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Abstract
This work shows new insights on the application of two-color laser-induced-fluorescence (2c-LIF) thermometry in a droplet 
chain. A two-dye mixture is used in ethanol, water and ethanol/water mixtures in order to reach a high-temperature sensitiv-
ity and avoid the detection of lasing effects in the droplets. Various droplet sizes are recorded in regard to the limitation of 
the detection system for very small micrometric droplets. The breakup of a droplet chain is measured to assess the spectral 
detection system in applications with liquid structures of different sizes. Additionally, a proposal to expand the 2c-LIF appli-
cation for studying ethanol/water droplets regarding mixture composition with a third color channel is presented. Forming 
two intensity ratios, the spectra can be used to obtain information on the mixture composition of the solvent. Measurements 
in different ethanol/water mixtures containing 0–100 vol% water are evaluated to show this possibility.

 *	 Hannah Ulrich 
	 hannah.ulrich@unibw.de

1	 Institut für Thermodynamik, Professur für Energiewandlung, 
Fakultät für Luft- und Raumfahrttechnik, Universität der 
Bundeswehr München (UniBw M), Neubiberg, Germany

2	 Erlangen Graduate School in Advanced Optical Technologies 
(SAOT), Friedrich-Alexander-Universität Erlangen-Nürnberg 
(FAU), Erlangen, Germany

1  Introduction

Determining “responsible consumption and production” as 
one of the United Nations’ goals for sustainable develop-
ment, a specific focus was set on chemicals and waste. This 
goal is mainly addressed to the industry, having a significant 
potential for climate-friendly changes. In order to reach a 
higher sustainability in technical applications, the utilization 
of green solvents is decisive. Water and ethanol substitute 
more complex solvents, showing advantages like ecologi-
cal manufacturing, reusability or biodegradation, as well as 
reduced health and safety risks (Capello et al. 2007; Chemat 
et al. 2019). Both liquids and their mixtures are found in 
various industrial areas, being used in spray or film cooling 
(Bhatt et al. 2017; Najim et al. 2020), as coolants in electro-
sprays for high power density devices (Taheri et al. 2024), 
or in regular adsorption coolers (Dzigbor and Chimphango 
2019; Lache et al. 2023). Many other fields of applications 

for the solvent mixtures can be named, ranging from a use 
as biofuel additives or ethanol fuel blends (Qi et al. 2010) 
or as solvents for extraction in pharmaceutical, medical or 
food industries (Amyrgialaki et al. 2014; Monroy et al. 2016; 
Mylonaki et al. 2008; Plaskova and Mlcek 2023; Zhang 
et al. 2007). Regarding the development and optimization 
of these solvent-based industrial processes, important vari-
ables are the liquid phase temperature and also the mixture 
fraction. Therefore, the focus of this work is the limitations 
and opportunities of two-dye 2c-LIF measurements in drop-
lets, as the basic thermometry concept was presented in our 
recent work (Ulrich et al. 2023). Investigations are extended 
to measurements in ethanol, water and their mixtures, espe-
cially for very small droplets and atomizing jets.

2c-LIF allows the temperature determination in liq-
uid flows or two-phase flows, e.g. dense and dilute sprays 
(Düwel et al. 2007; Mishra et al. 2016; Prenting et al. 2020) 
or liquid films (Collignon et al. 2021, 2022; Koegl et al. 
2024). By admixing a temperature-sensitive fluorescent dye 
to the liquid, an emission signal ratio can be detected and 
used to infer the temperature. The ratio is formed from the 
signals of two wavelength areas of the emission spectrum 
of the dye. Ideally one of these color bands maps a temper-
ature-sensitive, and the other band an oppositely sensitive 
or temperature-insensitive spectral excerpt. The selection 
of these spectral bands by respective filters may lead to a 
higher-temperature sensitivity of the signal ratio. In case 
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of evaporation, a related change in dye concentration in the 
liquid probe can result in self- or reabsorption of the fluo-
rescence signal by other dye molecules. Approaching the 
2c-LIF technique with two different dyes (two-dye two-color 
LIF) allows for a wider selection of color channels to form a 
maximum temperature-sensitive signal ratio. Additionally, 
the influence of solvent evaporation on the signal reabsorp-
tion and resulting signal ratio can be reduced. Therefore, 
the selection of the dyes and the accompanying filter set is 
conducted in consideration of the overlap of absorption and 
emission spectra.

