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HIGHLIGHTS 

 Bubble formation and micro-explosion modes of water emulsified diesel droplets were 

studied. 

 Bubble nucleation changed from single site to multiple sites as ambient temperature 

increased. 

 Bubble nucleation sites shifted from droplet center to surface as ambient temperature 

increased. 

 Expansion intensity of droplet volume could describe the bubble formation process. 

 Bubble formation and micro-explosion determined the evaporation behavior of fuel droplets. 

 

GRAPHICAL ABSTRACT 
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Abstract 

Water emulsified diesel is an ideal new alternative fuel for diesel engines, which has great 

potentials in reducing NOx and PM emissions simultaneously. A thorough understanding of its 

evaporation process is critical for achieving the emission reduction potentials. Therefore, this 

study investigated the evaporation characteristics of emulsion droplets with 65% diesel, 30% 

water and 5% surfactant by mass using the droplet suspension technology at ambient 

temperature 573-873 K. The normalized squared diameter, micro-explosion frequency, micro-

explosion intensity and expansion intensity were used to quantify the effect of ambient 

temperature on the evaporation characteristics. The results showed that the evaporation process 

of water emulsified diesel droplets mainly included three stages, namely transient heating, 

fluctuation evaporation, and equilibrium evaporation. The maximum normalized squared 

diameter first increased with ambient temperature and then decreased, leading to a maximum 

of 2.91 at 773 K. The micro-explosion frequency first decreased and then increased, which was 

consistent with that of micro-explosion intensity. In addition, this study innovatively correlated 

the internal relationship between bubble formation and micro-explosion. Based on this, a new 

micro-explosion shift mechanism of water emulsified diesel droplets was proposed. As the 

ambient temperature increased, bubble nucleation in the droplet gradually changed from single 

site to multiple sites, and the nucleation sites shifted from the droplet center to surface. 

 

Keywords: Water emulsified diesel; Droplet; Bubble nucleation; Micro-explosion; Shift 

mechanism 
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1. Introduction 

The number of motor vehicles is increasing every year due to the rapid economic and 

population growths, which consumes a significant amount of fossil fuel and generates many 

pollutant emissions [1, 2]. Nitrogen oxides (NOx) and particulate matters (PM) are of the 

greatest concerns worldwide due to their serious adverse impacts on the environment and 

human health [3, 4]. Therefore, improving the emission performance and thermal efficiency has 

become a hot research topic for the internal combustion engine industry. 

Water emulsified diesel is an oil-water mixture formed by adding a certain amount of water 

and a small amount of emulsifier to pure diesel through high-speed stirring, ultrasonic mixing, 

or other external forces. Water emulsified diesel is an ideal alternative fuel because the addition 

of water shifts the combustible range to higher fuel equivalence ratio side and consequently 

reduces emissions [5]. Firstly, in-cylinder temperature is reduced by water evaporation, which 

reduces NOx emission [6]. Secondly, water can provide additional free radical to facilitate the 

oxidation of soot, thus reducing PM emission [7].Thirdly, there is micro-explosion phenomenon 

in water emulsified diesel due to preferential evaporation of water, which breaks droplet and 

generates lots of smaller sub-droplets. This promotes fuel evaporation and air-fuel mixing, 

resulting in the improvement of thermal efficiency [8, 9]. Many researchers have verified the 

practical application potential of emulsified diesel in internal combustion engines [10, 11]. Maji 

et al. [12] studied the performance and emission characteristics of emulsified diesel in a single-

cylinder engine. They found that the thermal efficiency of emulsified diesel remained almost 

unchanged while the fuel consumption rate was reduced. Khatri et al. [13] concluded that 

emulsified diesel could improve combustion and emission performance in diesel engines 

without any engine modification. Hassan et al. [14] and Mondal and Mandal [15] found that 

NOx and smoke emissions were significantly reduced when using water emulsified diesel. 

Kumar et al. [16] prepared water-diesel emulsion with optimized process parameters and 

investigated its effect on the performance of a diesel engine. The results showed that the brake 

thermal efficiency was enhanced and NOx, carbon monoxide and unburned hydrocarbon were 

reduced by 26.11%, 8.80% and 39.60%, respectively. 

Proper fuel evaporation processes are of great importance for achieving the optimal engine 

performance. However, fuel evaporation especially micro-explosion [17] characteristics cannot 

be directly observed by using the engine test bench or constant volume chamber. Therefore, it 

is needed to investigate the evaporation characteristics of fuel droplets using other methods. 

Droplet levitation [18, 19], free-falling droplet [20, 21], and droplet suspension [22, 23] 
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technologies can be adopted to investigate the evaporation characteristics of a droplet. Among 

them, droplet levitation and free-falling droplet technologies can eliminate the influence of the 

thermocouple. However, the droplet is unstable during the evaporation process, which increases 

the difficulty in the visualization measurements and result analysis. In the droplet suspension 

technology, a droplet is suspended on a thermocouple node and transported into a hot 

environment. Although this technology causes some effect from the thermocouple, it is possible 

to obtain droplet inner temperature and images simultaneously. Especially, when the 

thermocouple diameter is less than 0.1 mm or the thermal conductivity is less than 80 W/m∙K, 

the effect of heat transfer from the thermocouple can be ignored [24, 25]. Rehman et al. [26] 

concluded that the effect of thermocouple was ignorable when the ratio of the square of 

thermocouple diameter to the square of initial droplet diameter was less than 0.01. Wang et al. 

[27] also reported that the support had little impact on droplet evaporation when support size 

was less than 1/10 of droplet size. In addition, the heterogeneous nucleation arising from the 

thermocouple also has little influence on the occurrence of micro-explosion [28]. Thus, this 

technology is widely used for droplet micro-explosion. 

