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a b s t r a c t 

The results of experimental and theoretical investigation of the mutual effects of three composite Diesel

fuel/water droplets, one behind the other, on their puffing/micro-explosion are presented. The analy- 

sis is focused not only on finding the time instant when puffing/micro-explosion starts, but also on

the investigation of time evolution of temperature at the water-fuel interface before the development

of puffing/micro-explosion. The experimentally observed temperatures at the water-fuel interface are

shown to increase almost linearly with time for the lead, middle and downstream droplets. Assuming

that puffing/micro-explosion starts when the temperature at this interface reaches the water nucleation

temperature, the values of the latter temperature as a function of the heating rate were found from the

experimental data. The results are shown to be consistent with the earlier found correlation for this tem- 

perature for all three droplets. Time to puffing/micro-explosion is shown to decrease with increasing gas

temperature; this time for the lead droplet is always shorter than that of the middle and downstream

droplets, and the difference between them decreases as the distance between droplets increases. The ex- 

perimental results are interpreted in terms of the previously developed model based on the assumption

that the water sub-droplet is located exactly in the centre of the Diesel fuel droplet and that this process

is triggered when the temperature at the water/fuel interface attains the water nucleation temperature.

The effect of interaction between lead, middle and downstream droplets is considered via modifications

to the Nusselt ( Nu ) and Sherwood ( Sh ) numbers for these droplets due to the interaction between them.
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. Introduction

Adding water into fuel droplets is known to lead to their puffing 

swelling of droplets and their disintegration into a relatively small 

umber of smaller droplets) and/or micro-explosion (disintegration 

f droplets leading to the formation of a cloud of aerosols). Prac- 

ical engineering applications of these processes, including those 

n Diesel engines, are well known [1] . These processes have been 

xtensively studied experimentally. Among numerous papers fo- 

used on this topic we can mention [2] , where the effects of vari-

us physical properties on the occurrence of micro-explosions are 

escribed, and [3,4] , where the results of investigation of the ef- 

ects of ambient temperatures on micro-explosions are presented. 

he authors of [5,6] described the results of their experimental 
∗ Corresponding author.

E-mail address: s.sazhin@brighton.ac.uk (S.S. Sazhin).
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p

nvestigation of fuel composition on puffing and micro-explosion. 

s follows from the parametric study of the occurrence of micro- 

xplosions in water-in-oil emulsions presented in [7] , this phe- 

omenon is more likely to occur in larger droplets (with diam- 

ters above 20 μm) than in smaller droplets. The effects of co- 

lescence of the dispersed water droplets on the occurrence of 

icro-explosions were investigated experimentally by the authors 

f [8,9] . 

The most advanced models of puffing and micro-explosion de- 

eloped so far are based on Direct Numerical Simulation [10–12] . 

hese were complemented by several simplified models of the 

henomena [13–17] . The latter model and its recent modifications 

e.g. [18] ) has proven to be effective for the analysis of various ob- 

ervations of puffing and micro-explosion. It will be used in the 

resent analysis. 

In our previous paper [19] , we presented the results of the ex- 

erimental and theoretical investigations of the mutual effect of 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121837&domain=pdf
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Fig. 1. An image of the group of three droplets used in our experiments.
Nomenclature 

B M(T ) Spalding mass (heat) transfer number [-] 

C Distance parameter[-] 

L Distance between droplets [m] 

n number of measurements [-] 

Nu Nusselt number [-] 

P r Prandtl number [-] 

R Distance from the droplet centre [m] 

R d0 Initial droplet radius [m] 

Re Reynolds number [-] 

S Root squared deviation [m or s] 

Sc Schmidt number [-] 

Sh Sherwood number [-] 

t Time [s] or Student’s coefficient [-] 

T Temperature [ ◦C or K] 

Y Mass fraction [-] 

Greek symbols 

αc Confidence level [-] 

α, β, δ, γ Coefficients introduced in Eqs. (2) and (3) [-] 

�r Random errors [m or s] 

�T SH The degree of super-heating [K] 

τp Time to puffing/micro-explosion [s] 

Subscripts 

B Boiling 

d Droplet 

gas Ambient gas (air) 

iso Isolated 

N Nucleation 

S Surface 

SH Super-heat 

v Vapour 

w Water-fuel interface 

0 Initial 

∞ Ambient conditions 

roplets on their puffing/micro-explosion in a flow, using an ex- 

mple of two closely spaced composite rapeseed oil/water droplets 

n tandem. This paper is focused on the generalisation of the re- 

ults of [19] in the following three directions. Firstly, in contrast 

o [19] we consider not two but three droplets, one behind the 

ther. Secondly, we consider not rapeseed oil/water but Diesel 

uel/water droplets in a wide range of fuel and water volume frac- 

ions. Thirdly, the focus of our analysis is not only on finding the 

ime instant when puffing/micro-explosion starts, but also on the 

nvestigation of time evolution of temperature at the fuel-water in- 

erface before the development of puffing/micro-explosion. 

