of such dye

solutions can be described by

I=1,eALC9 (2.1)




where [ is the laser intensity; ¢, the molar absorption coefficient at the wavelength of the laser;
A, the fraction of light collected; L, the sampling length; C, the concentration of the fluorescent
dye; &, the temperature-dependent quantum yield. This model contains the assumption that
the fluorescence intensity is linear to both concentration and laser intensity. These assump-
tions are only valid for low laser intensities and low dye concentrations, i.e. low absorption of
fluorescence by the dyes on its way to the detector [13, 40, 50, 55].

To eliminate the influence of the laser intensity, Sakakibara and Adrian [46] introduced a ratio-
metric approach of PLIF-Thermography, where a fluorescent reference signal almost insensitive
to temperature is used. Most often, a fluorescence spectrum with a temperature-sensitive part
and a temperature-insensitive part is created by the combination of two fluorescent dyes. This
kind of PLIF-Thermography is called two-color/two-dye (2c/2d) PLIF-Thermography. In this
approach the ratio R which is dependent on temperature is

R — Isens _ SSCI]S CSGI]S qssens (22)

I ref Eref Cref (pref

where the index "sens" is associated with the temperature-sensitive part and the index "ref"
with the temperature-insensitive part of the fluorescence spectrum. Fig. 2.1 shows a qualitative
illustration of the principles of the 2c/2d PLIF-Thermography. The ratio is independent of the
laser intensity if the initial assumption, that the fluorescence intensity is linear to the laser
intensity, is valid. With the additional assumption that the fluorescence intensity is linear to the
dye concentration the ratio is also independent of the individual dye concentrations C.,, and
C..s as long as the concentration ratio Cg.p,/C,.¢ is constant [46].

Typically a dye with high temperature sensitivity is combined with a dye with low temperature
sensitivity. The selection rules for dye combinations based on the overlap of absorption and
emission spectra are given by Coppeta and Rogers [14]. In the theoretical ideal case the emission
and absorption bands are completely separated spectrally. The absorption bands of the two
dyes need to overlap to allow excitation by the same laser. Fig. 2.2a qualitatively illustrates this
theoretical case. However, in practice the emission and absorption bands partially overlap with
each other. Fig. 2.2b qualitatively shows the common emission and absorption spectra of dye
combinations used for 2c/2d PLIF-Thermography.

Spectral Conflicts

Coppeta and Rogers [14] identified three categories of spectral conflicts of absorption and emis-
sion bands which could lead to erroneous measurements. The first kind of spectral conflict is

4 2 State of the Art
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Figure 2.1: Qualitative illustration of the principles of 2c/2d PLIF-Thermography.
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the overlap of emission bands of the two dyes. The fluorescent dyes need to be excitable with
the same laser wavelength and usually have broad emission spectra. Thus a certain amount of
overlap is observed for all known dye combinations used for 2c/2d PLIF-Thermography. The
overlap can make it difficult to separate the fluorescence signals sensitive and insensitive to
temperature. The resulting crosstalk can lead to a reduction of the temperature sensitivity. This
kind of spectral conflict can be minimized by the choice of the spectral regions used for 2c/2d
PLIF-Thermography.

The second kind of spectral conflict is an overlap of the emission and the absorption spectra.
For fluorescent dyes a certain amount of overlap of the absorption and emission spectrum is
common [56]. This conflict results in a dependence of the fluorescence signal on the amount
of absorption in the overlapping region. In this region the validity of the assumption of linear
dependence of the fluorescence signal on the dye concentration is questionable and has to be
verified for the used dye combination. If possible this spectral region should not be used for
2¢/2d PLIF-Thermography.

The third kind of spectral conflict is similar to the second one with the difference that the
amount of absorption is dependent on the value to be measured, e.g. temperature itself. Such
a conflict can not be corrected and therefore a dye combination which exhibits this kind of
spectral conflict can not be used for 2c¢/2d PLIF-Thermography.

Origin of the Temperature Dependence

Apart from some exceptions, the dependence on temperature of the fluorescence signal is at-
tributed to the dependence of the quantum yield on temperature [1-3, 18, 26, 34, 39, 46,
49, 56, 59]. The quantum yield is the ratio of the emitted versus the absorbed photons. The
quantum yield of fluorescent dyes in general is less than unity at room temperature because
besides the emission of a photon, a non-radiative deactivation of the electronically excited state
(S;) is also possible. Radiative and non-radiative processes are in competition with each other.
Fig. 2.3 shows possible radiative and non-radiative transitions in a Perrin—Jablonski diagram.
The excited molecule can go back to the ground state (S,) via internal conversion of the ex-
cited state to an elevated vibrational level of the ground state. From there, the molecule can
transfer energy to the surrounding and move to lower vibrational levels by vibrational relax-
ation. During this process no photon is emitted. Another possibility is that the molecule in the
excited singlet state goes to the triplet state (T;) via intersystem crossing. At room temperature
and above commonly no phosphorescence is observed. Due to the long lifetime of the triplet
state it is efficiently deactivated non-radiatively by collision of the dye molecule with solvent

molecules.

6 2 State of the Art
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Figure 2.3: Perrin-Jablonski diagram with possible radiative and non-radiative transitions. Illus-
tration based on [56].

Whether the amount of non-radiative deactivation is influenced by temperature or not depends
on the rigidity of the dye molecule’s structure [49]. The more planar and rigid the structure
of the molecule, the less the quantum yield is affected by temperature. In general a higher
temperature results in a lower quantum yield, because the non-radiative deactivation processes
based on thermal agitation are more efficient at higher temperatures [56]. Also other prop-
erties of the surroundings than temperature like polarity, viscosity, pH or oxygen can have a
significant influence on the quantum yield. Due to the many possible influencing factors and
their unknown amount of influence the prediction of temperature dependence is not possible
and therefore has to be determined experimentally. Because of possible simultaneous effects a
careful characterization of the fluorescent dyes to be used and an in situ calibration is always
necessary for 2c¢/2d PLIF-Thermography.

Lemoine et al. [39] proposed an equation which describes the temperature dependence of the
quantum yield by an exponential function.

B
It =Kop € CP = Kop Kypec C €T (2.3)

where I; is the fluorescence signal; K, a constant determined by the optical system; K., a

pt>
constant determined by the fluorescent dye and the solvent; ¢, the molar absorption coefficient
at the wavelength of the laser; C, the concentration of the fluorescent dye; &, the quantum

yield; 3, the temperature coefficient; T, the temperature of the dye solution.

2.1 Two-Color/Two-Dye Planar Laser-Induced Fluorescence Thermography 7



Linearity Assumptions

As mentioned above for 2c/2d PLIF-Thermography the assumption of a linear relationship be-
tween the fluorescence signal and the laser fluence is made. However this assumption is only
sufficiently valid up to a certain limit of laser fluence which is dependent on the fluorescent dye
and the solvent. Deviations from this assumption for 2c¢/2d PLIF-Thermography have been re-
ported for various dyes dissolved in water [13, 15, 40, 50, 55]. In the context of fluorescent dyes
for laser applications also the deviation from the linear relationship is observed and well known
[19, 49]. In general for low laser fluence the relationship between the fluorescence signal and
the laser fluence can be described by a linear equation. This region is called the linear regime.
For increasing laser fluence the fluorescence signal approaches an upper saturation limit. Fig 2.4
shows the qualitative relationship between the fluorescence signal and the laser fluence of two
dyes with different saturation limits.

T T T T
Dye A
Dye B

Fluorescence signal

Linear regime

Laser fluence

Figure 2.4: Qualitative dependence of the fluorescence signal on the laser fluence of two dyes
with different saturation limits.

According to Eckbreth [20] and Lee [37] from a rate equation analysis of a two-level model
the following relationship, which describes the fluorescence signal F as a function of the laser

spectral irradiance I,, can be derived:

Q B A
F=hy—AIN)—2 2
47-C B12 +B21 1+1}’_Sat

(2.4)
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where h is Planck’s constant; v, the frequency of the emitted fluorescence; €2, the collection
solid angle; A, the focal area of the laser beam; [, the axial extent along the beam from which
the fluorescence is observed; Nlo, the species population prior to excitation; B;,, Einstein coef-
ficient for stimulated absorption; B,;, Einstein coefficient for stimulated emission; A,;, Einstein
coefficient for spontaneous emission; I, ,,, saturation spectral irradiance. At low irradiances
compared to the saturation irradiance the relationship can be described by the linear equation
with the quenching rate constant Q,;:

hv Q Ay
F=——AIN)B,I,

e (2.5)
c 4m A21 + Q21

The saturation limit is dependent on the dye and the solvent used. Therefore in a 2¢/2d PLIF-
Thermography application the behavior of the fluorescence signal is not the same for both dyes
outside of the linear regime. This contradicts the approach of 2c/2d PLIF-Thermography because
outside of the linear regime the ratio is still dependent on the laser fluence. Since there is no
predictive model available in literature the linear regime has to be determined experimentally.
Furthermore, in the linear regime the behavior is only approximately linear. Therefore, the
temperature deviations induced by a change of the laser fluence have to be determined in situ
for 2c/2d PLIF-Thermography applications. Additionally to temperature deviations arising from
the nonlinear response of the fluorescence signal to a change of the laser fluence, Chaze et
al. [13] report a reduction of the dependence on temperature outside the linear regime with
increasing laser fluence.

As mentioned above for 2c/2d PLIF-Thermography the assumption of a linear relationship be-
tween the dye concentration and the fluorescence signal is made. In literature for all known
dyes and their combinations used for 2c¢/2d PLIF-Thermography a deviation from the assumed
linear behavior is reported [13, 36, 38, 50, 55]. For increasing dye concentrations the fluores-
cence signal developed increasingly underproportional. Only for low concentrations and path
lengths is a linear behavior observed. The observed behavior is attributed to the absorption
of the fluorescence signal by the fluorescent dyes themselves. Since all known dye combina-
tions used for 2c¢/2d PLIF-Thermography exhibit some degree of a spectral conflict of the second
kind, which is an overlap of the absorption and the emission band, the assumption of a linear
behavior is only valid under optically thin conditions. In other words the product of the path
length through the dye solution, the dye concentration, and the absorption coefficient, i.e. the
absorbance, has to be so low that absorption of the fluorescence signal is negligible.

According to Lemoine, Wolff, and Lebouche [38] the fluorescence signal S; versus the molar
dye concentration C can be described by the Beer-Lambert law:
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Sf = Kop Vo Iy P&y Ce € 2! (2.6)

where K, is a constant determined by the optical system; V., the collection volume; I, the in-
tensity of the laser beam; &, the quantum yield; ¢,, the absorption coefficient at the laser wave-
length; &,, the absorption coefficient for the fluorescence signal; [, the path length. The extent
of the overlap is dependent on the fluorescent dyes. As stated before, the amount of absorption
also depends on the choice of the spectral regions to be used for 2c/2d PLIF-Thermography [14].
This effect is also known as inner filter effect, where the fluorescence signal is dependent on the
observation conditions [56]. In Tab. 2.1 the deviation from linearity between fluorescence signal

and dye concentration is given for various absorbances.

Although the assumption of linearity in the relation between fluorescence signal and dye concen-
tration is always included in the 2c/2d PLIF-Thermography theory, the validity of the assumption
only becomes important for applications where the product of path length and dye concentra-
tion is not constant throughout calibration and measurement. Since the amount of deviation
from the assumption of a linear relationship depends on the wavelength region observed, the ra-
tio of the fluorescence signals becomes also a function of the dye concentration and path length
if re-absorption is not negligible. Therefore the temperature deviations introduced by this have
to be evaluated experimentally in situ for a given 2c¢/2d PLIF-Thermography application.

Table 2.1: Deviations from the assumed linear relationship between the fluorescence signal and
the dye concentration depending on the absorbance [56].

Absorbance Deviation

1073 0.1%
1072 1.1%
0.05 5.5%
0.10 10.6%
0.20 19.9%

Photobleaching

Due to excessive irradiation with laser light it is possible that fluorescent dye molecules are
destroyed and no longer contribute to the fluorescence signal. This process is called photo-
bleaching. During photobleaching the dye molecules are irreversibly converted to a colorless
leuco compound. Especially dye molecules in the triplet state are vulnerable to photobleaching
because they are often highly reactive [44, 49, 51, 52]. The occurrence of photobleaching is
dependent on excitation intensity, dye concentration, and exposure time [35].
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For 2c/2d PLIF-Thermography applications the fluorescent dyes used have to be sufficiently
photo-stable under experimental conditions [14, 55]. Otherwise the current ratio of the fluores-
cence signal depends on the number of already applied laser pulses which in turn lead to a drift
of the temperature measured with the 2c/2d PLIF-Thermography. However, in most applications
of 2c¢/2d PLIF-Thermography the degeneration of the fluorescent dyes is not observed because
only low laser fluence can be used due to the requirement to stay inside the linear regime in
order to justify the assumption of a linear relationship between the laser fluence and the flu-
orescence signal described above. The reason for this is that for 2c/2d PLIF-Thermography
fluorescent dyes designed for dye laser application are commonly used. From their originally
intended use the requirement to withstand laser irradiation is much higher than for 2c/2d PLIF-
Thermography. Nevertheless, photo-stability is commonly investigated for dyes intended to be
used for 2¢/2d PLIF-Thermography [14, 35, 46, 55]. Because there is no predictive model
available in literature which allows a calculation of the photo-stability beforehand, it has to be
determined experimentally under the conditions used for the 2c/2d PLIF-Thermography.

Common Materials Used

In almost all 2c/2d PLIF-Thermography experiments the excitation of the fluorescent dyes is
achieved by illumination with laser light. Laser light is used because it is monochromatic,
has high radiation power, and can be formed into a thin light sheet. In the majority of the
applications of PLIF-Thermography the 488 nm or the 514.5 nm line of a continuous wave argon-
ion laser is used [15, 42]. In recent years pulsed frequency-doubled Nd:YAG lasers with a
wavelength of 532 nm are increasingly used for PLIF-Thermography because of the high pulse
energies and short pulse lengths [13]. For PLIF-Thermography the laser light has to be formed
into a thin light sheet. This is commonly done by a combination of cylindrical lenses, so that
the laser light is expanded into a plane. In many cases the laser light is additionally focused in
a plane perpendicular to the light sheet in order to make the light sheet thinner.

The dyes used for PLIF-Thermography are in most cases dyes originally designed for the applica-
tion in dye lasers. For the 2c¢/2d PLIF-Thermography the most common dye combination used is
Rhodamine 110 and Rhodamine B dissolved in water [21, 25, 27, 32, 33, 46, 47, 54]. For other
solvents than water only limited information on dyes suitable for 2c/2d PLIF-Thermography is

available in literature.

For the detection of the fluorescence signal in the majority of the studies two monochrome CCD
cameras are used because of their good linearity, homogeneity, and signal-to-noise ratio [15].
Two cameras are necessary to allow simultaneous detection of both parts of the fluorescence

spectrum. For the selection of an appropriate camera a trade-off has to be made between the
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number of pixels, bit-depth, and frame rate. The separation of the two spectral regions of the
fluorescence signal necessary for 2c/2d PLIF-Thermography is normally achieved by a combina-
tion of optical filters consisting of a beamsplitter and long-, short-, and band-passes which are
placed in the optical path of the two cameras [46]. This way the fluorescence signal is split up
and distributed to both cameras and the desired spectral regions can be extracted. The selection
of the optical filters is usually a trade-off between signal, sensitivity to temperature, and spec-
tral conflict of the second kind. Additionally the optical filters are used to prevent the laser light
from being detected together with the fluorescence signal.

Reported Measurement Uncertainties and Temporal and Spatial Resolutions

In literature comprehensive analysis of the measurement uncertainty of the temperatures mea-
sured by 2c/2d PLIE-Thermography can rarely be found. Most often it remains unclear how
the uncertainty was calculated, e.g. what kind of temporal and spatial averaging was applied.
Sakakibara and Adrian [46] used in their first paper two Sony XC77 (> 50dB) CCD cameras.
In doing so, they achieved a precision of +£1.4°C. In a later study Sakakibara and Adrian
[47] increased the precision by using two Apogee KX85 cameras with 14 bit and low read-out
noise to =0.2°C. In a corresponding error analysis Sakakibara and Adrian pointed out that the
noise of the cameras in combination with the low temperature sensitivity is the main part of
the uncertainty. In general it can be said that a high signal-to-noise ratio and a high temper-
ature sensitivity are desirable in order to achieve a low measurement uncertainty. Since the
actual measurement uncertainty of the temperatures measured by 2c/2d PLIF-Thermography is
dependent on a variety of influencing factors it has to be determined experimentally in situ.