Many scholars have experimentally studied the micro-explosion characteristics of 

emulsion droplets. Mura et al. [29] first studied the effect of the size of dispersed water droplets 

on micro-explosion of emulsion droplets and found that coalescence of dispersed water droplets 

had a positive effect on micro-explosion. Khan et al. [30] also pointed out that the aggregation 

process of discrete water nuclei and the size of the aggregated large water nuclei were 

determinants of micro-explosion generation for large droplets. Suzuki et al. [31] and Segawa et 

al. [32] found that micro-explosion generally occurred after water coalescence. The occurrence 

probability of micro-explosion could be improved by accelerating the aggregation and 

coalescence of dispersed water nuclei. Shen et al. [33, 34] observed the formation of single 

bubble at 433 K and pointed out that the break-up mode changed from catastrophic micro-

explosion to local micro-explosion gradually in terms of probability as the ambient temperature 

increased. Avulapati et al. [35] observed the separation of emulsion constituents before micro-

explosion at 773 K and found that the single nucleus of the separated component in the droplet 

resulted in more substantial explosion compared to multiple nuclei. Antonov et al. [36, 37] 

indicated that the smaller water nuclei inside the fuel droplet tended to merge and form fewer 

but larger water nuclei under the combustion of emulsion droplets. Similarly, Faik et al. [38] 

found different nucleation sites in water emulsified diesel droplets, and there was a phenomenon 

of bubbles merging during the combustion process. 
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Numerical simulations were also widely used to investigate bubble and micro-explosion 

of emulsion droplets. Scriven [39] formulated and simplified the equations of bubble growth in 

the nucleate boiling of binary mixtures to understand the processes of heat and mass transfer. 

Zeng and Chia-fon [40] developed a model in which a bubble was located in the droplet center 

and investigated the influences of composition, pressure and droplet size on micro-explosion. 

They found that micro-explosion was promoted by optimum composition and a certain level of 

high pressure. Girin [41] numerically studied the dynamics of micro-explosion of emulsified 

fuel droplets based on the assumption that a vapor bubble was surrounded by a fuel shell. They 

showed that perforation of fuel shell played an important role on micro-explosion and also 

calculated the number and the size of generated secondary droplets. Sazhin et al. [42] assumed 

that a water droplet was located in a fuel droplet and proposed a simple model to predict the 

puffing time or micro-explosion delay time of water-n-dodecane emulsion droplets. 

Fostiropoulos et al. [43, 44] further used a CFD model to predict the breakup time of water-

heavy fuel emulsion droplets and confirmed that puffing was more efficient than aerodynamics 

in breaking droplet. 

However, the above studies mainly focused on the quantitative analysis of the effect of 

parameters on micro-explosion and aggregation behavior before water evaporated or 

investigated specific aspects of emulsion droplet micro-explosion by numerical simulations. 

They rarely involved quantitative analysis of the effect of bubble generated by water 

evaporation on the micro-explosion modes and their shift mechanisms. 

The droplet inner temperature of fuel spray in a practical engine varies in a wide range 

from low temperature before injection to high temperature after combustion starts. Meanwhile, 

the ambient temperature has a significant influence on the micro-explosion characteristics of 

droplets [22]. Thus, investigating droplet evaporation characteristics at different temperatures 

is of great importance for evaluating its impact on engine performance. Hashimoto et al. [45] 

studied the droplet lifetime and evaporation rate during the evaporation of palm methyl ester 

droplets from 473 to 873 K. They reported that the residue volume decreased with increasing 

ambient temperature, and no residue existed at 873 K. Han et al. [23] investigated the duration 

of evaporation phase and the maximum normalized diameter of ethanol-diesel-biodiesel 

droplets from 623 to 723 K. It was found that higher ambient temperature resulted in higher 

fluctuation frequency and larger amplitude of the droplet diameter expansion. Zhang et al. [46] 

studied evaporation duration, maximum normalized diameter, and temperature rise rate during 

the evaporation of butanol-hexadecane droplets from 638 to 738 K. Meng et al. [47] 
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investigated micro-explosion intensity of bio-diesel, RP-3 and ethanol mixed droplets at high 

temperatures, and divided the micro-explosion into slight, medium-intensity, strong and super 

micro-explosions according to micro-explosion intensity. Wang et al. [48] studied the droplet 

lifetime, micro-explosion delay time, and micro-explosion intensity during the evaporation of 

soybean oil droplets from 873 to 973 K. They implied that homogenous and heterogeneous 

nucleation led to strong and weak micro-explosion, respectively. Huang et al. [49] investigated 

evaporation rate, micro-explosion delay time, micro-explosion intensity of biodiesel/n-

propanol blended droplets from 573 to 773 K. They indicated that the evaporation and micro-

explosion characteristics of biodiesel/n-propanol droplets were closely related to the ambient 

temperature.  

Previous studies mainly analyzed the effect of ambient temperature on evaporation 

processes of different fuel droplets, but did not explored the relationship between micro-

explosion mode and ambient temperature, or the transition mechanism of micro-explosion 

modes. The aggregation process of water nuclei has great effect on the micro-explosion 

process. However, it can only be observed under low water content, large dispersed water 

nuclei size and specific temperature. Therefore, there is a lack of a universal method to analyze 

the micro-explosion modes at normal in-cylinder temperatures. 