Several authors characterized different fluorescent dyes 
for the use of liquid phase thermometry in cuvettes (Mishra 
et al. 2020; Prenting et al. 2020). To the authors best knowl-
edge, Chaze et al. (2016) were first to propose the dye mix-
ture of fluorescein (FL) and sulforhodamine 101 (SRh) 
in water for 2c-LIF thermometry. Temperature fields of a 
heated water jet are measured by injecting into stationary 
water doped with the dye mixture. In a further study, temper-
atures of millimetre-sized water droplets impinging on a hot 
surface were investigated (Chaze et al. 2017). The use of this 
dye mixture was adopted by Collignon et al. (2021) to study 
the temperature distribution in wavy liquid films. Earlier 
works presented thermometry in single droplets, studying 
rhodamine dyes with a PMT (photomultiplier tube) detection 
system (Castanet et al. 2003; Lavieille et al. 2001; Maqua 
et al. 2006). Evaporation measurements of millimetre-sized 
droplets doped with rhodamine were conducted with imag-
ing systems for two-color LIF thermometry (Strizhak et al. 
2018; Volkov and Strizhak 2020). Droplet images were 
shown with a minimum droplet size of around 0.5 mm 
(Volkov and Strizhak 2020). In our previous work, the dye 
combination of FL and SRh was used for temperature cali-
bration and evaporation studies in 100 µm sized ethanol 
droplets in a monodisperse droplet chain (Ulrich et al. 2023). 
An imaging and a spectral detection system were used to 
record the fluorescence emission. Investigations of the detec-
tion limitation in regard to small µm-size droplets are a focus 
of the present work. Although there are liquid temperature 
measurements based on 2c-LIF in sprays available in the 
literature as mentioned above, there are few papers available 
on thermometry in individual µm-sized droplets (e.g. Palmer 
et al. 2016 in droplets with diameter of 67 µm). Because of 
the polydisperse nature of sprays, it is not clear, whether the 
smallest droplets can be detected at all. This is because the 
LIF signal roughly depends on the volume of the droplet and 
thus larger droplets in sprays dominate the signal intensity 
distribution, while signals of small droplets in dense sprays 
may be lost (Storch et al. 2016b). Additionally, there are 
challenges for laser diagnostics in droplets because of lens 
effects (Ulrich et al. 2023). This leads to “dead zones” in 
the LIF signal, appearing due to light refraction and con-
vergence (Volkov and Strizhak 2020). These optical effects 

may also be present in the non-spherical structures during 
breakup and need further investigation (Ulrich et al. 2023). 
Other effects are bright signals due to dye lasing or so-called 
morphology-dependent resonances (MDR, or sometimes 
named “whispering gallery modes”, WGM) occurring at 
the phase boundary of the droplet. These optical effects are 
present in sprays as well, but may not be detected due to 
the limited resolution of the optical setup. However, these 
effects may bias the fluorescence signals and derived quanti-
ties such as temperature, droplet size (e.g. in planar droplet 
sizing based on LIF/Mie ratio) or concentration.

As mixture composition is another relevant variable in 
the solvent industry, the application of 2c-LIF with the pro-
posed dyes is considered for composition measurements in 
water/ethanol mixtures. The dependency of the fluorescence 
signal and its spectral shift in various solvents is known 
for many dyes, e.g. for Rhodamine 6G (Zehentbauer et al. 
2014) or Coumarin 152, Rhodamine B and Pyrromethene 
597 (Prenting et al. 2020). However, such fluorophores were 
rarely applied for composition measurements in, e.g. binary 
liquid mixtures. Storch et al. (2016a) applied triethylamine 
(TEA) in different liquid ethanol/isooctane fuel blends and 
observed a shift of the fluorescence spectrum towards larger 
wavelength with increase in ethanol content. However, the 
signal for large ethanol concentrations (85% and 100%) was 
extremely low. Koegl et al. (2022) proposed the dye Nile Red 
for composition determinations of isooctane/ethanol mix-
tures (for ethanol volume fractions between 0% and 100%) 
with a 2c-LIF concept. A similar approach was applied for 
fuel mixtures of n-decane and butanol (Koegl et al. 2020b). 
Maqua et al. (2006) added another color channel to apply 
3c-LIF with the dye Rhodamine B for thermometry in binary 
ethanol/acetone droplets with varying compositions (Maqua 
et al. 2006). A red-shift of the emission spectrum of Eosin-Y 
fluorescence was observed for the solvent ethanol compared 
to water (Koegl et al. 2020c). Although LIF was proposed 
for studying water/fuel emulsions for addition of ethanol 
(Koegl et al. 2020a), there is no LIF technique available for 
composition measurements of liquid binary ethanol/water 
mixtures until now. Other diagnostics based on light scat-
tering (Raman, rainbow refractometry, etc.) for studying 
droplet compositions are reviewed by Lemoine and Castanet 
(Lemoine and Castanet 2013).

In the present work, the two-dye two-color LIF imaging 
system with two sCMOS cameras is utilized for the deter-
mination of droplet sizes, as well as for a visualization of 
jet breakup and optical processes inside liquid structures 
and droplets. For a better insight into optical effects, like 
MDR and the avoidance of their detection, simultaneous 
spectral measurements are conducted with a VIS spectrom-
eter. Furthermore, these measurements provide a simple 
and quick solution to compare spectra and to recognize 
effects like spectral shifts depending on temperature and 
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composition. Due to fibre couplings and their flexible and 
compact sizing, the application and post-processing of spec-
tral measurements for LIF is more feasible and favourable 
than imaging systems, especially in case of limited optical 
access. Therefore, the main focus in this paper lies on the 
spectrally detected fluorescence emission. Additionally, the 
data to verify the size limitation is recorded in several etha-
nol/water mixtures. This demonstrates the usability of the 
selected dye combination in different solvents. Important 
factors are the solubility of the dyes, the excitation at 532 nm 
and the temperature-dependent behaviour of the dye/solvent 
mixture.

2 � Materials and methods

This section contains an abridgement of LIF fundamentals 
and the experimental setup. 2c-LIF techniques are based 
on the photo-physics of organic dyes, diluted in the respec-
tive solvent. Due to the absorption of photons of the laser 
wavelength (here 532 nm), the dye molecules are excited 
to an elevated energetic state. Fluorescence describes the 
process of spontaneous light emission of the excited mol-
ecule, to lose this excess energy and reach its’ energetic 
ground state again. Transitional processes reduce the emit-
ted energy, which leads to a reduction and an according 
Stokes shift (red-shift) of the fluorescence signal, compared 
to the absorbed wavelength (Schulz and Sick 2005). The 
emitted spectrum may also be sensitive to parameters, e.g. 
temperature. In this case, a temperature change leads to a 
different energetical distribution of the dye molecules over 
vibrational or rotational energy levels. The Boltzmann dis-
tribution describes this population dispersion and can lead to 
a temperature-sensitive shift of the spectrum (Bräuer 2015). 
A detailed discourse regarding the theory of 2c-LIF and the 
applied two-dye concept can be found in the authors previ-
ous work (Ulrich et al. 2023).

