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In this work two-color laser-induced fluorescence (2c-LIF) is applied to calibrate and measure the temperature in a micrometric monodisperse ethanol droplet chain. A dye mixture of fluorescein disodium (FL) and sulforhodamine 101 (SRh) is used, in order to form a sensitive signal ratio of one temperature dependent and one independent fluorophore. Spectral and planar fluorescence detection via a fiber-coupled spectrometer and a camera system, consisting of two sCMOS cameras, is set up around the droplet chain. Additionally, absorption measurements of the dye mixture in ethanol are conducted using a photo-spectrometer to analyze the temperature sensitivity of the dyes as well as potential re-absorption and fluorescence cross-talk effects. The spectral setup allowed an investigation of the wavelength range in which morphology dependent resonances (MDR) occur at the phase boundary of the droplet. Thus, the optical filters, determining the color channels in the camera system, are chosen to avoid detection of the lasing signal and providing maximal temperature sensitivity at the same time. The calibrated signal ratios are applied in temperature measurements of evaporating heated droplets in the droplet chain, showing the cooling with larger distance from the nozzle.
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1 INTRODUCTION
Liquid phase and especially droplet thermometry are essential for the development of various industrial and technical spraying applications like spray drying, spray cooling or liquid fuel injection in internal combustion (IC) engines, rockets or burners [1, 2]. In the last decades several approaches were introduced to measure the temperature in the liquid phase of sprays or droplets [3–6], one of which is 2c-LIF thermometry [7, 8]. The concept is based on the Boltzmann distribution of a fluorescent dye molecule. In the absorbing as well as excited state, the respective population shows a specific temperature dependency. This effect is used to form a temperature dependent signal ratio of two wavelength areas, which are recorded by two detectors and respective filters (referred to as “color channels”). Based on their research on concentration studies via LIF, Lemoine et al. [9, 10] applied the 2c-LIF technique to measure the temperature in a turbulent water jet. Therefore, a fiber coupled detection system with two photo multiplier tubes (PMTs) was set up around a water jet doped with rhodamine B (RhB) as fluorescent dye. The same detection system was used by Perrin et al. [11] in a droplet stream injected into a heated environment. The applicability of the dye pyrromethene 597-C8 (Pyr) as fluorescent dye is tested in various fuels. However, for this dye lasing effects (or morphology-dependent resonances, MDR), which occur at the phase boundary inside the droplets due to their spherical shape, are very distinct. One approach to circumvent the detection of this adverse signal is the admixture of an additional light absorber to the dye/solvent mixture, for example, Oil Blue N (OBN). Based on these measurements, Palmer et al. [12, 13] continued the research of the two-dye mixture in an n-dodecane droplet stream. The concept of enhanced energy transfer (EET) onto an absorber dye was approved and investigated in a spray. Using a pulsed laser and an electron-multiplying charge-coupled device (EMCCD), the detection of spatially resolved droplets could be conducted. In a range from 300 K to 340 K the ratio change with temperature shows linear behaviour and a temperature sensitivity of 0.29%/K could be obtained [14]. However, the fluorescence of Pyr is also drastically reduced by the absorber and other dye concepts and methods to reduce MDRs need to be analysed. Natrajan et al. [15] proposed a dye mixture of temperature-sensitive RhB and temperature-insensitive sulforhodamine 101 (SRh) and calibrated the signal ratio with two CCD cameras detecting the signal of a heated microfluidic device. The RhB–SRh dye combination in ethanol and water showed temperature sensitivities of 1.5 %/K and 2.7 %/K, respectively. To get and share further insight into the variety of fluorescent dyes for thermometry, several authors published overviews of various fluorescent dyes in different solvents [16–18]. Accordingly, Prenting et al. [16] suggest the use of a single dye coumarin 152 for measurements in an ethanol SpraySyn flame. Except for two coumarin derivates (152 and 153) none of the other dyes (such as RhB, Rh101, Pyr, DCM, etc.) exhibited a higher ratio change than 1.0%/K in cuvette measurements. 2c-LIF was successfully applied to measure averaged temperature field images in the SpraySyn flame. Other auspicious dyes in polar and non-polar liquids for thermometry are, for example, Eosin-Y with a sensitivity of 1.6%/K in water (2.0%/K in glycol) and Nile red (for non-polar heat transfer oils such as Marlotherm LH with a sensitivity of 4.2%/K), both measured in a tempered cuvette [19]. However, both dyes showed MDRs in the LIF signal in droplet sizing experiments based on the LIF/Mie ratio [20–22].
