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Abstract

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 analysis 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 ob-

served 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
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reaches the water nucleation temperature, the values of the latter tempera-

ture 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 temperature 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 experimental results are interpreted in terms of the previ-

ously developed model based on the assumptions that the water sub-droplet

is located exactly in the centre of the Diesel fuel droplet and that this pro-

cess is triggered when the temperature at the water/fuel interface attains the

water nucleation temperature. The effect of interaction between lead, mid-

dle 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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Composite droplets, puffing, micro-explosion, heating, evaporation, droplets

in a row

Nomenclature

BM(T ) Spalding mass (heat) transfer number [-]

C Distance parameter [-]

L Distance between droplets [m]

n number of measurements [-]

Nu Nusselt number [-]
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Pr Prandtl number [-]

R Distance from the droplet centre [m]

Rd0 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]

∆TSH 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
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SH Super-heat

v Vapour

w Water-fuel interface

0 Initial

∞ Ambient conditions

1. Introduction1

Adding water into fuel droplets is known to lead to their puffing (swelling2

of droplets and their disintegration into a relatively small number of smaller3

droplets) and/or micro-explosion (disintegration of droplets leading to the4

formation of a cloud of aerosols). Practical engineering applications of these5

processes, including those in Diesel engines, are well known [1]. These pro-6

cesses have been extensively studied experimentally. Among numerous pa-7

pers focused on this topic we can mention [2], where the effects of various8

physical properties on the occurrence of micro-explosions are described, and9

[3, 4], where the results of investigation of the effects of ambient tempera-10

tures on micro-explosions are presented. The authors of [5, 6] described the11

results of their experimental investigation of fuel composition on puffing and12

micro-explosion. As follows from the parametric study of the occurrence of13

micro-explosions in water-in-oil emulsions presented in [7], this phenomenon14

is more likely to occur in larger droplets (with diameters above 20µm) than in15

smaller droplets. The effects of coalescence of the dispersed water droplets16

on the occurrence of micro-explosions were investigated experimentally by17

the authors of [8, 9].18
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The most advanced models of puffing and micro-explosion developed so19

far are based on Direct Numerical Simulation [10, 11, 12]. These were com-20

plemented by several simplified models of the phenomena [13, 14, 15, 16, 17].21

The latter model and its recent modifications (e.g. [18]) has proven to be ef-22

fective for the analysis of various observations of puffing and micro-explosion.23

It will be used in the present analysis.24

In our previous paper [19], we presented the results of the experimen-25

tal and theoretical investigations of the mutual effect of droplets on their26

puffing/micro-explosion in a flow, using an example of two closely spaced27

composite rapeseed oil/water droplets in tandem. This paper is focused28

on the generalisation of the results in [19] in the following three directions.29

Firstly, in contrast to [19] we consider not two but three droplets, one behind30

the other. Secondly, we consider not rapeseed oil/water but Diesel fuel/water31

droplets in a wide range of fuel and water volume fractions. Thirdly, the focus32

of our analysis is not only on finding the time instant when puffing/micro-33

explosion starts, but also on the investigation of time evolution of temper-34

ature at the fuel-water interface before the development of puffing/micro-35

explosion.36

The analysis of three droplets instead of two will allow us to perform more37

realistic investigation of the effects of surrounding droplets on any particular38

droplet in a spray. In this case, we will be able to consider not only the39

influence of the droplet in front of a given droplet but also the one behind40

it at the same time (cf. the results of a similar investigation presented in41

[20, 21]).42

The following volume fractions of Diesel fuel and water were used in the43
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experiments: 90% Diesel fuel/10% water and 10% Diesel fuel/90% water,44

although most attention is focused on the former case. Droplets with high45

volume fractions of Diesel fuel are widely used in various spray combustion46

devices [22, 23], while those with low volume fractions of Diesel fuel are used47