Using a signal ratio Rfl of two fluorescence intensities 
Ifl, the 2c-LIF approach eliminates the influence of several 
variables. Both fluorescence intensities Ifl represent a signal, 
simultaneously detected in a respective wavelength band. 

Each wavelength band depicts a section of the two-dye fluo-
rescence emission spectrum. In the linear range of the laser 
fluence, the emission signal ratio is expressed as

while β/ K, Kspec/ mol−1 and Kopt (�)/— are wavelength-
dependent constants (Lemoine et al. 1999). β and Kspec 
characterize physical and fluorescent properties of the pre-
dominating dye (Perrin et al. 2015). The detection systems’ 
efficiency is described by Kopt. Building a ratio, the influence 
of the laser fluence I0, the liquid volume V/ m3 and the dye 
concentration C/ mol·m−3 is eliminated. Furthermore, the 
dependencies on the constants Kspec and Kopt are eliminated, 
normalizing the ratio to a reference measurement.

The 2c-LIF approach is based on the admixture of a flu-
orescent dye to the investigated fluid. In our work, water 
and ethanol (EtOH) are studied, as well as their mixtures 
in several compositions (EtOH0 to EtOH100). These are 
referred to by their volume fraction of ethanol. A mixture 
of two dyes, FL (CAS: 518-47-8) and SRh (CAS: 60311-02-
6), with a mass ratio of 10:1 (750 mgFL/l and 75 mgSRh/l) 
is diluted in all respective solvents. Therefore, a higher-
temperature sensitivity can be achieved as with the use of 
only one dye. Furthermore, fluorescence reabsorption by the 
respective dye molecules itself can be avoided, taking the 
absorption spectra into account. With the proposed mixture 
and filter combination in the detection system, the recording 
of MDR, leading to very high LIF signals on the droplet rim, 
can be circumvented.

To measure the addressed two-dye fluorescence emis-
sion spectrum, an experimental setup is equipped with a 
fibre-coupled spectrometer to deliver spectral information, 
as depicted in Fig. 1 (left). A monodisperse droplet chain 
with droplet sizes from 30 to 120 µm is generated by a pie-
zoelectrically controlled droplet generator (FMAG 1520, 
TSI). The tempered droplet generator is assembled with a 
compressed air supply and a syringe pump (AL1000-220, 
Aladdin), containing a mixture of solvent and fluorescent 
dyes. Producing droplets of various sizes, the liquid flow 
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=
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Fig. 1   Left: Optical setup 
with spectral detection of the 
fluorescence emission around a 
heated droplet generator. Right: 
Example single-shot LIF images 
of FL and SRh emissions with 
respective BP filters (top row) 
and without BP filters (bottom 
row). Measurements are for 
ethanol at 293 K
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rate is varied between 2 ml/h and 70 ml/h and the applied 
frequency of the ultrasound actuator between 20 and 50 kHz. 
The tempered and dry focussing air for droplet formation, 
which also shields the droplets at the nozzle exit against 
ambient air, comes from a compressor system with at least 
253 K pressure dewpoint corresponding to a water vapour 
pressure of a maximum of 0.5204 Pa. Later on, droplets 
mix with ambient air, while temperature and humidity are 
constantly measured with a thermo-hygrometer in the labo-
ratory. To illuminate the fluorescent mixture at 532 nm, a 
pulsed Nd:YAG laser (Q-SMART 850, Quantel) is being 
operated with a frequency of 10 Hz and a fluence of 2.4 mJ/
cm2. The laser beam has a diameter of 8 mm and is led 
through the droplet chain into a beam dump.

Orthogonally to the laser beam, an imaging system is 
mounted for size calibration. This system contains a long-
distance microscope (Infinity DistaMax, K2), followed by a 
dichroic mirror (T588lpxr, Chroma), to separate the signal at 
588 nm. The separated wavelength bands are each detected 
by sCMOS camera (Imager, LaVision) after passing specifi-
cally selected bandpass filters (554/23 BrightLine HC and 
615/24 BrightLine HC). Images of recorded droplet fluores-
cence with (top) and without (bottom) these bandpass filters 
can be seen in the right image in Fig. 1. The picture shows 
droplets as seen by the two different cameras, after the sig-
nal has passed the dichroic mirror. As expected, the signal 
without the filters is higher, than with the filters mounted 
in front of each camera. Without the filter mounted to the 
camera, detecting the SRh signal, strong LIF signals due to 
MDR occur on the droplet surface.