In literature for 2¢/2d PLIF-Thermography commonly CCD cameras with 12 or 14bit with a
high sensitivity, low noise, and quite low frame rates (< 60Hz) are used [15, 47]. The temporal
resolution in common 2c¢/2d PLIF-Thermography applications is limited by the cameras used.
Typical values found in literature are in the order of 1 x 10's to 1 x 10~ 3s. Also the temporal
resolution is often limited by the temporal averaging necessary to improve the signal-to-noise

ratio.

The spatial resolution in common 2c¢/2d PLIF-Thermography applications is limited only by
the optical setup used. Typical values found in literature are in the order of 1 x 10™°>m to
1x1073m [42].
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2.2 2c/2d PLIF-Thermography Applications to Evaporation Processes

In literature only a few studies can be found where 2c/2d PLIF-Thermography is used to inves-
tigate evaporation processes. In the studies available the general question of the applicability
of 2¢/2d PLIF-Thermography is not addressed. Since the applicability is at least questionable
because of the locally changing fluorescent dye concentration due to evaporation a detailed ex-
amination is needed. In all studies inhomogeneous illumination, caused by reflections of the
laser light at the liquid-vapor interface, led to local deviations of the measured temperatures.
The studies dealing with nucleate boiling additionally suffered from high measurement uncer-
tainty because of the high temporal resolution needed to capture the highly dynamic processes
which limited the fluorescence signal height. In the studies dealing with a stationary evaporat-
ing meniscus a lower measurement uncertainty could be achieved because temporal averaging

was possible. In the following the studies available in literature are described.

Nucleate Boiling

Jones [32] used 2c/2d PLIF-Thermography to investigate the temperature distribution inside
the liquid around a single vapor bubble during nucleate boiling. As fluid, water with the well-
known dye combination Rhodamine B and Rhodamine 110 was used. For the excitation of the
dyes a 5 W continuous wave ND:YVO, laser with a wavelength of 532 nm was used. The images
were recorded with 1000 frames per second and 0.5ms exposure time. His detector setup
had a spatial resolution of 33.5 um per pixel. The experiments were conducted at a reduced
atmospheric pressure of 0.25 atm.

Jones was able to resolve the thermal boundary layer at the heater surface. The actual heater
surface could not be observed due to the obstruction by the out-of-focus heater edge. He ob-
served a dependence of the measured temperature on the local illumination intensity by the
laser light. Brighter areas seemed to result in lower temperatures whereas areas that lie in
a shadow led to higher temperatures. This is an indication for a nonlinear response of the
fluorescence signals to the laser fluence which lead to a dependence of the measured tempera-
ture on the local illumination situation. The inhomogeneity of the illumination with laser light
was caused by reflections at the heater and the liquid-vapor interface. Fig 2.5 illustrates the
temperature deviations which occurred due to inhomogeneous illumination.

As a further improvement Jones suggested the use of a transparent heater to reduce the warming
of the heater by the laser light. He identified reflections at the liquid-vapor interface as the
main source of the observed measurement errors. An analysis of the temperature measurement

uncertainty was not performed for the 2c¢/2d PLIF-Thermography. Nevertheless Jones concluded
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Brightened Region

Figure 2.5: Temperature deviations due to inhomogeneous illumination occurred during 2¢/2d
PLIF-Thermography at a single vapor bubble growing on a heated surface. Left: im-
age of the intensity field. Right: resulting temperature field. [32]

that 2c¢/2d PLIF-Thermography could yield important insights into evaporation processes like
nucleate boiling.

Also Vogt [57] used 2c/2d PLIF-Thermography to measure the temperature field inside the lig-
uid around a single growing vapor bubble during nucleate boiling. In his study acetone was
used as fluid. For the 2c/2d PLIF-Thermography a combination of Rhodamine 19 and DCM
was used as fluorescent dyes. The fluorescent dyes were excited by laser light generated by
a pulsed frequency-doubled Nd:YAG laser with a wavelength of 532 nm and a pulse energy of
28 mJ. For the detection of the fluorescence signal two CMOS cameras were used. The experi-
ments were performed with a frame rate of 1000 Hz and an exposure time of 1 ms. Each frame
was illuminated by one laser pulse. The spatial resolution of the optical setup was 4.4 um per
pixel.

Like Jones [32] he also observed a dependence of the measured temperature on the local il-
lumination situation caused by reflections at the liquid-vapor interface of the laser light sheet.
In contrast to Jones, Vogt observed in regions with low illumination by the laser a reduction
of the measured temperature and vice versa. Another drawback of his studies was the poor
photo-stability of the used dye combination in acetone, which caused an increasing deviation
of the measured temperatures with the number of laser pulses applied due to photobleaching.
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Additionally, Vogt reported that the liquid-vapor interface could not be reconstructed from the
images because it appeared blurred. At the blurred interface the measured temperature ap-
peared to be erroneous. Fig 2.6 shows an exemplary result of a measurement performed by
Vogt and illustrates optical drawbacks that occurred. As explanation, Vogt suggested that in the
region of the blurred interface the fluorescence signals from two spectral regions used for the
2c¢/2d PLIF-Thermography were separated spatially by chromatic dispersion at the liquid-vapor
interface.
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Figure 2.6: Temperature distribution measured with 2¢/2d PLIF-Thermography at a growing va-
por bubble and illustration of optical effects [57].

The measurement uncertainty of the 2c¢/2d PLIF-Thermography was calculated to be +8.4°C.
According to Vogt the main reason for the high measurement uncertainty was the poor signal-
to-noise ratio of the images because of the low fluorescence signal. A higher fluorescence signal
could not be generated due to the needed temporal resolution. Apart from these drawbacks
Vogt concluded that the 2¢/2d PLIF-Thermography could be suitable for measurements at evap-
oration processes. He suggested the application of 2c¢/2d PLIF-Thermography to a stationary
evaporating liquid meniscus as described by Song and Nobes [54] because in such a case no
temporal resolution would be needed.

Evaporating Liquid Meniscus

In conjunction with a study about Marangoni convection with particle image velocimetry, Song
and Nobes [53, 54] performed 2c¢/2d PLIF-Thermography measurements at an evaporating wa-
ter meniscus. They used the well-known dye combination for water Rhodamine B and Rho-
damine 110 which was excited by a semiconductor laser diode. For the detection of the fluores-
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cence signal Song and Nobes used two CCD cameras. Images were recorded at a frame rate of
2 Hz with an exposure time of 0.02s. In order to exclude that the flow pattern Song and Nobes
observed near the meniscus had a buoyancy-driven component, they measured the temperature
distribution below the deepest point of the meniscus to compute the density distribution. Mea-
surements were done in a pressure range from 250 Pa to 820 Pa. The meniscus gap had a width
of 10mm and a depth of 4mm. The meniscus was heated only at the bottom of the gap. Due
to optical constraints the field of view observed covered only 8 mm around the gap’s centerline.
Because of reflections Song and Nobes were not able to measure the temperature distribution
in the corners of the meniscus. Fig 2.7 shows the result of their 2¢/2d PLIF-Thermography
measurement. An analysis of the temperature uncertainties of the 2c¢/2d PLIF-Thermography
is missing. From their research Song and Nobes concluded that the convection pattern they
observed was driven by surface tension rather than by buoyancy.

¥y {mm}
Temperature (°C)

X (mm)

Figure 2.7: Temperature distribution measured by 2¢/2d PLIF-Thermography under the deepest
point of an evaporating water meniscus at 430 Pa [54].

Also in a channel with a rectangular cross section and with 1 mm edge length Wee [60] tried to
measure temperatures with 2c¢/2d PLIF-Thermography near an evaporating water meniscus. His
setup was open to the ambient and therefore influenced by the air in the laboratory. The channel
was heated by a foil heater located in the region of the channel above the liquid. Because of this
the heating was very inhomogeneous along the channel’s height. He also used the well-known
dye combination for water of Rhodamine B and Rhodamine 110. For the excitation the 488 nm
line of an argon-ion laser was used. In contrast to other studies only one CCD camera was used.
Therefore the fluorescence signal of the two spectral regions for 2c/2d PLIF-Thermography had
to be detected subsequently. Another drawback was that the calibration was not done in situ.
Due to the low spatial resolution of 200 um and the measurement uncertainty of =0.91 °C it was
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not possible for Wee to resolve the temperature distribution near the meniscus itself. The reason
for this was most likely the optical setup. Using only one camera for 2c¢/2d PLIF-Thermography,
Wee had to acquire the two frames subsequently. This contradicts the approach of 2¢/2d PLIF-
Thermography because the influence of illumination which should be corrected by the 2c/2d
PLIF-Thermography approach was different for the two frames. Because of the total internal
reflection at the curved liquid-vapor interface the region around the meniscus was subject to
an even larger error. Thus Wee had to limit his work to the temperature distribution along the
channel axis. He concluded that 2c/2d PLIF-Thermography could have a great potential to be
used for measurements at evaporation processes.

2.3 Spatially Resolved Temperature Measurements at an Evaporating Meniscus

In literature two techniques that are frequently used for spatially resolved temperature mea-
surements in the context of evaporating liquid menisci can be found. In earlier studies ther-
mochromic liquid crystals thermography (TLC-Thermography) was successfully applied to study
the temperature distribution at the outside of a heated wall in the region in contact with a sta-
tionary evaporating liquid meniscus. In more recent studies TLC-Thermography was replaced
by infrared thermography (IR-Thermography) because of its superior performance. Both tech-
niques have in common that they are limited to the measurement of temperature distributions
on surfaces and therefore are not able to access the temperature distribution inside of liquids.
In the following an overview of the application of TLC-Thermography and IR-Thermography to

the evaporation of a liquid meniscus is given.

Thermochromic Liquid Crystals Thermography

First spatially resolved temperature measurements of the outside wall temperature of a heated
capillary slot with a stationary evaporating water meniscus inside were conducted by Héhmann
and Stephan [28]. They developed a method to measure the temperature distribution by ther-
mochromic liquid crystals (TLCs) with a high spatial resolution of 0.83 um per pixel and a
measurement uncertainty of £0.51°C. The TLCs were applied in a thin layer to the outside of
a 20 um thick stainless steel foil which was used as electrically heated wall of the capillary slot.
The color play of the TLCs was used to determine the spatially resolved temperature distribu-
tion in the region where the contact line of the meniscus was located on the stainless steel foil.
Fig 2.8a shows the result of their measurement. With this technique Hohmann and Stephan
were able to observe a temperature drop in the region of the contact line of the evaporating wa-
ter meniscus. The height of the temperature drop was in the range of 0.1 °C to 0.2 °C depending
on data processing and had an extent of about 33 pum.
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Buffone and Sefiane [9] used the measurement technique introduced by Hohmann and Stephan
to measure the temperature distribution on the outside of a glass capillary tube from which
pentane was evaporating into the air atmosphere. The capillary tube had an internal diameter
of 1630 um and a wall thickness of 235 um. The TLCs were applied in a layer of about 15 um
thickness to the outside of the capillary tube. They achieved a spatial resolution of 16.19 um
per pixel at a frame rate of 30 Hz. Fig 2.8b shows the result of their measurement. Buffone and
Sefiane observed a temperature drop in the order of 11 °C in the region of the contact line of

the pentane meniscus with an extent of 8 mm.
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Figure 2.8: Results of spatially resolved temperature measurements with TLC-Thermography of
the temperature distribution on the outside of a heated capillary slot (a) and a capil-
lary tube (b).

Infrared Thermography

Buffone and Sefiane [7, 8, 10, 11] studied the cooling effect by evaporation of volatile fluids
(ethanol, methanol, acetone, and pentane) in borosilicate capillary tubes with sizes of 600 um,
900 um, and 1630 um. With IR-Thermography they measured the interface temperature distri-
bution of an evaporating meniscus by pointing the camera at the open tip of the capillary tube.
They compared this temperature distribution to the one measured at the empty capillary tube.
Buffone and Sefiane qualitatively found that the temperature at the wall of the tube was lower
than at the center. Due to the limited depth of focus of about 100 um the center of the menis-
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cus was out of focus and the measured temperatures in this region were not reliable. Buffone
and Sefiane concluded that the temperature gradient close to the wall was the reason for the
Marangoni convection observed by them. Buffone and Sefiane [7, 8, 11] also investigated the
temperature distribution of the side of the capillary tubes. For the side view they found that the
lowest temperature was measured in the region of the liquid-vapor interface.

Buffone and Sefiane [8, 10] also conducted experiments with a heated capillary tube. Fig. 2.9
shows their results of the IR-Thermography measurements. The heating was realized by a silver
coating of the tube which was not covering the area with the meniscus. The heater was located
below the liquid-vapor interface. They observed that in this case also the lowest temperatures
were measured close to the wall for the top view. For the side view they observed that, similar
to the unheated case, the lowest temperature was measured in a region close to the liquid-vapor
interface. Also the flow pattern around the meniscus was similar, but the strength of the flow

was enhanced by the heating.
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Figure 2.9: Results of IR-Thermography measurements for ethanol inside a capillary tube [10].
The indicated temperature is the difference to the ambient temperature.

Dhavaleswarapu, Garimella, and Murthy [16] performed IR-Thermography at a stationary evap-
orating heptane meniscus into the air atmosphere. The meniscus was formed between a heated
fused quartz wafer and an acrylic knife edge with a Teflon coating. The temperature distribution
on the surface of the fused quartz wafer was measured by IR-Thermography from both sides.
Fig. 2.10a shows a schematic of the setup along with the results of the IR-Thermography. The
lowest temperature was measured in the region of the contact line. The temperature drop in
this region was about 1 °C. The temperature drop had an extent of about 400 um. The results of
the IR-Thermography from the top and the bottom showed a significant difference. The temper-
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ature drop was found to be more prominent in the IR-Thermography measurements performed
from the top. This was explained by them with the thermal conduction inside the fused quartz
wafer.

Migliaccio, Dhavaleswarapu, and Garimella [41] performed IR-Thermography measurements
of a wetted wall of a V-groove filled with heptane with a similar setup. The measurements
were only performed for the wetted side. Fig 2.10b shows the results of the IR-Thermography
measurements. They also observed a temperature drop in the region of the contact line. In
contrast to Dhavaleswarapu, Garimella, and Murthy the temperature drop was only 0.2 °C. The
extent of the temperature drop was 300 um.
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Figure 2.10: Results of IR-Thermography measurements of the temperature distribution of a
heated wall with an evaporating heptane meniscus on top.

Ibrahem et al. [29-31] investigated the temperature distribution on the heated wall of a cap-
illary slot with a stationary liquid meniscus inside, in order to calculate the local heat transfer.
HFE-7100 was used as fluid. The temperature distribution was measured by IR-Thermography.
The capillary slot was formed by a copper plate and a 10 um thick stainless steel foil. The
stainless steel foil was used as resistive heater. The temperature distribution was measured at
the outside of the stainless steel foil. The IR-Thermography measurements were performed at a
frame rate of 244 Hz with a spatial resolution of 14.8 um per pixel. Fig 2.11a shows the results
of the IR-Thermography measurements. At the position of the contact line a temperature drop
in the order of 0.4 °C to 12 °C was observed. The temperature drop was found to be dependent
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on the heat flux and the position of the contact line on the heated stainless steel foil. With

increasing heat flux also the temperature drop increased.

Fischer [24] performed similar measurements at the heated wall of a capillary slot filled with
FC-72. In this case the IR-Thermography measurements were performed at a frame rate of
1000 Hz with a spatial resolution of 29.27 um per pixel. Fig 2.11b shows the results of the IR-
Thermography measurements. Fischer also observed a temperature drop at the position of the
contact line, but in contrast to Ibrahem et al. it was in the order of 0.1 °C. Fischer estimated the
measurement uncertainty of the IR-Thermography measurements to be +0.125 °C.
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Figure 2.11: Results of IR-Thermography measurements of the temperature distribution of the
back side of the heated wall of a capillary slot with a stationary liquid meniscus
inside.

2.4 Open Scientific Questions

With TLC-Thermography and IR-Thermography so far only spatially resolved temperature mea-
surements of the surfaces of walls or liquids during evaporation processes have been possi-
ble. Thus, spatially resolved temperature measurements inside the fluid as and addition to
the surface temperature measurements are needed. 2c¢/2d PLIF-Thermography is a promising
measurement technique potentially capable of allowing such measurements.

2c/2d PLIF-Thermography has already been applied to evaporation processes but the funda-
mental question of the applicability of 2c/2d PLIF-Thermography to such processes has not
been addressed in literature yet. The applicability is at least questionable because of the local
concentration changes of the fluorescent dyes caused by the evaporation process. Therefore,

2.4 Open Scientific Questions 21



an investigation of the applicability of 2c/2d PLIF-Thermography to evaporation processes is
needed. Achievable temporal and spatial resolution at measurement uncertainties low enough
to study the temperature differences inside the fluid need to be investigated. With respect to
the studies of TLC-Thermography and IR-Thermography summarized above a spatial resolution
in the order of 10 um to 30 um per pixel and a measurement uncertainty in the order of 0.1 °C
to 0.2 °C seems to be necessary.

