
HAL Id: hal-02965153
https://hal.science/hal-02965153v1

Submitted on 25 Mar 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Measuring temperature of emulsion and immiscible
two-component drops until micro-explosion using two-color

LIF
Pavel Strizhak, Roman Volkov, Omar Moussa, Dominique Tarlet, Jérôme Bellettre

To cite this version:
Pavel Strizhak, Roman Volkov, Omar Moussa, Dominique Tarlet, Jérôme Bellettre. Measuring temperature
of emulsion and immiscible two-component drops until micro-explosion using two-color LIF. International
Journal of Heat and Mass Transfer, 2020, 163, pp.120505. ⟨10.1016/j.ijheatmasstransfer.2020.120505⟩. ⟨hal-
02965153⟩

https://hal.science/hal-02965153v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


1 

Measuring temperature of emulsion and immiscible two-component drops until 

micro-explosion using two-color LIF 

Pavel Strizhak1*, Roman Volkov1, Omar Moussa2, Dominique Tarlet2, Jérôme Bellettre2

1National Research Tomsk Polytechnic University, Heat Mass Transfer Simulation Laboratory, Russia, 

30, Lenin Avenue, Tomsk, 634050, Russia. +7(3822)701-777, ex. 1910  
2Laboratoire de Thermique et Énergie de Nantes (LTeN), CNRS UMR 6607, Université de Nantes, Rue 

Christian Pauc, BP 50609, 44306 Nantes cedex 3, France. 

*E-mail: pavelspa@tpu.ru

Abstract 

In this research, we measure the temperatures of the non-combustible component (water) in a fuel droplet 

by 2-Color LIF before its micro-explosive fragmentation. We use two types of droplets based on water 

and tetradecane: a two-component immiscible droplet with water in the core and tetradecane as the 

envelope; a pre-mix emulsion. In both cases, the relative volume fraction of water in a droplet is 9%, and 

that of the combustible component (tetradecane) is 91%. To provide the micro-explosive dispersion of 

droplets, we use a scheme with the conductive heating in the range of 250 °C to 550 °C. Using the high-

speed 2-Color LIF technique, we observe the coalescence of water micro-droplets in emulsion droplets 

and intense disruption of the water core in a two-component droplet when heated. The temperature 

difference may range from 1 °C to 10 °C. Temperature distributions in emulsion droplets are more 

monotone when heated until micro-explosion. In the puffing regime, the droplet temperature is 1–3 °C 

higher than in the micro-explosion regime at the same temperatures of the heated metal substrate surface. 

Within a certain interval of the heating time, the temperatures of water in a two-component droplet and in 

an emulsion droplet become comparable. 

Keywords: micro-explosion; two-component droplet; emulsion; temperature of water; 2-Color LIF. 

Nomenclature 

Rd – two-component droplet radii (mm);

t – time (s); 

td – mean droplet disintegration time (s); 

∆t – time interval (s); 

TAT – Average Temp. value (°C); 

TBT – Bottom Temp. value (°C); 

Tbr – arbitrary temperature of an area without Rhodamine B on a frame (°C); 

Td  – droplet temperature (°C); 

Tsurf – heating surface temperature (°C); 
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∆Td – difference between Bottom Temp. and Average Temp. of a droplet (°C); 

∆TAT – variation of the mean Average Temp. value over the time interval ∆t (°C); 

Wh – droplet heating rate (°C/s). 

Abbreviations 

LIF – Laser Induced Fluorescence; 

LIP – Laser Induced Phosphorescence; 

PLIF – Planar Laser Induced Fluorescence. 

1. Introduction

Reliable liquid droplet temperature recording is important for a wide range of activities including 

firefighting, evaporative cooling, heat carrier production, fuel spraying, etc. [1-5]). This data can be used 

to predict liquid heating and evaporation rates [6], thus improving the corresponding technologies. The 

temperature recording methods came a long way from the simplest expansion thermometers to non-

contact measurement. For instance, panoramic optical methods of non-contact temperature measurement 

of various media have become widely popular over the last several years [7–24]. The most widespread of 

those are Laser Induced Phosphorescence (LIP) [8–15] and Laser Induced Fluorescence (LIF) [16–25]. 