The investigation of the spectral location of the MDR is 
performed with another detection system mounted at 90° to 
the laser beam. A spectrometer (WP-VIS-A-S-50, Wasatch 
Photonics) is fibre-coupled to an optical system, consisting 
of a notch filter and two achromatic doublets. Thus, spectral 
information is obtained, clarifying the wavelength position 
of the disturbing MDR signal. The spectrometer setup has 
the advantage of a small dimension, a moveable mount-
ing and a lower cost than the camera system. The recorded 
data of the spectrometer requires only little memory space 
and allows for simplified post-processing. Therefore, even 
technical systems with, e.g. limited optical accessibility can 
be investigated with this setup. A comparison of the sig-
nals detected with the imaging and the spectrometer setup 
showed very similar results for the signal ratios and resulting 
temperature calibration curve (Ulrich et al. 2023). In this 
work, LIF images are only provided for droplet visualiza-
tion and a better understanding of breakup processes of the 
jet and occurring lasing effect. All spectra are obtained by 
five recordings of 100 averaged single spectra per measure-
ment location (as specified below), each with an integration 
time of 50 ms. Background measurements are subtracted 
from the spectra and a baseline fit is conducted. The single 

intensity signals, forming the signal ratio, are the integrated 
emission signals in the respective color channel region of 
the fluorescence spectra.

Additional absorption measurements are conducted with 
an UV/VIS-spectrophotometer (V-750, Jasco). A tempered 
cuvette holder allows the recording of temperature-depend-
ent absorption spectra. Due to a larger path length in the 
cuvette, a more diluted mixture (50 mgFL/l and 5 mgSRh/l) is 
prepared. This data is recorded to extend the understanding 
of the interaction of the dyes in different solvents. All tem-
perature-dependent measurements are limited to a maximum 
temperature of 343 K, due to the boiling point of ethanol.

3 � Results and discussion

The following section shows absorption and emission spec-
tra of the dye mixture in different solvents. Absorption spec-
tra are discussed with respect to the temperature depend-
ence. Investigations of the fluorescence emission spectra 
are conducted to determine the lower signal limit of the 
detection systems regarding droplet sizes. Furthermore, the 
impact of structure size, also considering MDR signals, on 
the signal ratio and the subsequent temperature sensitivity 
is examined. Additional studies based on the spectral LIF 
detection system are conducted for various liquid mixtures 
and temperatures. Furthermore, the setup is applied to meas-
ure the temperature evolution downstream an atomizing jet, 
produced in the droplet generator. Spray-like liquid struc-
tures are produced, testing the suitability for detection of 
various droplet sizes, moving inside and outside the focus. 
Finally, the established 2c-LIF approach is analysed regard-
ing an application to measure solvent compositions. For this 
purpose, an improved 3c-LIF method is proposed.

3.1 � Absorption spectroscopy

Figure 2 shows the temperature-dependent evolution of 
the photon absorption in pure water—EtOH0, a mixture 
of 40 vol% ethanol and 60 vol% water—EtOH40 and pure 
ethanol—EtOH100, as well as the laser line at 532 nm. 
With the absorption spectrophotometer, six different 
ethanol–water mixtures (20 vol% steps) were measured 
in 10 K intervals from 283 K (marked with “c”-cold) to 
343 K (“h”-hot). All measured spectra allow a clear dif-
ferentiation between one absorption spectrum due to FL at 
wavelengths from 410 to 540 nm and another due to SRh, 
around 555 to 610 nm. In cold conditions, FL absorbs 
more light, the higher the water fraction. Additionally, a 
blue-shift of the peak can be observed, which is a possible 
explanation for a lower emission signal in fluorescence 
measurements. At 343 K, the mixtures show a counter 
wise behaviour for EtOH0 with the lowest absorption and 
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EtOH100 with the highest. Nevertheless, the absorption 
rises with temperature in all solvent mixtures. Contrary 
to the temperature dependence of the FL peak, absorption 
of SRh in pure ethanol (EtOH100) is lower, the higher 
the temperature. Also opposing to FL is the shift of the 
SRh absorption peak towards longer wavelengths with 
rising water fraction. Due to shifting from the laser line at 
532 nm, this trend may be responsible for lower emission 
signals of the second color channel in watery solvents.

3.2 � Fluorescence spectroscopy: droplet size 
dependency

In the authors previous work, only 100 µm-sized droplets 
were considered. To show the applicability of the two-dye 
two-color approach to the complete size range of the droplet 
generator, measurements were conducted with droplets sized 
from 30 µm to 120 µm. This data was recorded in spheri-
cal droplets—depending on the droplet size and according 
settings this was at a distance of 2 mm to 4 mm below the 
nozzle exit. Figure 3 shows fluorescence emission spectra 
measured in 40 µm and 100 µm sized EtOH100 droplets, 
both at 293 K and 343 K. The signal reduces with the size 
of the droplets. For a better comparison, the spectra are 
normalized to their maximum. In all measurements, the 
VIS emission spectrum starts at around 490 nm to about 
740 nm. A mounted notch filter blocks light around 532 nm 
to avoid over-exposure due to Mie scattering. The respective 
blocked wavelength band lies directly in the emission peak 
of FL. The greenish shaded area visualizes the temperature-
dependent color channel. The shaded red color band covers 
an excerpt of the comparably temperature-insensitive SRh 
emission, with a peak maximum at 594 nm. A third peak 
around 649 nm can be observed in the spectra. This peak is 
due to lasing effects (or MDR) at the droplet rim.