Based on the literature available a single vapor bubble does not seem to be suitable to test the
applicability of the 2c/2d PLIF-Thermography to evaporation processes. The reasons for this are
the optical effects caused by the spherically shaped liquid-vapor interface, the high dynamics
of the processes, and the low reproducibility. Therefore a stationary evaporating single liquid
meniscus is chosen for the investigations, because it represents the simplest abstraction of the
evaporation processes which includes most physical phenomena. Advantages of the stationary
evaporating liquid meniscus are that there is no need for temporal resolution and that its de-
fined constant geometry allows easy optical access. Furthermore, the stationary single extended
liquid meniscus is often used in literature in order to gain a fundamental understanding of the

underlying physical principles of the evaporation process.

In order to answer the question of the applicability of 2c/2d PLIF-Thermography to evaporation
processes in this work first of all a spectroscopic characterization of the fluorescent dyes was
performed. This was done to identify suitable dye combinations and parameter ranges with the
highest likelihood of a successful application. In the next step the 2c/2d PLIF-Thermography was
implemented and methods for calibration and evaluation were developed and validated. After
the validation the measurement uncertainty and the repeatability were investigated. Addition-
ally the influence of the laser fluence and the dye concentration on the measured temperature
was analyzed. In the last step the implemented and validated 2c/2d PLIF-Thermography was
applied to a stationary evaporating single liquid meniscus in order to analyze its applicability to
evaporation processes.
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3 Materials and Methods

In this chapter the experimental setups and the used materials are described along with the
experimental procedures and the evaluation methods for the measurement data. The experi-
mental setups consisted of a test cell, the laser system, and a detector setup. For the experiments
two different test cells and two different detector setups were used. Two experimental setups
were realized using these components. The first was used for the characterization of the sin-
gle fluorescent dyes and their combinations to be used for the 2c¢/2d PLIF-Thermography. The
second setup was used for the investigations regarding the 2¢/2d PLIE-Thermography itself and
its applicability to stationary evaporating meniscus. In the following sections the components
of the experimental setup, the materials used, and the procedures for the experiments and the

data evaluation are described.

3.1 Experimental Test Cell Setups

For the experiments two different experimental setups were used. The first setup was used for
the characterization of single fluorescent dyes and dye combinations regarding their applicabil-
ity for the 2c/2d PLIF-Thermography. The second setup was used for the investigations with the
2c/2d PLIF-Thermography at a stationary evaporating meniscus.

Test Cell for the Investigation of Fluorescent Dye Combination

The test cell described in this section was used for the characterization of single fluorescent
dyes and dye combinations regarding their usability for 2c/2d PLIF-Thermography. A schematic
of the test cell is shown in Fig. 3.1. A cross section view in the light sheet plane of the front
side, a cross section view in the symmetry plane of the side view, and a cross section view in a
plane halfway down from the top is shown. The front view was the observation direction of the
detector setup used for the detection of the fluorescence signal.

For the measurements the dye solution under investigation was located in a cavity formed by
a stainless steel framework (EN 10088-3, 1.4301) with four optical accesses. The cavity had a
rectangular cross section with a width of 5mm, a depth of 31 mm and a height of 18 mm. The
temperature of the dye solution in the cavity was measured by two thermocouples, one located
at the top and the other one at the bottom of the cavity. Also at the top and at the bottom of
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the cavity, connections for the filling of the cavity with the dye solution were located. The liquid
in the cavity could be heated to defined temperature levels by a temperature-controlled water
loop. The cavity was sealed with O-rings (Eriks, EPDM 70 Compound 55985), which have an
excellent resistance to ethanol. For the experiments where the pressure inside the cavity was
varied a vacuum pump (vacuubrand, ME16) with a pressure controller was used. For these
experiments the vacuum pump was connected to the fluid connection at the top of the cavity.

The optical accesses were made of sapphire (Thorlabs, WG31050) because of its comparatively
high thermal conductivity for a transparent material of approximately 31 Wm™'K~! [45]. Two
opposed optical accesses were used as entrance and exit for the laser light sheet. The laser light
sheet was positioned in the middle of the depth of the cavity. One of the other two opposed
optical accesses was used as access for the light collection optic of the detector setup. Fluores-
cence directed away from the detector’s collection optic left through the opposed optical access.
This prevented reflections that could lead to erroneous measurements.

Front Side Top
Thermocouple g ;
Water Laser light sheet
7
1&/%]/( Laser light sheet /ép ‘L
" « / n a 18 mm I - - y
7 5 uti I 5 mm /
e solution /
-/_// y T | I / = x
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Water 15.5 mm ‘
/ Thermocouple 31 mm

Figure 3.1: Schematic of the test cell used for the study of fluorescent dyes.

Test Cell for the Investigations at the Evaporating Liquid Meniscus

The test cell described in this section was used for the 2¢/2d PLIF-Thermography measurements
at a stationary evaporating meniscus. Fig. 3.2 shows a schematic of the evaporator section of
the test cell used for the experiments. A cross section view in the light sheet plane of the front
side, a cross section view in the symmetry plane of the side view, and a cross section view in
a plane halfway down from the top view is shown. The front view is the observation direction
of the detector setup used to detect the fluorescence signal. The main design aspect was the
optical accessibility of the evaporation process for the laser light sheet and the detector setup
used for the 2c/2d PLIF-Thermography.
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Figure 3.2: Schematic of the evaporator section of the test cell used for the experiments at the
evaporating liquid meniscus.

In the middle of the evaporator a slit was formed by the stainless steel framework (EN 10088-3,
1.4301), two sapphire windows, and two glass windows. Sapphire was used because of its com-
paratively high thermal conductivity for a transparent material of approximately 31 Wm™1K ™!
[45]. The slit had a rectangular cross section with a width of 5mm, a depth of 37 mm and a
height of 100 mm. This aspect ratio was chosen to achieve a temperature distribution that is ap-
proximately two-dimensional. This was necessary because with the 2c/2d PLIF-Thermography
only two dimensional temperature distributions can be measured. The slit was sealed with O-
rings (Eriks, EPDM 70 Compound 55985), which have an excellent resistance to ethanol. The
evaporating meniscus was located inside this slit. The slit was only partly filled with liquid so
that the liquid-vapor interface, i.e. the meniscus, was located in the field of view of the detector
setup used for the 2c/2d PLIF-Thermography. The temperature inside the slit was measured
by two thermocouples, one located at the top and one located at the bottom of the slit. These
temperature measurements were used to determine the temperature for the calibration and
validation of the 2¢/2d PLIF-Thermography.

The slit, the meniscus was located in, was heated by a tempering jacket. The tempering jacket
was realized by two slits formed by the sapphire window and the PMMA window on the one
side and the sapphire window and a glass window on the other side which was flown through by

water. The water could be heated to defined temperature levels by a bath thermostat. The tem-
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perature of the water was measured directly at the inlet and the outlet of the tempering jacket
with thermocouples placed inside the water flow. This way of heating was chosen to achieve
optical accessibility of the evaporating meniscus for the laser light sheet. Another advantage of
this heating method was that the evaporation process was temperature-controlled and no higher
temperatures than the temperature of the water could occur inside the ethanol.

The PMMA window and the glass windows opposite together with the sapphire windows were
used as lead-through for the laser light sheet. The laser light sheet was angled with respect to
horizontal. This was done in order to move the point on the curved liquid-vapor interface at
which total internal reflection of the laser light occurred first out of the region of interest. The
internal reflections were undesired because they lead to a large inhomogeneity of the laser light
sheet fluence distribution. In order to achieve the necessary angle of incidence at the liquid-
vapor interface the PMMA window was designed as a wedge. The angle of the wedge was
chosen in a way that the laser light entered the PMMA windows under an angle of incidence
of 90°. This was done to avoid the reduction of the angle of the laser light sheet by the refraction
at the air-PMMA interface. In this configuration the angle between the laser light sheet and the
horizontal had to be 39° to move the internal reflection out of the region of interest. Without
the wedged PMMA windows the necessary angle of incidence at the liquid-vapor interface could
not be achieved because of geometrical constraints of the setup.

The evaporator was supplemented with a condenser and a reservoir to achieve a closed loop.
Fig. 3.3 shows a schematic of the complete system. The system was designed on the basis
of Klein Flange DN16 with O-rings (Eriks, EPDM 70 Compound 55985) as connecting pieces.
The closed loop was used to facilitate a stationary evaporation process. The reservoir could be
moved up and down to allow a positioning of the liquid-vapor interface inside of the field of
view of the detector setup. The topmost valve was connected to a vacuum pump to evacuate
the system before the filling with ethanol and to periodically remove non-condensable gases.
A pressure sensor (Wika, P-30) was inserted in the vapor section of the loop to measure the
saturation pressure. From the measured pressure the saturation temperature was calculated by
the ancillary equation given by Dillon and Penoncello [17].

The evaporator section could be isolated by two valves from the rest of the system. For the
calibration of the 2¢/2d PLIF-Thermography this section was completely filled with ethanol and
separated by closing the valves below and above the evaporator section. During calibration this
section was heated additionally to the tempering jacket of the evaporator by trace heating. In
order to reduce the influence of the temperature of the environment the system was thermally
insulated. This facilitated the homogeneous temperature distribution inside the ethanol in the
evaporator needed for the calibration of the 2¢/2d PLIF-Thermography. The closed loop had a
leakage rate of 3.1 x 10> mbarLs ™!, which was sufficient for experiments concerning evapora-
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tion of a pure fluid because non-condensable gases were removed with the vacuum pump prior
to the experiments once a day.

Vacuum pump connection\z‘ /Condenser

® >

i Evaporator Reservoir
/ P 4

§/Trace heating

Figure 3.3: Schematic of the test cell used for experiments at the evaporating liquid meniscus.
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3.2 Laser Setup

To evoke the fluorescence to be observed during the experiments the fluorescent dyes had to
be excited. The dyes were excited by laser light formed into a light sheet. A light sheet was
used because the 2¢/2d PLIF-Thermography is a two-dimensional measurement technique and
therefore requires the excitation of the fluorescent dyes only in the measurement plane. In this
section the laser setup used to generate the light sheet for the excitation of the fluorescent dyes
necessary for the 2c¢/2d PLIF-Thermography is described.

Laser System

The laser light which was used to excite the dye molecules was generated by a pulsed frequency-
doubled Nd:YAG laser (Lee Laser, 800-PIV/40G) with a wavelength of 532 nm. The key proper-
ties of the laser are listed in Tab. 3.1. The pulse stability of the laser was 1.5% and the pulse
length (FWHM) was 261 ns. For this work the rather long laser pulses were not a limitation
because only stationary processes were investigated. The high repetition rate of the laser was
used to achieve a good signal-to-noise ratio even at low pulse energies by accumulation of the
fluorescence signal generated by several laser pulses over the exposure time of one image.

Fig. 3.4a shows the development of the laser pulse energy with an increasing repetition rate.

With an increasing repetition rate the maximal achievable pulse energy decreases. Fig. 3.4b
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shows the normalized radiant power over time of an average laser pulse. The normalized radiant

1

power in s~ * results in the radiant power if multiplied by the total pulse energy. The rather long

laser pulses resulted in a comparatively low peak radiant power.

Table 3.1: Key properties of the laser system used.

Property Value
Wavelength 532 nm
Pulse repetition rate 0-50kHz
Pulse duration 261 ns
Pulse stability 1.5%
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Figure 3.4: Laser pulse energy versus laser pulse repetition rate (a) and normalized radiant power
of an average laser pulse versus time (b).

Optical Setup

For the experiments the laser light was formed into a laser light sheet. Fig. 3.5 shows a
schematic of the optical setup used to generate the laser light sheet. The adjustability of
the pulse energy was realized by a waveplate and a polarizing beam splitter (Thorlabs, VA5-
532/M). The laser power was measured by a thermal laser power meter (Ophir, BeamTrack,
50(150)A-BB-26-QUAD). The laser light was directed to the lenses for the light sheet genera-
tion by two adjustable laser line mirrors (Thorlabs, NB1-K12). The light sheet was formed from
a laser beam with a round cross section by a plano-concave cylindrical lens (Thorlabs, LK1743-
L1-A, f=—100 mm) and a plano-convex spherical lens (Thorlabs, LA1725-A, f=400 mm), which
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formed a Galilean telescope. The lenses were placed at a distance so that a light sheet with
constant height was formed. This was achieved by adjusting the distance between the lenses,
so that the focal points lie on top of each other. Thus, a collimation of the light along the height
of the light sheet was realized. Behind the lenses the light sheet was directed to the test cell
by a protected silver mirror (Thorlabs, PF20-03-P01). The last mirror and the lenses could be
rotated around the optical axis to adjust the angle of incidence of the laser light sheet onto the
test cell. The detector setup was located in front of the test cell under investigation.
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Figure 3.5: Schematic of the laser setup and the light sheet optics.

Light Sheet

In order to ensure an almost homogeneous fluence distribution along the height of the light
sheet a beam profile measurement was performed. Fig. 3.6 shows the result of the beam
profile measurement (DataRay Inc., WinCamD-LCM) at the thinnest position of the light sheet.
The diagram shows the normalized fluence in m~2 that results in the fluence distribution if
multiplied with the total pulse energy or in the radiant power density distribution if multiplied

2 of the maximal fluence the height of the laser

with the radiant power. For a threshold e~
light sheet was 38 mm and the thickness was 642 um. In order to have an approximately flat
fluence distribution along the height only =5 mm around the maximal fluence were used for

the measurements.

In order to examine the development of the light sheet thickness along the propagation detec-
tion of the light, the thickness was measured at different locations around the thinnest position.
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Fig. 3.7 shows the development of the light sheet thickness. There was no significant change of
the light sheet thickness in the region =3 mm around the thinnest position which was used for

the measurements.
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Figure 3.6: Normalized fluence distribution at the thinnest position of the light sheet.
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Figure 3.7: Development of the light sheet thickness along the propagation direction.

3.3 Detector Setups

In this section the detector setups used to detect the fluorescence signal are described. For the
experimental investigations two different setups were used. The first setup was a spectrometer
which was used for the characterization of single fluorescent dyes and possible dye combinations
for the 2c/2d PLIF-Thermography. For the 2c¢/2d PLIF-Thermography itself the second setup, a
channel-based imaging spectrometer, was used which is able to spatially resolve two spectral

channels.
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Spectrometer

Fig. 3.8 shows a schematic of the spectrometer setup used for dye characterization. The spec-
trometer was protected from the stray light of the laser by a long-pass (Semrock, 532 nm Edge-
Basic, BLP01-532R-25, edge wavelength 542nm). The transmission curve of the long-pass is
shown in Fig. 3.9. The fluorescent light was collected with a collimator (Stellar Net Inc, LENS-
QCOL, 3° field of view) and was fed into an optical waveguide (Stellar Net Inc, F600-UVVis-SR,
600 um core diameter) which was connected to the spectrometer.
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Figure 3.8: Schematic of the detector setup used for dye characterization.
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Figure 3.9: Transmission curves of the long-pass.
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Channel-Based Imaging Spectrometer

Fig. 3.10 shows a schematic of the channel-based imaging spectrometer used for the 2c¢/2d
PLIF-Thermography. The channel-based spectrometer consisted of a telecentric lens, a relay lens
group, a filter cube, and two detectors. The idea for the design was inspired by the setup used
by Bork [5] for imaging raman spectroscopy.

sCMOS Detector: Sef____——— Top
| | Laser light sheet
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sCMOS Detector: Sgens Fluorescence signal
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=
i
Filter cube \Intermediate image i

Figure 3.10: Schematic of the detector setup used for 2c/2d PLIF-Thermography.

The telecentric lens (TECHSPEC, 0.9X PlatinumTL) imaged the collected fluorescence light into
an intermediate image. A telecentric lens with a magnification of 0.9 was chosen because it
produces an orthographic image with little perspective distortion. This was necessary for 2¢/2d
PLIF-Thermography experiments at a stationary evaporating meniscus to enable an easy iden-
tification of the evaporator wall. Furthermore, this ensured that the part of the meniscus that
should be observed is not hidden by the part of the meniscus that is closer to the lens and there-
fore would appear larger with an entocentric lens. The intermediate image was transferred
through the filter cube (Thorlabs, DFM/1) to the detectors by a relay lens group. The relay
lens group consisted of three lenses (Nikon, Nikkor 50 mm 1:1.4 Ai-S) with a focal length of
f=50mm and had a magnification of one. The first lens of the relay lens group imaged the
intermediate image to infinity and thus parallelized the light. The other two lenses of the relay
lens group imaged the parallelized light onto the two detectors.