Both groups of methods are based on fluorophores and luminophores’ ability to absorb and emit laser 

radiation. The intensity of light emitted by a fluorophore depends on the temperature of the medium it 

was added to. As a rule, the maximum of the fluorophore emission spectrum shifts relative to the 

maximum of the absorption spectrum towards higher values. This makes it possible to single out the 

necessary wavelength using a bandpass filter. Although these methods imply adding some agents to the 

medium under study, they can be arbitrarily classified as noninvasive measurements. The latter is one of 

the reasons why they are used so actively today. 

Some research findings [8–15] describe the achievements in LIP used for liquid temperature 

measurement. For instance, some of the authors proved the possibility to record the temperature of single 

free-falling water and methanol droplets [9, 10]. Omrane et al. [11] measured the temperature of an 

evaporating water-acetone droplet and went on to describe the methods used and results obtained. LIP is 

used to determine temperature distributions in liquid flows and continuous media [12, 13]. It can also be 

used to obtain the temperature fields of aerosol flows [14]. However, despite all of its advantages, LIP 

can only give a good result if particles are relatively evenly distributed throughout the medium under 

study. In the case of fast-paced processes and small droplet sizes [11], the particle concentration may be 

too low for reliable measurements. Moreover, the temperature fields obtained by LIP are often highly 

inhomogeneous [11, 13]. In this case, most scientists choose LIF [16–25]. The distinguishing feature of 

the group of methods known as LIF measurements is the complete even dissolution of the dye in the 

medium under study (liquid). This, in turn, solves the problem of the highly inhomogeneous temperature 
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fields. Generally, there are two types of LIF methods. The first type only uses the central part of the 

emission spectrum for recording the temperature distributions, for instance [6, 16–19], (LIF technique). In 

the second type, temperature is determined by the intensity ratio of the central part and the right side of 

the fluorophore emission spectrum, for instance [20–25], (2-Color LIF technique). LIF provides 

satisfactory results when obtaining the three-dimensional temperature fields of liquid flows and films, as 

well as large single droplets [6, 16–19]. However, it does have a number of limitations including the 

variations of fluorophore concentration in the measurement area [16]. Thus, without the fluorophore 

concentration adjustment (see [16] for a detailed description), it can be used almost exclusively at the 

stages of droplet heating and moderate evaporation [6, 17, 19, 20]. 2-Color LIF [21-25] prevents this, 

because the effect of fluorophore concentration on the intensity ratio is negligible. Moreover, the 

measurement results by 2-Color LIF are minimally affected by the laser beam power. Thus, 2-Color LIF 

is the best choice during the intense heating, evaporation, and explosive breakup of a heterogeneous 

droplet. Moreover, research findings have been published [25] obtained using this technique. 

The study of explosive dispersion (micro-explosion) of heterogeneous multi-component droplets 

is a popular research field. The analysis of the recent publications (for instance, [25–33]) has shown that 

micro-explosion requires two-component droplets as a necessary element. It was experimentally 

established that micro-explosion occurs with both emulsions [28–31] and with a heated immiscible 

droplet [32–35]. Micro-explosion can be provided by a conductive [28–31], convective [32, 33], and 

radiative [34–37] heat exchange, as well as mixed mechanisms thereof. Earlier research findings [25–37] 

show that the threshold temperature at the interface between the combustible and non-combustible 

components in a droplet is the parameter that can be used to establish the patterns of micro-explosive 

droplet fragmentation. For instance, the threshold water temperature before the explosive dispersion is 

60–80 °C for a water-in-oil droplet and 80–100 °C for a water-in-kerosene droplet [32]. Immediately 

before the micro-explosion, the temperature at the water / combustible liquid interface reaches 102–115 

°C [32]. Threshold temperatures for emulsions [28–31] and immiscible compositions [32–35] are highly 

variable. Water droplets are observed to redistribute within the combustible component [25], which is the 

coalescence of the water phase known as generally leading to a successful micro-explosion [26]. Such a 

successful micro-explosion is different from what is called "puffing", i.e. a partial fragmentation of the 

drop [27, 28]. 

Moreover, the temperature within a droplet may be highly dependent on the heating scheme [32–

41]. That is why all studies of such kind require specialized equipment and data processing algorithms. 