The normalized spectra of the different droplet sizes 
reveal only little divergence in the emission peak of FL, 
with a slight red-shift of the big droplets’ spectra visible 
in the anti-stokes spectrum probably due to reabsorption. 
The wavelength region of the SRh peaks shows a match of 
the normalized spectra of both droplet sizes. The result-
ing calibration curves are depicted in the right graph in 
Fig. 3. Previous studies showed a linear behaviour of the 
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temperature-dependent signal ratio, determined at seven 
temperatures between 283 and 343 K (Ulrich et al. 2023). 
The linear behaviour in this temperature range was found for 
ethanol, water and butanol droplets with a size of 100 µm 
(Ulrich and Zigan 2023), but the temperature sensitivity is 
slightly different for the three solvents. Thus, in order to 
show the influence of droplet size on the temperature sen-
sitivity, calibration curves are fitted to only two calculated 
ratios, at 293 K and 343 K. In this experiment, measure-
ments in both droplet sizes reveal a temperature sensitiv-
ity of the LIF signal ratio of 1.5%/K. To proof that MDR 
would not affect the temperature sensitivity of the chosen 
signal ratio, the position of the MDR peaks is detected in 
the measurements with droplet size variation. This study 
shows that the whole range of produced structure sizes can 
be processed further without the risk of influence on the 
intensity ratio by MDR.

3.3 � Thermometry in an atomizing jet

To assess the suitability of the spectral detection system 
of the setup for, e.g. spray applications, temperature meas-
urements downstream the droplet generator are conducted. 
Adjusting the droplet generator settings to a large volume 
flow, spray-like behaviour of the liquid flow is enforced. 
Reynolds, Weber and Ohnesorge numbers are estimated in 
the following section based on jet and droplet information 
rather than nozzle specifications, as the exact nozzle geom-
etry and flow information is not available. These dimen-
sionless numbers are crucial to describe the primary droplet 
breakup. The liquid Reynolds number ReL represents the 
ratio of inertial forces to viscous forces and is defined by 
Re

�
= � ⋅ � ⋅ l∕� . For the calculation, the liquid-specific 

properties density ρ and dynamic viscosity η, as well as the 
velocity υ and the specific length l are relevant. The liq-
uid Weber number WeL serves as a stability criterion for 
jets and droplets and describes the ratio of inertial force 
to surface tension. Therefore, it additionally includes the 
surface tension σ as a relevant parameter: We

�
= � ⋅ l ⋅ ��∕� . 

Representing a ratio of viscous forces to inertial and sur-
face forces, the Ohnesorge number Oh is a combination of 
the Weber and Reynolds number and can be calculated by 
Oh = � ⋅ (l ⋅ � ⋅ �)−�.� = We0.5

�
∕Re

�
 . The length scale l cor-

responds to the jet or droplet diameter, respectively, deter-
mined by the LIF images. In the spray, different structure 
sizes are created, which are both in and out of focus so 
that the size cannot always be determined reliably with the 
imaging setup. With the spectral measurement approach, the 
challenges of differently sized liquid structures and depth of 
focus should be resolved. The jet is transient and the gener-
ated liquid structures are not reproducible regarding their 
form and shape. Five spectra (each 100 averaged, 50 ms inte-
grated) are recorded at six different distances to the nozzle 

exit. Three different injection settings were studied, showing 
a difference in set temperature at the nozzle and a difference 
in the liquid volume flow rate. Exemplary measurements are 
conducted in ethanol. To give an insight to the structure of 
the created spray, excerpts in form of single images, detected 
in the SRh color channel, are shown in Fig. 4. For each set-
ting, recordings at the nozzle exit (0 mm), at a distance of 
6 mm and 15 mm to the nozzle, are presented. For the first 
setting (left column), the volume flow rate was set to 15 ml/h 
and the initial temperature to 293 K. Both other measure-
ments are investigated at an initial temperature of 343 K, one 
with a liquid flow rate of 15 ml/h (column 2) and the other 
one of 5 ml/h (column 3). All LIF images are displayed with 
the same color scale. For a better visibility of droplets at all 
temperatures, images detected in the temperature-insensitive 
LIF channel (SRh emission) are shown. This means that the 
temperature only hardly, but rather the droplet size, affects 
the signal. Using the initially described dimensionless num-
bers ReL and Oh, the jet breakup regime can be estimated 
according to Ohnesorge (Ohnesorge 1936).The results are 
depicted in Table 1. With increase in liquid temperature at 
constant liquid flow, both Reynolds and Weber number rise, 
since viscosity and surface tension are reduced. A decrease 
in liquid volume flow leads to lower Reynolds- and Weber 
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numbers at constant liquid temperature. All three studied 
cases are in the “wind-induced” regime.

In the first column, relatively large droplets are periodi-
cally released with a droplet diameter of around 39 µm and 
are subsequently dispersed due to the turbulent gas flow 
induced by the droplet stream. At increased temperature 
(central column), a liquid jet is visible at the nozzle outlet, 
which breaks up into longitudinally stretched droplets with 
an average diameter of about 35 µm at 6 mm distance to 
the nozzle exit. The reduced droplet sizes can be explained 
by the larger Weber numbers. Smaller surface tension may 
lead to more instable and deformed droplets at similar flow 
velocities, which tend to a decrease in breakup time. Fur-
ther downstream the droplets are more dispersed and may 
show droplet collision and coalescence as well. In the third 
row at decreased liquid volume flow, smaller droplets with a 
diameter of about 23 µm are periodically generated forming 
a droplet chain and some very small (average of 11.3 µm) 
“satellite” droplets in between are visible. It should be noted 
that the smaller droplets compared to the previous cases are 
due to the lower liquid mass flow while the flow focussing 
air flow is kept constant, which is responsible for setting the 
initial droplet size inside the droplet generator. An increase 
in the droplet distance and droplet dispersion is visible fur-
ther downstream (about 30 µm average diameter at 6 mm 
distance to the nozzle). At 15 mm, all images show “sharp” 
in-focus droplets and some blurred droplets are out of focus.