The dye mixture of fluorescein disodium (FL) and sulforhodamine 101 (SRh) is promising for polar liquids. It was first proposed by Chaze et al. [23] and successfully applied for temperature measurements in impinging 2.5 mm-sized water droplets on a heated surface. The detection of the FL color band is only recommended above 540 nm, avoiding the detection of the spectral region in which self-absorption of FL occurs. This way a temperature sensitivity of 2.7%/K could be achieved. Mishra et al. [17] attained a sensitivity of 2.4%/K calculated from the single dye spectra detected in a cuvette with ethanol as a solvent. However, this 2-dye concept was not utilized in micrometric ethanol droplets before, which is the aim of the present paper. Ethanol is an important solvent for many pharmaceutical or process engineering systems and it is also an important fuel component. Its atomization and evaporation behaviour and its liquid temperature under various injection conditions must be studied, e.g., by using optical techniques. For this purpose, the dye concentration of this two-dye 2c-PLIF concept must be adjusted. Reabsorption as well as signal crosstalk is studied in a spectral characterization of absorption and fluorescence of the dye couple. Still, the challenge of MDR needs to be addressed. After identification of spectral positions of MDRs, filter regions for two-colour LIF can be identified in order to achieve a maximal temperature sensitivity and reducing effects of re-absorption and dye concentration on the signal ratio. Afterwards, a planar LIF setup is utilized for calibration of the signal ratio in a wide temperature range of the micrometric droplets. Finally, the droplet temperature is measured using 2c-PLIF in evaporating ethanol droplets downstream the nozzle of a droplet generator.
2 MATERIALS AND METHODS
The following section covers fundamentals on LIF and explains the benefit of the two-color approach. Furthermore, the experimental setup and the implementation are described.
2.1 Theory of 2c-LIF
The 2c-LIF technique is based on the simultaneous detection and ratio formation of two differently temperature dependent fluorescence signals in a spectrum. Therewith, the contribution of several influencing factors on the signal can be eliminated for the temperature determination. Fundamentals are only briefly addressed in this work, as several works report a detailed derivation of the intensity equations relevant for 2c-LIF, see, e.g., Lemoine et al. [10] and Lavieille et al. [10, 24]. Accordingly, the fluorescence signal intensity Ifl/W/m2 after the absorption of laser photons can be expressed with
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while β/K and Kspec/mol-1 are constants describing the physical and fluorescent properties of the respective dye in a two-dye concept. Kspec relates to the molar absorption coefficient ε and the fluorescence quantum yield (FQY) [11]. In this formulation of the LIF working equation, the temperature dependence of the quantities β [image: image] and Kspec [image: image] is considered in the e-function. The FQY for example, is affected by temperature dependent photo-physical processes such as quenching. In general, the FQY of the dyes used in this work are very high: for FL it is 0.97 (in ethanol) and for SRh it is 0.90 (in ethanol as well) [25]. The molar absorption coefficients are 92,300 L/(cm·mol) (at 499 nm) for FL in ethanol and 110,000 L/(cm·mol) (at 577 nm) for SRh in methanol [25]. However, the absorption coefficients are lower at the intended excitation line of 532 nm, which is described in Section 3.3.
The exponential part of the equation results from the Arrhenius approach, including the influence of the absorption cross section and the quenching rate on the temperature dependence. β is the wavelength dependent temperature sensitivity factor, which expresses the signal change per unit kelvin [10]. The equation contains another constant Kopt[image: image]/-, which is the efficiency of the detection system. I0 is the incident laser fluence, C/mol·m-3 the concentration of the dye molecules, T/K the temperature and V/m3 the sample volume. The equation is only valid in the linear range at low laser fluence I0/W·m-2 (below a saturation threshold Isat). This regime is intended in order to avoid a non-linear behavior of the signal intensity due to saturation effects or photobleaching of the dye.
The 2c-LIF approach uses a ratio Rfl of two signal intensities, which is derived from two selected wavelength bands in the fluorescence spectrum of the dye. Therefore, the dependence on the laser intensity, the sample volume and the molecular dye concentration can be eliminated from the ratio equation:
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To further cancel out the system dependencies K, the ratio is normalized to a reference operating point at a known temperature.
