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Introduction

Optical diagnostics are widespread methods in order to study liquids flows and droplets. Methods based on fluorescence of organic dyes such Laser Induced Fluorescence (LIF) makes for example possible the measurement of complete temperature field within droplets or flows in a non-intrusive way. Methods based on LIF present the advantage of a strong signal combined to a high spatial resolution [1]. In most cases, excitation light (a laser beam) is transformed in a sheet with a set of lenses, thus allowing 2-dimensional visualization. This technique is called Planar Laser Induced Fluorescence (PLIF) and is one of the most used for performing 2 dimensional measurements within flows [2,3].

Temperature measurements are granted by the dependency of the fluorescence emissions of most organic dyes on temperature. Historically, fluorescence methods based on a single dye and a single band of detection were the firsts to be implemented [4,5]. The intensity of fluorescent emission light as a function of temperature is given by the following equation:

𝐼 𝑓 = 𝐼 0 𝐾 𝑜𝑝𝑡 𝐾 𝑠𝑝𝑒𝑐 𝐶𝑣𝑒 𝑠 𝑇 ⁄ (1)
Where 𝐼 0 is the excitation laser intensity, 𝐾 𝑜𝑝𝑡 and 𝐾 𝑠𝑝𝑒𝑐 constant related to the optical path and the dye properties, C the concentration of the dye, 𝑣 the collection volume and s the dye dependency to temperature (or sensitivity) at a given wavelength [5]. One of the main drawbacks of this method is the necessity to keep parameters such as volume measurement and dye concentration constant all along the measurement period. These difficulties can be overcome by using the ratiometric techniques. Indeed, ratiometric methods such as 2 Colours LIF (2cLIF) allows one to not take into account the parameters cited before. It is particularly interesting in the case of the study of evaporating droplets, where the measurement volume and the dye concentration can vary with time. The 2cLIF technique is based on the principle of measuring the fluorescence at two different wavelengths simultaneously, and calculating the ratio of the two fluorescence intensities [6]. Applying the equation (1) for two different wavelengths, the fluorescence ratio 𝑅 𝑓 is then given by:

𝑅 𝑓 = 𝐼 𝑓1 𝐼 𝑓2 = 𝐼𝑜𝐾 𝜆1 𝐶𝑣𝑒 𝑠 𝜆1 𝑇 𝐼𝑜𝐾 𝜆2 𝐶𝑣𝑒 𝑠 𝜆2 𝑇 (2)
Where Kλ1,2 is a global constant containing Kopt and Kspect. Dependency on the excitation light intensity, measurement volume and dye concentration are then removed. In the case where optical path and dye are identical, the calculation of the constant K is not necessary anymore.

In the case of the utilization of a pulsed-laser for fluorescence stimulation, it is also necessary to considerate the regime of excitation. Indeed, with high energy peaks, the linear dependency of fluorescence on I0 could not be verified anymore [1]. It is mostly not the case when continuous lasers are used.

These ratiometric methods are now widely used for scientific applications in fluids, especially when non-intrusive measurements are required. Thanks to these methods, it has been for example possible to characterize organic dyes soluble in water in terms of temperature dependency of the fluorescence emission, prior to use the LIF method for temperature measurements within turbulent heated jets [7]. Saturated regime was also studied. As an example of application, Planar-LIF method has been used in order to obtain temperature field within droplets seemed with different tracers [8]. Temperature fields within wavy falling films has also been measured using PLIF technique [9]. 2cLIF (one dye and two-bands of detection) has been implemented in order to investigate temperature of the water sub-droplets (dispersed phase) within an n-tetradecane drop of emulsion [10]. A dye soluble only in the aqueous phase was used, which allowed the visualization of the dispersed micro-droplets of water within the oily mother drop.

Material and methods

The related work presents the procedure of implementation of a 2cLIF experimental bench for the temperature measurement within hydrocarbon droplets radiatively heated. In this section, the initial characterization of a dye only soluble in hydrocarbons and not in water and the experimental setup are presented.

Characterization of the Dye

To the best of our knowledge, the selected dye (BOD-Me, full name: Difluoro{3-ethyl-5-[1-(4-ethyl-3,5-dimethyl-2Hpyrrol-2-ylidene-N)ethyl]-2,4-dimethyl-1H-pyrrolato-N}boron) has never been used before for measuring temperature field of liquids by fluorescence. Therefore, a complete characterization of the dye in terms of light absorption in the visible spectrum and fluorescence emission has been performed. In the experimentation, the HPLC grade of BOD-Me provided by Sigma-Aldrich has been used.