As it follows from the earlier analysis, 2-Color LIF is the technique of choice in this case [20–25]. It is 

also important to select the optimal droplet heating scheme for these conditions. The analysis of various 

heating schemes [39, 40] indicates that conductive heating (using a heated surface) is the optimal scheme 

for 2-Color LIF as compared to other heat exchange schemes. Radiative heating complicates the optical 

access to a droplet. The use of a holder in the case of radiative and convective heating is not always 
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acceptable, because a droplet may move in the recording area or drop off the holder due to the intense 

mixing of layers in the droplet and its boiling. 

The purpose of this work is to experimentally study the temperatures of emulsion droplets and 

two-component droplets undergoing a micro-explosive breakup. It is important to observe the water 

location and temperature in the fuel using 2-Color LIF, to compare the coalescence of the water phase 

within both emulsion and two-component drops [25,26]. 

 

2. Materials 

The liquid part of heterogeneous fuel-water droplets consisted of tetradecane (CH3(CH2)12CH3) 

and tap water with the Rhodamine B fluorophore (C28H31ClN2O3) (in a mass concentration of 3 g/l) [25]. 

Experiments were conducted for two types of droplets: two-component immiscible droplets [36–39] and 

emulsion droplets [32–35]. In both cases, a droplet contained 9% of water and 91% of the combustible 

component (tetradecane). The main properties of the combustible component (Sigma-Aldrich, No. 

172456) were as follows: refractive index – 1.429; boiling temperature – 252–254 °C; density – 

0.762 g/mL at 20 °C. 

At the first stage, we prepared a solution of water and Rhodamine B. Rhodamine B crystals in the 

necessary amount were weighed on a laboratory micro-balance (with an increment of 0.0001 g) and 

added to water in a tank. Rhodamine B was then mixed with water for 10 min using an automatic mixer 

(VMS-C4). The initial temperature of the sessile droplet was about 25±1 °C. 

A droplet of a two-component emulsion was prepared in the following way: 

(i) using an automatic mixer (VMS-C4), we continuously mixed a water solution of Rhodamine B 

with tetradecane; 

(ii) in the course of mixing, the emulsion was sampled by a single-channel micro-dispenser 

generating 2.5–50-µl droplets with an increment of 0.1 µl; 

(iii) the same micro-dispenser generated a droplet of about 5.5 µl (the droplet radius approximated 

1.1 mm), which was placed on a metal substrate. 

A two-component immiscible droplet was prepared in the following way: 

(i) using a single-channel micro-dispenser generating 2.5–50-µl droplets with an increment of 

0.1 µl, we generated a tetradecane droplet with a volume of 5 µl, which was fixed on a thin steel holder, 

0.6 mm in diameter; 

(ii) using another (similar) single-channel micro-dispenser, we generated a droplet of a 

Rhodamine B water solution with a volume of 0.5 µl, which was then added to the earlier generated 

droplet of tetradecane; 

(iii) an immiscible two-component droplet (Rd≈1.1 mm) was discharged from the holder to the 

metal substrate. 
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3. Experimental technique

The experimental setup consisted of the following main elements (Fig. 1): continuous-wave 

Spectra-Physics Millennia eV laser with the output power of 10 W and wavelength of 532 nm; high-speed 

video camera Photron FASTCAM SA-X2 (1024×1024 pix at 12,500 fps); a set of two optical lenses to 

transform a laser beam into a light sheet for droplet cutting; metal substrate with a cavity for the fixation 

of a droplet under study; TDK-Lambda Z320-1.3-U power supply delivering the current to the heating 

element fixed under the substrate and transferring the thermal energy to it. The droplet holder is made in 

aluminum and is conceived in circular convex geometry (6 mm diameter) to trap the droplet during 

heating process, avoiding at maximum the lateral displacement and, eventually, the droplet fall (Fig. 2). 

An image splitter (CAIRN Research Optosplit II) duplicates the beam from the subject to be recorded. It 

was equipped with a 580–600-nm dichroic mirror as well as two color filters to single out the necessary 

wavelength in each recording channel: 580±5 nm and 620±5 nm). 
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b 

Fig. 1. The appearance (a) and layout (b) of the experimental setup. 

 

 

 

 

 

Fig. 2. Threaded support for the hot wire (A); Droplet holder (B); Position of the 80µm K-type 

thermocouple (C). 