The analysis of three droplets instead of two will allow us to 

erform more realistic investigation of the effects of surrounding 

roplets on any particular droplet in a spray. In this case, we will 

e able to consider not only the influence of the droplet in front 

f a given droplet but also the one behind it at the same time (cf.

he results of a similar investigation presented in [20,21] ). 

The following volume fractions of Diesel fuel and water were 

sed in the experiments: 90% Diesel fuel/10% water and 10% Diesel 

uel/90% water, although most attention is focused on the former 

ase. Droplets with high volume fractions of Diesel fuel are widely 

sed in various spray combustion devices [22,23] , while those with 

ow volume fractions of Diesel fuel are used for thermal and fire 

urification of liquids [24,25] . In both cases, a water sub-droplet is 

ocated inside a Diesel fuel droplet. 

The main features of the experimental setup and procedure 

sed in our analysis are summarised in Section 2 . The new experi- 
2

ental results are presented in Section 3 . In Section 4 an overview 

f the model used in the analysis is presented. This includes a 

ummary of the model developed in [17] and the results of in- 

estigation of the mutual effects of three droplets, one behind the 

ther, on the values of Nusselt ( Nu ) and Sherwood ( Sh ) numbers.

he model described in Section 4 is used for the analysis of ex- 

erimental data presented in Section 3 . The results are presented 

n Section 5 . In Section 6 the key results of the paper are sum-

arised. 

. Experimental setup and procedure

The experimental setup and methodology used in our analysis 

re essentially the same as described in [19] except that an open- 

ng was drilled in the metal cylinder to allow droplet illumination 

y a laser beam. The temperature profiles in the droplets were ob- 

ained using the Planar Laser Induced Fluorescence (PLIF) method 

ollowing the methodology described in [26] . In contrast to [26] , 

he PLIF measurements in our experiments were performed us- 

ng a Phantom MIRO M310 video camera (monochromic images 

ith maximal resolution 1280 pixels × 800 pixels, 6 . 5 × 10 5 fps, 

2 bit depth) and continuous DPSS laser KLM-V532/h-10 0 0 0 (wave 

ength 532 nm; width of the spectral line 0.1 nm; maximal power 

0 W with fluctuations not exceeding 5%; aperture beam diameter 

 mm). 

The three droplets were mounted as shown in Fig. 1 . The 

roplets shown in this figure are illuminated by the laser beam 

hich leads to yellow light emission around them generated by 

hodamine B dye. Ambient gas temperature and velocity used in 

he experiments were in the range 589–629 K, and 0.1 m/s, re- 

pectively. The systematic errors of the measurement of these pa- 

ameters were ±3 K and ±0 . 05 m/s, respectively. 

Droplet initial radii and the distances between droplets were 

etermined with systematic errors not exceeding ±0 . 025 mm and 

0 . 05 mm, respectively. 

The results of calibration of fluoroform Rhodamine B emis- 

ion intensity versus droplet temperature (measured using a ther- 

ocouple) are presented in Fig. 2 . These results were approxi- 

ated by the calibration curve: Intensity = aT 2 
d 

+ bT d + c, where 

 = 5 . 86 × 10 −3 ; b = −4 . 6568 ; c = 9 . 2542 × 10 2 . 

The time instant when puffing/micro-explosion started was de- 

ermined by analysing video frames of the process and identify- 

ng the frame in which the first fragment separated from the main 

roplet. Thus, the systematic error of determining the time to puff- 

ng was equal to the time interval between frames which was 1 ms 

n our experiments. 



Fig. 2. The results of calibration of fluoroform Rhodamine B emission intensity ver- 

sus droplet temperature (symbols) and the approximation of these results (calibra- 

tion curve; solid curve). Random error in plotting the calibration curve did not ex- 

ceed 9 K.
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The analysis of images was carried out following the scheme 

resented in Fig. 3 , using algorithm DaVis v. 10.0.5.42579. Firstly, 

he smoothing of images using the linear filter was performed in 

reas of 3 pixels × 3 pixels. The difference in the intensity of the 

aser beam at its centre and at the periphery was taken into ac- 

ount based on an analysis of the emission intensity in a cuvette 
Fig. 3. The analysis of images perfo

3

lled with Rhodamine B solution. The background was removed 

sing a procedure called ‘add algorithmic mask’. Finally, the tem- 

erature field was obtained using the calibration curve shown in 

ig. 2 . 