The absorption measurement has been performed with a Spectrophotometer (Agilent 8453). Since the dye has been selected for being diluted within n-tetradecane, a preliminary measurement ("blank") of the absorption spectrum of pure n-tetradecane was also performed. Retained concentration of BOD-Me for absorption measurement was 2.5mg/L.

Figure 1 shows the absorption spectrum of the dye in the visible spectrum. The characterization results in an absorption peak at 522 nm, thus being very close to the excitation wavelength of the laser (532 nm) that will be used in the experimental campaign. It can also be seen that there is no absorption beyond 550 nm, which avoid spectral conflicts in the application of the 2cLIF method. The measurement fluorescence was realized by a fluorescence spectrophotometer (Perkins Elmer LS 50B). A calibration "blank" measurement of the fluorescence signal of pure n-tetradecane was also performed and deducted of the measurements of the different tested samples. In the fluorescence analysis, the solution was diluted down to 0.025mg/L. Fluorescence spectrums show that high fluorescence signal is obtained for excitation light at λ = 532 nm with a peak at λ = 535 nm. As it can be noted from Figure 2 (right), the fluorescence spectrum at λexcitation = 532 nm spans from 510 to nm, with a strong decrease of the signal intensity after 600 nm. In Fluorescence based techniques, it is recommended to have a light signal strong enough in order to perform accurate measurements. That is why all the detection bands selected in the experimental work will be in the range 520-600 nm.

Application to 2 Colours -LIF measurements

Figure 3 shows the experimental apparatus used for 2cLIF measurements. A continuous Nd-YAG laser (Spectra-Physics) emits a beam at a wavelength λ=532 nm. The beam is then transformed into a sheet of suitable dimensions by a spherical lens coupled to a cylindrical one in order to have a 2D fluorescence map of the sample seemed with the fluorescent tracer (a 10 mm cuvette filled with liquid for the temperature calibration and a droplet in the experimental application). The emitted light passes then through the Hamamatsu Gemini V-view image-splitter. In this component, the image of the sample is split in two parallel optical channels thanks to a dichroic mirror: all the wavelengths inferior to the cutting wavelength of the mirror are reflected while the higher wavelengths are transmitted. A pass-band filter (10 nm width) is positioned along the optical path of each channel in order to collect only the fluorescent light at the wavelength of interest. The system is finally coupled to a high-speed camera (Photron SA-X2). The optical zoom (LAVision VZ-Image Navitar 12x) assures the focusing of both the images at the different filtered wavelength on the sensor of the high-speed camera (Figure 4). 

Results and discussion

Temperature calibration procedure Sample of fluorescent tracer was mixed with n-tetradecane (the concentration used for the procedure was varied between 20 and 5 mg/L) and put within a quartz cuvette (10x10 mm) which has a light transmission greater than 95% in the visible. Total volume of the liquid bath was 2.5 mL. At each test, the liquid bath was changed in order to avoid significant photodegradation of the tracer. The sample was heated by a hot plate (ThermoScientific -Rt Elite). Temperature was controlled by a PT-100 linked to a PID controller in order to control the temperature. In addition, a Type K thermocouple was added in the liquid bath to perform corrections when needed.

The following procedure has been used: • The sample to characterize was put in a quartz cuvette •

The bath was heated thanks to a heating plate up to the setpoint.

•

The bath temperature was monitored in real-time by the PID controller of the bath and controlled with a type-K thermocouple.

•

Once the homogenization temperature was reached, the liquid bath was illuminated with the laser.

•

Picture of the fluorescent intensity on the 2 collection bands was taken. The analysis of Rf was carried out with different wavelength couples. The best results are given by the couple λ1=550 nm and λ2=580 nm because they both show a good signal to noise ratio and the fluorescence ratio Rf curve is strictly monotonous with a significant variation with temperature. The combination of these ensures a temperature measurement with good accuracy. Table 1 In order to ensure the validity of the results, a second calibration of the fluorescence ratio within the droplets is performed. To this aim, a nude thermocouple of type-K is placed inside the droplet, in order to give an indication of the exact temperature at this point. The fluorescence ratio measurement zone is taken the closest possible to the position of the head of the thermocouple, in order to be as precise as possible. The droplet was placed on the Kanthal wires by using a hypodermic syringe, thus its size could be defined by fixing the tetradecane volume. The temperature of the radiant panel was set at a 500°C. The pre-heating time of the panels prior to reach their working temperature is of around 30 seconds. This explains the long heating time of the droplet as can be noted by Fig. 8 (right). The choice of turning on the panels after the droplet injection has been made in order to observe every step of the droplet heating from room temperature up to its complete evaporation. Figure 8 (right) depicts the evolution of temperature measurement between the nude thermocouple and the 2cLIF method. Results present a Standard Deviation (SD) of 14°C, while the second and third measurement points presents a SD of 26.5°C. These two most remote points from thermocouple measurements are in the low temperature zone (< 100°C), while a good fit between the two data sets is observed for higher temperatures which represents the interest of the study.