Each experiment was conducted in several consecutive stages: 

(i) using a TDK-Lambda Z320-1.3-U, we supplied the required current to the heating element to 

achieve the necessary temperature (Tsurf=150–550 °C) on the metal substrate; 

(ii) a laser generated a beam, which was converted into a light sheet by a system of two lenses; the 

light sheet, whose thickness is around 150 µm, cuts the area above the substrate along its vertical axis 

(Fig. 1). The power of the laser beam is ranging between 5 and 10 W; 

(iii) the processes above the metal substrate were recorded by a high-speed video camera with a 

frame rate of 5000 fps, exposure time of 1/8000 s, and resolution of 612×612 pix; 

(iv) the resulting droplet (see stage 2) was discharged onto the substrate; 

(v) the process was recorded using the Photron FASTCAM Viewer software package until the 

moment of droplet destruction in the micro-explosion or puffing regimes.  

The resulting videos were saved as a set of consecutive frames, with a scale factor of 0.0285 

mm/px. The physical size of the original image (with a camera resolution of 612 × 612 px) was about 

17.44 × 17.44 mm. Due to the use of Image Doubler (Fig. 1), each frame consisted of two parts (sized 

306×612 pix): the left (580±5 nm) and right (620±5 nm) channels, having dimensions of about 8.72 × 

17.44 mm each. The resulting final pairs of images were imported into the DaVis software package. 

The data was further processed (as exemplified by one experiment) in several consecutive stages: 

(i) The image pair was geometrically corrected (droplet images from the left (580 nm) and right 

(620 nm) channels were aligned) using a flat calibration target with the coplanar vector arrangement, 

which was obtained during the system tuning; the marker was 1 mm in diameter and the distance between 

the centers of markers was 1.5 mm (Image Correction). 

(ii) We analyzed the temporal variations in the average intensity of the image background. As a 

rule, the average background intensity in the images varied around an experiment-specific constant. The 

mean background intensity obtained was subtracted from each image (Image Arithmetic). 

(iii) The luminosity ratio was determined for each pixel in the image pair (580/620 nm). As a 

result, we obtained one droplet image at each moment of time with the luminosity of each droplet as a 



7 

function of the liquid temperature (Two Color LIF). This technique is practiced as already detailed in 

[16,18,25,29]. 

(iv) The image luminosity obtained at the previous step was converted into temperature using the 

calibration curve equation. The hereby used calibration process is precisely described in paragraph 3 of 

[29], using a droplet of water mixed with Rhodamine B placed in a fixed-temperature silicone oil. First, 

video frames of the water droplet were recorded at various temperatures of silicone oil, assuming that the 

temperatures of the drop of water and silicone oil (measured by means of a thermocouple) are 

comparable.  Secondly, the sequence of operations was performed, which is described in detail in the 

“data processing” section in paragraphs (i) - (iii). After that, the found values of the Fluorescence Ratio 

(Rf) were compared with the previously obtained values of the water temperature, resulting in a 

calibration curve Rf=f(T) in the form of a second-order polynomial: Rf=-9·10-5·T-0.0063·T+2.8499. This 

way we obtained a two-dimensional temperature field of a droplet (LIF Temperature Calculation). If the 

Ratio obtained (580/620 nm) went beyond the calibration curve, this point was not assigned a temperature 

value. 

(v) The resulting temperature field was smoothed to obtain a uniform picture (3×3 Smoothing 

Filter). More precisely, the final temperature of each pixel in the image is the arithmetic average of the 9 

around pixels, which neutralizes the erroneous peaks (highs and lows) of the temperature in the final 

distribution. 

After processing all the images, we found the temporal variation in the average droplet 

temperature (Average Temp.) and the temperature of the lower part of the droplet (Bottom Temp.). The 

Bottom Area dimensions affect the value of Bottom Temp determined by analyzing the experimental 

results. In most experiments, the height of a sitting droplet varied, usually in the range of 1.5-2 mm. The 

Bottom Area height was chosen so that it did not exceed 10% of the total droplet height, which was 

approx. 0.15 mm. Fig. 3 schematically depicts the areas used for the calculations of the above 

temperatures. As part of the calculation, we averaged the droplet temperature (Average Processing) at 

each point of time: we determined the arithmetic mean of the temperatures of all the points in the 

highlighted area. After that, we plotted a temperature variation curve in the highlighted area over time 

(Fig. 4). 

Heating surface

Droplet

Bottom Area 

(Bottom Temp.)

Complete Area

(Average Temp.)