Pixels with unwanted fluorescence values were set to zero in- 

ensity in all the video frames (algorithmic masks), as in our pre- 

ious papers [27,28] . The mean fluorescence intensity of water 

ub-droplets was determined in the selected recording area within 

0 to 15 frames. The mean fluorescence intensity of water sub- 

roplets containing Rhodamine B was between 3 and 50 counts. 

he background fluorescence intensity ranged from 0 to 2 counts 

epending on the frame region. 

A resolution of 384 pixels × 800 pixels was used in the exper- 

ments. This resolution remained unchanged during the filtration 

rocess. 

The error bars shown in the figures are the sums of systematic 

nd random errors. Random errors �r were determined as: 

r = t(αc , n ) S, 

here t(αc , n ) is the Student’s coefficient, depending on the num- 

er of measurements n and confidence level αc , assumed equal to 

.95; S is the root squared deviation for a series of measurements. 

. Experimental results

Typical examples of the distribution of temperature inside the 

hree droplets for various input parameters are shown in Figs. 4 

for droplets of 90% Diesel fuel) and 5 (for droplets of 10% Diesel 

uel). Note that Rhodamine B dissolves well in water but does 

ot dissolve in hydrocarbon fuels, including Diesel fuel. Thus the 
rmed using DaVis software.



Fig. 4. Typical temperature fields in three droplets (volume fraction of Diesel fuel is 90%; volume fraction of water is 10%), one behind the other, for ambient gas temperature

T gas = 604 ± 10 K, distance between droplets L = 3 . 55 ± 0 . 05 mm, and initial droplet radii R d0 = 0 . 88 ± 0 . 03 mm. The droplet boundaries are shown by the black contours. 

Fig. 5. Typical temperature fields in three droplets (volume fraction of Diesel fuel is 10%; volume fraction of water is 90%), one behind the other, for ambient gas temperature

T gas = 604 ± 10 K, distance between droplets L = 6 . 48 ± 0 . 06 mm, and initial droplet radii R d0 = 0 . 91 ± 0 . 02 mm. The droplet boundaries are shown by the black contours. 
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istribution of temperature inside the droplet could only be ob- 

ained in the water sub-droplet using the PLIF method. This is well 

llustrated by Figs. 4 and 5 . 

As can be seen in Figs. 4 and 5 , in all cases the lead droplet

eats up faster than the middle one and the middle one heats 

p faster than the downstream one. The lead droplet disintegrates 

rst, followed by the disintegration of the middle and downstream 

roplets. This behaviour is similar to that described in [19] for two 

roplets in tandem. 

As follows from the analysis described in [19] , the temperature 

hich is the most important for the development of puffing and 

icro-explosion is the temperature at the fuel-water interface. The 

lots of this temperature versus time for droplets similar to those 

resented in Fig. 4 are shown in Fig. 6 . Stars in this figure show

he time instants when the puffing/micro-explosion started. The 

emperatures at the fuel-water interface were measured at 7 to 10 

oints in each time instant. The scatter of these measurements did 

ot exceed 15 K. 

As follows from Fig. 6 , the lead droplet is the first to heat up,

ollowed by the middle droplet and then the downstream droplet. 

his is consistent with the observed times to puffing/micro- 

xplosion discussed later in this section. 
T

4

Plots similar to those shown in Fig. 6 were obtained for droplets 

f 10% Diesel fuel and 90% water. The general shapes of the curves 

ere similar to those shown in Fig. 6 . The main difference be- 

ween the results is that in the case of 10% Diesel fuel, the in- 

erface boundary heats up faster due to the thinner fuel film. For 

dentical cases, but different compositions, the difference in time 

o puffing can reach 1 s. At the same time instants for the same 

nitial condition but different compositions of droplets, differences 

n temperature at the fuel-water interface can reach 20 K. 

Assuming, following [19] , that puffing/micro-explosion starts 

hen the temperature at the fuel-water interface reaches the wa- 

er nucleation temperature, we calculated the degree of super- 

eating (difference between the water nucleation and boiling tem- 

eratures: �T SH = T N − T B ) versus heating rate d T /d t ≡ ˙ T at the

uel/water interface of composite droplets of 90% Diesel fuel and 

0% water (lead, middle and downstream). The results are shown 

n Fig. 7 . As follows from this figure, an increase in �T SH agrees

ell with the correlation suggested in [17] : 

 N = T B + 12 × tanh ( ̇ T / 50) ; 0 ≤ ˙ T ≤ 300 K / s . (1) 

his correlation is shown as the solid curve in Fig. 7 . 