The filter cube was located between the lenses of the relay lens group. Inside the filter cube
the fluorescence light was separated spectrally by a combination of an imaging-flat dichroic
mirror (Semrock, FF640-FDi01, edge wavelength 640 nm), a long-pass (Semrock, BLP02-561R,
edge wavelength 572 nm), and a band-pass (Semrock, FF01-578/21, center wavelength 578 nm,
bandwidth 21 nm) into a temperature-sensitive part Sg.,; and a reference part S,.;. The trans-
mission curves of the filter combination are shown in Fig. 3.12. This configuration was chosen
because the filter characteristics depend on the angle of incidence of the light. The filters were
selected from standard filters produced by Semrock in order to maximize the dependence on
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temperature of the ratio of the fluorescence signals and the height of the individual fluorescence
signals. The dichroic mirror was selected from the list of filters which are imaging flat to avoid a
distorted image on the detector of the reference signal due to curvature of the filter substrate.

The filter cube was attached to a kinematic mount which allowed an angular adjustment of +4°.
This way the filter cube could be tilted around two axes so that a coarse mechanical alignment
of the two images by two thumb screws was facilitated. A small tilting of the filter cube led to a
translation of the image on the detector for the reference signal while the position of the image
on the detector for the sensitive signal remained unchanged. By a rotation of the detectors the
orientation of the images could be adjusted. However, this alignment is not sufficient for the
2¢/2d PLIF-Thermography. Therefore the images of the two detectors were additionally aligned
by a coordinate transformation during the evaluation process.

As detectors two sCMOS Andor Zyla 5.5 were used. Fig. 3.11 shows the development of the
signal-to-noise ratio of the sSCMOS detectors used with increasing gray value. The key properties
of the sCMOS detectors were determined according to EMVA 1288 [22] at an integrating sphere
and can be found in Tab. 3.2. The sSCMOS detectors have a very good linearity and a low pixel
response non-uniformity. Therefore a radiometric calibration of the individual sCMOS detectors
was not considered. The sSCMOS detectors have a high signal-to-noise ratio and a high dynamic
range. Additionally, the sCMOS detectors have a high quantum efficiency. This is important for
2c/2d PLIF-Thermography because it is desired to detect as much of the fluorescence signal as
possible. The sCMOS detectors were cooled down to 0 °C so that the ambient temperature had

no influence on the camera characteristics.

For the experiments the cameras were operated in the global shutter mode and two-by-two
hardware binning was applied to increase the quantum efficiency and to improve the signal-to-
noise ratio. The spatial resolution of the total setup was determined as 14 pm per pixel with a
resolution test target. The optical resolution of the setup was measured to be in the order of
25 um with a 1951 USAF chart at 50 % contrast. The cameras were set to an exposure time of
50 ms at a frame rate of 4 Hz. The analog digital conversion was set to 16 bit. The pixel read-out
rate was set to 560 MHz and triggering mode was set to external.

Table 3.2: Key properties determined according to EMVA 1288 of the sCMOS detector used.

Property Value
Dark noise 2.55e”
Dark signal non-uniformity 2.15e”
Signal-to-noise ratio SNR,, 175
SNR_1 0.57 %
Pixel response non-uniformity 0.93 %
Non-linearity error LE 0.20%
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Figure 3.11: Signal-to-noise ratio versus gray value according to EMVA 1288 of the sCMOS detec-
tor used.
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Figure 3.12: Transmission curves of the channel-based imaging spectrometer’s filter setup.
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3.4 Timing and Synchronization

For 2c/2d PLIF-Thermography it is necessary that the fluorescence detected by both detectors is
caused by the same laser pulses, because the fluorescence signal depends on the laser fluence,
which is not absolutely constant. Therefore a synchronization of the detectors’ exposure time
with the laser pulses has to be achieved. Fig. 3.13 shows a schematic of the timing and synchro-
nization of the detectors and the laser pulses. The timing and synchronization was achieved by
TTL signals generated by a timing hub (IDT, MotionPro Timing Hub). One TTL signal was used
to trigger the exposure of the detectors and one was used to trigger the laser pulses. During
each exposure a burst of several laser pulses was triggered. The exposure of the detectors was
delayed by 150 ps with respect to the first laser pulse of each burst. This was necessary because
the first laser pulse of each burst had a much higher pulse energy than the rest.

delay

Exposure

Laser pulses ‘ ‘ ‘ ‘ ‘ ‘
L

Figure 3.13: Schematic of timing and synchronization of detector exposure and laser pulses.

3.5 Chemicals Used

In Tab. 3.3 the chemicals used are listed. The fluorescent dyes were supplied by Radiant Dyes
Laser & Accessories GmbH. As solvent ethanol ROTIPURAN >99.8 % p.a. from Carl Roth, which
contains no methyl ethyl ketone (MEK), was used. This was done to avoid possible influences
of the MEK, which is otherwise used to denature the ethanol. The thermodynamic properties of
ethanol were calculated according to Dillon and Penoncello [17].

The dyes were dissolved separately in ethanol. The generated solutions were mixed in the
desired ratios and diluted to the needed concentrations. This way the ratio of the dye concen-
trations was kept constant for all experiments. Two dye combinations were used: Rhodamine 6G
and Pyridine 1 in a mass concentration ratio of 1:7.4 and Rhodamine 6G and DCM in a mass
concentration ratio of 1:10.8. With these mass concentration ratios an almost identical signal
height on both detectors could be achieved for the 2c¢/2d PLIF-Thermography.

These dyes were chosen with respect to the investigations of Nasarek [42], who identified them
as the most promising dyes usable for 2c/2d PLIF-Thermography in ethanol among common
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laser dyes which can be dissolved in ethanol. The most common dye combination for water
Rhodamine B and Rhodamine 110 was not used because it has a large overlap of absorption
and emission spectra in the regions used for the 2c/2d PLIF-Thermography. Therefore it was
regarded as less promising for use for measurements at an evaporating liquid meniscus than the
combinations described by Nasarek for ethanol. Furthermore, the combination of Rhodamine B
and Rhodamine 110 is not sufficiently excitable at a wavelength of 532 nm [43].

Table 3.3: List of the chemicals used.

Name Molecular formula Molar mass CAS no.
Ethanol >99.8 %, p.a. C,HcO 46.07gmol™!  64-17-5
Pyridine 1 C19H23N,04Cl 378.85gmol™! 110-86-1
DCM C19H;7N30 303.36gmol ! 51325-91-8
Rhodamine 6G CogH31N,05Cl 479.02 gmol™! 989-38-8

3.6 Experimental Procedures

In this section the experimental procedures are described. The experimental procedures can be
divided in two categories. The first category includes the procedures used for the investigation
of the possible dye combinations. The second category sums up the procedures applied for the
investigations of the 2c/2d PLIF-Thermography.

Experimental Procedures for Dye Characterization

Prior to the experiments the dye solution was degassed in an ultrasonic bath which was heated
to approximately 60 °C for 1 h. This was done to remove dissolved air from the solution. For the

experiments regarding the influence of dissolved air the degasification was omitted.

After every measured parameter set the liquid in the cavity was exchanged to avoid an influence
of photobleaching. For experiments with changing dye concentrations the dye solution was
removed from the test cell. Afterwards the test cell was flushed four times with ethanol. After
the last flush the test cell was dried with a vacuum pump and filled with the new dye solution.
This reduced the error from dye residuals in the cavity. For the investigation of the influence of
photobleaching the replacement of the dye solution was omitted.

The number of laser pulses that was used to generate the fluorescence for one spectrum and
the exposure time of the spectrometer was adjusted so that the highest signal of the spectrom-
eter in the measured parameter range was at approximately 80 % of the dynamic range of the
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spectrometer. This was done to avoid possible nonlinearity due to the characteristic of the spec-
trometer’s detector close to saturation. One spectrum was the accumulated fluorescence signal
generated by multiple laser pulses. The laser pulse frequency was either 10 kHz or 15 kHz. The
high repetition rate of the laser was used to achieve a good signal-to-noise ratio even at low
pulse energies by accumulation of the fluorescence signal generated by several laser pulses over
the exposure time of the spectrometer’s detector. The laser was switched on only during the
exposure time of the spectrometer to avoid photobleaching of the dyes. The laser fluence was
set to be in the linear regime of the dye combination. Only for the experiments regarding the
influence of the laser fluence was the linear regime left.

In every experiment only one parameter was manipulated while all others were kept constant.
For each parameter set 60 samples were recorded with the spectrometer. The temperature of
the dye solution was kept stable within +0.05°C. The temperatures at the bottom and at the
top of the cavity did not differ more than 0.1 °C from each other. This was taken as an indication
of a uniform temperature distribution. For the experiments where the pressure was varied the
pressure was kept stable with a vacuum pump within =5 mbar. The measurement of the laser
power was done before and after the recording of the spectra. For every laser power 100 samples

were recorded with the thermal laser power meter.

Experimental Procedures for 2c/2d PLIF-Thermography

For experiments concerning the investigation of the applicability of 2c/2d PLIF-Thermography
at a stationary evaporating meniscus the following procedures were used. The experimental
setup for the investigation of a stationary evaporating liquid meniscus was evacuated. After
the evacuation, the test cell was filled with the ethanol dye solution. In the ethanol the dyes
Rhodamine 6G and Pyridine 1 were dissolved in a mass concentration ratio of 1:7.4. The con-
centration of Rhodamine 6G was 2.5 pgL ™! and the concentration of Pyridine 1 was 18.4 pugL™!.
Prior to the filling process the solution had been degassed in an ultrasonic bath which was heated
to approximately 60 °C for 2 h. After the filling process remaining non-condensable gases were
removed by a vacuum pump through the valve at the top of the condenser. As the criterion for
a successful degasification the saturation temperature calculated from the pressure measured
inside the test cell and the temperature of the test cell were compared. The degasification was
continued until both temperatures matched each other within the measurement uncertainty.

Each day prior to the experiments non-condensable gases were removed.

A 2c¢/2d PLIF-Thermography measurement consisted of a series of 40 subsequent images
recorded by the channel-based imaging spectrometer. For every measurement also 40 im-
ages of the background were recorded for the background subtraction. The laser was set to
30kHz and an average power of 3.4 W measured under continuous pulsed operation.
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Calibration

Prior to the actual calibration the two sCMOS detectors of the channel-based imaging spec-
trometer were roughly aligned mechanically with a grid target (Thorlabs, R1L3S3P). Images
of the target were recorded with both detectors. These images were used for the coordinate
transformation during the data evaluation. For the calibration of the 2c¢/2d PLIF-Thermography
the whole evaporator was filled with the liquid ethanol dye solution. Therefore the reservoir
was positioned in a way that the evaporator section of the test cell between the two valves was
completely filled. After this the valves were closed in order to separate the evaporator from the
rest of the system. This way evaporation inside the evaporator was prevented during calibra-
tion. To achieve a homogeneous temperature distribution inside the evaporator the tempering
jacket and the trace heating were used. For the calibration the temperature of the dye solution
was increased starting from 21.0°C to 31.0 °C in steps of 2.0 °C. At each temperature level ten
measurements were performed. As temperature reference for the calibration the two thermo-
couples inside the evaporator were used. The difference between the temperatures measured
at the thermocouples was always below 0.05 °C under stationary conditions. This was used as
indication for a homogeneous temperature distribution inside the liquid.

Validation and Repeatability

The validation of the performed calibration was conducted subsequently to the calibration with
an unchanged setup. For the validation the temperature of the ethanol dye solution was raised
starting from 22.0 °C to 30.0°C in steps of 2.0°C. At each temperature level ten 2c/2d PLIF-
Thermography measurements were conducted.

For the investigation concerning the repeatability the dye solution in the evaporator was kept at
26 °C for several hours. During this time a total of 25 2¢/2d PLIF-Thermography measurements
were run at ten-minute intervals.

Measurements at the Stationary Evaporating Liquid Meniscus

For the measurements at the evaporating liquid meniscus the valves below and above the con-
denser which were closed for calibration were opened. The liquid-vapor interface was moved
inside the field of view of the channel-based imaging spectrometer by lowering the reservoir. For
the measurements at an evaporating meniscus only the tempering jacket of the evaporator was
used as heat source and the trace heating was switched off. This ensured that the wall was only

superheated inside the evaporator in order to prevent nucleate boiling below this section. The
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temperature of the condenser and the temperature of the tempering jacket were first set to the
same value. From this point on, the temperature of the heating jacket was increased in 1.0 °C
steps until nucleate boiling started. This was done to achieve increasing levels of wall superheat
and thereby increasing evaporation rates. At each temperature step 2c¢/2d PLIF-Thermography
measurements were taken.

3.7 Data Evaluation Procedures

In this section the data evaluation procedures are described. First the data evaluation procedure
for the investigation of the dye combinations for the 2c/2d PLIF-Thermography is presented.
Afterwards the data evaluation procedure for the 2c/2d PLIF-Thermography itself is described.

Data Evaluation Procedure for Dye Characterization

The measurement data was evaluated spectrally resolved and integrally. For the integral evalu-
ation two parts of the spectrum were separated by integration along two different wavelength
intervals. One part (S,.;) was in a region of the spectrum that is only slightly affected by temper-
ature changes (A, to A,) and the other one (S.,,) covers the region of the spectrum that is most
affected by temperature changes (A5 to A,). The regions were chosen with respect to the re-
quirements for 2c¢/2d PLIF-Thermography given by Coppeta and Rogers [14]. The fluorescence
signals are given by

Az
Sief = f S(A)dA (3.1)
A
A4
Ssens = J S(A)da (3.2)
A3

where S, is the fluorescence signal in the region with almost no temperature influence; S,
the fluorescence signal in the region with high temperature influence; S(A), the fluorescence
signal as a function of the wavelength A. The ratio R of the fluorescence signals in the two
regions of the spectrum is given by

S
R=">2 (3.3)

3.7 Data Evaluation Procedures 39



All wavelengths were selected on the basis of standard filters from Semrock Inc. that could be
used in the 2¢/2d PLIF-Thermography application. The wavelength A; was selected in a way
that it is above the laser wavelength and the overlap of emission and absorption spectra is low.
The wavelengths A, to A, were selected in a way that the temperature dependency of the ratio
and the fluorescence signal were optimized. The integral results presented are therefore only
valid for the wavelengths given in Tab. 3.4.

Table 3.4: List of the wavelengths used for the dye characterization.

Wavelengths Rhodamine 6G and Pyridine 1 Rhodamine 6G and DCM

Aq 565 nm 545 nm
Aq 590 nm 570 nm
As 640 nm 600 nm
Ay 700 nm 660 nm

In Fig. 3.14 the relative emission spectra of the two dye combinations are shown. Compared
to the individual dyes there was no change of the emission spectra observed. The colored areas
are the regions for which the influence of laser fluence, concentration, temperature, pressure,
amount of dissolved air, and photo-stability was investigated integrally.

For every measured data point 60 spectra were averaged. The measurement uncertainty of the
averaged values was calculated as the root-mean-square deviation of these samples divided by
the square root of the number of samples.

The results of measurements regarding the influence of the laser fluence on the fluorescence
signal were fitted with a model available in literature. According to Eckbreth [20], from
a rate-equation analysis of a two-level model the following relationship which describes the
fluorescence-signal-collected S as a function of the laser spectral irradiance I, can be derived:

Bis 1
Bi+Bjy 1+ —IVI’S*“
44

Q
S= 4—7_CAZ At €Ay N (3.4)

where Q is the collection solid angle; A, the focal area of the laser beam; [, the axial extent along
the beam from which the fluorescence is observed; At,, the sampling interval; €, the collection
efficiency; A,;, Einstein coefficient for spontaneous emission, Nlo, the species population prior
to excitation; B;,, Einstein coefficient for stimulated absorption; B,;, Einstein coefficient for

stimulated emission; I, o, saturation spectral irradiance.
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73 ugL™" Pyridine 1 in ethanol. Laser fluence of 106 ugL™' DCM in ethanol. Laser fluence of
2.06 mJcm™2. 1.35mJcm™2,

Figure 3.14: Relative emission of the dye mixtures versus the wavelength. Solution temperature
of 22.0°C.

With the assumption of a constant pulse length At, the spectral irradiance can be expressed
as a function of the spectral fluence u,. With the assumption of a constant laser linewidth the
spectral fluence can be replaced by the fluence u:

1
szlvdv=—fuvdv=i (3.5)
At, At

With a reference laser fluence u, the relative fluorescence signal S, can be expressed as a
function of the fluence with the parameter ug,.

S(u) — 1+ usat/uref
S(uref) 1+ Usat/Uref

U/uref

Sre(u) = (3.6)

The parameter ug,, was calculated spectrally resolved and integrally for the two spectral parts
of the two dye combinations by a least-squares fit with experimental data.