2.2 Experimental setup
A V-750 UV/VIS-spectrophotometer (Jasco) is used for investigations of the absorption behavior of the dissolved dye mixtures. The calculation of the absorbance from the measured transmittance T values can be expressed via Lambert Beer’s law:
[image: image]
A closable Hellma quartz cuvette (10 mm optical path) containing the sample is tempered in the cuvette holder and a transmission measurement is conducted. When measuring in the cuvette, the optical path length is relatively large compared to the droplet diameter in the emission measurements. This means that a large dye concentration is required for the droplet fluorescence measurements in order to achieve a sufficiently high signal to noise ratio (SNR). Therefore, solutions with deviating dye concentrations are prepared for absorption (cuvette) and emission (droplet) investigations as specified below. As solvent, absolute ethanol (EMSURE, purity >99.9%) is used and dosed with 10 mg/L FL (CAS: 518-47-8) and 1 mg/L SRh (CAS: 60311-02-6), investigating the absorption behaviour. Additionally, in order to clarify the influence of the dye admixture on the physical properties of the solvents, measurements of density, surface tension and dynamic viscosity were conducted, see.
Table 1 These properties are essential for the droplet formation in sprays and changes with dye addition would make the spray investigations redundant. Three different mixtures (pure ethanol, ethanol dosed with FL and ethanol dosed with FL and SRh) are tested and only a slight increase in viscosity (i.e., a difference of 0.038 mPas) could be detected when the dyes are added. All measurements were conducted at 293 K. Density and dynamic viscosity determination is performed with a Stabinger viscometer (SVM 3001, Anton Paar) after ASTM D 7042:2021 and the detection of the surface tension after DIN EN 14370:2004.
TABLE 1 | Fluid properties of ethanol and the mixtures with fluorescein disodium and additional admixture of sulforhodamine 101.
[image: Table 1]Figure 1 shows the experimental fluorescence emission measurement setup. A pulsed Nd:YAG laser (Q-SMART, Quantel) is operated at 532 nm with a fluence of 2.7 mJ/cm2, ensuring measurements within the linear LIF signal intensity regime. The expanded, collimated laser beam passes the monodisperse droplet chain, generated by a tempered droplet generator (FMAG 1520, TSI). The FMAG is dosed with the dye-solvent mixture by a syringe pump and additional tempered focussing air, forming 100 µm sized droplets (for most of the studies, smallest droplet sizes are around 20 µm depending on the investigated liquid). The droplet size is determined by previously calibrating the resolution with a multi-frequency grid distortion target (Thorlabs, R1L3S3P) in the focal plane. Two recirculating chillers (for the liquid and air flow) regulate the mixture to temperatures between 283 K and 343 K, while the maximal temperature range is limited by the boiling point of the solvents. Deviating to the absorption measurements, a dye concentration of 750 mg/L FL and 75 mg/L SRh is applied in the droplet chain. These higher dye concentrations are necessary for sufficiently high LIF signals of the micrometric droplets. Preliminary measurements were performed to find an optimum in the mixture ratio of both dyes regarding reabsorption between the molecules and a similar high emission signal.
[image: Figure 1]FIGURE 1 | Optical setup with spatial and spectral detection of the fluorescence emission around a tempered monodisperse droplet chain.
At 90° detection angle a long-distance microscope (Infinity K2 DistaMax) is mounted to an imaging system which includes two sCMOS cameras (Imager, LaVision), resulting in a resolution of 3.25 pixel/µm. This system includes a dichroic mirror to split the signal into two wavelength ranges. Both parts of the signal pass through a specific band-pass filter (554/23 BrightLine HC and 615/24 BrightLine HC), only allowing a detection of the shaded color bands as indicated in Figure 4 (the filter selection is discussed below in detail). For the imaging measurements, 2,000 pictures were recorded at a frame rate of 10 Hz and repeated on three different days. Every image contains two or three droplets of the droplet chain, leading to a total of several thousand droplets per operating point. On the opposite side of the droplet generator, a fiber-coupled spectrometer (WP-VIS-A-S-50, Wasatch Photonics) is mounted. Preceding the optical fiber, the optical system consists of two achromatic doublets and a notch filter, ensuring the screening out of the excitation wavelength. Each measurement is integrated for 50 ms and 100 single spectra are averaged. This procedure is conducted ten times on three different days, leading to a total of 3,000 spectra.
In the imaging setup, the signal is split by a dichroic mirror and further detected by two cameras. In the post-processing of the calibration data, one image is mapped onto the other via a transformation matrix and a warping algorithm. Using a binarization, the edges and thus the droplets in the pictures are detected and further evaluated. Single droplets are selected as “useful” or are otherwise not considered, according to their size and deformation. Only droplets close to 100 µm with no perceptible deformation are considered for calibration measurements (although thermometry is also possible in non-spherical structures, see below). The measurement location is about 5 mm below the nozzle exit at which spherical droplets are formed (the downstream distance depends on the temperature, determining, e.g., the surface tension and liquid viscosity and thus the droplet stability). For calibration measurements the droplet temperature is assumed to be the same as the adjusted temperature of the droplet generator and corrected afterwards, see Section 3.3.