Fig. 6. The temperature at the fuel-water interface versus time for the lead (1),

middle (2) and downstream (3) droplets of 90% Diesel fuel and 10% water. Top, L = 

9 . 86 ± 0 . 06 mm and R d0 = 0 . 88 ± 0 . 04 mm; middle, L = 6 . 48 ± 0 . 04 mm and R d0 = 

0 . 89 ± 0 . 02 mm; bottom, L = 3 . 55 ± 0 . 05 mm and R d0 = 0 . 88 ± 0 . 02 mm. 

Fig. 7. The degree of super-heating ( �T SH ) versus heating rate at the water/fuel in- 

terface of droplets of 90% Diesel fuel and 10% water (lead, middle and downstream)

inferred from our experiments (1), experiments described in [17] (2) and exper- 

iments described in [30] (3). The solid curve shows the correlation predicted by

Expression (1) .
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Results similar to those shown in Fig. 7 for droplets of 90% 

iesel fuel and 10% water were obtained for droplets of 10% Diesel 

uel and 90% water. These results were also shown to be well ap- 

roximated by Expression (1) . 

Plots of time to puffing/micro-explosion ( τp ) for the lead, mid- 

le and downstream droplets of 90% Diesel fuel and 10% water ver- 

us ambient gas temperature are shown in Fig. 8 . As follows from 

his figure, for all three droplets, τp decreases with temperature as 

n the case of isolated droplets or two droplets in tandem [19] . τp 

or the lead droplet is always shorter than it is for the middle and 

ownstream droplets for the whole range of temperatures under 

onsideration. 

Plots similar to those shown in Fig. 8 were obtained for droplets 

f 10% Diesel fuel and 90% water. The main difference between 

hese plots and those shown in Fig. 8 lies in their smaller values 

f τp (in almost all cases). This difference can be as much as 25%. 

he higher the temperature, the smaller the difference. 

Plots of time to puffing/micro-explosion ( τp ) for the same lead, 

iddle and downstream droplets as in Fig. 8 versus the distance 

etween droplets ( L ) are shown in Fig. 9 . As follows from this fig-

re, for all three droplets τp decreases with increasing L as in the 

ase of two droplets in tandem [19] . This decrease is hardly vis- 

ble for the case of the lead droplet, but fast for the middle and 

ownstream droplets, especially for small L . 

Plots similar to those shown in Fig. 9 were obtained for droplets 

f 10% Diesel fuel and 90% water. The main difference between 

hese plots and those shown in Fig. 9 lies in their smaller val- 

es of τp . This difference could be as much as 20% for the lead

roplet and 15% for the middle and downstream droplets. A more 

ronounced decrease in τp with increasing L for the lead droplet 

f 10% Diesel fuel and 90% water, compared with that for droplets 

f 90% Diesel fuel and 10% water, was observed (not shown). 

. An overview of the model

.1. Initiation of puffing/micro-explosion 

As in our previous paper [19] , we assumed that puffing/micro- 

xplosion is initiated when the temperature at the fuel-water in- 

erface reaches the water nucleation temperature that is estimated 

ased on Expression (1) . As in [18] , the effects of external gas 



Fig. 8. Time to puffing/micro-explosion ( τp ) versus ambient gas temperature for the

lead (1), middle (2) and downstream (3) composite droplets (90% volume fraction

of Diesel fuel; 10% volume fraction of water). The distances between droplets ( L )

were 9 . 86 ± 0 . 08 mm and the initial droplet radii R d0 were 0 . 89 ± 0 . 04 mm. 

Fig. 9. Time to puffing/micro-explosion versus the distance between droplets ( L )

for the lead (1), middle (2) and downstream (3) composite droplets (90% volume

fraction of Diesel fuel; 10% volume fraction of water). The ambient gas temperature

was 604 ± 10 K and the initial droplet radii R d0 were 0 . 89 ± 0 . 04 mm. 
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ow on the values of Nusselt ( Nu ) and Sherwood ( Sh ) numbers are

aken into account but not the effects of this flow on the recircula- 

ion inside the droplets. The effect on the puffing/micro-explosion 

f three droplets in a flow was also attributed to the impact of the 

xternal gas flow on the values of Nu and Sh . The latter effect was

nferred from the analysis of the heat/mass transfer processes dur- 

ng the flow of air around three droplets positioned one behind the 

ther, as described in the following section. 