The results of measurements regarding the influence of the dye concentration on the fluores-

cence signal were fitted with a model available in literature. According to Lemoine, Wolff, and
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Lebouche [38] the relative fluorescence signal versus the molar dye concentration C with the
molar concentration reference C,.¢ can be described by

s(c) ¢
S(Cref) C'ref

_ C
S.4(C) = 10 ! Ceetlgg D) (3.7)

where ¢ is the decadic absorption coefficient and [ is the path length. In the experiments the
path length [ was 15.5 mm. The dye mixture is treated as a solution with only one species with
the molar concentration C, which is the sum of the two dyes’ molar concentrations. For this
reason the results are only valid for the mass concentration ratio of 1:7.4 for Rhodamine 6G
and Pyridine 1 and 1:10.8 for Rhodamine 6G and DCM. The effect of concentration quenching
was neglected because of the low overall concentrations used, which were at least three orders
of magnitude lower than the common concentrations used for dye lasers. The absorption coeffi-
cient was calculated spectrally resolved and integrally for the two spectral parts of the two dye
combinations by a least-squares fit with experimental data.

The results of measurements regarding the influence of the temperature of the dye solution on
the fluorescence signal were fitted with a model available in literature. According to Lemoine
et al. [39] the relative fluorescence signal versus the temperature T of the dye solution and a
reference temperature T,.¢ in Kelvin can be described by

1) _ p(4-1%)

Sa(T) = ST - e f (3.8)

with the temperature coefficient 3. The temperature coefficient was calculated spectrally re-
solved and integrally for the two dye combinations by a least-squares fit with experimental
data.

For the ratio R(T) of the fluorescence signal from the two parts of the spectrum a similar equa-
tion can be formulated. With a ratio at a reference temperature the relative ratio R,.;(T) can be
written as a function of the temperature.

Sseﬂs(T) Sref(Tref) _eﬁR(%—TL)

R(T) = _
rel Sref(T) Ssens( Tref)

(3.9)

with
ﬂR = ﬁsens - ﬁref (310)

42 3 Materials and Methods




The temperature coefficients fB; of the ratio were calculated for the two spectral parts of the two
dye combinations by a least-squares fit with experimental data.

Data Evaluation Procedures for 2c¢/2d PLIF-Thermography

The data evaluation of the 2c¢/2d PLIF-Thermography consisted of two parts. The first part was
the calibration of the 2c/2d PLIF-Thermography and the second part was the evaluation of the
measurement data of the 2c¢/2d PLIF-Thermography with the previously calculated calibration.
For both parts of the data evaluation a coordinate transformation of the images from both
detectors of the channel-based imaging spectrometer is needed, which ensures a registration in

the world coordinate system and an alignment of the images from both detectors.

Coordinate Transformation

Based on the images of the grid target taken prior to each calibration a coordinate transforma-
tion to world coordinates was calculated for each detector. Fig. 3.15 shows a schematic of the
calculation of the coordinate transformations. The axis of the world coordinate system were
referenced to the walls of the evaporator. This way an alignment of the pixels of the two detec-
tors was possible and potential distortion of the images was removed. Furthermore, after the
transformation the orientation of the images matched the orientation of the world coordinate
system and thus had the same orientation as the walls of the evaporator.

In order to calculate the transformations to the world coordinates first the nodes of the grid
target images were detected. Therefore the grid images were transformed into binary images
by a global threshold. On the generated binary images a morphological thinning was applied.
The lines of the grid were extracted from the Hough transformation of the binary grid images.
From the lines the nodes are approximated by calculation of the intersections of the lines. The
approximated nodes were fine-tuned by a local cross-correlation in the neighborhood of the
approximated node location of the grid images from both detectors. From the detected nodes
and a digital representation of the nodes in the world coordinate system an affine transformation
which included translation, scale, and rotation was calculated for each detector. From the
known spacing of the grid nodes in the world coordinate system the spatial resolution was
calculated.

Calibration

The data set for the calibration consisted of the N images recorded at M temperature levels from

each detector S, , ,, and Sgep ,  together with the associated background, the M temperatures
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Figure 3.15: Coordinate transformation for the channel-based imaging spectrometer.

of the thermocouples T,, inside the cavity, and the coordinate transformations for each detector.
The elements of S,y aNd Sgeng pm are given by Seeng;iin m and Sper; i n m T€SPEctively, where n is
the index of the image; i, j the indices of the pixel, and m the index of the temperature.

Fig. 3.16 shows a schematic of the calibration procedure. The first step of the calibration process
was the background subtraction which was performed for each image. After the background
subtraction the coordinate transformation was applied to each image. In this order there is
no need for a coordinate transformation of the background images and so computation time is

reduced.

By a pixel-wise division of the images S, , and Sy, m T€COrded at the same time by both de-

tectors, N ratio matrices at M temperature levels R, ,, with the elements r; ; , ., were created.

_ Ssens,ixj,n,m (3 11)

ri,j,n,m
Sref,i,j,n,m
The resulting N images at each temperature level were temporally averaged so that M ratio

matrices R,, — one for each temperature step — were generated. Additionally the temporal
standard deviation o, ; ,, for each element r; ; ., along the N images was calculated.

N
1
Tijm = 3 Z Tijnm (3.12)

n=1
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1 N
Oijm = \J m ; (ri,j,n,m - ri,j,m)z (3.13)

For each element r; ; , of the ratio matrices R,, a calibration curve r;; = f; ;(T,,) was fitted

»J,m
by a least-squares analysis. Two different functions were considered for the 2c/2d PLIF-
Thermography calibration. The first approach was the exponential function introduced by
Lemoine et al. [39]. The function has two degrees of freedom in the form of the fitting pa-

rameters k and f3.

Pij

e T (3.14)

r' i — ki’]

L]

The second approach was a second-order polynomial function. The function has three degrees

of freedom in the form of the fitting parameters a, b, and c.

ij = aij T? + b T+ci; (3.15)

The fitting parameters were determined as the values that minimize ;(l.z’ ;- In this approach the
standard deviation of the measured data points is used as weight for the squared deviations of
the fit and the measured data. This was done to account for the rise of the standard deviation
with temperature caused by the decrease of the fluorescence signal at higher temperatures.

M (¢ . —f (T 2
Xi%j — Zl (rl,],m fl,]( m)) (316)

TLim

The minimum value of )(fj was used to judge the quality of the fit and to compare the perfor-
mance of different calibration functions by an y2 analysis. The y? analysis offers a measure to
judge the likelihood of the fit based on the random fluctuations of the measured values described
by the standard deviation. A detailed description of the y2 analysis can be found in Berendsen
(2011) - A Student’s Guide to Data and Error Analysis [4], chapter 7.4. The other criteria to
access the quality of the fit was to analyze the dependence of the residuals r; ; ,, — f; ;(T,;,) on T.
A reasonable fit yields residuals that are a sample from a random distribution and are therefore
uncorrelated.
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Figure 3.16: Schematic of the calibration procedure for 2c/2d PLIF-Thermography.
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Evaluation

The data set of a 2c/2d PLIF-Thermography measurement consisted of N images recorded by
each detector S,¢, and S, together with the associated background, the coordinate transfor-
mation for each detector, and the calibration parameters for each pixel. The elements of S,

and Sgepg , are given by Sens i i, and Sy, i , T€spectively.

Fig. 3.17 shows a schematic of the calibration procedure. The first step of the evaluation of a
2¢/2d PLIF-Thermography measurement was the background subtraction which was performed
for each image. After the background subtraction the coordinate transformation was applied to
each image. By a pixel-wise division of the frames S, and S, recorded at the same time dy

both detectors, N ratio matrices R,, with the elements r; ; ,, were created.

>J51

Ssens,i,j,n
Fijn = 2t (3.17)
Sref,ij,n

From these ratio matrices R, the temperature matrices T,, with the elements ¢; ; , were retrieved

by the inverse calibration function fgl with the calibration parameters for each pixel.

tijn = fij (ri7.n) (3.18)

The resulting temperature matrices T, were averaged temporally over the N images. Addition-
ally the temporal standard deviation O'l.Tj , was calculated for each element.

1 N
Lj =y D tiin (3.19)
n=1
1 & )
T _
O-i:j’m - N _ 1 Z]; (Ti,j,n - Tl,]) (3.20)
n=
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Figure 3.17: Schematic of the evaluation procedure for 2c¢/2d PLIF-Thermography.
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3.8 General Measurement Uncertainties

If not indicated otherwise the measurement uncertainties given in Tab. 3.5 are applicable. The
uncertainties are calculated as one standard deviation of the measurement data. For the calcu-
lation of the saturation temperature from the system pressure the assumption has to be made
that no non-condensable gases are present. The measurement uncertainty of the saturation
temperature is derived by the error propagation of the pressure uncertainty and the uncertainty
of the ancillary equation given by Dillon and Penoncello [17] used for its calculation.

Table 3.5: List of general measurement uncertainties.

Measured quantity Measurement uncertainty
Temperature +0.05°C

Pressure +5mbar

Saturation temperature +0.2°C

Concentration +2%

Decadic absorption coefficient *+4%

Wavelength +1.5nm

Laser fluence +1.5%
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4 Dye Characterization

In this chapter the results of the spectral characterization of the fluorescent dyes regarding an
application for 2c¢/2d PLIF-Thermography are presented and discussed. First of all the absorption
and emission spectra of the individual dyes (Rhodamine 6G, Pyridine 1, and DCM) dissolved in
ethanol are presented. Based on the results of the investigation of the temperature dependence
of the individual dyes’ emission spectra, two combinations potentially suitable for 2c/2d PLIF-
Thermography are selected.

For these dye combinations the investigation results of the fluorescence signals’ dependence on
temperature, laser fluence, and dye concentration are shown and discussed. Furthermore, the
investigation results of the influence of pressure, dissolved air/oxygen, and photobleaching are
presented. The results presented in this chapter have already been published by Fenner and
Stephan (2017) in [23]. Based on these results the combination most suitable for the 2c¢/2d
PLIF-Thermography is selected for the further investigations at the end of this chapter.

4.1 Absorption and Emission Spectra of the Individual Dyes

In Fig. 4.1a the measured relative absorption spectra of the dyes dissolved in ethanol are
shown. The temperature of the dye solutions was 25.0°C. The peak decadic absorption co-
efficient was 6.3 x 10*Lmol " 'em™! at 528 nm for Rhodamine 6G, 2.8 x 10* Lmol 'em™! at
493 nm for Pyridine 1, and 2.7 x 10*Lmol " 'em™! at 472 nm for DCM. At the laser wavelength
of 532nm the decadic absorption coefficient was 6.2 x 10*Lmol " 'em™! for Rhodamine 6G,
1.9 x 10*Lmol 'em™! for Pyridine 1, and 6.4 x 10° Lmol 'ecm ™! for DCM. Thus, a sufficient
excitation of the dyes is possible with the laser used.

In Fig. 4.1b the emission spectra of the individual dyes dissolved in ethanol are shown. The
fluorescence emission of Rhodamine 6G showed a small Stokes shift of only 22 nm. The peak
emission of Rhodamine 6G was located at 550 nm. The absorption and emission spectra of
Rhodamine 6G partly overlapped in the region from 540 nm to 565 nm.

In the case of DCM the Stokes shift was 138 nm. The peak emission was located at 610 nm.
The absorption and emission spectra of DCM partly overlapped in the region from 540 nm to
565 nm.
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Pyridine 1 showed the largest Stokes shift of the three dyes of 177 nm. The peak emission was
located at 670 nm. The absorption and emission spectra of Pyridine 1 partly overlapped in the
region from 540 nm to 650 nm.
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Figure 4.1: Absorption and emission spectra of Rhodamine 6G, Pyridine 1, and DCM in ethanol
at 25.0°C.

4.2 Influence of Temperature on the Fluorescence Signal

The temperature influence on the fluorescence signal was first investigated for the individual
dyes dissolved in ethanol in order to identify dye combinations suitable for the 2c/2d PLIF-
Thermography. After the identification of suitable dye combinations the influence of the tem-
peratures on the fluorescence signal was also studied for these dye combinations.

Single Dyes

Fig. 4.2 shows the emission spectra of the single dyes dissolved in ethanol at three different
temperatures. The dependence on temperature was evaluated spectrally by the sensitivity
which represents the percentage change per Kelvin of the fluorescence signal. A high abso-
lute sensitivity stands for a high dependence on temperature of the fluorescence signal and vice

versa.

The emission spectra of Rhodamine 6G showed no significant change at the different temper-

atures. The temperature sensitivity of the emission was around —0.3 %K ™! in the range from
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540 nm to 650 nm. This small change could be caused by the change of the dye concentration
due to the expansion of the liquid with an increasing temperature. For higher wavelengths the
emission of Rhodamine 6G was low and therefore the signal-to-noise ratio was also low. There-
fore a meaningful evaluation of the temperature sensitivity in this region was not possible.

The emission of Pyridine 1 showed a significant change at the three temperature levels. In the
range from 600 nm to 750 nm the emission decreased almost homogeneously with a tempera-
ture sensitivity of —2.4 %K™ !. Outside of this wavelength range the emission of Pyridine 1 was
low and therefore the signal-to-noise ratio was also low. Therefore a meaningful evaluation of
the temperature sensitivity in this region was not possible.

Also the emission of DCM showed a significant dependence on temperature. In the range from
540 nm to 700 nm the sensitivity on temperature increased from —0.1 %K ! to —2%K™!. Out-
side of this wavelength range the emission of DCM was low and therefore the signal-to-noise
ratio was also low. Therefore a meaningful evaluation of the temperature sensitivity in this
region was not possible.

Dye Combinations

Based on the dependence on temperature of the three dyes, two combinations were possible for
an application in 2c/2d PLIF-Thermography. Rhodamine 6G, which showed almost no depen-
dence on temperature, was combined with one of the other two dyes which showed a significant
dependence on temperature. The first combination examined was Rhodamine 6G and Pyridine 1
and the second one was a combination of Rhodamine 6G and DCM. For these two combinations
the dependence on temperatures was investigated. For these combinations the emission spectra
were measured at different temperatures of the dye solution.

For the combination of Rhodamine 6G and Pyridine 1 in ethanol the integral values of the
relative fluorescence signal with respect to the temperature are shown in Fig. 4.3b. For the
measurements a solution of 9.9 ugL.~! Rhodamine 6G and 73 ugL.~! Pyridine 1 in ethanol was
used. The laser fluence was 2.03 mJem ™2 and the laser pulse frequency was 10 kHz.

For the combination of Rhodamine 6G and DCM in ethanol the integral values of the relative
fluorescence signal with respect to the temperature is shown in Fig. 4.4b. For the measurements
a solution of 9.9 ugL~! Rhodamine 6G and 106 ugL."! DCM in ethanol was used. The laser
fluence was 1.35 mJem ™2 and the laser pulse frequency was 15 kHz.

The temperature coefficient 3 was calculated spectrally resolved and integrally for the two dye
combinations by a least-squares fit with the experimental data. The results are shown in Fig. 4.3

and Fig. 4.4. For the dye combination of Rhodamine 6G and Pyridine 1 an almost constant level
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Figure 4.2: Emission spectra of Rhodamine 6G, Pyridine 1 and DCM in ethanol at different tem-
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of low temperature dependence was observed in the region from 540 nm to 600 nm, where
the fluorescence signal mainly came from the Rhodamine 6G. In the region between 670 nm
and 700 nm, where the fluorescence signal is dominated by the emission of the Pyridine 1, an
almost constant level of high temperature dependence was observed. Between the two regions
the dependence on temperature becomes continuously greater. This behavior resulted integrally
in a low temperature coefficient of the reference fluorescence signal and a high temperature
coefficient of the sensitive fluorescence signal.
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Figure 4.3: Temperature influence on the fluorescence signal of a mixture of Rhodamine 6G and
Pyridine 1 in ethanol. Solution of 9.9 ugL™! Rhodamine 6G and 73 ugL™" Pyridine 1 in
ethanol. Laser fluence of 2.03 mJcm™.

For the dye combination of Rhodamine 6G and DCM from 540 nm to 570 nm, where the flu-
orescence signal was mainly caused by the Rhodamine 6G, an almost constant level of low
temperature dependence was observed as well. In the region 640 nm to 700 nm where the flu-
orescence signal is dominated by the emission of the DCM, an almost constant level of high
temperature dependence was observed.

The level of high temperature dependence of the combination of Rhodamine 6G and DCM is
lower than the level of the other combination. Between the two regions the dependence on
temperature becomes continuously greater. This behavior resulted integrally in a low tem-
perature coefficient of the reference fluorescence signal and a high temperature coefficient of
the sensitive fluorescence signal. The integral temperature coefficient of the sensitive fluo-
rescence signal of this combination is significantly lower than the one of the combination of
Rhodamine 6G and Pyridine 1. This is most likely caused by the lower dependence on temper-
ature of the fluorescence signal of DCM.
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Figure 4.4: Temperature influence on the fluorescence signal of a mixture of Rhodamine 6G and
DCM in ethanol. Solution of 9.9 ugL™' Rhodamine 6G and 106 ugL™' DCM in ethanol.
Laser fluence of 1.35mJcm™2.