With these specifications, a minimum of 12,500 droplets is taken into account for further evaluation. The integrated LIF-signal of the droplet is strongest in its center. This is because of the maximum depth in z-direction of the droplet and since the whole droplet is illuminated by the laser beam (beam diameter of 8 mm). A circular region of interest (ROI) is determined for evaluation, excluding the droplet rim. In this outer area the lowest SNR is achieved, which leads to the highest temperature variations as also shown by Palmer et al. [14]. In this ROI, the signal is spatially averaged for both channels and a signal ratio is calculated for the single images. Afterwards the single signal ratios are averaged for determination of the temperature dependent calibration curve.
3 RESULTS AND DISCUSSION
The next section shows all results ranging from MDR studies and the filter selection to calibration data. Finally, an evaporation study downstream the droplet generator is conducted to apply the measurement technique.
3.1 Preliminary studies on MDR effects and their circumvention
When measuring in spherical droplets, lasing effects may occur due to internal total reflections on the droplet/air phase boundary. These amplified emission signals are also known as whispering gallery modes (WGM) or MDR. Different refractive indices between the liquid in the droplet and the ambient air lead to a high total internal reflection (TIR) angle, which can be determined to be 47.2° for ethanol/air after Snell’s law. The combination of the TIR angle and the spherical shape lead to the droplet acting as an optical cavity with resonating light circulating along the internal rim.
The resonance wavelengths and the respective emission linewidths are affected by the morphology of the scattering media. This includes the droplet size and its shape, as well as the refractive index of the solvent [26]. In a previous work based on the dye nile red in ethanol/isooctane mixtures, the lasing peak was a function of the ethanol concentration. The peak position was red-shifted with larger ethanol amount and pure ethanol showed the lowest MDR peak [20]. Larger droplet sizes exhibited more distinct MDRs in the LIF signal in accordance with the theory [21]. Consequently, MDR can be useful, e.g., for the determination of droplet properties such as the diameter [27, 28]. For 2c-LIF thermometry, MDR pose a major signal influence and disturb the signal ratio approach if detected in one of the color channels. One proposal to circumvent the detection of MDR effects is the addition of an absorber molecule, which does not emit fluorescence itself (e.g., OBN as an absorber for Pyr lasing, as mentioned in the introduction) [11]. Another possibility is to use ‘controlled color switching’ (of the MDR) to another wavelength outside of the color channels [27]. Both options are based on an effective energy transfer between the dye molecules.
The subsequent investigation serves for analysis of MDR effects for the individual dyes and the dye combination in ethanol. The fluorescence spectra of the single dyes FL and SRh, as well as a mixture in ethanol droplets at ambient temperature are shown in Figure 2. The FL spectrum shows a gap from the 532 nm notch filter applied and a MDR peak at 571 nm. SRh indicates an emission maximum at 593 nm with a lasing maximum at 648 nm. A reduction of the signal at the FL peak with simultaneous increase of the SRh peak is observed in the mixture. This can be explained by reabsorption of the FL emission by SRh molecules.
[image: Figure 2]FIGURE 2 | Fluorescence emission spectra of 100 μm sized ethanol droplets with addition of the dye FL (750 mg/L), SRh (75 mg/L) and a dye mixture of both FL and SRh. The missing signal around 532 nm is due to the notch filter.
Due to the high molecular weight of both dyes, the mixture ratio of the dyes is assured in case of evaporation of ethanol. Both dyes remain in the droplet leading to a dye enrichment and a fluorescence signal increase. However, this will hardly affect the signal ratio, when the filters are chosen accordingly and as long as no concentration quenching of the LIF signal occurs. In addition to the signal reabsorption, the MDR peak in the FL spectrum is absorbed by SRh in the mixture. Instead the MDR signal of the dye mixture shows a peak at 652 nm, which means at higher wavelengths than the MDR peak of the solely studied dye SRh. Consequently, the optical filters are chosen outside of this wavelength area, as specified above.
Supplementary measurements have been performed in the possible droplet diameter range of the droplet generator to ensure that for a diameter variation no additional MDR modes are detected. Tang et al. [29] stated that the number of lasing modes could be increased in the case of larger droplets in comparison to smaller droplets. For the present solutions with the single dyes FL and SRh, spectra in droplets from 60 µm up to 120 µm have been recorded and are shown in Figure 3. In general, no clear droplet-size dependence of the average MDR peak position could be observed. However, the MDR peak rises relatively to the main fluorescence peak of SRh for smaller droplets. A deviation from this pattern can be observed for 100 µm sized ethanol droplets dosed with SRh, showing a higher MDR peak than the 120 µm sized droplets. This deviation could be explained by a correlation of the spectral position of the MDR and the droplet size, resulting in intensity variations of the lasing signal. Koegl et al. [21] presented similar findings of certain droplet sizes showing larger MDR in the LIF signal images.