Fig. 3. Averaging areas used to determine the average droplet temperature (Average Temp.) and bottom 

(Bottom Temp.) part of the droplet. 
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Fig. 4. Example of the average temperature variation in a two-component droplet over time at 

Tsurf≈200 °C for the puffing regime. 

Due to the re-reflection of the laser beam from the droplet and substrate, the background intensity 

in some frames exceeded the average value obtained at stage (ii). That is why the temperatures Tbr were 

detected even in the area that did not contain the Rhodamine B fluorophore. This required plotting a curve 

describing the temporal variation in the average temperature Tbr. After that, we obtained the difference 

Td–Tbr for each moment of time. At Td–Tbr<20 °C, experimental points were excluded from consideration; 

they are the white areas in Fig. 7. Then we calculated the time-average droplet temperatures (Average 

Temp.) and temperatures in its lower part (Bottom Temp.) for each temperature of the heated surface 

(Tsurf): Td=(Td1+Td2+…+Tdn)/n, where n is the number of points on the curve; Td1, Td2, and Tdn are the 

temperature values for each moment of time. We also found the temperature difference (∆Td) between 

Bottom Temp. and Average Temp. of the droplet at various surface temperatures (Tsurf). Fig. 5 shows the 

Td=f(t) functions before and after removing the outliers. 
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Fig. 5. a is an example temporal variation in Td and Tbr; b is the variation in the droplet temperature 

(Average Temp.) and the temperature of the lower droplet part (Bottom Temp.) over time after filtration 

and comparison of the results obtained. 

 

Following the experiments, we obtained typical mechanisms of the explosive dispersion of 

heterogeneous droplets (Fig. 6). It is necessary to give a brief description of these mechanisms. When 

heating an emulsion droplet, we first observed micro-droplets under 50 µm in diameter forming within 

the mixed droplet. Then they grew in size up to 200–300 µm followed by a micro-explosion. The overall 

mechanism of this process corresponds to the one earlier described in [25]. In the case of an immiscible 

droplet, the mechanism was as follows: an initially one-piece water fragment started to split into separate 

droplets up to 450–500 µm in diameter. Then followed their further breakup resulting in a micro-

explosion as well. Thus, immediately before the micro-explosion, the emulsion droplet and the 

immiscible droplet had quite a similar structure (Fig. 6). 

 

Heating

Heating surface

Microdroplet Formation

Heating surface

Microdroplet Enlargement

Heating surface

Micro-

Explosion

Heating surface

Emulsion Droplet

Heating Water Droplet Crushing Increasing the Number of Drops

Heating surface

Micro-

Explosion

Heating surface

Immiscible Droplet

Heating surface Heating surface

 

Fig. 6. Main stages of the process under study for an emulsion droplet and an immiscible droplet. 
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Before the experiments recording the droplet temperature, we compared the destruction times 

(lifetimes) of droplets (td) with and without Rhodamine B. Fig. 7 below shows the curves of the droplet 

lifetime versus the substrate temperature for an emulsion droplet and immiscible droplet. Clearly (Fig. 7), 

the influence of the Rhodamine B fluorophore in a droplet on its lifetime is negligible. The experiments 

did not show any effect of Rhodamine B on bubble nucleation in a two-component droplet.  
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a       b 

Fig. 7. Droplet lifetime (td) versus substrate temperature (Tsurf) for an emulsion droplet (a) and immiscible 

droplet (b) 

 

Results and Discussion 

Fig. 8 shows typical video frames and temperature fields of two-component droplets of the 

compositions under study while being heated (during the interval from droplet placement on a heated 

surface and up to its micro-explosion). Following the analysis of the obtained temperature fields (Fig. 8), 

we can point out two important practical aspects. First, it is possible to record the temperatures of separate 

micro-droplets if the size (diameter) of a droplet is at least 2-3 px. With a scale factor of 0.0285 mm/px, 

the minimum size of a droplet sufficient for recording its temperature is about Rd=25–50 µm. There was 

no difficulty in recording the temperature of larger droplets, as shown in Fig. 8. Second, in the case of an 

emulsion droplet, when the radius of water droplets in the main drop is several microns, all the micro-

droplets are evenly distributed throughout the drop, which makes it possible to record the luminous 

intensity of the whole drop (Fig. 8b, 0.0208-0.0366 s).  When the micro-droplets are becoming larger, 

their size (Rd) is apparently smaller than 25 µm and the concentration is insufficient for the even 

distribution within a tetradecane drop. At this stage, intense fluorescence is practically not observed 

(Fig. 8b, 0.1936 s).  However, when micro-droplets coalesce, we manage to record the intense 

fluorescence and, hence, plot temperature fields (Fig. 8b, 0.221-0.266 s). 
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b 

Fig. 8. Video frames of droplets and corresponding temperature fields obtained using 2-Color LIF in the 

micro-explosion regime: a – immiscible droplet (Tsurf≈450 °C); b – emulsion droplet (Tsurf≈550 °C). 