The effect of thermal radiation on puffing/micro-explosion is 

xpected to be insignificant for the range of gas temperatures typi- 

al for our experiments (587–629 K) and is ignored in our analysis 

29] . As in [19] the effect of support on puffing/micro-explosion is

aken into account using the approach suggested in [26] .
6

.2. Flow around three droplets, one behind the other 

We carried out a numerical study of the heating and evapora- 

ion of three droplets, one behind the other, placed in a flow of air 

t atmospheric pressure. Our analysis was based on the approach 

eveloped in [31] to evaluate heat and mass transfer in a line of 

venly spaced droplets and applied in [19] to the analysis of two 

roplets in tandem. 

The average values of Nu and Sh were obtained for the lead, 

iddle and downstream droplets for the values of parameters used 

n the experiments ( Re in the range 5.8 to 6.3, B M 

in the range 0.05

o 0.28, B T in the range 0 to 0.16, Sc in the range 3.5 to 3, P r in

he range 0.77 to 0.76, the distance parameter C = L/ (2 R d0 ) in the

ange 2 to 8). The results of calculations are shown in Appendix 1. 

As follows from these results (see Appendix 1), the values of 

u and Sh are weak functions of Re , B M 

, B T , Sc and P r which al-

owed us to calculate Nu and Sh using the initial values of the 

nput parameters: Re = 5 . 82 , B M 

= 0 . 05 , B T = 0 . 024 , Sc = 3 . 52 and

 r = 0 . 7722 . The results of calculations of the correction factors for

hese numbers, N u/N u iso and Sh/Sh iso , where Nu iso and Sh iso are 

usselt and Sherwood numbers for isolated droplets, are presented 

n Fig. 10 . Following [19,31] , the following formulae were used for 

stimation of Nu iso and Sh iso : 

u iso = 1 + ( 1 + αRe P r ) 
γ · ( 1 + δRe ) 

β
(2) 

h iso = 1 + ( 1 + αRe Sc ) 
γ · ( 1 + δRe ) 

β
, (3) 

here α = 1 . 0024 , γ = 0 . 3419 , β = 0 . 0989 and δ = 0 . 2046 . Note

hat a deviation of a few per cent could be observed for both Nu 

nd Sh between the results of the numerical simulations and those 

redicted by the classical models [29] . 

As follows from Fig. 10 , the correction factors are less than 1 

nd increase with increasing C in all cases. The minimal values for 

ll correction factors are predicted for the downstream droplets. 

or C ≥ 3 the correction factors for the lead droplet are indistin- 

uishable from 1 on the plots. 

The correction factors shown in Fig. 10 are used in the next sec- 

ion for the analysis of heating/evaporation of composite droplets 

nd the development within them of puffing/micro-explosions. 

. Experimental results versus modelling

In this section the results of the application of the model de- 

cribed in Section 4 to the analysis of the experimental results de- 

cribed in Section 3 , and the comparison between the simulated 

nd experimental results are presented. The thermodynamic and 

ransport properties of Diesel fuel and distilled water were taken 

rom [32] . 

In contrast to previous analysis of puffing/micro-explosion, in- 

luding the one presented in [19] , our work focuses not only on 

he time to puffing/micro-explosion, but also on the time evolu- 

ion of the temperature at the fuel-water interface before the start 

f puffing/micro-explosion. The results of our experimental obser- 

ation of the latter temperature are shown in Fig. 6 . 

In Fig. 11 we reproduced the experimental results presented in 

ig. 6 (without error bars) and added the predicted values of this 

emperature using the model described in Section 4 . As follows 

rom Fig. 11 , the general trends of the time evolution of T w 

ob-

erved experimentally and predicted by the model are similar for 

ll three values of C. These include almost linear increase in T w 

ith time for most of the heating period and smaller rates of in- 

rease in T w 

for the middle and downstream droplets compared 

ith the lead droplets. This difference between the rates of in- 

rease in T w 

increases when C decreases. 

Although the difference between observed and predicted val- 

es of T w 

lies within the experimental error bars in most cases, 



Fig. 10. Correction factors for Nusselt and Sherwood numbers, N u/N u iso and

Sh/Sh iso , for the lead, middle and downstream droplets versus the distance param- 

eter C.
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Fig. 11. The temperature at the fuel-water interface ( T w ) observed experimentally

(predicted by the simulation) versus time for the lead (LE(LS)), middle (ME(MS))

and downstream (DE(DS)) droplets of 90% Diesel fuel and 10% water. Top, L = 

9 . 86 ± 0 . 06 mm and R d0 = 0 . 88 ± 0 . 04 mm ( C = 5 . 60 ); middle, L = 6 . 48 ± 0 . 04 mm 

and R d0 = 0 . 89 ± 0 . 02 mm ( C = 3 . 64 ); bottom, L = 3 . 55 ± 0 . 05 mm and R d0 = 0 . 88 ±
0 . 03 mm ( C = 2 . 02 ). 
he observed T w 

tend to be larger than those predicted by sim- 

lations. This is attributed to the main assumption of the model 

hat a water sub-droplet is located exactly in the centre of the fuel 

roplet. If we take into account a possible shifting of the water 

ub-droplet from this centre then we would expect quicker heating 

f the water-fuel interface in agreement with experimental obser- 

ations. 