[image: Figure 3]FIGURE 3 | Fluorescence emission spectra (including MDR) of ethanol droplets with addition of the dye FL (750 mg/L (A)) and SRh (75 mg/L (B)) at droplet sizes ranging from 60 μm to 120 μm.
3.2 Filter selection
The 2c-LIF approach is based on the ratio of two intensity signals, each originating from a respective color channel in the fluorescence spectrum. These color channels can cover two differently sensitive segments of one single dyes’ emission spectrum. Therefore, using only one dye, it may be difficult to reach a high temperature dependence of the signal ratio. Furthermore, the ‘blue’ part of the spectrum may be affected by re-absorption effects and a varying dye concentration intensifies this problem. Palmer et al. [14] successfully performed micrometric droplets measurements in a heated surrounding with only Pyr as fluorophore. To avoid MDR effects, OBN was added, which contributes to the spectrum without fluorescence emission but by absorption of the emitted photons of Pyr. A temperature sensitivity of 0.29%/K could be reached in this application. In order to raise the sensitivity, a two-dye approach using two different dyes with contrary temperature dependent emission behaviors may be promising. In general, two-dye 2c-LIF concepts for increased sensitivity were proposed by Sakakibara et al. [30] and were recommended in several works [15, 30, 31]. Thus, each color channel covers one emission spectrum of the two opposed temperature dependent fluorescence signals.
Figure 4 shows both, the absorption and fluorescence emission spectra of the single dyes used in this work. Absorption measurements were carried out in a cuvette, while the emission spectra were detected in droplets and thus, show MDR peaks. Shaded color bands describe the two intensity color channels representing the selected optical filters. The “blue” channel (at lower wavelengths) equals the transmission curve of the Semrock 554/23 BrightLine HC filter and covers wavelengths from 543 nm to 566 nm. In this wavelength segment the detected emission signal originates mostly from FL molecules. Absorption by SRh is relatively strong in this color channel and reduces the fluorescence signal, which however is the fundamental for color switching (red-shifting) of the MDR peak. The ‘red’ channel corresponds to the transmission of the Semrock 615/24 BrightLine HC filter between 603 nm and 627 nm. Reabsorption of SRh-fluorescence plays only a minor role in this wavelength region and the emission is dominated by SRh. Ultimately, both filters were chosen so that fluorescence crosstalk and self-absorption can be neglected in these wavelength areas.
[image: Figure 4]FIGURE 4 | Absorption spectra (dashed line) measured in a cuvette and fluorescence emission spectra (solid line) measured in the droplet chain of both single dyes FL and SRh in ethanol. The color channels of the selected optical filters are depicted as shaded rectangles. The Nd:YAG laser line for excitation of both dyes is marked in green at 532 nm. Please note that the y-axis of the absorption spectra is extended to 2 for better visualization.
3.3 Calibration data
The results of the absorption measurements from 283 K to 343 K and the excitation wavelength of the laser at 532 nm are depicted in Figure 5. Two major peaks at λ ≈ 500 nm and 550 nm can be observed. The first one at shorter wavelengths is due to the absorption of FL and this maximum is significantly higher than the second peak, which is attributed to absorption of SRh. This difference in absorption is partly due to the mixture composition of 10:1 (FL:SRh). At higher temperatures, the FL absorption peak increases whereas the SRh peak only shows a slight blue shift. The very small and additionally negative temperature dependence and the superimposition with the increased FL band lead to this shift. A similar trend with a higher temperature increase for FL is consequently expected for the fluorescence of both dyes.
[image: Figure 5]FIGURE 5 | Absorption spectra of the dye mixture (10 mg/L FL and 1 mg/L SRh) in ethanol measured in a tempered cuvette at temperatures ranging from 283 K to 343 K. The Nd:YAG laser line for excitation of both dyes is marked in green at 532 nm.