This study is therefore conducted to fill the above research gaps. The micro-explosion 

mechanism of water emulsified diesel droplets at 573-873 K is investigated in detail. The 

maximum normalized squared diameter, similarity and deformation degrees, micro-explosion 

frequency and intensity, and other parameters are used to quantitatively analyze the effect of 

ambient temperature on the evaporation characteristics of water emulsified diesel droplets. In 

particular, the relationship between micro-explosion mode and ambient temperature and then 

the transition mechanism of micro-explosion modes are explored. The main novelty is that this 

study proposes to use the expansion intensity as a new parameter to describe droplet expansion 

before micro-explosion occurs. Furthermore, a new analysis method is proposed by using the 

relationship between the expansion intensity and the micro-explosion intensity to analyze the 

micro-explosion modes at different temperatures, especially when the aggregation of water 

nuclei cannot be observed. Finally, an innovative micro-explosion mechanism diagram of 

emulsified diesel droplets is proposed for revealing the formation pattern of bubbles and the 

transition mechanism of micro-explosion modes at different ambient temperatures. The 

contribution of this study is to help better understand micro-explosion of emulsion droplets, 

which provides theoretical guidance for the practical application of emulsion fuels in engines 
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to improve engine performance. 

 

2. Experimental apparatus and methods 

2.1 Emulsion preparation 

Micro-explosion of emulsion droplets is enhanced with the increase of water content. 

However, since water is not flammable and cannot provide any energy, engine power would 

decrease when there is too much water in emulsion fuel. Therefore, we chose a medium water 

mass ratio of 30% for the water emulsified diesel using commercial diesel from China National 

Petroleum Corporation. The surfactant combination is the most stable when the hydrophilic-

lipophilic balance (HLB) is between 5-6 [50]. The components of the composite surfactant we 

used were Span 80, a non-ionic lipophilic surfactant with a HLB of 4.5 and Op10, a non-ionic 

hydrophilic surfactant with a HLB of 14.5. In this study, the composite surfactant with HLB of 

5.26 was obtained by 99 g Span 80 and 8.14 g Op 10 (about 5%), which made emulsion more 

stable. The preparation process was as follows. Firstly, diesel and Span 80, and water and Op 

10 were mixed according to the proportions, respectively. Then the mixed liquid was placed 

into the ultrasonic emulsifier (JP300G) for emulsification. The ultrasonic power, frequency, 

emulsification time, and motor speed were set to 500 W, 24 kHz, 30 min, and 100 r/min, 

respectively. Under these parameters, the size distribution of dispersed water droplets is shown 

in Fig. 1. As shown in Fig. 1, the numbers of small and large water droplets are less than that 

of medium water droplets. That is because water droplets cannot be counted if they are too 

small to observe. Therefore, the average particle size of the water droplets was 1.73 𝜇m, and 

the Sauter Mean Diameter (SMD) was 3.05 𝜇m. Through the above preparation method, the 

water emulsified diesel could be kept for at least 30 days without stratification, which met the 

requirement of the water emulsified diesel in this study. 

 

2.2 Experimental apparatus 

Fig. 2 shows the schematic of the experimental apparatus in this work. The experimental 

apparatus mainly includes three systems, namely droplet generation and transport system, 

heating and temperature control system, and visualization and image acquisition system. There 
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are two ∅80  mm quartz observation windows on the front and rear walls of the heating 

chamber. The top of the heating chamber has a 10 mm cylindrical hole for transferring an 

experimental droplet. A heating device is arranged in the inner cavity of the heating chamber. 

The droplet generation and transport system are used to generate a test droplet and deliver it to 

a high-temperature environment. Specifically, the experimental droplet with a diameter of 0.8-

1.2 mm is produced by a microliter syringe. The droplet is suspended on a K-type thermocouple 

with a node diameter of 0.127 mm and then sent into the high-temperature chamber. To prevent 

the droplet from being heated in advance, a thermal baffle is installed between the droplet 

transport and heating systems. The heating system includes eight silicon nitride heating rods 

with a power of 600 W and a temperature control system adopts PID closed-loop control. The 

silicon nitride heating rods are evenly arranged in the circumferential direction to produce a 

uniform high-temperature environment. The temperature control system adjusts the power of 

the heating rod through the ambient temperature inside the constant volume combustion bomb 

cavity to achieve a precise control. The chamber can achieve a uniform temperature of 373-

1200 K with an error of ±5 K. The image acquisition is carried out with a high-speed CCD 

camera (IDT Motion Pro Y4-S1) and a LED lamp through the backlight method. The high-

speed camera, jointly with a tele-macro lens (Nikon Micro-ED 200 mm f/4), achieves a full 

resolution of 1024×1024 pixels at 2000 fps. More details about the test rig can be found in [46]. 

The experimental conditions are given in Table 1. 

 

2.3 Digital image processing 

Droplet diameter is a key parameter to evaluate the evaporation process, which is obtained 

by a MATLAB image processing code. Fig. 3 shows the procedures of image processing. Firstly, 

the image spatial resolution is obtained by calibrating the corundum tube. Secondly, the droplet 

area (ROI, 300*300) is cut out from the original image (1024*1024) with the droplet at the 

center. Thirdly, the droplet and thermocouple are obtained through binarization using a proper 

threshold. Here, the threshold is dynamically adjusted according to the background brightness, 

and the connected domains are filled. After that, the droplet boundary is obtained by a 

‘bwboundaries’ command. Then, the thermocouple width is fixed and the thermocouple is 

removed according to the change of boundary width. Finally, the droplet boundary can be 

extracted from the image.  

The droplet squared diameter and normalized squared diameter are calculated by Eqs. (1) 
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and (2), respectively: 

𝑑2 = 4 ∗ 𝑁 ∗ (
1

𝑙
)

2

/𝜋                              (1) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =
𝑑2

𝑑0
2                (2) 

where 𝑑 is the droplet diameter, 𝑑0 is the initial droplet diameter, 𝑁 is the number of 

pixels of droplet projected area, and 𝑙 is the image spatial resolution. 