Also the temperature coefficient 3y of the ratio was calculated for the two dye combinations by a
least-squares fit with the experimental data. The results are shown in Fig. 4.3b and Fig. 4.4b. In
both cases the residuals were well below 0.01. This is an indication that the model proposed by
Lemoine et al. [39] is suitable to describe the measurement data. The temperature coefficient

of the ratio was higher for the combination of Rhodamine 6G and Pyridine 1.

4.3 Influence of Laser Fluence on the Fluorescence Signal

The influence of the laser fluence on the fluorescence signal was investigated to identify the
region where the assumption of a linear relationship between laser fluence and the fluorescence
signal necessary for 2c/2d PLIF-Thermography is justified. This was necessary because only in
this region a compensation for laser fluence changes by the 2c/2d approach is possible. For
PLIF-Thermography the deviations from linear lead to erroneous temperature measurements if
laser fluence changes compared to the calibration. This contradicts the approach of 2c¢/2d PLIF-
Thermography to eliminate the influence of the laser fluence. Within the linear regime a change
of laser fluence can be compensated by the approach of 2c/2d PLIF-Thermography. Inside this
regime for example the attenuation of the laser fluence along the propagation direction of the
laser light due to absorption can be compensated by 2¢/2d PLIF-Thermography. As there is no
sharp border of the linear regime, the temperature deviations induced by laser fluence changes
had to be checked for the 2c/2d PLIF-Thermography separately in situ. Additionally to this effect
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Chaze et al. [13] report that outside of the linear regime the temperature dependency became
a function of the laser fluence and decreased with increasing laser fluence. Within the linear
regime the temperature dependency was not affected by the laser fluence.

For the combination of Rhodamine 6G and Pyridine 1 in ethanol the integral values of the
relative fluorescence signal with respect to the relative laser fluence are shown in Fig. 4.5b. For
the measurements a solution of 9.9 ugl.”! Rhodamine 6G and 73 ugL~! Pyridine 1 in ethanol
was used. The solution was heated to 25 °C. The laser pulse frequency was set to 10 kHz.

For low laser fluence up to 4.48 mJem ™2 the fluorescence signal increased approximately lin-
early with the laser fluence. For higher laser pulse fluence the fluorescence signal developed
increasingly underproportionally. The deviation from linear was not the same for both spectral
regions. S, s deviated more strongly from linear than S ¢.;s. In a 2¢/2d PLIF-Thermography
application this would lead to a deviation of the ratio of the fluorescence signals to higher values

and therefore lower measured temperatures.

For the combination of Rhodamine 6G and DCM in ethanol the integral values of the relative
fluorescence signal with respect to the relative laser fluence are shown in Fig. 4.6b. For the
measurements a solution of 9.9 pugl.~! Rhodamine 6G and 106 pgL.~! DCM in ethanol was used.
The solution was heated to 25 °C. The laser pulse frequency was set to 15 kHz.

For low laser fluence up to 3.23 mJem ™2 the fluorescence signal increased approximately lin-
early with the laser fluence. For higher laser fluence the fluorescence signal developed increas-
ingly underproportionally. The deviation from linear was not the same for both spectral regions.
Srelref deviated more strongly from linear than S, ¢ns. In a 2¢/2d PLIF-Thermography applica-
tion this would lead to a deviation of the ratio of the fluorescence signals to higher values and

therefore lower measured temperatures.

The saturation laser fluence ug, was calculated spectrally resolved and integrally for the two
spectral parts of the two dye combinations by a least-squares fit with experimental data. The
results are shown in Fig. 4.5a and Fig. 4.6a. The absolute value of the residuals are below 0.1 for
Rhodamine 6G and Pyridine 1 and below 0.15 for Rhodamine 6G and DCM. This is an indication
that the model and the measured data are in good agreement. Qualitatively the results are in
good agreement with Sutton, Fisher, and Fleming [55] for Fluorescein 27 (CyoH;¢0O5Cl,) in
water and with the results of Chaze et al. [13] for various dyes in water.

For the dye combination of Rhodamine 6G and Pyridine 1 the spectral analysis of the saturation
laser fluence showed an almost constant value in the region from 540 nm up to 640nm. In
this region the fluorescence signal is mostly caused by the emission of Rhodamine 6G. For
higher wavelengths up to 700 nm the saturation laser fluence is rising with an almost constant

slope. In this region the fluorescence signal is dominated by the emission of Pyridine 1. For
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the combination of Rhodamine 6G and DCM the spectral analysis of the saturation laser fluence
revealed a maximum at 625nm. The maximum of the saturation fluence was close to the

maximum of the emission of DCM at 610 nm.

The observed behavior suggests a relationship between the dependence on temperature and the
saturation laser fluence. A higher dependence seems to be connected to a higher saturation
energy and vice versa. But the observation of the reduction of the saturation laser fluence
after the maximum for the combination of Rhodamine 6G and DCM seems to contradict this

interpretation.

4.4 Influence of Concentration on the Fluorescence Signal

The influence of the dye concentration on the fluorescence signal was investigated in order
to identify the concentration range in which the assumption of a linear behavior of the flu-
orescence signal with a change of the dye concentration is valid. This linearity is required
because in the application of 2c/2d PLIF-Thermography at a stationary evaporating meniscus
the dye concentration changes locally due to the evaporation. For 2¢/2d PLIF-Thermography
the deviations from linear lead to erroneous temperature measurements if concentration or
path length changes compared to the calibration. Within the linear regime a change of con-
centration and path length can be compensated by the 2c¢/2d approach as long as the ratio of
the dye concentrations is constant. Since there is no sharp border of the linear regime, the
temperature deviations induced by concentration changes had to be evaluated for the 2c/2d
PLIF-Thermography experiments separately in situ.

For the combination of Rhodamine 6G and Pyridine 1 in ethanol the integral values of the rel-
ative fluorescence signal with respect to the relative concentration are shown in Fig. 4.7b. The
concentration ratio was kept constant while the overall concentration was varied. The solu-
tion was heated to 25.0 °C. The laser fluence was 2.15mJem ™2 and the laser pulse frequency
was 10kHz. For low overall concentrations up to 1.08 x 10”7 molL ™! the fluorescence signal
increased approximately linearly with the concentration. For higher concentrations the fluo-
rescence signal developed increasingly underproportionally. The part of the fluorescence signal
sensitive to temperature deviated more strongly from a linear behavior than the part which is
almost insensitive to temperature. In a 2c/2d PLIF-Thermography application this would lead to
a deviation of the fluorescence signals’ ratio to lower values and therefore to higher measured
temperatures.

For the combination of Rhodamine 6G and DCM in ethanol the integral values of the rela-
tive fluorescence signal with respect to the relative concentration are shown in Fig. 4.8b. The
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concentration ratio was kept constant while the overall concentration was varied. The solu-
tion was heated to 25.0 °C. The laser fluence was 1.35mJem ™2 and the laser pulse frequency
was 15kHz. For low overall concentrations up to 3.76 x 10”7 molL ! the fluorescence signal
increased approximately linearly with the concentration. For higher concentrations the fluores-
cence signal developed increasingly underproportionally. In this case the part of the fluorescence
signal which is almost insensitive to temperature deviated more strongly from a linear behavior
than the part which is sensitive to temperature. In a 2c¢/2d PLIF-Thermography application this
would lead to a deviation of the fluorescence signals’ ratio to higher values and therefore to

lower measured temperatures.

The decadic absorption coefficient ¢ was calculated spectrally resolved and integrally for the
two spectral parts of the two dye combinations by a least-squares fit with experimental data.
The results are shown in Fig. 4.7 and Fig. 4.8. The absolute value of the residuals are below
0.1 for Rhodamine 6G and Pyridine 1 and for Rhodamine 6G and DCM. This is an indication
that the model and the measured data are in good agreement. The results are also qualitatively
in good agreement with the results of Lemoine, Wolff, and Lebouche [38] for Rhodamine B
(CygH31CIN,0O3) in water and Melton and Lipp [40] for Rhodamine WT (Cy9H,9N,05CINa) in
water as well as the results of Sutton, Fisher, and Fleming [55] for Fluorescein 27 (Cy0H;¢05Cly)

in water.
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Figure 4.7: Influence of dye concentration on the fluorescence signal of a mixture of Rho-
damine 6G and Pyridine 1 in ethanol. Temperature of the solution 25.0°C. Laser
pulse fluence of 2.15 mJcm™.
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Figure 4.8: Influence of dye concentration on the fluorescence signal of a mixture of Rho-
damine 6G and DCM in ethanol. Temperature of the solution 25.0°C. Laser pulse
fluence of 1.35 mJcm™.

For the combination of Rhodamine 6G and Pyridine 1 the spectral analysis of the decadic absorp-
tion coefficient showed a local minimum at 580 nm in the region which was used as reference
signal for the 2c/2d PLIF-Thermography. For the combination of Rhodamine 6G and DCM the
spectral analysis of the decadic absorption coefficient also showed a minimum in this region. A
possible explanation for this behavior could be the overlap of the absorption and emission spec-
tra in this region. In both cases after the minimum the decadic absorption coefficient increased
again. This behavior can not be explained by the overlap of the emission and the absorption
spectra since the absorption spectra do not extend into the region above 650 nm.

4.5 Influence of Pressure on the Fluorescence Signal

In the 2c/2d PLIF-Thermography application at the stationary evaporating liquid meniscus the
system pressure changes between calibration and measurement. Therefore the influence of
pressure on the fluorescence signal was investigated. However, since the liquid can be regarded
as incompressible an influence of pressure on the fluorescence signal is not expected.

The influence of pressure was investigated in a range starting from an ambient pressure of
approximately 1000 mbar down to 200 mbar. This range was chosen based on the pressure

range of the experiments at the evaporating meniscus.
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For the combination of Rhodamine 6G and Pyridine 1 in ethanol the relative fluorescence signal
with respect to the pressure is shown in Fig. 4.9a. For the measurements a solution of 5.0 pugL ™!
Rhodamine 6G and 36.6 ugL.~! Pyridine 1 in ethanol was used. The solution was heated to
23.0°C. The laser fluence was 1.35 mJem ™2 and the laser pulse frequency was 15 kHz.

For the combination of Rhodamine 6G and DCM in ethanol the relative fluorescence signal with
respect to the pressure is shown in Fig. 4.9b. For the measurements a solution of 9.9 ugL™*
Rhodamine 6G and 106 ugL.~! DCM in ethanol was used. The solution was heated to 23.0°C.
The laser fluence was 1.35 mJem ™2 and the laser pulse frequency was 15 kHz.

As expected in both cases no significant influence of the pressure on the fluorescence signals and
their ratio in the range from ambient pressure to 200 mbar was observed. Therefore a chang-
ing pressure during the application of 2c/2d PLIF-Thermography at the stationary evaporating

meniscus is not expected to have an influence on the measured temperatures.
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Figure 4.9: Influence of pressure on the fluorescence signal of a mixture of Rhodamine 6G and
Pyridine 1 in ethanol (a) and Rhodamine 6G and DCM in ethanol (b). Relative dif-
ference from the fluorescence signal at ambient pressure versus the fluid pressure.
Solution temperature of 23 °C. Laser pulse fluence of 1.35 mJcm™.

4.6 Influence of Dissolved Air on the Fluorescence Signal

Since oxygen is known to be potentially a strong quencher for fluorescent dyes its influence

was investigated. Knowledge about the influence of oxygen was necessary because in the ap-
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plication of the 2c/2d PLIF-Thermography experiment at the stationary evaporating meniscus
the amount of dissolved air and accordingly the amount of dissolved oxygen in the liquid may
change between calibration and measurement. A dependence of the fluorescence signals on the

amount of dissolved air would lead to erroneous temperature measurements.

For the combination of Rhodamine 6G and Pyridine 1 in ethanol the relative fluorescence signal
with respect to the time that the solution was kept at 200 mbar is shown in Fig. 4.10a. For the
measurements a solution of 5.0 ugL.~! Rhodamine 6G and 36.6 ugL~! Pyridine 1 in ethanol was
used. The solution was heated to 23.0°C. The laser fluence was 1.35mJcm ™2 and the laser
pulse frequency was 15 kHz. The gas above the solution was air.

For the combination of Rhodamine 6G and DCM in ethanol the relative fluorescence signal with
respect to the time that the solution was kept at 200 mbar is shown in Fig. 4.10b. For the
measurements a solution of 9.9 pgL.~! Rhodamine 6G and 106 ugL.~! DCM in ethanol was used.
The solution was heated to 22.0°C. The laser fluence was 1.35mJem ™2 and the laser pulse
frequency was 15 kHz. The gas above the solution was air.
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Figure 4.10: Influence of dissolved air on the fluorescence signal of a mixture of Rhodamine 6G
and Pyridine 1 in ethanol (a) and Rhodamine 6G and DCM in ethanol (b). Relative
difference from the fluorescence signal at 0 h versus the time at 200 mbar. Laser
pulse fluence of 1.35 mJcm™.

According to Henry’s law the amount of dissolved oxygen in a liquid is proportional to the partial
pressure of the oxygen in the gas phase above the liquid at equilibrium. To evaluate the oxygen
influence the fluorescence signal at 1000 mbar total air pressure (<210 mbar partial pressure
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of oxygen) was compared to the fluorescence signal at 200 mbar total air pressure (~42 mbar
partial pressure of oxygen). In order to ensure that the equilibrium was reached the solution
was kept at 200 mbar total air pressure for several hours. Comparison of the results showed no

significant influence of oxygen on the fluorescence signal.

4.7 Influence of Photobleaching on the Fluorescence Signal

Since in the application of the 2c¢/2d PLIF-Thermography the dyes are exposed to numerous laser
pulses it was important to investigate if there is a significant dependence of the fluorescence
signals and their ratio on the number of the applied laser pulses at the needed laser fluence
used for the 2c/2d PLIF-Thermography. A dependence of the fluorescence signals and their
ratio would lead to a drift of the temperature measured with increasing number of laser pulses.
Fig. 4.11 shows the results of the investigations for both dye combinations.
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Figure 4.11: Influence of photobleaching on the fluorescence signal of a mixture of Rho-
damine 6G and Pyridine 1 in ethanol (a) and of Rhodamine 6G and DCM in ethanol
(b). Relative difference from the average fluorescence signal versus the number of
laser pulses. Laser pulse fluence of 1.35mJcm™2.

For the measurements with the first dye combination a solution of 5.0 ugL.~! Rhodamine 6G
and 36.6 ugL~! Pyridine 1 in ethanol was used. The solution was heated to 23.0 °C. The laser
fluence was 1.35 mJem ™2 and the laser pulse frequency was 15 kHz. Over 2.25 x 10° laser pulses
no significant influence of the number of laser pulses on the fluorescence signal was observed.
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For the measurements with the second dye combination a solution of 9.9 ugL.~! Rhodamine 6G
and 106 pgl.~! DCM in ethanol was used. The solution was heated to 25.0 °C. The laser fluence
was 1.35mJem ™2 and the laser pulse frequency was 15kHz. Over 1.25 x 10°laser pulses no
significant influence of the number of laser pulses on the fluorescence signal was observed.

4.8 Conclusion

Based on the results of the dye characterization the combination of Rhodamine 6G and Pyri-
dine 1 was chosen to be used for the further investigation regarding the applicability of the
2¢/2d PLIF-Thermography for measurements at a stationary evaporating meniscus. The rea-
son for this is its superior dependence on temperature. The dependence on temperature was
regarded as the most important feature since the achievable measurement uncertainty of the
2¢/2d PLIF-Thermography depends on this property. Since the temperature difference expected
to be measured with the 2c¢/2d PLIF-Thermography at the stationary evaporating meniscus was
in the order of 1°C, a low measurement uncertainty was considered to be most important. The
investigations regarding the influence of laser fluence, dye concentration, pressure, dissolved air,
and photobleaching did not reveal a significant difference between the two dye combinations.
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5 Applicability to a Stationary Evaporating
Meniscus

In this chapter the investigation’s results regarding the applicability of 2c/2d PLIF-Thermography
to temperature measurements at a stationary evaporating meniscus are presented. In the first
section of this chapter the two approaches for the calibration of the 2c¢/2d PLIF-Thermography
are presented and compared, in order to decide which approach should be used for the following
experiments. The chosen approach is investigated in detail regarding validity, measurement
uncertainty, and repeatability in the following sections. Additionally, the results regarding the
influence of the laser fluence and the dye concentration on the temperatures measured with
the 2c/2d PLIF-Thermography are presented and an estimation of the maximum temperature
error due to these influences is given. In the last sections of this chapter the results of the 2c/2d
PLIF-Thermography at a stationary evaporating meniscus are presented and discussed.