Spectra are being recorded at all three settings, post-
processed and signal ratios are formed. Temperatures are 
obtained, using the calibration curve of the droplet chain 
measurements. The temperature progression downstream 
the nozzle exit is depicted in Fig. 5, recorded at all three 
settings. Two y-axes are shown to provide a better tempera-
ture resolution. The left, blue axis corresponds to the blue 
curve, showing the heat-up of the liquid jet at 293 K injected 
to ambient air at 296.2 K. Exiting the droplet generator, an 
initial temperature of 292.3 K is recorded. A temperature 
rise to 296.1 K at 10 mm after the nozzle exit is plausible, 
considering the higher ambient temperature. Furthermore, 
a cooling down to 294.8 K is observed between 10 and 
20 mm distance to the nozzle exit, which can be explained 

by evaporation cooling. These small temperature differences 
are in the same range as the shot-to-shot variations (maxi-
mum of 0.9 K at 10 mm distance) and could thus also result 
from measurement uncertainties.

The right, red y-axis relates to the two measurements with 
a set temperature of 343 K in the droplet generator. For both 
hot jets, being injected into ambient air, a cooling down of 
around 30 K is measured for the considered 20 mm distance. 
The first measurement is recorded with the same liquid vol-
ume flow (15 ml/h) as in the “cold” measurement. A liquid 
temperature of 344.1 K is measured at the exit of the droplet 
generator. A steady decrease of 28.9 K is measured within 
20 mm due to convective cooling of the hot droplets by the 
cold ambient air and evaporation cooling. To further assess 
the origin of the temperature change, the lumped capacitance 
model was used to estimate the effect of heat transfer with 
the ambience. The dimensionless Biot number Bi expresses 
the instationary cooling or heating behaviour by relating the 
heat transfer coefficient h between liquid and surrounding 
to the thermal conductivity λL of the liquid: Bi = h ⋅ l∕�

�
 

(Bergman et al. 2013). For small Biot numbers, a relatively 
homogeneous droplet temperature can be assumed, which is 
true for the present cases as well. Here, the Biot numbers are 
around 0.1 (0.09 to 0.13). A more detailed description of the 
procedure can be found in the appendix of the paper. For the 
hot case with 15 ml/h volume flow, approximately 4.6 K of 
the 29 K temperature reduction within 20 mm (correspond-
ing to 2.2 ms) measurement distance are due to convective 
heat transfer with the ambiance.

Smaller droplets and liquid structures are generated with 
a liquid volume flow of 5 ml/h. The setting of the focussing 
air is similar, which leads to higher evaporation rate at a 
lower liquid flow. The images in Fig. 4 show single droplets 

Table 1   Dimensionless numbers ReL, WeL and Oh of the three inves-
tigated ethanol jets. Respective fluid properties are extracted from 
(Dean and Lange 1999; FLUIDAT® on the Net 2024)

293 K1 343 K1 343 K2

ReL 251.25 435.26 85.63
WeL 73.03 83.28 2.98
Oh 0.36 0.65 0.62
Jet 
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exiting the nozzle, whereas a liquid jet is visible at the 
other settings. The droplets have a temperature of 330.7 K 
at the nozzle exit. Measurements at 2 mm distance to the 
exit reveal an initial increase of 1.2 K. This temperature 
rise could be explained by measurement uncertainties due 
to fluorescence light reflections close to the droplet genera-
tor surface. This theory was discussed in more detail in our 
previous work (Ulrich et al. 2023). Further downstream the 
spray, a decrease of 30.5 K is recorded for a distance of 
18 mm. Considering the smaller droplet size compared to 
the other “hot” setting with 15 ml/h volume flow, the lower 
resulting temperatures and the slightly higher-temperature 
difference over the recorded 20 mm are reasonable. On the 
one hand, this can be explained by more efficient convective 
cooling. The larger droplets on the other hand have a larger 
thermal energy and the cooling is slower. Calculations of the 
cooling due to heat transfer of 17.7 K confirm the increased 
temperature reduction of the small droplets.

Furthermore, the temperature reduction induced by evap-
oration cooling is expected in the order of minimum 10 K. A 
numerical simulation of isolated ethanol droplets predicted 
a temperature reduction of about 17 K. The initial droplet 
and ambient temperature were 293 K and the droplet sizes 
were in the range of 5 μm to 40 μm, but the flow velocity 
was much higher (20 m/s) (Koegl et al. 2020a, b, c, d). It 
should be noted that this simulation is a worst-case scenario 
and cannot be directly compared to the spray-like conditions 
in the present study.

Overall, only very little deviations (maximum of 1.9 K 
measured at the nozzle exit) are obtained within the spray 
measurements. These deviations arise from the five meas-
ured spectra, each consisting of 100 single spectra. Diver-
gences due to different structure sizes and liquid structures 
out of focus are expected, but could not be observed so far.