The similarity and deformation degrees are calculated by Eqs. (3) and (4), respectively [51]: 

𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 𝐷𝑒𝑔𝑟𝑒𝑒 = 100% − √
∑ (𝑃𝑛(𝑖,𝑗)−𝑃𝑛+1(𝑖,𝑗))2300×300

𝑖,𝑗

300×300
         (3) 

𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑔𝑟𝑒𝑒 =
𝑆𝑐

𝑆
=

𝐶2

4𝜋𝑆
                           (4) 

where 𝑃𝑛(𝑖, 𝑗) represents the logical value 0 or 1 at (𝑖, 𝑗) of the nth image, 𝑃𝑛+1(𝑖, 𝑗) 

represents the logical value 0 or 1 at (𝑖, 𝑗) of the (n+1)th image, 𝑆𝑐 is the equivalent standard 

circle area calculated from the perimeter of the droplet projection, 𝐶 is the perimeter of the 

actual droplet projection, and 𝑆 is the droplet projected area. 

 

2.4 Experimental uncertainties and errors 

The droplet diameter and temperature during the evaporation are measured simultaneously. 

Table 2 lists the variables recorded and the systematic errors of measurement equipment. The 

normalization process can reduce the influence of error on the experimental results of droplet 

diameter and volume. The random errors mainly come from the distribution of discrete water 

phase in the initial droplets and the change in water sub-droplet location during the heating 

period [52]. Multiple experiments can reduce the random errors. In this study, ten experiments 

were repeated for each condition to reduce the random errors. The reported results in this article 

are the average values and the uncertainty is calculated by Eq. (5) [52]: 

𝑢 = √
(𝑥1−𝑥̅)2+(𝑥2−𝑥̅)2+⋯(𝑥𝑛−𝑥̅)2

𝑛−1
                               (5) 

where 𝑢 is the uncertainty, 𝑥1 , 𝑥2 , ⋯, 𝑥𝑛  are experimental values, 𝑥̅ is the average 

value, and 𝑛 is the number of effective experiments. 
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3. Results and discussion 

3.1 Evaporation process of water emulsified diesel droplet 

Fig. 4 shows the variations of normalized squared diameter and liquid core temperature 

with time. Since the initial droplet diameters are different among experiments, this study utilizes 

the normalization of droplet diameter (𝑑2/𝑑0
2 ) and the standardization of time (𝑡/𝑑0

2 ) to 

eliminate this influence, which is widely used in droplet experiments. 

As shown in Fig. 4, the evaporation of water emulsified diesel includes three stages, which 

is same to that of other multi-component fuels [45, 53]. Specifically, stage (1) (before 0.480 

s/mm2) is the transient heating, when the droplet diameter is almost equal to the initial diameter. 

Stage (2) (0.480-1.915 s/mm2) is the fluctuation evaporation when micro-explosion and puffing 

occur due to different evaporation rates of water and diesel, causing the droplet diameter to 

fluctuate drastically first and then slightly. In late stage (2), 𝑑2/𝑑0
2 increases due to bubble 

growth generated by a little water remained in droplet. Since pressure in the bubble is small, it 

cannot break the droplet. Stage (3) (1.915-3.766 s/mm2) is the equilibrium evaporation. In this 

stage, 𝑑2/𝑑0
2 of droplet decreases linearly and agrees with the d2 law. It is worth noting that 

there is a sudden decrease of the droplet diameter in late stage (3). This is because droplet 

surface tension decreases with the evaporation of oil film on droplet surface. The bubble 

raptures when its pressure is higher than the sum of droplet surface tension and ambient pressure. 

Finally, after 3.766 s/mm2, the droplet image keeps nearly unchanged and is treated as the end 

of evaporation process. Due to the presence of gelatinous substance on the thermocouple [49], 

there are irregular and subtle fluctuations of droplet diameter. 

Fig. 5 shows morphological changes during the evaporation of a water emulsified diesel 

droplet at 673 K. In Figs. 4 and 5, the droplet profile does not change until 0.480 s/mm2. On the 

one hand, the droplet expands due to heat absorption, leading to a gradual increase in diameter. 

On the other hand, the evaporation of diesel and water on the droplet surface reduces the droplet 

diameter. There is a dynamic balance between droplet expansion and surface evaporation, 

resulting in a constant droplet diameter. 

From 0.480 to 0.511 s/mm2, the water vaporizes and generates bubbles. As the bubbles 

grow, the droplet profile gradually bulges and the diameter increases until the bubbles break the 

droplet at 0.511 s/mm2. After droplet fragmentation, its shape becomes irregular. The droplet 

regains its spherical shape at 0.516 s/mm2 due to the surface tension. A complete micro-

explosion cycle is completed from 0.480 to 0.516 s/mm2. After that, the droplet repeats the 
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processes of bubble generation, expansion, micro-explosion and shape recovery until 1.073 

s/mm2, resulting in fluctuations of 𝑑2/𝑑0
2 . It is worth noting that the micro-explosion is 

different from the catastrophic micro-explosion of Shen et al. [54] and the total destruction of 

Moussa et al. [55, 56]. This is because the surfactant used in the experiment is composite and 

its amount is large, which increases the droplet surface tension and decreases the coalescence 

of water nuclei. Thus, the released energy by the sudden phase change of aggregated water 

droplet is insufficient to break the droplet. Then bubble generates and grows in the droplet. 

Since it takes a long time from formation to rapture, the bubble gradually shifts from the droplet 

center to the surface, resulting in incomplete droplet breakup [57]. Meanwhile, the 

characteristics of each micro-explosion are different. During 0.511-0.512 s/mm2, bubble 

nucleation occurs at the edge of the droplet where the surface tension is small. Thus, the droplet 

is broken before the bubble is fully expanded, and 𝑑2/𝑑0
2 is only 2.44. As the droplet heating 

continues, the water nuclei at different sites in the droplet agglomerate gradually as shown at 

0.635 s/mm2, leading to an increased droplet volume and reaching a maximum 𝑑2/𝑑0
2 of 2.81. 