The graphs in Figure 6 show the fluorescence emission spectra of the utilized dye mixture at different temperatures, indicating the MDR peak at wavelengths of λ > 640 nm. Moreover, the combination of the temperature sensitive FL and the temperature insensitive SRh leads to a high sensibility of the fluorescence intensity ratio. For this ratio, two color bands with an optimum high (“blue”) and low (“red”) temperature sensitivity were elaborated and accordingly, the filters for further measurements with an imaging system were selected as described before. These filter regions are hereafter referred to as channel 1 (“blue”) and channel 2 (“red”). The integrated signals under the graph in the shaded regions are applied for the subsequently built signal ratio. The range around 532 nm is blocked by the notch filter and would otherwise show the maximum of the FL spectrum. Compared to the absorption spectra, the emission peaks attributable to the single dyes show a signal intensity in the same order of magnitude, despite the different dye concentration in the mixture. With a concentration of 1.99·10−3 mol/L for FL, the number of moles in the volume is approximately 16 times as high as it is for SRh with a concentration of 1.24·10−4 mol/L. This is due to the absorption cross section of FL, which is very low at the 532 nm and therefore only a low share of photons is absorbed. With a higher temperature, the absorption range of FL increases and shows a slight red-shift, increasing the absorbance of laser photons. Accordingly, the temperature dependence of the FL spectrum is visible in the fluorescence emission. The FL peak (in the blue channel) increases with more than factor 1.5 for a temperature rise of 70 K, while normalized to the SRh maximum (which accordingly does not change in this depiction). This behavior of SRh emission was predictable from the absorption spectrum in Figure 5, as no strong dependence on the temperature could be observed.
[image: Figure 6]FIGURE 6 | Fluorescence emission spectra of the dye mixture (750 mg/L FL and 75 mg/L SRh) measured in 100 μm sized ethanol droplets at temperatures ranging from 293 K to 343 K. The color channels of the selected filters (based on temperature sensitivity) are marked in blue and red. The signal increase in the region around 650 nm corresponds to the MDR signal.
Figure 7 shows the normalized LIF ratios at different temperatures and the resulting linear fit for the measurements with the spectrometer (s) and with the cameras in the imaging system (c). The slope of the imaging system calibration curve is steeper than the one of the spectrometer. For a direct comparison, the inclusion of the quantum efficiencies and detection angles of the optical components and the incorporation of the signals at the droplet rim in the image processing are missing or rather leading to a deviation of the slopes. By detecting with the imaging system, the filters limit the evaluated channels, whereas these limits are straight theoretical cut-offs in the evaluation of the spectrometer measurements.
[image: Figure 7]FIGURE 7 | Normalized fluorescence intensity ratio of the integrated spectral channels for the simultaneous measurements with the spectrometer (s) and the camera system (c) with according standard deviations. The signal ratios are normalized to 293 K. The upper x-axis shows the estimated droplet temperature while the lower x-axis depicts the temperature, the droplet generator was tempered to.
It should be noted that two x-axes are included in the diagram. One presents the set temperature of the droplet generator, the other one is the estimated temperature in the measurement location. The estimated temperature curve is based on a two-point calibration at 293 K (ambient temperature) and the maximal studied temperature of 343 K. The temperature difference between the adjusted liquid temperature in the droplet generator (343 K, which is also assumed to be constant within the first 2 mm downstream) and the liquid temperature at the measurement position for calibration (5 mm downstream) is 10.7 K. This difference is determined iteratively by conducting 2c-PLIF measurements downstream. The spatial differences in signal ratios and thus temperatures were extrapolated linearly in order to find the most plausible temperature evolution, see Figure 9. Further details are provided in the subsequent section.
By adjusting the temperature to the estimated droplet temperature at the measurement position as described above, the calibration curve for the imaging system shows a slope of 2.02%/K, the curve for the spectrometer setup a slope of 1.71%/K, describing the resulting temperature sensitivity. In comparison, Chaze et al. [31] and Mishra et al. [5] achieved higher values for the sensitivity of the same dye combination, stating values of 2.5%/K to 3.0%/K (in water) and 2.4%/K (in ethanol). However, different setups (mm-sized droplets and cuvettes, different band-pass filters), dye concentrations or liquids (water) were used and no standard deviations are shown for an estimation of the reproducibility. As MDR effects were not considered, much broader color channels were chosen in the previous publications, probably leading to higher differences in the signal ratio and thus a steeper slope. It was mentioned that the temperature insensitive SRh band showed certain fluctuations, which could be due to the reported ring structures in a later work of Chaze et al. [23]. As shown in the present work, MDR effects can be avoided by selection of according optical filters. Using a dichroic mirror instead of a beam splitter, the signal loss was counteracted.
Respective single shot images of both channels (“FL” at lower and “SRh” at higher wavelengths) are shown in Figure 8. The temperature dependent signal variation in the “blue” channel (FL) is clearly visible between the coldest and the hottest operating point. No apparent temperature dependence can be observed in the ‘red channel’ (SRh) images. MDR effects, normally visible as very bright ring structures around the droplet, are not detected.