3.4 � Possibility of 2c‑LIF and 3c‑LIF 
for determination of the mixture composition

Apart from thermometry, the 2c-LIF approach can be used 
to investigate the mixture composition in fluids. Therefore, 
the dye emission has to spectrally shift, depending on the 
solvent. To verify the use of the proposed dye combina-
tion for determining the solvent mixture ratio, six differ-
ent ethanol/water mixtures are investigated in the drop-
let chain. The emission spectra of these solvents, doped 
with FL and SRh, are shown in Fig. 6 on the left. In these 
measurements, 30 µm sized droplets were formed with 
the droplet generator and detected at around 2 mm below 
the nozzle exit. Due to the droplet shielding by the tem-
pered focussing air, it is assumed that no distinct droplet 
temperature change nor vaporization takes place in the 
estimated 0.6 ms up until reaching the measurement posi-
tion. For a better visibility of the spectral shift, all spectra 
are normalized to the maximum of the SRh peak. EtOH0 
(water) droplets reveal the lowest signal and larger noise 
of all tested solvents. This can be explained by the lower 
absorbance of water at 532 nm compared to ethanol (see 
Fig. 2). The lower fluorescence signal for water compared 
to ethanol was also observed for other dyes such as Eosin-
Y (Koegl et al. 2020c). The FL spectrum, partially covered 
by the notch filter, reveals a blue-shift, the higher the water 
content. The SRh spectrum shifts contrary so that a red-
shift is visible for higher water shares. This corresponds 
to the absorption spectra as shown in Fig. 2. Typically, 
the behaviour in absorption and fluorescence emission is 
similar. In general, a contradictory signal intensity behav-
iour in the two color channels is favourable for the use of 
an intensity ratio. In a first attempt, the same BP filters 
were taken in the liquid mixture investigation as in the 

500 550 600 650
wavelength / nm

0

0.2

0.4

0.6

0.8

1

no
rm

al
iz
ed

in
te
ns

ity
/a

.u
.

EtOH100
EtOH80
EtOH60
EtOH40
EtOH20
EtOH0

0 20 40 60 80 100
ethanol fraction / vol%

0.5

1

1.5

2

2.5

3

3.5

4

no
rm

al
iz
ed

LI
F
ra
tio

/-

LIF ratio R
12

30 m

LIF ratio R
12

40 m

LIF ratio R
12

50 m

LIF ratio R
02

50 m

Fig. 6   Left: Fluorescence emission spectra of EtOH0 to EtOH100 
in 30  µm sized droplets at 293  K. Shaded areas visualize the color 
channels (centre wavelengths at 500 nm (channel 0), 554 nm (channel 

1) and 615 nm (channel 2)). Right: Calculated spectral LIF ratios of 
signal intensities of two color channels, each with the corresponding 
polynomial fit



Experiments in Fluids          (2024) 65:129 	 Page 9 of 12    129 

thermometry study in order to reduce effects of reabsorp-
tion and MDR.

The intensity ratio and a polynomial fit are depicted in 
the right graph for measurements of different ethanol–water 
mixtures in three differently sized droplets. The comparison 
of droplet sizes shows only a little divergence of the meas-
urements in 30 µm droplets and mostly in EtOH0. This can 
be explained by the low signal detected in measurements 
with water. Diluted in this solvent, both fluorescent dyes 
absorb less photons, which decreases the probability of an 
emission event in the molecules. Additionally, the detection 
of 30 µm water structures represents the limit of both—the 
spectral and imaging—detection system (results are not 
shown here). This can be seen by very low signal intensities 
and thus, higher signal-to-noise ratios (SNR). The compari-
son of different droplet sizes shows, however, that despite 
the low signals similar results are achieved for all liquid 
mixtures studied.

As for the composition dependence, a higher LIF inten-
sity ratio can be observed for increasing ethanol content. 
This correlation is valid for mixtures with ethanol fractions 
over 20 vol% and can be used for respective water–ethanol 
blends. To apply this measurement approach to mixtures 
with ethanol portions below 20 vol%, the ratio is not suffi-
cient and another measurable variable has to be used, e.g. the 
location of a spectral maximum. In this case, the dependence 
of the SRh maximum is similar to the course of the second 
color channel and offers only little sensitivity at low etha-
nol fractions. Another possibility is the use of a third wave-
length region for three-color LIF. Therefore, another third 
color channel at a lower wavelength is selected (according 

to bandpass filter 500/24 BrightLine HC) and an additional 
LIF ratio is formed. With this additional information, a defi-
nite allocation of the ethanol portion can be performed by 
solving the two-equation system. This concept is further 
explained by Maqua et al. (2006) for PMT measurements 
in ethanol/acetone mixtures. An evaluation showed that the 
ratio R02 of the second and an additional color channel (0) 
in the spectrum of FL has a strong dependence on the etha-
nol content in mixtures with high water fraction (EtOH0 to 
EtOH40), as depicted by the dashed curve in Fig. 6 (right). It 
should be noted that the ratios R02 and R12 are both depend-
ent on temperature and composition, so that a simultane-
ous planar measurement of these two quantities needs an 
iterative solution and further calibration data. For example, 
in (Ulrich and Zigan 2023) it was shown that the slopes of 
the temperature calibration curves R12 in pure ethanol and 
water are slightly different. However, it appears feasible to 
perform simultaneous spectral measurements of thermom-
etry and composition. For this purpose, the concentration 
measurements can be conducted via the analyzation of the 
shift of the SRh spectrum in the “red” color channel, which 
hardly depends on temperature. A spectral fit algorithm is 
capable to provide information on the mixture composition, 
but further calibration at smaller temperature and concentra-
tion intervals is required.