 

When considering the experimental results, we analyzed the possibility of morphology dependent 

resonances (MDRs) or lasing effect. This phenomenon usually manifests itself either with small droplets 

(with a radius of under 50 µm) or with relatively high specific power of the laser radiation source [42-44]. 

The specific radiation power in the experiments approximated 3.5 W/cm2, and the size of the minimum 

recorded separate droplets (as mentioned before) was Rd=25–50 µm. Such parameters, according to Ref. 

[43], indicate the minimization of the laser resonance inside micro-droplets and, thus, of the temperature 

measurement error. At the same time, an emulsion droplet consists of water micro-droplets evenly 

distributed in tetradecane, which is generally similar to a micro-spray cloud analyzed in Ref. [42]. 

Ref. [42] also shows that there can be areas of nonphysical temperatures caused by multiply scattered 

light in a micro-spray, usually in its periphery. In our experiments, we did not observe any areas of 

nonphysical temperatures, which indicates the visible absence of MDRs or lasing effects. 

Figs. 9 and 10 present typical variations in Average Temp. and Bottom Temp. with varying 

heating surface temperatures for an emulsion droplet and an immiscible droplet. The analysis of the 

results obtained leads to the following important points. First, the droplet temperature in its lower part 
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(Bottom Temp.) was 3–8 °C higher than the average droplet temperature (Average Temp.) in all the 

experiments and almost throughout the heating process. Second, the temperature of an emulsion droplet 

changed more gradually than that of an immiscible droplet. The latter must be related to the uneven water 

distribution within the combustible component for an immiscible droplet, i.e., the presence of a clear core.  

Despite the general patterns of the growing droplet temperature over time observed in the research 

(Figs. 9, 10), the heating and destruction of heterogeneous fuel-water droplets is accompanied by constant 

intermixing, disruption, and coalescence of micro-droplets, as well as occasional droplet jumping on the 

heating surface. Selective evaporation of two-component fuel-water droplets is not ruled out either, i.e., 

either water or hydrocarbon evaporates first [45]. In experiment #1, for instance, the emulsion droplet had 

the temperature Tsurf≈500 °C (Fig. 9). Due to the droplet jumping on the substrate, the droplet temperature 

Td started decreasing 0.09 s from the droplet placement on the substrate and only retained its value at 

t≈0.24 s. 
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Fig. 9. Dynamics of the temporal Td variations (Average Temp. and Bottom Temp.) for an emulsion 

droplet with varying heating surface temperature (Tsurf=400–550 °C) in the micro-explosion regime (#1, 

#2 are the numbers of experiments). 
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Fig. 10. Dynamics of the temporal Td variations (Average Temp. and Bottom Temp.) for an immiscible 

droplet with varying heating surface temperature (Tsurf=400–550 °C) in the micro-explosion regime (#1, 

#2 are the numbers of experiments). 

 

The findings presented in Figs. 9 and 10 show that the micro-explosion of a droplet occurs when 

the temperature of water in it (as a rule, Average Temp.) reaches about 100 °C. The initial temperature 

varied within the range of 30–50 °C in this experiment. At the same time, the temperature remains stable 

from 0.03 s to 0.2 s before the micro-explosion. The times of temperature stabilization differ because 

when a droplet reaches the boiling temperature (100 °C), it starts to move actively on the substrate and 

jump up. This is a random process continuing until the micro-explosive fragmentation. It is also 

established that the values of Bottom Temp. are always higher than Average Temp. throughout the 

droplet heating. 

Fig. 11a shows the temporal variation in the difference between Bottom Temp. and Average 

Temp. of an immiscible droplet. It was given by ∆Td=TBT–TAT, where TBT and TAT are Bottom Temp. and 

Average Temp. at each moment of time, respectively. The analysis of the results (Fig. 11a) shows that 

∆Td normally approaches zero at the starting moment, when a droplet hits the substrate. In other words, 

no significant heating of any part of the droplet is observed. Then, in the interval of 0.02–0.05 s, the ∆Td 

rises up to 35–40 °C. After a marked extremum, there is a decrease in ∆Td related to droplet heating. 