By 1.073 s/mm2, since the droplet has undergone multiple micro-explosions, the water content 

within the droplet is significantly reduced and cannot grow large bubbles. However, there are 

still many small water nuclei in the droplet that cannot agglomerate due to high Laplace 

pressure, which can be divided into three regions, as shown in Fig. 6 (a). Under the action of 

the flow inside the droplet, most water nuclei move to region I, where the surface tension is 

smaller. Then they evaporate and generate lots of small bubbles which are so easy to rapture 

that small sub-droplets are directly ejected from the droplet surface, causing slight fluctuations 

in the normalized droplet diameter, as shown in Fig. 6 (b). In region II, bubbles can grow larger 

and rapture when they overcome the surface tension, resulting in the formation of liquid column, 

whose tip splits and generates sub-droplets by Plateau-Rayleigh instability, as shown in Fig. 6 

(c). Restricted by thicker oil film, the bubble generated by the evaporation of water nuclei in 

region III cannot break the droplet and only leads to the increase of droplet diameter in late 

stage (2), as shown in Fig. 6 (d). 

After 1.915 s/mm2, the fluctuation evaporation phase ends and the droplet enters the 

equilibrium evaporation phase, as shown in Fig. 5. At this time, the evaporation is mainly for 

diesel. The 𝑑2/𝑑0
2 of droplet linearly decreases, and there is no apparent fluctuation in droplet 

shape except that the droplet instantly breaks when the oil film gradually evaporates to the 

surface of bubble generated in the late fluctuation evaporation phase at 3.153 and 3.154 s/mm2, 

which is called as passive rupture. 
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3.2 Similarity and deformation degrees 

As defined by Eqs. (3) and (4) in section 2.3, the similarity degree reflects the instantaneous 

changes of droplet shape. A smaller similarity degree indicates a faster change of droplet shape. 

The deformation degree demonstrates the extent of deviation of droplet shape from the standard 

circle. As discussed in Section 3.1, the evaporation process of water emulsified diesel can be 

divided into three stages, i.e. transient heating, fluctuation evaporation, and equilibrium 

evaporation. However, the boundary between fluctuation and equilibrium evaporation is fuzzy. 

Zhang et al. [51] distinguished the evaporation process based on similarity and deformation 

degrees. Therefore, the present study divides the evaporation process into stages according to 

similarity and deformation degrees. 

Fig. 7 provides similarity and deformation degrees at different ambient temperatures. As 

shown in Fig. 7, the similarity degree gradually increases in the early stage, which is attributed 

to the droplet oscillating due to droplet movement before it reaches the observation position. 

Then the evaporation process enters the transient heating stage, the similarity and deformation 

degrees remain unchanged. After that, the similarity degree decreases sharply, which means the 

start of the fluctuation evaporation stage. The similarity and deformation degrees remain almost 

unchanged in the equilibrium evaporation stage, except for small bumps. The small bumps 

should be the passive rupture according to Fig. 5. The ending time of fluctuation evaporation 

stage is defined as the last mutation time in similarity before the first passive rupture. When the 

equilibrium evaporation stage ends, the deformation degree rises sharply. In whole, there are 

many violent fluctuations in the similarity and deformation degrees, especially in the early stage 

of the fluctuation evaporation stage. Except that, the similarity degree is maintained at 96%-

100% in the evaporation process. 

The results in Fig. 7 indicate that the similarity of fluctuation evaporation stage sometimes 

recovers to over 96%, showing a multi-peak jagged structure at low temperatures. After each 

micro-explosion, the droplet attempted to return to a stable state and then starts the next micro-

explosion. This could be explained by the fact that the droplet has sufficient time to absorb heat, 

expand, explode and recover at low temperatures. But at high temperatures, the fluctuation 

evaporation stage is shortened and the water in the droplet can quickly get a lot of energy to 

evaporate, which leads to the overlap of micro-explosions. Finally, as the temperature increases, 

the similarity curve changes from jagged to clustered distribution. 
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3.3 Normalized squared diameter and droplet inner temperature 

The ambient temperature directly affects the heat absorption process of water emulsified 

diesel droplets, which determines the surfactant activity, water vaporization rate and nuclei 

aggregation. Therefore, the variation characteristics of droplet evaporation and inner 

temperature at different ambient temperatures are different. Fig. 8 displays the variations of 

normalized squared diameter and droplet inner temperature with time. 

As shown in Fig. 8, the duration of transient heating stage gradually decreases as the 

ambient temperature increases. At 873 K, the heat transfer is extremely rapid and there is 

basically no transient heating stage. It indicates that the droplet heating mode gradually switches 

from a nearly infinite thermal conductivity mode (ICM) to a finite thermal conductivity mode 

(FCM) [58] as the ambient temperature increases. A larger temperature gradient leads to a faster 

heat transfer and a shorter dynamic equilibrium time for reaching a balance between droplet 

thermal expansion and surface evaporation rates. At low temperatures, the droplet gradually 

recovers after experiencing a micro-explosion cycle, and the recovered diameter is slightly 

smaller than that before expansion. While at high temperatures, the equivalent diameter of the 

recovered droplet after micro-explosion is gradually increasing. It implies that the water nuclei 

aggregation time is long at low temperatures, and the number of water nuclei aggregated at each 

time is small. There are no additional bubbles in the droplet after micro-explosion, leading to a 

reduced diameter. In contrast, multiple water nuclei vaporize simultaneously to produce bubbles 

at high temperatures. The bubbles remain in the droplets after each micro-explosion, resulting 

in a bigger droplet diameter than that before expansion. These characteristics will be described 

in detail in Section 3.4. 