[image: Figure 8]FIGURE 8 | Single images of 100 μm sized droplets at temperatures from 293 K to 343 K viewed through “blue” channel (FL, left) and the “red” channel (SRh, right column). The droplets show no MDR signal at the phase boundary.
3.4 Evaporation study downstream the droplet chain
The evaporation of heated ethanol droplets alongside the droplet chain is investigated at distance intervals of 0.5 mm, starting at the nozzle exit. The initial temperature was adjusted to 343 K. At each measurement point 300 images are recorded and the signal ratio and thus the average temperature are evaluated. The temperature course over the distance from the nozzle with exemplary single shot intensity ratio images are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Temperature profile of the droplets measured downstream the droplet chain. The droplet generator was tempered to 343 K. The shaded area marks the nozzle exit before single droplets detach from the liquid core. Here, large variations occur and high local signal intensities lead to an underestimation of the temperature.
At 2 mm distance from the nozzle, actual droplets have detached from the liquid core and show transient oscillation. The image at 3.5 mm distance shows still a slightly deformed droplet before a stable spherical droplet is formed further downstream. In general, a decrease of the temperature with distance from the nozzle can be observed. A temperature of 341.6 K is determined at 2 mm. The cooling of the liquid is considered to be marginal in the first 2 mm of the droplet chain due to the surrounding hot shielding gas, which was also heated to 343 K. Other groups using droplet generators for calibration assumed no evaporation until the formation of spherical droplets [32]. Consequently, between 0 mm and 2 mm the measured temperatures are underpredicted and show a larger uncertainty in terms of shot-to-shot standard deviations. In this first section of the droplet chain, Rayleigh breakup of the liquid core is observed and no droplets have formed yet. In this area, the temperature detection shows largest shot to shot deviations of up to +/-5.6 K (8.2%). Further discussion on the underprediction is provided below.
At the distances further downstream the nozzle decreasing temperatures are detected until a minimum temperature is reached. The slope between 2 mm and 9 mm is almost constant. In this study the temperature does not vary anymore between 9 mm and 10 mm. Within the studied spatial domain of 7 mm length (2 mm–9 mm distance to the nozzle), a temperature reduction of about 17.7 K was observed, which will be discussed in the subsequent paragraphs. In general, the droplet evaporation and cooling/heating are transient problems. The heated droplet is cooled down due to the heat transfer with the ambient air and the large evaporation enthalpy of the ethanol droplets. The relative velocity is reduced by drag, which varies due to slight droplet deformations. Under the present conditions, the internal temperature of a droplet can be assumed as uniform, which is confirmed by the experiments showing no distinct temperature stratification in the droplet. The measured temperature deviations at the droplet boundary, which are visible in some single-shot images of Figure 9 (e.g., at 2 mm), are not physical and occur due to larger measurement uncertainties (local SNR). The SNR is very low close to the droplet surface and the droplets do not show a uniform signal ratio over the droplet diameter. These inhomogeneities could also be explained by internal optical effects, like reflection and subsequent refraction on the phase boundary. Depending on the ray angle of the fluorescence emission, a “false” image may appear in the camera detector, as described further by Dulin et al. [33] for transparent pipes. In general, the uniform temperature condition is true for a rapid mixing inside the droplet (i.e., a fast internal heat conduction) compared to the slow heat transfer between the droplet and the ambience. The instationary cooling behavior is expressed by the non-dimensional Biot number Bi
[image: image]
which is the ratio of the heat transfer coefficient α between the droplet and the ambience and the liquid heat conductivity λL of the droplet. The characteristic length scale L of a sphere equals one-third of droplet radius [34]. At the present conditions, Bi = 0.103 is obtained, which implies that internal heat conduction is very fast so that almost no temperature gradient can be observed in the droplet. The Biot number was calculated for an average droplet velocity uD = 1.24 m/s and an initial liquid heat conductivity of ethanol λL = 156 mW/(m·K) at 343 K [35]. Under comparable conditions but other liquids (fuels), similar Biot numbers were reported in the literature [36, 37]. Furthermore, for small Biot numbers in the range of 0.1–0.25, effects of droplet distortions of up to 35% were studied by Dai et al. [36]. However, the droplet deformation due to drag showed no significantly improved internal heat transfer [36].