In Fig. 12 we reproduced the experimental results presented in 

ig. 8 and added the predicted values of this time to puffing/micro- 

xplosion using the model described in Section 4 . As follows from 

ig. 12 , the general trends of the dependence of τp on T gas observed 

xperimentally and predicted by the model are similar for all three 

roplets. The shortest τp is observed and predicted for the lead 

roplet. Both experimentally observed and predicted values of τp 

ecrease with increasing T gas . Observed and predicted differences 

n τp for the lead and middle droplets and for the middle and 

ownstream droplets decrease with increasing T gas . 

At the same time, the observed τp tend to be shorter than the 

redicted ones. This result is compatible with the trends in T w 

hown in Fig. 11 and is attributed to the main assumption of the 

odel that the water sub-droplet is located exactly in the centre 

f the fuel droplet. 
7



Fig. 12. Time to puffing/micro-explosion ( τp ) observed experimentally (predicted

by the simulation) versus ambient gas temperature for the lead (LE(LS)), middle

(ME(MS)) and downstream (DE(DS)) composite droplets (90% volume fraction of

Diesel fuel; 10% volume fraction of water). The distance between droplets ( L ) was

9 . 86 ± 0 . 08 mm and the initial droplet radii R d0 were 0 . 89 ± 0 . 04 mm (the same as 

in Fig. 8 ).

Fig. 13. Time to puffing/micro-explosion observed experimentally (predicted by

the simulation) versus the distance parameter ( C) for the lead (LE(LS)), middle

(ME(MS)) and downstream (DE(DS)) composite droplets (90% volume fraction of

Diesel fuel; 10% volume fraction of water). The ambient gas temperature was

604 ± 10 K and the initial droplet radii R d0 were 0 . 89 ± 0 . 04 mm (the same as in 

Fig. 9 ).
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In Fig. 13 we reproduced the experimental results presented in 

ig. 9 and added the predicted values of this time to puffing/micro- 

xplosion using the model described in Section 4 . As follows from 

ig. 13 , the general trends of the dependence of τp on the distance 

arameter C observed experimentally and predicted by the model 

re similar for all three droplets. The shortest τp is observed and 

redicted for the lead droplet. Both experimentally observed and 

redicted values of τp for the middle and downstream droplets de- 

rease with increasing C. Observed and predicted differences in τp 

or the lead and middle droplets and for the middle and down- 

tream droplet decrease with increasing C. As in the cases shown 

n Figs. 11 and 12 , the tendency for the observed τp to be shorter
8

han predicted is attributed to the main limitation of the model 

sed in the analysis, that the water sub-droplet is located in the 

entre of the fuel droplet. 

. Conclusions

The results of experimental and theoretical investigation of the 

utual effects of three composite Diesel fuel/water droplets, one 

ehind the other, on their puffing/micro-explosion are presented. 

he volume fractions of Diesel fuel (water) in the range 10% to 90% 

90% to 10%) are investigated although most attention is focused on 

he case when the volume fraction of Diesel fuel is equal to 90%. 

he focus of the analysis is not only on finding the time instant 

hen puffing/micro-explosion starts, but also on the investigation 

f time evolution of temperature at the fuel-water interface before 

he development of puffing/micro-explosion. 

The experimentally observed temperatures at the fuel-water in- 

erface are shown to increase almost linearly with time for the 

ead, middle and downstream droplets. These temperatures were 

easured at 7 to 10 points in each time instant. The scatter of 

hese measurements did not exceed 15 K. The lead droplet is 

hown to be the first to heat up, followed by the middle and then 

he downstream droplet, as expected. 

Assuming that puffing/micro-explosion starts when the temper- 

ture at the fuel-water interface reaches the water nucleation tem- 

erature, the values of the latter temperature as a function of the 

eating rate are found from the experimental data. The results are 

hown to be consistent with the earlier suggested correlation for 

his temperature for all three droplets. 