In the equilibrium evaporation stage, the evaporation rates of both diesel and water 

emulsified diesel increase with ambient temperature, as well as the difference between the 

evaporation rates of diesel (k) and emulsified diesel (k1). Both k1 and k2 are the evaporation 

rates of emulsified diesel. The difference between k1 and k2 shows the evaporation rates before 

and after experiencing a passive rupture, which leads to less residual water inside the droplet. 

Therefore, the evaporation rate of emulsified diesel (k2) is closer to that of diesel (k). The 

micro-explosion process is insufficient at high temperatures, resulting in more residual water 

inside the final droplet. Both the residual content and evaporation rate of water increase. Hence, 

when the ambient temperature increases from 573 to 773 K, the difference between the 
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evaporation rates of emulsified diesel (k1) and diesel (k) gradually increases from 0.038 mm2/s 

(equal to (-0.182 mm2/s)-(-0.144 mm2/s)) to 0.18 mm2/s. At 873 K, diesel droplets combust 

spontaneously and thus k value is unavailable. 

Fig. 9 compares the droplet inner temperatures at different ambient temperatures. The 

droplet inner temperature exhibits a three-stage characteristic, including a linear rise, a quasi-

stable stage and then another linearly rise. During the transient heating stage, the droplet 

temperature rise rate at each ambient temperature is approximately linear, which gradually 

increases from 66.4 to 215.4 K/(s/mm2) when ambient temperature is changed from 573 to 873 

K. Subsequently, due to the presence of water, some heat is absorbed by water to evaporate, 

resulting in a reduced growth rate of energy absorption and the droplet inner temperature enters 

the quasi-stable phase. When the ambient temperature gradually increases from 573 to 873 K, 

the times of entering the quasi-stable stage are 1.091, 0.512, 0.276, and 0.143 s/mm2, 

respectively. This indicates that a higher ambient temperature advances the quasi-stability phase. 

The first micro-explosion times are at 1.238, 0.508, 0.196, and 0.035 s/mm2 comparing with 

Fig. 7, respectively. This means that the droplet inner temperature enters the quasi-steady state 

before the first micro-explosion in the low-temperature environment. The center and edge of 

the droplet reach the low boiling point temperature simultaneously, followed by the heat-

absorbing vaporization of the water nucleus. However, the droplet inner temperature enters the 

quasi-steady state after the first micro-explosion moment at high temperatures, which implies 

that only the edge of the droplet has reached the low boiling point temperature and water 

vaporizes. In contrast, the center temperature has not yet reached the low boiling point 

temperature. It shows that the droplet is unevenly heated internally. This again proves that the 

heating mode at low temperatures is infinite thermal conductivity mode, where the droplet is 

uniformly heated and then generates bubbles. While the heating mode at high temperatures is a 

finite thermal conductivity mode, in which the water nucleus near the droplet surface is heated 

and vaporizes first before the temperature of droplet center reaches the water boiling point. 

After entering the quasi-stable stage, the temperature of the center remains almost constant at 

different ambient temperatures, which is slightly above the water boiling point. Hence, a certain 

superheat degree is acquired for the generation of micro-explosion. 

Fig. 10 shows the effect of ambient temperature on the maximum normalized squared 

diameter ((𝑑2/𝑑0
2)𝑚𝑎𝑥). The average values of (𝑑2/𝑑0

2)𝑚𝑎𝑥 are 2.76, 2.84, 2.91 and 2.69 at 

573, 673, 773 and 873 K, respectively. (𝑑2/𝑑0
2)𝑚𝑎𝑥 first increases and then decreases with 

ambient temperature. This may be because bubble nucleation in the droplet changes from single 
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site to multiple sites, and the expansion of each bubble decreases due to the influence of surface 

tension, which will be further discussed in section 3.4. Bubble generation process in the droplet 

includes two modes, i.e. single nucleation site and multiple nucleation sites. Single nucleation 

is dominant in the early stage of fluctuation evaporation stage at low temperatures. After a 

single bubble bursts, there are no other bubbles in the droplet and the droplet reverts to a 

spherical shape, which cannot form a cumulative effect. With the increase of temperature, the 

temperature transmission rate inside the droplet is fast, leading to the multiple nucleation site 

mode. The occurrence time of micro-explosion gradually advances, which reduces the time for 

water nuclei to gather. The droplet forms multiple water nuclei at different sites, which vaporize 

and explode sequentially. Then the droplet cannot fully recover, producing a cumulative effect 

in the droplet diameter. Therefore, (𝑑2/𝑑0
2)𝑚𝑎𝑥  increases from 573 to 773 K. Higher 

temperature reduces the droplet surface tension and increases the probability of bubbles 

merging [38]. Therefore, (𝑑2/𝑑0
2)𝑚𝑎𝑥 decreases when the ambient temperature exceeds 773 

K. 

3.4 Bubble formation and micro-explosion modes 

Various definitions of micro-explosion intensity have been proposed. Some studies [59-61] 

used the ratio of expanded diameter before droplet breakup and initial diameter to characterize 

micro-explosion intensity. Zhang et al. [62] defined the micro-explosion intensity as the ratio 

between initial droplet diameter and diameter after micro-explosion, while Wang et al. [48] 

defined the micro-explosion intensity as the ratio of normalized squared diameters before and 

after micro-explosion. Since micro-explosion intensity indicates the capability of a droplet 

breaking into sub-droplets, Huang et al. [49] used the ratio of normalized squared diameter 

difference before and after droplet breakup to the normalized diameter after droplet breakup. In 

this study, the individual [49] and total [48] micro-explosion intensities are defined using Eqs. 

(6) and (7), respectively. 