5.1 Calibration

In this section the two presented calibration functions are evaluated and compared with each
other in order to identify the one that represents the measurement data the best. The residuals
and the weighted sum of the squared deviations are used as criteria. Additionally, the weighted
sum of the squared deviations offers a possibility to judge the quality of the fit of the calibration
function in an absolute way. In the first step an exemplary pixel from the middle of the sensor
is examined. Because sCMOS detectors were used for the 2c/2d PLIF-Thermography the exam-
ination of single pixels is not sufficient to judge the quality of the calibration function’s fit for
the whole detector. Therefore in the second step every pixel was examined. This was done by
evaluating the residuals’ distribution and the distribution of the weighted sum of the squared
deviations in the form of histograms for the whole detector.

Fig. 5.1 shows the measured ratio of an exemplary pixel from the middle of the detector at
the temperature levels used for the calibration. The dashed and the solid lines are the two
calibration functions. The dashed line is the result of the exponential calibration approach and
the solid line is the result of the second-order polynomial calibration approach. The residuals
of the exponential calibration approach were a function of temperature and therefore showed a

characteristic pattern. The first and the last calibration points were underestimated and the rest
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were overestimated by the exponential calibration function. The residuals were in most cases
higher than the standard deviation of the ratio. These were indications that the exponential
calibration approach did not sufficiently describe the calibration data. For the second-order
polynomial approach the residuals were randomly distributed around zero within the standard
deviation of the ratio. These are indications that the second-order polynomial approach is a

reasonable description of the calibration data.
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Figure 5.1: Calibration curves and residuals for an exemplary pixel from the middle of the detec-
tor for both calibration approaches.

In the following the two calibration approaches are evaluated statistically for the whole sensor.
For comparison of the two calibration approaches the residuals and the weighted sum of the
squared deviations y2 were used. Fig. 5.2 shows the histograms of the residuals of the ratio for
all pixels of the sensor for both calibration approaches. Fig. 5.2a shows the histogram of the
residuals of the exponential calibration approach. For the exponential calibration approach the
histogram of the residuals shows two peaks. This is the result of the characteristic pattern of
the residuals where the first and the last calibration point are underestimated and the calibra-
tion points in between are overestimated by the calibration function. This leads to a bimodal

distribution with one small peak and one large peak around zero. This is an indication that
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the exponential calibration approach is not a good description of the calibration data for the
whole sensor. Fig. 5.2b shows the histogram of the residuals of the second-order polynomial
calibration approach. For the second-order polynomial approach the histogram of the residuals
shows a symmetric distribution around zero with one peak in the middle. This is the result of
the random distribution of the residuals around zero. This is an indication that the second-order
polynomial calibration approach is a reasonable description of the calibration data for all pixels
of the sensor.
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Figure 5.2: Histograms of the residuals of the exponential and the polynomial calibration curve
and the measured ratios for the whole region of interest.

Fig. 5.3 shows the cumulative histogram of the weighted sum of the squared deviations y? of
both calibration approaches. y2 is a measure for the likelihood of the fit and therefore it can be
used to judge the quality of the fit. As acceptance limit 90 % is chosen. For this limit y2 has to
be below 7.779 for the exponential approach and below 6.251 for the second-order polynomial
approach. This means that for the exponential calibration approach only for 37 % of all pixels
is the fit of the calibration function reasonable. This implies that the deviations of the residuals
can not be explained by the measurement uncertainties of the ratios for the majority of the
pixels. In the case of the second-order polynomial calibration approach, for 97 % of all pixels
the deviations from the calibration data can be explained by the measurement uncertainty of
the ratios. This indicates that the second-order polynomial calibration approach seems to be a
reasonable description of the calibration data for almost all pixels.

The second-order polynomial calibration approach showed superior performance to the expo-

nential calibration approach. According to the analysis of the weighted sum of the squared
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deviations it was a reasonable description of the measurement data. Therefore it was chosen to
be used as calibration function for further investigations.
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Figure 5.3: Histograms of the weighted sum of the squared deviations y? of the exponential and
the polynomial calibration approaches for the whole region of interest.

5.2 Measurement Uncertainty

In order to evaluate the single-shot temperature uncertainty of the 2c¢/2d PLIF-Thermography
the temporal standard deviation of each pixel at the validation points was calculated. The results
are displayed in Fig. 5.4. It can be seen that the standard deviations increased with increasing
temperatures. This behavior can be explained by the lower fluorescence signal sensitive to
temperature at higher temperatures. Therefore with increasing temperature the signal-to-noise
ratio of the images for the temperature-sensitive fluorescence signal became lower. This re-
sults in higher standard deviations of the ratio and in turn higher standard deviations of the
calculated temperatures.

It also can be seen that the temporal standard deviations had a distribution across the detector.
This is most likely caused by the slightly inhomogeneous illumination of the region of interest
by the laser light sheet. The inhomogeneity of the illumination led to an inhomogeneity of
the fluorescence signal with areas of lower fluorescence signal and areas of higher fluorescence
signal. The areas with a lower fluorescence signal had a lower signal-to-noise ratio, which in
turn led to a higher standard deviation of the temperatures measured with the 2c¢/2d PLIF-
Thermography and vice versa. Since the inhomogeneity of the illumination is quite low the

resulting distribution of the temperature uncertainty is narrow.
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Figure 5.4: Single-shot temporal measurement uncertainty of each pixel at the validation point
versus the temperature of the validation point.

The temperature uncertainty originates from different sources. One source which could be
identified is the noise of the detectors used. The temperature uncertainty related to the noise of
the detectors can be calculated from the signal-to-noise ratio of the detectors and the slope of
the calibration function at a given temperature by

ol =ok.

all_ + : 5.1
dR SNR.; SNR.,, +N dR (5-1)

dT 1 2 1 2 1 ‘dT‘
— ‘R-

where SNR,.; and SNR,,, are the signal-to-noise ratios of the two detectors; N, the number of
the pixels binned; T, the temperature; R, the ratio of the fluorescence signals. For example at
a temperature of 22 °C the mean gray value of each of the detectors is approximately 30 000.
Therefore the signal-to-noise ratio of each of the detectors is approximately 114 and the ratio is
1, the gradient of the calibration curve is 49.16 °C, and the number of pixels binned is 4. In this
case the part of the temperature uncertainty caused by the noise of the detectors is 0.3 °C. Thus,
the main part of the temperature uncertainty of the 2c/2d PLIF-Thermography is caused by the
noise of the detectors. Since for the 2¢/2d PLIF-Thermography measurements the number of
photons detected is high, the noise of the detectors is dominated by the photon noise. Therefore
the noise of the detectors scales with 1 divided by the square root of the detected photons.
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Also the dependence on temperatures of the used dye combination has a significant influence
on the temperature uncertainty since the noise of the detectors is scaled by the slope of the
calibration curve. A higher dependence on temperature of the ratio leads to a lower scaling
factor and therefore results in a lower temperature uncertainty.

In order to improve the standard deviation of the 2c/2d PLIF-Thermography into the region of
0.1°C the signal-to-noise ratio of the detectors had to be improved. An improvement of the
signal-to-noise ratio of the detectors is possible by increasing the number of detected photons.
This was done by averaging 40 subsequent images for the 2c/2d PLIF-Thermography measure-
ments at the cost of temporal resolution, which is not needed in the context of this work because
only stationary processes were investigated. As a result, the standard deviation of the average
was reduced by the factor +/40 compared to the standard deviation of a single shot.

5.3 Validation

In order to judge the validity of the 2c/2d PLIF-Thermography calibration, measurements at
homogeneous temperature distributions were evaluated. The measurements were performed
at the temperature levels which lay halfway between the temperature levels used for the cal-
ibration. For the judgment of the calibration’s validity the remaining systematic temperature
deviations are of interest. The deviations could be a global offset, which would result in a
bias of the temperature distribution or the formation of a fixed deviation pattern, which in
turn would lead to inhomogeneities. Therefore the random fluctuations of the temperatures
measured were reduced by taking the average of all images which were recorded at each tem-
perature level.

The validity of the calibration was judged by two criteria. The first criteria was the difference of
the temperatures measured with 2c/2d PLIF-Thermography to the temperatures of the solution
measured with the thermocouples. The second criteria was the spatial standard deviation which
is used to judge the spatial homogeneity of the temperature distribution measured with the
2c/2d PLIF-Thermography. A valid calibration should yield values for both criteria in the order
of the remaining temperature uncertainty, which is based on random temporal fluctuations.

Fig. 5.5 shows the difference of the temperatures measured with the 2c/2d PLIF-Thermography
for each pixel of the detector to the temperature of the solution measured with the thermocou-
ples. It can be seen that for all validation measurements the median of the differences was very
close to zero. Therefore the calibration of the 2¢/2d PLIF-Thermography did not lead to a signif-
icant bias of the measured temperatures. Fifty percent of the pixels had an absolute difference
to the temperature of the solution measured with the thermocouples below 0.1 °C. Therefore
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the calibration of the 2c¢/2d PLIF-Thermography did not exhibit a global bias of temperature
distributions above its temperature uncertainty.
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Figure 5.5: Difference of each pixel’s temperature to the temperature at the validation point
(T

pixel — Tval) Versus the temperature of the validation point.

In addition the homogeneity of the temperature distributions measured with the 2c/2d PLIF-
Thermography was evaluated. This was done by calculating the spatial standard deviation of
each measured temperature distribution. A low value of the spatial standard deviation is an
indication for a homogeneous temperature distribution without a remaining fixed deviation
pattern. In Tab. 5.1 the spatial standard deviations of the temperature distributions can be
found. The spatial standard deviations were within the order of the temperature uncertainty of
the 2c¢/2d PLIF-Thermography that remained after the temporal averaging. This suggests that
the remaining inhomogeneities were most likely caused by the random temporal fluctuations of
the measured temperatures that could not be completely eliminated by the averaging due to the
limited number of images to average. Therefore the calibration was accepted as valid for the
calibrated temperature range.

5.3 Validation 73



Table 5.1: Spatial standard deviation of the average temperature fields at the validation points.

Validation point Spatial standard deviation

22.00°C +0.08°C
24.00°C +0.08°C
26.00°C +0.09°C
28.00°C +0.10°C
30.00°C +0.10°C

5.4 Repeatability

In order to judge the repeatability of the 2c/2d PLIF-Thermography, 25 measurements at 26 °C
were evaluated. The measurements were performed within a time range of five hours. Therefore
fluctuations on time scales up to several hours were included in the measurements. The 40
images of each measurement were averaged temporally.

The measured temperatures of all pixels of the detectors were combined in a cumulative his-
togram which is shown in Fig 5.6. The confidence intervals calculated for three confidence
levels averaged temporally over 40 images can be found in Tab. 5.2.

The resulting confidence intervals are slightly larger compared to the confidence intervals cal-
culated from the measurement uncertainty at the validation point. The calculation of a 95 %
confidence level from the measurement uncertainty at the validation point with a temperature
of 26 °C resulted in a confidence interval of =0.15°C. The reason for this is most likely that
the measurements at the validation point only covered fluctuations on a time range of several
minutes and therefore fluctuations on higher time scales were not covered.

In order to have a conservative approximation of the repeatability the higher value was chosen.
2c/2d PLIF-Thermography measurements averaged over 40 images were repeatable with a con-
fidence level of 95 % within a confidence interval of +0.20 °C.

Table 5.2: Confidence intervals for different confidence levels for an average of 40 images.

Confidence level Confidence interval

90 % +0.17°C
95 % +0.20°C
99 % +0.26°C
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Figure 5.6: Histogram of all pixels from 25 measurements averaged over 40 images at 26 °C.

5.5 Influence of Dye Concentration on the Measured Temperature

During the experiments at the stationary evaporating meniscus the concentration of the dyes
could not be kept constant. Therefore the influence of the dye concentration on the temperature
measured by the 2c¢/2d PLIF-Thermography was evaluated. The influence was evaluated by two
specific values. The first specific value was the change of the measured temperature compared
to the temperature measured under the same conditions as during the calibration. This value
was used to evaluate if there was a bias of the measured temperature caused by the change
of the dye concentration. The second specific value was the spatial standard deviation. This
value was used to analyze if there was any spatial inhomogeneity in the measured temperatures
induced by the change of the dye concentration.

To evaluate the influence of the dye concentration on the temperature measured by the 2c/2d
PLIF-Thermography a calibration with the standard dye concentration, which was also used for
the other 2¢/2d PLIF-Thermography measurements, was performed. After the calibration 2c/2d
PLIF-Thermography measurements at two lower, the original, and three higher concentrations
with the same mass concentration ratio were performed. The concentration levels were chosen
in a way that the whole dynamic range of the detectors was covered. Thus, no higher concen-

tration change in the dynamic range of the detectors is possible. The dye solution was heated
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to 26 °C for the measurements. The 2c¢/2d PLIF-Thermography data were averaged temporally
and spatially to achieve a single temperature value for each concentration.

In Fig. 5.7a the temperature difference from the temperature measured at the concentration
used for the calibration is shown. For lower concentrations a slightly higher temperature was
measured and for higher concentrations a slightly lower temperature was measured. The max-
imum absolute change of the temperature measured was below 0.2°C for the concentration
range measured. Therefore the maximum temperature error in the measurement range of the
detectors due to a change of concentration with a constant mass concentration ratio can be

estimated to be approximately 0.2 °C.

The reason for the change in temperature with increasing concentration could be explained by
the different amount of re-absorption in the wavelength ranges of the two detector channels or
the slightly different response curves of the two detectors. According to the investigations of
the concentration influence on the fluorescence signal during dye characterization an increase in
concentration would lead to a higher measured temperature. Since in this case a decrease of the
measured temperatures was observed the different amount of re-absorption in the wavelength
ranges of the two detector channels can not explain the change of the temperature measured.
Therefore the difference of the response curves to the fluorescence signal of the two detectors
seems to be dominant in the regime of low dye concentrations.

Fig. 5.7b shows the influence of the dye concentration at a constant mass concentration ratio
of the spatial standard deviation. The spatial standard deviation is used as a measure for the
homogeneity of the measured temperature distribution. A higher value stands for a higher level
of inhomogeneity. For concentrations other than the concentration used for the calibration the
spatial standard deviation slightly increased.

The reason for this is most likely the photo-response non-uniformity of the used detectors. Each
pixel of the detectors has a slightly different gain. This difference is compensated for by the
gray values occurring during the calibration. At other gray values the inhomogeneities are not
completely compensated and become stronger with an increasing difference from the gray val-
ues occurring during calibration. With a change of dye concentration the gray values are altered
compared to the calibration. Therefore inhomogeneity increases with increasing concentration

change.

However, an increase of the concentration caused the spatial standard deviation to increase only
slightly from 0.04°C to 0.07 °C on an overall low level. Since a decrease of the concentration
did not occur during 2c/2d PLIF-Thermography at the stationary evaporating meniscus it has no
relevance for the measurements at the stationary evaporating meniscus.
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Figure 5.7: Influence of the dye concentration on the temperature measured with 2c/2d PLIF-
Thermography (a) and the spatial standard deviation (b).

5.6 Influence of Laser Fluence on the Measured Temperature

The 2¢/2d PLIF-Thermography approach is used to compensate the influence of the laser fluence
used for the excitation of the fluorescent dyes. However, due to the different response curves
of the fluorescence signals to the laser fluence the compensation did not eliminate the influence
completely. Therefore the influence of the laser fluence on the temperatures measured with the
2c/2d PLIF-Thermography was evaluated. As in the case of the influence of the dye concentra-
tion also here the change of the measured temperatures and the spatial standard deviation were
used as specific values to analyze the influence of the laser fluence.

To evaluate the influence of the laser fluence on the temperature measured by the 2c/2d
PLIF-Thermography a calibration at the standard laser fluence which was used for the other
2¢/2d PLIF-Thermography measurements was performed. After the calibration 2c/2d PLIF-
Thermography measurements were conducted at various laser fluence levels. Two measure-
ments were performed at lower laser fluence levels, one at the original laser fluence and three
at higher laser fluence levels. The laser fluence range was chosen in a way that the whole dy-
namic range of the detectors was covered. For the measurements the dye solution was keep
at 26 °C.
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Fig. 5.8a shows the temperature difference from the temperature measured at the laser fluence
that was used for calibration. With decreasing laser fluence compared to the laser fluence used
during calibration the temperature measured slightly increased by about 0.3 °C. With increas-
ing laser fluence compared to the laser fluence during calibration the temperature measured
decreased by about 0.7 °C.

This behavior is compliant with the investigation results of the laser fluence influence on the
fluorescence signal of the spectral dye characterization. Increasing laser fluence also resulted in
a higher ratio of the fluorescence signals and thus in a lower measured temperature and vice

versa.

However, the laser fluence was quite stable in the region of interest for the measurements at the
stationary evaporating meniscus. Thus, only minor fluctuations around the laser fluence used
for the calibration of approximately +1.5% occurred due to the instability of the laser system.
Therefore the influence of laser fluence on the measured temperatures was not significant for
the 2c¢/2d PLIF-Thermography measurements presented in this work.