4 � Conclusion and outlook

This work concentrates on the first-time application of a two-
dye 2c-LIF approach for thermometry in a droplet chain and 
atomizing jets with droplets sizes below 50 µm. The dyes, 
such as FL and SRh, are dissolved in various ethanol/water 
mixtures and detected with a spectrometer setup. For size 
calibration and insights into the behaviour of the droplets, an 
additional imaging setup records the fluorescence emission 
of the droplets. The focus of the detection lies on the spectral 
setup, as it has many advantages regarding size, cost and 
post-processing especially for technical systems with small 
optical access. Additionally, the occurrence of interference 
effects such as MDR can be monitored and the respective 
wavelength regions can be directly determined. Two inten-
sity regions of the spectra are selected to form a tempera-
ture-sensitive ratio. These color channels are adopted from 
the respective bandpass filters with centre wavelengths at 
554 nm and 615 nm, which were used for the camera system. 
Measurements of differently sized droplets between 30 µm 
and 120 µm demonstrate comparable temperature sensitivi-
ties of the intensity ratio. In the studied wavelength range 
and operating conditions, no influence of droplet size on 
the spectra and also lasing effects in the droplets (MDR) 
could be identified. This allows for subsequent atomizing 
jet measurements using the adjusted droplet generator. Thus, 

Table 2   Characteristic properties of liquid ethanol at temperatures of 
293 K and 343 K extracted from (FLUIDAT® on the Net 2024)

Ethanol properties 293 K 343 K

Kinematic viscosity ν m2/s 1.42·10–6 6.52·10–7

Density ρ kg/m3 804.9 747.3
Specific heat capacity cp J/kg·K 2409 2632
Thermal conductivity λ W/m·K 1.69·10–1 1.57·10–1

Thermal diffusivity a m2/s 8.73·10–8 7.99·10–8

Surface tension σ mN/m 22.39 18.23

Table 3   Characteristic fluid properties of air at temperatures of 293 K 
and 343 K extracted from (FLUIDAT® on the Net 2024)

Air properties 293 K 343 K

Kinematic viscosity ν m2/s 1.53·10–5 2.01·10–5

Density ρ kg/m3 1.19 1.02
Specific heat capacity cp J/kg·K 1009 1006
Thermal conductivity λ W/m·K 2.60·10–2 2.95·10–2

Thermal diffusivity a m2/s 2.17·10–5 2.89·10–5
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various droplet sizes were produced, which are located in- 
and outside of the detection focus of the imaging system. 
Successful temperature recordings downstream the jet were 
taken for three settings at two different temperatures and 
two different liquid volume flows. Within the measured dis-
tance of 20 mm, a cooling of about 29 K was obtained for 
the jet with an initial temperature set to 343 K and average 
droplet size of 35 µm (at 6 mm distance to the nozzle exit). 
A slightly larger temperature decrease of 30.5 K was meas-
ured for the jet with a lower liquid flow rate and thus smaller 
droplets with an initial average size of about 18 µm (at the 
nozzle exit). In the third setting, droplets were tempered to 
293 K and a temperature increase of 3.8 K (to 296.2 K ambi-
ent air) was recorded.

Apart from the thermometry application, the use of the 
dye couple for 2c-LIF composition studies in ethanol/water 
mixtures was considered. For this purpose, a composition-
dependent calibration curve was generated with the same 
color channels as used for thermometry. This allows the 
identification of ethanol fractions in mixtures with an etha-
nol content higher than 20 vol%. To enable the determi-
nation of smaller ethanol fractions, a third color channel, 
according to a bandpass filter for imaging, was proposed. 
Forming a second intensity ratio, the two calibration curves 
show a promising method for detecting composition depend-
ence, each in a different range of ethanol fraction.

Future work should explore broader excerpts of typi-
cal industrial sprays, focussing less on microscopic drop-
let details and more on macroscopic spray formations and 
behaviour. Subsequent measurements are necessary to refine 
the ethanol fraction dependence of the 3c-LIF method. Fur-
thermore, the combination with the thermometry approach 
would give huge benefits for solvent mixture investigations 
and should therefore be studied further. Simultaneous planar 
measurements of these two quantities require an iterative 
approach and additional calibration data. However, conduct-
ing simultaneous spectral measurements of thermometry and 
composition seems achievable. Concentration measurements 
can be realized by analysing the shift in the SRh spectrum 
within the "red" color channel, which is hardly affected by 
temperature. A spectral fitting algorithm can offer insights 
into mixture composition, although further calibration is 
needed at smaller temperature and concentration intervals. 
Investigations of the application on other solvent mixtures, 
such as propanol, butanol and water with varied pH value, 
would be beneficial.

Appendix

Fundamentals of the lumped capacitance model, used to 
estimate the temperature change in the droplet due to con-
vective heat transfer with the surrounding, are provided Ta
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subsequently. Properties with the subscript “L” refer to the 
liquid, which in this case is ethanol. All relevant liquid prop-
erties necessary for the calculations can be found in Table2.

As the ambient gas is air (subscript “G” for gas), the 
following Table3 provides its main fluid properties at both 
investigated temperatures.

A step-by-step solution of the equations used to calculate 
the Biot numbers Bi as described in Sect. 3.3 can be obtained 
in the following overview (Table4). In detail, Bi is estimated 
by a heat transfer coefficient h, which includes the Nusselt 
number Nu. In case of a laminar flow around a sphere (drop-
let, subscript “D”), Nu can be correlated empirically, which 
is valid for a specific range of gas-phase Reynolds numbers 
ReG and Prandtl numbers Pr (Ranz and Marshall 1952). The 
values for both characteristic numbers are also listed in the 
table.

To further assess the temperature reduction by heat con-
duction and convection, the Fourier number Fo is evaluated, 
including the droplet radius rD and a respective residence 
time t, which is estimated from the initial liquid volume flow. 
Finally, by means of Bi and Fo, the current average droplet 
temperature T can be estimated.
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