𝐼 =
𝑑1

2

𝑑2
2                                  (6) 

Microexplosion intensity = ∑
𝑑𝑖1

2

𝑑𝑖2
2

𝑛
𝑖=0                       (7) 

where 𝑑1 and 𝑑2 are the diameters before and after droplet breakup, respectively; 𝑖1 and 𝑖2 

stand for the start and end of each micro-explosion, respectively; 𝑛 is the number of micro-

explosion including both strong and weak micro-explosions. Table 3 shows the classification 

criteria for micro-explosion intensity in this study. 
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Figs. 11 and 12 show the micro-explosion frequency and intensity at various ambient 

temperatures, respectively. The micro-explosion frequency is the number of micro-explosion 

during the whole evaporation process. As shown in Figs. 11 and 12, the percentage of weak 

micro-explosions is significantly more than strong micro-explosions. Both strong and weak 

micro-explosion frequencies decrease first and then increase with the ambient temperature. 

Micro-explosion intensity and frequency demonstrate the same variation trends, which implies 

that the micro-explosion mode changes when the ambient temperature gradually increases from 

573 to 873 K. To explore the shift mechanisms of droplet micro-explosion at different 

temperatures, this study innovatively investigates individual bubble’s formation characteristics 

and correlates bubble formation with micro-explosion. 

An initial deduction can be inferred as follows based on the above analysis and results 

from other researchers [63, 64]. When the ambient temperature rises from 573 to 773 K, the 

time for water nuclei agglomeration reduces gradually due to the improvement of heat transfer. 

Therefore, water nuclei near the droplet surface have no time to participate in the agglomeration 

of water nuclei inside the droplet and evaporate directly and generate bubbles. This makes 

bubble generation change from single nucleation site to multiple nucleation sites gradually, 

while the expansion of each bubble decreases accordingly. At the same time, the bubbles cannot 

merge since the bubble number is small and bubbles are far apart. As a result, some strong 

micro-explosions become weak micro-explosions, and weak micro-explosions become puffing. 

With the further increase of ambient temperature to 873 K, heat transfer in fuel droplet is further 

intensified. It increases the number and growth rate of bubbles and decreases diesel viscosity, 

which improve the probability for smaller bubbles merging into larger bubbles under the action 

of pressure difference between bubbles [36, 51, 65]. This causes partial conversion of puffing 

to weak micro-explosion and weak micro-explosion to strong micro-explosion. Eventually, the 

micro-explosion frequency and intensity increase at 873 K. 

To verify the above deduction, this study investigates the bubble generation characteristics. 

Specifically, an expansion intensity (EI) is proposed to describe the expansion degree before 

droplet fragmentation, as defined in Eq. (8). 

𝐸𝐼 =
𝑑3

2

𝑑2
2                                (8) 

where 𝑑2 is the diameter after droplet breakup and 𝑑3 is the diameter before the next 

breakup. This study concludes that 𝐸𝐼>1.4 can better characterize the generation process of a 

bubble. This threshold value classifies weak and strong micro-explosions, and then facilitates 
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the study on shift mode of micro-explosion. 

Fig. 13 shows the bubble formation and micro-explosion characteristics at different 

ambient temperatures. The percentage of lifetime span means the occurrence moment of each 

micro-explosion compared to the total droplet evaporation lifetime. At 573 K, strong micro-

explosions almost always coincide with bubble formation. It indicates that water nuclei at low 

temperatures gather in the center and evaporate to form a bubble, followed by strong or weak 

micro-explosions instantaneously when the diameter reaches its peak. At 673 K, a small part of 

the bubble formation process coincides with the strong micro-explosion, and most of it 

coincides with weak micro-explosion process. At 773 K, the bubble formation process mainly 

coincides with weak micro-explosion. It indicates that the water nuclei begin accumulate at 

multiple sites inside the droplet and the expansion process is caused by the joint expansion of 

multiple bubbles as the ambient temperature increases. While the rapture of single bubble 

causes a slight decrease in droplet diameter, the final bubble formation often be interrupted and 

coincides with the weak micro-explosion process. Eventually, the bubble formation process is 

separated from both strong and weak micro-explosions when the temperature is further 

increased to 873 K. It indicates that droplet expansion is interrupted by puffing, resulting in an 

increase of minor droplet diameter. The bubble formation process coincides with the puffing 

process. It is also clear from Fig. 13 that the number of bubble formation processes (𝐸𝐼>1.4) 

gradually decreases with the increase of ambient temperature. It means that the bubbles are first 

generated at the droplet edge at high temperatures and causes more small bubbles to break up 

by puffing, resulting in a smaller expansion intensity of each expansion process than the 

threshold. 

The micro-explosion mechanism of water emulsified diesel droplets at different ambient 

temperatures is shown in Fig. 14 based on the relationship between bubble formation and micro-

explosion intensity. At low temperatures, bubble formation is dominated by single-site 

nucleation, which leads to the formation of a big bubble. The bubble expands sufficiently to 

cause strong micro-explosion [35]. At high temperatures, bubble formation is dominated by 

multi-site nucleation, which leads to two phenomena, i.e. 1) weak and strong/weak micro-

explosion occurring sequentially, or 2) puffing and weak/strong micro-explosion occurring 

sequentially. 

Fig. 15 specifically compares bubble nucleation and droplet micro-explosion at different 

ambient temperatures. The images are used to further verify the micro-explosion mechanism in 

Fig. 14. Yellow circles indicate droplet breakup positions, and red, black and blue boxes 
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indicate bubble formation, strong micro-explosions, and weak micro-explosions, respectively. 

When the end of bubble formation and the beginning of micro-explosion overlap, which are 

indicated as “○” and “△” or “■” coincide in Fig. 13. At 573 K, the droplet expands from the 

first to fourth picture, and its shape is close to a circle. The broken droplet’s diameter is smaller 

than that before the expansion, which means that there is only one bubble inside the droplet. 