However, even while the droplet is being heated, there are local ∆Td extrema, both above and below zero. 

The latter apparently stems from the liquid layers mixing in the droplet as well as the droplet jumping 
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occasionally on the heated surface. In all the experiments considered, ∆Td almost always took on a near-

zero value immediately before the micro-explosive breakup of the droplet (Fig. 11b). Thus, we cannot 

positively claim that a certain local value of ∆Td provides the micro-explosion regime (i.e., is enough for 

this process). It is only by analyzing the long-term dynamics of ∆Td variation and the fitting curve shape 

(Fig. 11) that we can speak of the moment preceding the droplet breakup. A number of functional 

relationships can be used to approximate the data presented in Fig. 11a. However, when presenting the 

measurements, our task was to note the general trend of the ∆Td reduction from the start of droplet 

heating until its destruction. Having analyzed all the data and tried various fitting curves for histograms 

similar to the one in Fig. 11a (because there are usually several extrema), we decided to use a third order 

polynomial as an approximating function. 
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Fig. 11. Dynamics of variation in the difference (∆Td) between Bottom Temp. and Average Temp. of an 

immiscible droplet with heating surface temperature (Tsurf≈450 °C) in the micro-explosion regime (a), 

∆Td=f(Tsurf) for different heating surface temperature (b). 

 

Figs. 12, 13 show the functions of the mean values of the difference (∆Td) between Bottom Temp. 

and Average Temp. of an emulsion droplet and an immiscible droplet. Due to the abrupt changes in the 

instantaneous values of ∆Td (Fig. 11), we used the mean value of ∆Td for the whole droplet heating stage 

to evaluate the patterns in the process being analyzed. The mean value of ∆Td is given by ∆Td=((TBT1-

TAT1)+(TBT2-TAT2)+…+(TBTn-TATn))/n, where TBT and TAT are the instantaneous values of Bottom Temp. 

and Average Temp. at each moment of time, respectively. We considered two schemes: 

 Scheme #1. The negative values of ∆Td were disregarded;  

 Scheme #2. All the ∆Td values were accounted for in the calculation. 
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Fig. 12. Mean difference (∆Td) between Bottom Temp. and Average Temp. of an emulsion droplet with 

varying heating surface temperature (Tsurf) in the micro-explosion regime. 
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Fig. 13. Mean difference (∆Td) between Bottom Temp. and Average Temp. of an immiscible droplet with 

varying heating surface temperature (Tsurf) in the micro-explosion and puffing regimes. 

 

Clearly (Figs. 12, 13), when Scheme #2 is used, the ∆Td=f(Tsurf) curves have a smoother increasing 

shape as compared to Scheme #1. Presumably, the removal of negative ∆Td values has an adverse effect 

on the result. 

When analyzing the results obtained, we calculated the heating rates of droplets under study in a 

similar way as in [17]. The instantaneous and mean heating rates were given by the following equations. 

Average heating rate throughout the process: 

Wh=TAT/td, 

where TAT is the mean value of Average Temp. throughout the heating time and td is the droplet lifetime. 

Instantaneous heating rate within a selected short time interval: 

Wh=∆TAT/∆t, 

where ∆TAT is the variation in the mean value of Average Temp. over ∆t; ∆t is the time interval 

taken as 0.01 s in the calculations. 



18 

 

 Figs. 14 and 15 show the smoothed instantaneous and mean values of Wh for an emulsion droplet 

and an immiscible droplet.  Clearly, the instantaneous Wh values decrease almost throughout the heating 

process. Local maximums and minimums are still observed but they mostly result from the droplet 

jumping on the heating surface (as in the results of experiment #1 for emulsion droplet at Tsurf≈500 °C 

(Fig.  9)). At the same time, the character and values of Wh on the curves (Figs. 14a, 15a) do not allow us 

to draw firm conclusions about the effect of Tsurf on the heating rates. The mean values of Wh decrease 

with an increase in Tsurf (Figs. 14b, 15b). At the same time, the heating rate of an immiscible droplet is 

significantly (200–230 °C) higher than the same parameter of an emulsion droplet at Tsurf=400 °C. At 