Conclusions

In the presented work, the characterization of BOD-Me, a fluorescent dye soluble in hydrocarbons, for applications in 2cLIF thermometry has been done. The study of the behaviour of fluorescence emission of the dye solved in ntetradecane has been performed in the range 20 °C -200°C. Several bands of detection of fluorescence intensity have been tested in the range 520-650 nm and the best sensitivity of the ratio Rf, the ratio of fluorescence intensities emitted at two different wavelengths, was given by the pair 550/580 nm. In that case, it was observed a monotonous decreasing trend of Rf and a signal strong enough in order to allow the study of temperature field within droplets by 2cLIF. The method was then applied to study the temperature field within n-tetradecane droplets under radiant heating.

In a dedicated experimental campaign, the temperature of n-tetradecane droplets measured by the 2CLIF method was compared with the one determined by a thin bare thermocouple which junction was placed very close to the region used in the 2cLIF thermometry. First results shown a good match of temperature between the LIF measurement and the thermocouple measurement with Standard Deviation of 14°C for temperatures higher than 100°C.

Next steps of the work will aim to study the temperature field of n-tetradecane droplets under different schemes of radiant heating (heat source located at the bottom or at the top of the droplet). Objective will be to map the temperature field inside the drop and the occurrence of "hot zones". Then the study will be transposed to Water-in-Oil emulsions with the aim of studying in detail the process of droplets micro-explosion.
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 1 Figure 1. BOD-Me absorption spectrum
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 2 Figure 2 (left) shows the fluorescence emission for different excitation wavelengths; Figure 2 (right) depicts the fluorescence signal at λexcitation = 532 nm, which corresponds to the excitation wavelength of the laser used in the experimental system.

Figure 2 .

 2 Figure 2. Fluorescence spectrum of the BOD-Me at different λexcitation
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 3 Figure 3. 2C-LIF experimental setup
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 4 Figure 4. Optical Splitter device (left) and corresponding image at two collections wavelengths (right)
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 5 Figure 5. neighbouring pixels averaging procedure

  shows temperature sensitivity of the fluorescence signal at the different tested wavelengths. The calibration tests were carried out in the range 25 °C -200 °C, being 253.6 °C the boiling temperature of n-tetradecane. In each test, a total of 7 to 8 measure points were taken within the temperature span [25-200 °C]. Four repetitions tests were performed in order to ensure the reliability of the results. Results of calibration of the function Rf(T) for the wavelength pair 580nm/550 nm are shown in Fig. 6. Uncertainty of the temperature measurement was quantified at +/-7°C.
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 6 Figure 6. Calibration curve Rf(t) for λ1 = 550 nm, λ1 = 580 nm
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 7 Figure 7. Heating droplet apparatus
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 8 Figure8(left) reports the post-treatment image of 2cLIF within an n-tetradecane droplet. The droplet had an initial diameter D0 of 2.3 mm and was heated by the radiative panel located at its bottom set at a temperature of 500°C. The image was taken 2 seconds after the injection of the droplet and the start of the heating. Figure8(right) compares the temperature measured by the thermocouple and 2cLIF method in a region at a distance of 150 µm of the thermocouple junction.

Figure 8 .

 8 Figure 8. Temperature field within a n-tetradecane droplet determined by using 2cLIF (left) and comparison of the temperature evolution with time in a region of the droplet close to the thermocouple head determined using the 2LIF method and the thermocouple

Table 1 .

 1 Temperature sensitivity of BOD-Me tracer at the tested wavelengths

	Wavelength	Temperature
	(nm)	Sensitivity (%/°C)
	550	-0.56
	580	-0.42
	600	-0.37
	650	-0.3
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Nomenclature

C

Tracer concentration [mol. l