In agreement with the previous results for two droplets in tan- 

em it is found that time to puffing/micro-explosion decreases 

ith increasing gas temperature. It is shown that this time for the 

ead droplet is always shorter than that of the middle and down- 

tream droplets, and the difference between them decreases as the 

istance between droplets increases. 

The experimental results are interpreted in terms of the pre- 

iously developed model of fuel/water droplet puffing/micro- 

xplosion, based on the assumptions that the water sub-droplet is 

ocated exactly in the centre of the Diesel fuel droplet and that this 

rocess is triggered when the temperature at the fuel-water inter- 

ace reaches the water nucleation temperature. The effect of in- 

eraction between lead, middle and downstream droplets is taken 

nto account via modifications to the Nusselt ( Nu ) and Sherwood 

 Sh ) numbers for these droplets. 

The required modifications to these numbers are obtained 

ased on numerical calculations of the flow and heat/mass trans- 

er processes around three droplets, one behind the other. Using 

he results of these calculations the dependences of N u/N u iso and 

h/Sh iso on the distance parameter C are obtained, where the sub- 

cript iso refers to isolated droplets. It is shown that these ratios 

re weak functions of Re , B M 

, B T , P r and Sc in the range of values

or these parameters typical for these experiments. This allows us 

o estimate N u/N u iso and Sh/Sh iso for the initial values of Re , B M 

, 

 T , P r and Sc. 

The predicted temperatures at the fuel-water interface are 

hown to be close to those observed experimentally for all three 

roplets in the distance parameter range 2.02 to 5.60. 

As in the previously studied cases of isolated droplets and two 

roplets in tandem, both experimentally observed and predicted 

alues of the time to puffing/micro-explosion ( τp ) are shown to 

ecrease with increasing T gas . Both experimentally observed and 

redicted values of this time are longer for the middle and down- 

tream droplets than for the lead droplet. The experimentally ob- 

erved differences in this time for the lead, middle and down- 

tream droplets are close to the predicted values. 
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Fig. A1. Distributions of temperature and vapour concentration around the three

droplets for three values of the distance parameter C ( Re = 5.8, Pr= 0.77, Sc= 3.52, 

B M = 0.05 and B T = 0.024). 

a

t

t

s

m

i  

m

o

t

t  

w

n

3  

b

a

d

c

l

N

S

w

d

a

w

c

l

a

t

t

t

i

 

h

o

n

N

a  

v

S  

S

t

d

eclaration of Competing Interest 

The work described has not been published previously and it is 

ot under consideration for publication elsewhere. Its publication 

s approved by all authors and tacitly or explicitly by the respon- 

ible authorities where the work was carried out. If accepted, it 

ill not be published elsewhere in the same form, in English or 

n any other language, including electronically without the written 

onsent of the copyright-holder. 

RediT authorship contribution statement 

D.V. Antonov: Conceptualization, Methodology, Resources, In- 

estigation, Software, Writing – original draft. R.S. Volkov: Re- 

ources, Investigation, Software. R.M. Fedorenko: Conceptualiza- 

ion, Methodology, Resources, Investigation, Software, Writing –

riginal draft. P.A. Strizhak: Supervision, Resources, Investigation, 

riting – original draft. G. Castanet: Conceptualization, Methodol- 

gy, Resources, Investigation, Software, Writing – review & editing. 

.S. Sazhin: Supervision, Methodology, Writing – review & editing. 

cknowledgements 

The authors are grateful: to the National Research Tomsk Poly- 

echnic University (project VIU-ISHFVP-60/2019) which supported 

.A. Strizhak (who contributed to the formulation of the problem 

nd analysis of the results) and R.S. Volkov (who contributed to 

he development of the experimental setup); for scholarships from 

he President of the Russian Federation (Grants SP-447.2021.1 and 

N-7/2260) which supported D. Antonov and R. Fedorenko (who 

erformed the experiments, applied the model to their analysis 

nd prepared the first draft of the paper); to the Université de 

orraine and the Institut Carnot Icéel for the CALICO (Combustion 

’Aérosols LIquides Complexes) grant which supported G. Castanet 

who contributed to the development of the model, the simula- 

ions and preparation of the text of the paper), and to the Rus- 

ian Science Foundation (Grant 21-19-00876), which supported S.S. 

azhin (who contributed to the development of the model, analysis 

f the results and preparation of the text of the paper). 

ppemdix A 

The determination of the Nusselt and Sherwood numbers for 

he three droplets positioned one behind the other is based on the 

ame approach as described in [31] . The problem is simplified by 

onsidering heat and mass transfers within the gas phase only. The 

ssumptions made are the same as used in the derivation of the 

 