The temperature reduction of about 17.7 K within 7 mm is partly due to the cooling of the hot droplet in the cold ambient air. This cooling by the heat transfer with the ambience accounts for a temperature decrease of about 7.3 K within 7 mm (or within about 6 ms) estimated by using the lumped capacitance model being valid for small Biot numbers (Bi < 0.1) [34]. Additionally, a temperature reduction due to evaporation of at least 10 K is reasonable for ethanol droplets. In a numerical simulation, a droplet temperature reduction of about 17 K for isolated ethanol droplets was observed for initial droplet diameters of 5 μm–40 µm within the first 1.2 ms [38] (the initial droplet temperature was 293 K). This corresponds to a droplet size reduction of 3.4% for an initially 10 μm large droplet. In the present measurements, no droplet size variations were evaluable, since the droplets showed large initial deformations. However, a simplified evaporation model for the steady phase following Sazhin et al. [39] confirmed a small droplet size reduction to about 98.9 μm at the present conditions.
In general, it could be shown that the optimized two-dye 2c-PLIF technique is able to provide droplet temperatures of evaporating droplets in a heated droplet chain on a single shot basis. Depending on the temperature the typical SNR were in the range of 21–105 (average of 47) for the blue channel and between 379 and 662 (average of 446) for the red channel. Temperature variations of 1.4 K could be resolved, for example, between 4.0 mm and 4.5 mm. The average temperatures are 336.0 K and 334.6 K, respectively. The standard deviations were typically around +/-1.0 K.
The larger uncertainty in the jet breakup region may have various reasons. In this near-nozzle region, some “hot” and “cool” spots are observed in the liquid jet, which are not physical. Probably, this is due to fluorescence light reflections at the bare surface of the droplet generator or at the liquid jet itself originating from other regions in the jet, which are projected on the droplet under investigation. These background reflections or scattering effects cannot be compensated easily and other measures such as 2-photon LIF [40] could be required for this purpose. These reflections are partly reabsorbed in the jet or droplets and lead to falsified signal ratios and temperatures as well. This fluorescence scattering and reabsorption is also an issue for droplets close to the liquid core. There, in some images a much brighter illuminated droplet surface is clearly visible originating from fluorescence of neighboring droplets. This also contributes to higher and unphysical droplet temperatures in the near-field of the droplet generator.
4 CONCLUSION
This work presents the optimization of a two-dye 2c-LIF thermometry approach and its first-time application for measurements in a monodisperse ethanol droplet chain. With the use of two contrarily temperature dependent fluorescence dyes (FL and SRh) calibration measurements were conducted in a tempered cuvette (absorption) and a droplet generator (emission). Two detection systems - a fiber-coupled VIS spectrometer and a camera system with two sCMOS cameras - enabled detailed measurements of interfering MDR signals. With the two-dye approach ‘controlled color switching’ of the MDR signal to a high wavelength was possible without addition of another absorber dye, which is common practice for other LIF dyes. At around 652 nm the average MDR peak is located outside of the main fluorescence emission bands of the dye mixture spectrum. Thus, two optical filters for the camera system could be selected in wavelength regions without lasing signal. The filter bands are different from the suggested ones in the literature for water. With this improved approach, a calibration curve with a promising temperature sensitivity of the signal ratio (2.02%/K for detection with the camera system) was attained in micrometric droplets of 100 µm without detection of MDR signals. Additionally, first-time investigations of the droplet cooling and evaporation were successfully performed downstream the droplet chain in form of temperature measurements with the two-dye 2c-LIF imaging approach. A cooling of around 20 K could be measured for a distance of 10 mm. Images detected close to the nozzle show the Rayleigh breakup of the liquid core. In this region of primary breakup, the results show strong deviations, probably resulting from optical effects inside the non-spherical structures and droplets. At distances between 2 mm and 9 mm more spherical droplets are formed. There, a linear decay of the temperature is observed, which amounts to about 17.7 K. This is a realistic value for cooling by evaporation and heat transfer with the cold ambient air. An estimation of the cooling due to convective heat transfer is attained after the lumped capacitance model and accounts for a decrease by 7.3 K.
In conclusion, successful exemplary thermometry measurements in the droplet chain could be performed, but also showed the necessity of further fundamental investigations on this approach. Droplet size dependent studies on MDR with the present two-dye LIF concept should be part of future work since the MDR signals themselves were not the focus of the present work. Furthermore, simulations and experimental studies of possible lens effects, leading to distortions in the signal ratios in the droplets, could help to understand and minimize variations in the results. Additionally, extensive simulations of the droplet formation by the droplet generator and evaporation should be conducted for better understanding of the underlying heat and mass transfer mechanisms.
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2¢-LIF Two-color laser-induced fluorescence
Bi Biot number

DCM Dichloromethane
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EMCCD Electron-multiplying charge-coupled device
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FQY Fluorescence quantum yield

IC Internal combustion

MDR Morphology dependent resonances
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OBN Oil Blue N
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