The single-site nucleation at a low temperature produces only one big bubble and forms a strong 

micro-explosion. As the ambient temperature increases to 673 K, the bubble formation mode is 

significantly diversified. The droplet temperature is uneven at high temperatures. Therefore, the 

droplet edge is preferentially heated to form single site nucleation, causing a strong micro-

explosion, as shown in the upper column of 673 K in Fig. 15. In addition, there are some cases 

of multi-site nucleation, where multiple bubbles expand together, as shown in the bottom 

column of 673 K in Fig. 15. When the ambient temperature increases to 773 K, multiple bubbles 

expand together. The droplet expands from the first to third image, forming two clear bubbles 

at upper and bottom edge of the droplet and reaching the maximum droplet diameter. The 

bubble at the bottom of the edge then breaks the droplet, and a weak micro-explosion occurs. 

The formation of bubbles, in this case, is multi-site nucleation and bubble formation mostly 

coincides with weak micro-explosion. When the ambient temperature reaches 873 K, large 

bubbles are generated inside the droplet, and micro-explosion occurs after expansion (fourth 

image). However, puffing (second image) and small micro-explosion also occur several times 

in the edge region. It indicates that after bubble generation, puffing leads to the bubble 

formation separated from both strong and weak micro-explosion processes due to the intense 

surface disturbance. 

In summary, the droplet has enough time to gather water nuclei and form an extensive water 

nucleus at low temperatures. Due to large temperature gradient inside the droplet, multiple 

water nuclei evaporate simultaneously at high temperatures. The droplet nucleation gradually 

changes from single site to multiple sites and the bubble nucleation sites gradually shift from 

the droplet center to surface as the ambient temperature increases, resulting in the transition 

from the coincidence of bubble formation with strong micro-explosion to with weak micro-

explosion. Finally, the bubble formation process separates from both strong and weak micro-

explosions. 

 

4. Conclusion 
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Evaporation and micro-explosion characteristics of water-diesel emulsion droplets with 30% 

water content were investigated using the droplet suspension technology at ambient temperature 

573 K, 673 K, 773 K and 873 K. The normalized squared diameter, droplet inner temperature, 

micro-explosion intensity and frequency, and expansion intensity were discussed. Then this 

study innovatively correlated bubble formation with micro-explosion to explore the micro-

explosion modes of water emulsified diesel droplets at different ambient temperatures. The 

main conclusions of the present study can be drawn as follows: 

(1) The evaporation process of water emulsified diesel droplets mainly includes three 

stages, namely transient heating, fluctuation evaporation and equilibrium evaporation. 

(2) Due to the cumulative effect of bubbles, the maximum normalized squared diameter of 

the droplet first increases to the peak at 773 K and then decreases with further increase of 

ambient temperature. 

(3) With the increase of ambient temperature, bubble nucleation in the droplet gradually 

changes from single site to multiple sites, and the bubble nucleation sites gradually shift from 

the droplet center to surface. 

(4) With the increase of ambient temperature，total micro-explosion intensity decreases 

first and then increases due to the shifts of bubble formation and micro-explosion mode. 

(5) The coincident relationship between bubble formation and micro-explosion can 

determine the explosion mode and the micro-explosion intensity of diesel-water emulsion 

droplets. 

In the future, the work should focus on the visualization of bubble and bubble motion in 

emulsion droplets, especially quantitative research. Further, this study was conducted at 

atmospheric pressure, which was lower than diesel engine operation pressure. The micro-

explosion at high pressure should be investigated. Finally, although the effect of thermocouple 

may be small, developing advanced models is an effective way to eliminate the disturbance of 

a foreign part and to investigate micron emulsion droplets which are the spray droplet sizes in 

in real engines. 
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Fig. 1. The size distribution of dispersed water droplets in emulsion droplet. 
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Fig. 2. Schematic of the experimental apparatus. 

  



 

Fig. 3. Procedures of image processing. 

  



 

Fig. 4. Variations of normalized squared diameter (d2/d0
2) and droplet inner temperature at 673 K. 

  



 

Fig. 5. Morphological changes during the evaporation of water emulsified diesel droplets at 673 K. 
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(c) (d) 

Fig. 6. Distribution and behaviors of water nuclei remained in droplet after micro-explosion: (a) distribution of 

water nuclei, (b) puffing caused by water nuclei in region I, (c) puffing caused by water nuclei in region II, (d) 

droplet expansion caused by water nuclei in region III. 

  



 

 

Fig. 7. The similarity and deformation degrees at different temperatures. 

  



  

  

Fig. 8. Normalized squared diameter and droplet inner temperature at different ambient temperatures. 

  



 

Fig. 9. Changes in droplet inner temperature. 

  



 

Fig. 10. Effect of ambient temperature on (d2/d0
2)max. 

  



  

Fig. 11. Micro-explosion frequency. 

  



 

Fig. 12. Micro-explosion intensity. 

  



 

 

Fig. 13. Bubble formation and micro-explosion during evaporation of water emulsified diesel droplets. 



 

Fig. 14. Micro-explosion mechanism of water emulsified diesel droplets. 



 

Fig. 15. Droplet morphologies of micro-explosion and bubble formation. 



Table 1. Experimental conditions. 

Initial droplet diameter 0.8-1.2mm 

Initial droplet temperature 298 K 

Ambient temperature 573, 673, 773 and 873 K 

Ambient pressure 101 kPa 
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Table 2. Variables and systematic errors. 

Variables Tool/method of measurement Error 

Ambient temperature Thermocouple + PID controller ±5 K 

Response time NI acquisition card ≤10 ms 

Droplet diameter High-speed CCD camera +MATLAB code ±1 μm 

Droplet inner temperature K-type thermocouple ±1.1℃ 

Droplet volume Microliter syringe ±0.5 μL 

  



Table 3. Classification criteria of micro-explosion intensity. 

Micro-explosion classification Classification criteria 

Strong micro-explosion I>2 

Weak micro-explosion 1.2<I<2 

Puffing I<1.2 
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