2 -law for an isolated droplet. The steady state Navier-Stokes equa- 

ions, the continuity equation for mass, the convection-diffusion 

quations for the vapour and heat transfers are solved assuming 

hat the droplet arrangement is axisymmetric. The droplets are as- 

umed to be rigid spheres. Only the normal velocity, correspond- 

ng to the Stefan flow, is considered even in the case when Diesel 

uel is weakly volatile in the conditions of the experiments. The 

angential velocity at the liquid surface is assumed equal to zero. 

ince only the mean values of the Nusselt and Sherwood num- 

ers are sought from the simulations, other simplifications are also 

ade. Both temperature and vapour concentration are assumed to 

e uniform over the droplet surface. The finite element method is 

pplied for the numerical solution. It uses an unstructured trian- 

ular mesh of increased density near the surface of the droplets 

typically, the half perimeter of the droplets is divided into 100 el- 

ments of equal size). 

Even with the above approximations, a comprehensive study of 

hree droplets in a row would be time-consuming, due to a large 

umber of parameters related to the geometry, surface conditions 
9

nd flow field. An example of a parametric study, where the dis- 

ance between droplets, the droplet sizes and the surface condi- 

ions are modified, was recently presented in [19] , but for a more 

imple case of two droplets. In the present study, we used experi- 

ental results that refer to droplet evolution to limit the scope of 

nvestigations. The ranges of Re , C, P r, Sc, B M 

and B T were approxi-

ated to determine the influence of these dimensionless numbers 

n heat and mass transfer under the selected experimental condi- 

ions. 

Fig. A1 shows the vapour and temperature distributions around 

he three droplets for C = 2 , C = 4 and C = 6 . These simulations

ere performed for values of the parameters relevant to the begin- 

ing of the experiments when the surface temperature was about 

40 K: Re = 5.8, P r= 0.77, Sc= 3.52, B M 

= 0.05 and B T = 0.024. As can

e seen in this figure, the spacing between the droplets clearly 

ffects the temperature and vapour distribution around the mid- 

le and downstream droplets. Using these temperature and vapour 

oncentration fields, Sherwood and Nusselt numbers were calcu- 

ated as: 

u = 

2 R d 

( T ∞ 

− T S ) 

∂T 

∂R 

∣
∣
∣
∣

R = R d
, (A.1) 

h = − 2 R d 

( Y v S − Y v ∞ 

) 

∂ Y v 
∂R 

∣
∣
∣
∣

R = R d 
, (A.2) 

here R is the radial coordinate from the centre of the droplet un- 

er consideration. 

To evaluate the effect of interaction between droplets on heat 

nd mass transfer processes, the Nusselt and Sherwood numbers 

ere averaged over the surface of the droplets and divided by their 

ounterparts for an isolated droplet using Eqs. (2) and (3) . The evo- 

ution of N u/N u iso and Sh/Sh iso is presented in Fig. 10 . As expected, 

 stronger reduction in the heat and mass transfers is observed for 

he middle and downstream droplets. As the droplets are heated, 

he conditions at their surfaces change. The heating process was 

he fastest for the lead droplet, and was almost the same as for an 

solated droplet. 

A decrease in Nu and Sh of about 6% was observed as a result of

eating and evaporation as demonstrated in Fig. A2 . The evolutions 

f Nu and Sh as functions of C follow the same trends at the begin- 

ing of the process and just before puffing/micro-explosion starts. 

ote that the reduced Sherwood and Nusselt numbers, Sh/Sh iso 

nd N u/N u iso , are only slightly affected by the heating process with

ariations of less than 0.5%. Therefore, it can be concluded that 

h/Sh iso and N u/N u iso are weakly dependent on Re , B M 

, B T , P r and

c in the present study. They can be considered as functions of 

he distance parameter C only. Also, changes in the sizes of the 

roplets during the experiments can be ignored. This is related 



Fig. A2. Evolutions of the Nusselt and Sherwood numbers of the string of three droplets at the beginning of the heating process (LI, MI, DI stand for the lead, middle and

downstream droplets) and just before puffing or micro-explosion (LE, ME, DE stand for the lead, middle and downstream droplets). The initial conditions: Re = 5.8, Pr= 0.77, 

Sc= 3.52, B M = 0.05 and B T = 0.02. The conditions just before puffing/micro-explosion: Re = 6 . 3 , B M = 0 . 3 , B T = 0 . 16 , Pr = 0 . 76 and Sc = 2 . 9 . 
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o the fact that Diesel fuel is very volatile and thermal expansion 

ompensates for droplet evaporation during the heating phase. 
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