Fig. 5.8b shows the influence of laser fluence on the spatial standard deviation of the measured
temperatures. The spatial standard deviation was used as a measure for the homogeneity of the
temperature distribution measured. A higher value stands for a higher inhomogeneity. For
laser fluence other than the one used for calibration the spatial standard deviation slightly
increased.

The reason for this was most likely the photo response non-uniformity of the used detectors.
Each pixel of the detectors has a slightly different gain. The different gain was compensated
for by the gray values occurring during calibration. At other gray values the inhomogeneities
are not completely compensated and become stronger with increasing difference from the gray
values occurring during calibration. With a change of the laser fluence the gray values were
altered compared to the calibration. Therefore the inhomogeneity increased the more the laser
fluence was changed. The behavior of the spatial standard deviation was almost identical with
its behavior observed for the different dye concentrations. Since the same gray value range of
the detectors was used in both cases a similar behavior is an indication that it is caused by the
photo-response non-uniformity rather than by the laser fluence or the dye concentration itself.
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Figure 5.8: Influence of the laser fluence on the temperature measured with 2c/2d PLIF-
Thermography (a) and the spatial standard deviation (b).

5.7 Estimation of Energy Input and Temperature Change by the Laser Light

In this section the energy input to the ethanol dye solution by the laser light is estimated by
an energy balance. Based on this the temperature change of the dye solution arising from the
change of the inner energy is calculated.

With the assumptions of a homogeneous energy input throughout the illuminated volume and
no heat transfer to the surrounding ethanol, the change of the inner energy AU and the tem-
perature change AT of the illuminated ethanol are given by:

AU =(1—®)EpyNpab10°m ™2 (1 — 1079 (Crhoc Rn6c+Cey1 £py1) (5.2)
PiVYP

AT = AU (5.3)
ad b pgon Crron

where & is the quantum yield; E, = 113pJ, the laser pulse energy; Np = 1500, the num-
ber of laser pulses used for one image; a = 10 mm, the used height of the laser light sheet;
b = 642pm, the thickness of the laser light sheet; 10°m™2, the normalized fluence in the
used region of the light sheet; d = 6.4mm, the optical path length for the absorption of
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the laser light; Cpyec = 2.5ugL™! and Cpy1 = 18.4ugL™!, the fluorescent dyes’ concentra-
tions; €gpeg = 6.2 x 10*Lmol 'em™" and ep,; = 1.9 x 10*Lmol 'em™, the fluorescent dyes’
absorption coefficients at the laser wavelength; pg,oy = 789kgm™3, the ethanol’s density and

Crron = 2.43kJkg 'K ™!, the ethanol’s specific thermal capacity.

With the assumption of a quantum yield of & = 90% the change of the inner energy during
the acquisition of one image is in the order of 20 uJ and the temperature change is in the
order of 0.25mK. Therefore based on this estimation the energy input by the laser seems to

have no significant influence on the measured temperature since the effect is well below the
measurement uncertainty.

5.8 Temperature Measurements at the Evaporating Liquid Meniscus

Fig. 5.9 shows three representative results of the 2c/2d PLIF-Thermography measurements at
the stationary evaporating meniscus with an increasing amount of wall superheat and therefore
an increasing evaporation rate. The temperature of the water tyy,.., used to heat the evaporator
walls was varied from 25°C to 27°C in steps of 1°C. In this range the wall superheat was
increasing from 0.5°C to 1°C. A higher amount of wall superheat was not possible because
of oscillations of the liquid-vapor interface and the occurrence of nucleate boiling when the
temperature of the evaporator rose above 27 °C.
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Figure 5.9: Temperature distribution measured with 2c¢/2d PLIF-Thermography at a stationary
evaporating meniscus with an increasing amount of wall superheat.

In all three cases the temperature distribution was quite similar. The bulk had an almost constant
temperature similar to the temperature of the water used to heat the evaporator. In a region

of approximately 1 mm thickness close to the liquid-vapor interface the temperature decreased
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to approximately saturation temperature. The lowest temperature occurred in all three cases at
the liquid-vapor interface. Directly at the liquid-vapor interface temperatures slightly lower than
the saturation temperature tg, calculated from the measured system pressure were measured.
In the experiment with the lowest wall superheat the temperature distribution at the wall is
similar to the distribution further away from the wall. In the experiment with medium wall
superheat the temperatures at the wall matched the temperature of the bulk all the way up to the
liquid-vapor interface. In the experiment with with the highest evaporation rate the measured
temperature at the wall reached values higher than the temperature of the water used to heat
the evaporator. In the region of the wall close to the liquid-vapor interface temperatures of up
to 32 °C were measured. Since the water used to heat the evaporator only had a temperature of
27 °C the occurrence of higher temperatures is physically not tenable. Obviously a measurement
error of the 2¢/2d PLIF-Thermography was encountered in this case.

Fig. 5.10 shows the fluorescence signal detected by the detector of the channel-based imaging
spectrometer, which is almost insensitive to temperature. It suggests that the fluorescence signal
is mostly a function of the local dye concentration and the local laser fluence. For the first
two temperature levels of the evaporator the distribution of the fluorescence signal was quite
spatially homogeneous. For the last case the fluorescence signal in the corner of the meniscus
where the vapor-liquid interface meets the wall of the evaporator the fluorescence signal was
much higher than the rest of in the image.
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Figure 5.10: Gray value distribution measured with the detector insensitive to temperature of
the channel-based imaging spectrometer at a stationary evaporating meniscus with
an increasing amount of wall superheat.

Since in the region discussed the laser fluence is quite constant, it is assumed that the magnitude
of the fluorescence signal is dominated by the dye concentration. Therefore the high fluores-
cence signal seems to originate from an increased dye concentration in this region. This local

5.8 Temperature Measurements at the Evaporating Liquid Meniscus 81



increase is most likely caused by the evaporation of the solvent, which seems to be strongest
in this region. Since the erroneous measured temperatures occurred in the region with the
increased concentration of the fluorescent dyes a causal relationship seems to be likely.

With the results of the influence of the dyes’ concentrations on the measured temperature with
the 2c¢/2d PLIF-Thermography under the assumption of a constant mass concentration ratio
such a deviation can not be explained either in magnitude or in algebraic sign. Therefore it is
assumed that the assumption of a constant mass concentration ratio of the two fluorescent dyes
is violated locally in the case of evaporation.

The reason for this could be the different diffusion rates of the two dyes, which would lead to
a shift of the mass concentration ratio if a concentration gradient is present. Since Pyridine 1
has the lower molar mass, it is assumed to have a higher diffusion coefficient compared to
Rhodamine 6G. Under this assumption the mass concentration ratio would be shifted in the
region of high concentration to a lower value, which would in turn lead to a lower ratio of the
fluorescence signals and thus a higher measured temperature. Because the diffusion coefficients
of the two dyes and their local concentrations are unknown it is not possible to calculate the shift
of the concentration ratio. But a decrease of the mass concentration ratio of 17 % would lead
to an increase of the measured temperature of approximately 10 °C. If the diffusion coefficients
are assumed to be proportional to the molar mass of the dyes, a change of the concentration
ratio of this amount would be reasonable. Since the initial concentrations are not the same for
both fluorescent dyes also the concentration gradients would be different if the concentration
rises locally due to evaporation. In this case the concentration gradient of Pyridine 1 would
be higher because of its higher initial concentration. This would also lead to a shift of of the
concentration ratio to lower values in the region of high dye concentration and thus a higher
measured temperature. Apart from different diffusion rates also other effects might be involved
e.g. convection or dye molecules leaving the liquid together with the evaporating ethanol.

Outside the region where the measurement error was encountered the temperature distribu-
tion close to the liquid-vapor interface is qualitatively in good agreement with results found
in literature. Buffone and Sefiane [8] and Buffone, Sefiane, and Minetti [12] investigated the
temperature distribution on the liquid-vapor interface of an evaporating ethanol meniscus lo-
cated inside a capillary tube. They also observed the lowest temperature in the region in which
the liquid-vapor interface meets the wall. Starting from this point they also observed a rising
temperature towards the middle of capillary tube on the liquid-vapor interface.

Wang, Murthy, and Garimella [58] performed a numerical investigation of an evaporating
methanol meniscus located inside a capillary tube. The temperature distribution inside the
liquid calculated by them is qualitatively also in good agreement with the results presented
here. They also observed the lowest temperature in the region where the liquid-vapor interface
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meets the wall. In the middle of the capillary tube they also observed that the warmer liquid
from the bulk region is pushed towards the liquid-vapor interface due to convection.

5.9 Conclusion

The investigation of the 2c/2d PLIF-Thermography showed that the calibration of the 2c/2d
PLIF-Thermography is possible with high precision with the second-order polynomial approach.
With the achieved temperature uncertainty of 0.2 °C the temperature differences expected dur-
ing evaporation could be resolved. Also the achieved spatial resolution of 14 um was sufficient
for the investigation at the stationary evaporating meniscus. The investigations of the influ-
ence of the dye concentration and the laser fluence on the measured temperatures revealed that
an additional radiometric calibration of the individual sCMOS detectors could be beneficial to
reduce the influence of the signal height on the validity of the calibration caused by the photo-
response non-uniformity of the detectors used. The influence on the measured temperature due
to different amounts of re-absorption of the fluorescence signal when it passes the dye solution
on its way to the detector has been shown to be negligible in the dynamic range of the detectors
for the path length and the low dye concentrations used.

However, based on the results of the investigation of the 2c¢/2d PLIF-Thermography at the sta-
tionary evaporating meniscus a reliable application of the 2c/2d PLIF-Thermography during
evaporation was not possible in and close to the region where the liquid-vapor interface meets
the wall. Deviations of the measured temperatures in the order of 10 °C were observed. The rea-
son for this is most likely the violation of the assumption of a constant mass concentration ratio
of the dye concentrations. Outside the region where the temperature deviations were observed
valid temperature measurements seem to be possible. The obtained results are qualitatively in
good agreement with results found in literature.
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6 Summary and Outlook

In this chapter a brief summary of the content and the main results of this work are given.
Additionally the open scientific questions arising from the findings of this work which are worthy
of further investigation are described at the end of this chapter. The focus is put on questions
that could be addressed with no or only minor changes to the experimental setup designed and
implemented in the context of this work.

6.1 Summary

Two dye combinations suitable for 2c/2d PLIF-Thermography in ethanol were investigated in
detail regarding the influence of temperature, laser fluence, dye concentration, photobleaching,
pressure, and dissolved air/oxygen. The two dye combinations investigated were Rhodamine 6G
combined with DCM and Rhodamine 6G combined with Pyridine 1. The investigation of the dye
combinations was used to determine parameter ranges for laser fluence and dye concentration
in which the linearity assumptions required for 2c/2d PLIF-Thermography are valid. Based
on the investigations the dye combination Rhodamine 6G and Pyridine 1 dissolved in ethanol
was chosen for the investigations regarding the applicability of 2c/2d PLIF-Thermography to
evaporation processes, because of its superior dependence on temperature. A high dependence
on temperature was needed in order to meet the requirement regarding a low temperature
measurement uncertainty.

A channel-based imaging spectrometer with two spectral channels was designed and imple-
mented for the 2c/2d PLIF-Thermography. sCMOS cameras were used as detectors for the flu-
orescence signal. The channel-based imaging spectrometer had a spatial resolution of 14 um
per pixel. For the excitation of the fluorescent dyes a laser light sheet was generated by a
high-repetition-rate pulsed frequency-doubled Nd:YAG laser system which was synchronized
with the detectors of the channel-based imaging spectrometer. The high repetition rate of the
laser was used for a multiple excitation of the fluorescent dyes during the exposure time of the
channel-based imaging spectrometer in order to increase the signal-to-noise ratio within the
linear regime of low laser fluence.

Experimental and data evaluation procedures for the calibration and the evaluation of 2c/2d

PLIF-Thermography measurement data were developed and implemented. An exponential
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and a second-order polynomial approach for the calibration and evaluation of the 2c/2d PLIF-
Thermography measurement data were implemented and compared with each other regarding
the representation of the calibration data. The second-order polynomial model showed a supe-
rior performance and therefore was chosen to be used for this work. For the chosen calibration
approach validation measurements were performed which showed that the second-order poly-
nomial model is a valid description of the measurement data in the measurement range. The
analysis of the temperature measurement uncertainty of the 2c/2d PLIF-Thermography showed
that the measurement uncertainty was dominated by the photon noise and therefore can mainly
be improved by an increase of the detected photons, e.g. by temporal averaging. With the set-
tings used for the measurements in this work a confidence interval of 0.2 °C at a confidence level
of 95% could be reached for the 2c/2d PLIF-Thermography.

To analyze the applicability of the 2c¢/2d PLIF-Thermography to evaporation processes a station-
ary evaporating liquid meniscus was chosen as test scenario. A stationary evaporating liquid
meniscus was chosen because it is considered to be the simplest representation of the evap-
oration process which includes most of the physical phenomena. An experimental setup was
designed and implemented which allowed the investigation of the applicability of the 2c/2d
PLIF-Thermography to a stationary evaporating liquid meniscus. The setup enabled the inves-
tigations at a stationary evaporating liquid meniscus in a closed, single-species system in a
temperature range of 21 °C to 31 °C.

The investigations at the stationary evaporating liquid meniscus revealed that a reliable appli-
cation of the 2¢/2d PLIF-Thermography to evaporation processes is not possible. Only for very
low evaporation rates temperature measurements seem to be possible in and close to the region
where the liquid-vapor interface meets the wall. For higher evaporation rates the measured
temperatures deviated significantly locally to higher temperatures which exceeded the applied
evaporator temperature and can therefore be regarded as erroneous. The deviations were ob-
served in and close to the region where the liquid-vapor interface meets the evaporator wall.
In this region an increase of the fluorescence signal could be observed. This was most likely
caused by the accumulation of fluorescent dyes induced by the evaporation process. Outside
the region where the temperature deviations were observed valid temperature measurements
seem to be possible. The obtained results are qualitatively in good agreement with results found
in literature.

An analysis regarding the origin of these deviations leads to the conclusion that they are most
likely caused by a local violation of the assumption of a constant concentration ratio of the two
dyes. The local dye concentration ratio is assumed to be shifted by the different diffusion rates
of the two fluorescent dyes. Therefore any 2c/2d PLIF-Thermography application to evapora-
tion processes would be compromised by the drawback that it cannot be guaranteed that the
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concentration ratio is locally constant in and close to the region where the liquid-vapor interface
meets the wall.

6.2 Outlook

The present 2c/2d PLIF-Thermography setup and the data evaluation procedures could be used
without any changes for 2c¢/2d PLIF-Thermography for measurements where a constant concen-
tration ratio of the two dyes can be assured. This could be measurements regarding every kind
of convection, e.g. natural convection, forced convection, and a mixture of both. It could also
be applied to evaporation processes with the limitations described in this work.

Since the deviations of measured temperature by 2c/2d PLIF-Thermography most likely origi-
nate from the shifted concentration ratio of the two dyes, the applicability of two-color/one-dye
(2c/1d) PLIF-Thermography to evaporation processes could be investigated. Because for 2¢/1d
PLIF-Thermography only one fluorescent dye is used, the drawback of the changing concen-
tration ratio with 2c¢/2d PLIF-Thermography could be overcome. For the investigation of the
applicability of 2c/1d PLIF-Thermography to evaporation processes only the optical filters used
to separate the fluorescence signals would have to be changed. As fluorescent dye Rhodamine B
in water could be used since its usage for 2c/1d PLIF-Thermography is well reported in liter-
ature together with the necessary optical filters [6]. The major question in the case of 2c/1d
PLIF-Thermography would be whether a measurement uncertainty low enough to sufficiently
resolve the temperature differences during evaporation could be achieved. Since Rhodamine B
in water suffers from a large overlap of the emission and the absorption band in the region used
for the 2c/1d PLIF-Thermography, attention has to be paid to the temperature deviations aris-
ing from this if the concentration is changing due to evaporation. All necessary investigations
could be done with the present setup and data evaluation procedures following the methodology
presented in this work.

This work is focused on the technical aspect of the applicability of 2c/2d PLIF-Thermography
to evaporation processes. The question of whether the results that could be achieved by PLIF-
Thermography are affected by the fluorescent dyes is not addressed. First preliminary investi-
gations conducted in the context of this work regarding the influence on surface tension and
contact angle of dissolved Pyridine 1 and Rhodamine 6G in ethanol did not show a significant
influence. Also an influence of the dyes Pyridine 1 and Rhodamine 6G dissolved in ethanol on its
saturation pressure could not be observed. Further investigation of how the evaporation process
is affected by the fluorescent dyes and their accumulation close to the liquid-vapor interface is
needed.
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