Tsurf≥450 °C, the heating rates of the two droplet types under study do not differ by more than 40–50 °C/s. 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0

100

200

300

400

500

 Emulsion Droplet          Tsurf

400 °C

450 °C

500 °C

550 °C

W
h
 (
°
C

/s
)

t (s)
  

380 400 420 440 460 480 500 520 540 560

120

140

160

180

200

220

 Emulsion Droplet 

Wh average values

 Approximation

W
h
 (
°
C

/s
)

Tsurf (°C)  

a       b 

Fig. 14. Temporal variation dynamics of the instantaneous heating rates of an emulsion droplet with 

varying heating surface temperature (Tsurf=400–550 °C) in the micro-explosion regime (a), as well as the 

average heating rate versus the surface temperature (Tsurf) (b). 

 

To explain the shape of the Wh=f(Tsurf) curves obtained (Figs. 14b, 15b), we calculated the mean 

breakup times of the droplet types under study. The results are shown in Fig. 16. You can see that the 

times td were decreasing within the Tsurf=150–350 °C range. Their decrease is rather sharp until 250°C, 

which corresponds to the boiling point of tetradecane; after this value of temperature, we can suppose that 

the heat flux between the plate and the drop is no longer increasing. In the range Tsurf=350–550 °C, 

however, the droplet lifetimes increased non-linearly in the range of 0.2 to 0.6 s. At the same time, the td 

growth trend is typical of both emulsion droplets and immiscible droplets in the micro-explosion and 

puffing regimes.  
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Fig. 15. Temporal variation dynamics of the instantaneous heating rates of an immiscible droplet with 

varying heating surface temperature (Tsurf=400–550 °C) in the micro-explosion regime (a), as well as the 

average heating rate versus the surface temperature (Tsurf) (b). 

 

An increase in the td stems from the droplet jumping on the substrate. As a result, the droplet was 

not in direct contact with the heated surface, hence a longer time was required to trigger of the explosive 

breakup (Fig. 16). For this reason, the average liquid droplet heating rates (Wh) increase with an increase 

in Tsurf (Figs. 14b, 15b). 
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Fig. 16. Aligned curves of the average droplet breakup times (td) versus the heating surface temperature 

(Tsurf) for an immiscible droplet in the micro-explosion and puffing regimes and an emulsion droplet in the 

micro-explosion regime. 

 

Conclusion 

(i) The experiments with mixed and immiscible droplets allowed us to specify principal 

differences in the mechanisms of their micro-explosive fragmentation. The video frames showed that 

water micro-droplets within the emulsion actively coalesced and, therefore, formed rather large liquid 

fragments. They were the basis for bubble nucleation and further growth. In the case of a two-component 

droplet, the reverse processes were recorded, i.e., a large water core broke up within a fuel droplet. Vapor 
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bubbles were formed at the surface of these fragments and coalesced later on. When these bubbles 

reached critical pressures, droplets broke up into fragments. These findings indicate that the growth of 

vapor bubbles is intensified when water micro-droplets within a fuel droplet reach the average size of 50 

to 100 µm. For the bubbles to reach this average critical size in a two-component droplet, the water core 

atomization was needed, and in the case of emulsion, the coalescence of water micro-droplets. 

(ii) At the heating stage, the temperature differences in two-component droplets were much lower 

than in an emulsion droplet due to the uneven water distribution in a droplet. Here the temperature 

difference could range from 1°C to 10 °C. The droplet temperature in the puffing regime was on average 

1–3 °C higher than in the micro-explosion regime at the same heating temperatures. This happened 

because a droplet remained on the substrate for a longer time in the puffing regime: 0.05–0.25 s longer 

than an emulsion droplet. 

(iii) The difference (∆Td) between the Bottom Temp. and the Average Temp. of a two-component 

droplet grew 1–5 °C higher with an increase in the surface temperature (Tsurf) irrespective of the droplet 

breakup regime (explosion or puffing). For an emulsion droplet, this range was 1–7 °C. 

 

The future work is devoted to a comparison of the integral characteristics of secondary fragments 

formed during a micro-explosion. In particular, their quantity, sizes, kinetic energy, temperature, surface 

area will be determined. The decisive influence on them is exerted by the initial state of the drop – an 

emulsion or two unmixed components, as well as the temperature of the heated surface. 
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