for thermal and fire purification of liquids [24, 25]. In both cases, a water48

sub-droplet is located inside a Diesel fuel droplet.49

The main features of the experimental setup and procedure used in our50

analysis are summarised in Section 2. The new experimental results are51

presented in Section 3. In Section 4 an overview of the model used in the52

analysis is presented. This includes a summary of the model developed in [17]53

and the results of investigation of the mutual effects of three droplets, one54

behind the other, on the values of Nusselt (Nu) and Sherwood (Sh) numbers.55

The model described in Section 4 is used for the analysis of experimental data56

presented in Section 2. The results are presented in Section 5. In Section 657

the key results of the paper are summarised.58

2. Experimental setup and procedure59

The experimental setup and methodology used in our analysis are es-60

sentially the same as described in [19] except that an opening was drilled61

in the metal cylinder to allow droplet illumination by a laser beam. The62

temperature profiles in the droplets were obtained using the Planar Laser63

Induced Fluorescence (PLIF) method following the methodology described64

in [26]. In contrast to [26], the PLIF measurements in our experiments were65

performed using a Phantom MIRO M310 video camera (monochromic im-66

ages with maximal resolution 1280 pixels × 800 pixels, 6.5× 105 fps, 12 bit67
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Figure 1: An image of the group of three droplets used in our experiments.

depth) and continuous DPSS laser KLM-V532/h-10000 (wave length 532 nm;68

width of the spectral line 0.1 nm; maximal power 10 W with fluctuations not69

exceeding 5%; aperture beam diameter 3 mm).70

The three droplets were mounted as shown in Figure 1. The droplets71

shown in this figure are illuminated by the laser beam which leads to yellow72

light emission around them generated by Rhodamine B dye. Ambient gas73

temperature and velocity used in the experiments were in the range 589-62974

K, and 0.1 m/s, respectively. The systematic errors of the measurement of75

these parameters were ±3 K and ±0.05 m/s, respectively.76

Droplet initial radii and the distances between droplets were determined77

with systematic errors not exceeding±0.025 mm and±0.05 mm, respectively.78

The results of calibration of fluoroform Rhodamine B emission intensity79

versus droplet temperature (measured using a thermocouple) are presented80
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Figure 2: The results of calibration of fluoroform Rhodamine B emission intensity versus

droplet temperature (symbols) and the approximation of these results (calibration curve;

solid curve). Random error in plotting the calibration curve did not exceed 9 K.
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in Figure 2. These results were approximated by the calibration curve:81

Intensity = aT 2
d + bTd + c, where a = 5.86 × 10−3; b = −4.6568; c =82

9.2542× 102.83

The time instant when puffing/micro-explosion started was determined by84

analysing video frames of the process and identifying the frame in which the85

first fragment separated from the main droplet. Thus, the systematic error86

of determining the time to puffing was equal to the time interval between87

frames which was 1 ms in our experiments.88

The analysis of images was carried out following the scheme presented in89

Figure 3, using algorithm DaVis v. 10.0.5.42579. Firstly, the smoothing of90

images using the linear filter was performed in areas of 3 pixels × 3 pixels.91

The difference in the intensity of the laser beam at its centre and at the pe-92

riphery was taken into account based on an analysis of the emission intensity93

in a cuvette filled with Rhodamine B solution. The background was removed94

using a procedure called ‘add algorithmic mask’. Finally, the temperature95

field was obtained using the calibration curve shown in Figure 2.96

Pixels with unwanted fluorescence values were set to zero intensity in97

all the video frames (algorithmic masks), as in our previous papers [27, 28].98

The mean fluorescence intensity of water sub-droplets was determined in99

the selected recording area within 10 to 15 frames. The mean fluorescence100

intensity of water sub-droplets containing Rhodamine B was between 3 and101

50 counts. The background fluorescence intensity ranged from 0 to 2 counts102

depending on the frame region.103

A resolution of 384 pixels × 800 pixels was used in the experiments. This104

resolution remained unchanged during the filtration process.105
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Figure 3: The analysis of images performed using DaVis software.
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The error bars shown in the figures are the sums of systematic and random

errors. Random errors ∆r were determined as:

∆r = t(αc, n)S,

where t(αc, n) is the Student’s coefficient, depending on the number of mea-106

surements n and confidence level α, assumed equal to 0.95; S is the root107

squared deviation for a series of measurements.108

3. Experimental results109

Typical examples of the distribution of temperature inside the three110

droplets for various input parameters are shown in Figures 4 (for droplets111

of 90% Diesel fuel) and 5 (for droplets of 10% Diesel fuel). Note that Rho-112

damine B dissolves well in water but does not dissolve in hydrocarbon fuels,113

including Diesel fuel. Thus the distribution of temperature inside the droplet114

could only be obtained in the water sub-droplet using the PLIF method. This115

is well illustrated by Figures 4 and 5.116

As can be seen in Figures 4 and 5, in all cases the lead droplet heats117

up faster than the middle one and the middle one heats up faster than the118

downstream one. The lead droplet disintegrates first, followed by the disin-119

tegration of the middle and downstream droplets. This behaviour is similar120

to that described in [19] for two droplets in tandem.121

As follows from the analysis described in [19], the temperature which is122

the most important for the development of puffing and micro-explosion is the123

temperature at the fuel-water interface. The plots of this temperature versus124

time for droplets similar to those presented in Figure 4 are shown in Figure 6.125
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Figure 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

Tgas = 604±10 K, distance between droplets L = 3.55±0.05 mm, and initial droplet radii

Rd0 = 0.88± 0.03 mm. The droplet boundaries are shown by the black contours.

Stars in this figure show the time instants when the puffing/micro-explosion126

started. The temperatures at the fuel-water interface were measured at 7 to127

10 points in each time instant. The scatter of these measurements did not128

exceed 15 K.129

As follows from Figure 6, the lead droplet is the first to heat up, followed130

by the middle droplet and then the downstream droplet. This is consistent131

with the observed times to puffing/micro-explosion discussed later in this132

section.133

Plots similar to those shown in Figure 6 were obtained for droplets of 10%134

Diesel fuel and 90% water. The general shapes of the curves were similar to135

those shown in Figure 6. The main difference between the results is that136

in the case of 10% Diesel fuel, the interface boundary heats up faster due137

to the thinner fuel film. For identical cases, but different compositions, the138
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Figure 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

Tgas = 604±10 K, distance between droplets L = 6.48±0.06 mm, and initial droplet radii

Rd0 = 0.91± 0.02 mm. The droplet boundaries are shown by the black contours.
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Figure 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 Rd0 = 0.88± 0.04 mm; middle, L = 6.48± 0.04 mm and Rd0 = 0.89± 0.02 mm;

bottom, L = 3.55± 0.05 mm and Rd0 = 0.88± 0.02 mm.
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difference in time to puffing can reach 1 s. At the same time instants for the139

same initial condition but different compositions of droplets, differences in140

temperature at the fuel-water interface can reach 20 K.141

Assuming, following [19], that puffing/micro-explosion starts when the142

temperature at the fuel-water interface reaches the water nucleation tem-143

perature, we calculated the degree of super-heating (difference between the144

water nucleation and boiling temperatures: ∆TSH = TN − TB) versus heat-145

ing rate dT/dt ≡ Ṫ at the fuel/water interface of composite droplets of 90%146

Diesel fuel and 10% water (lead, middle and downstream). The results are147

shown in Figure 7. As follows from this figure, an increase in ∆TSH agrees148

well with the correlation suggested in [17]:149

TN = TB + 12× tanh(Ṫ /50); 0 ≤ Ṫ ≤ 300 K/s. (1)

This correlation is shown as the solid curve in Figure 7.150

Results similar to those shown in Figure 7 for droplets of 90% Diesel fuel151

and 10% water were obtained for droplets of 10% Diesel fuel and 90% water.152

These results were also shown to be well approximated by Expression (1).153

Plots of time to puffing/micro-explosion (τp) for the lead, middle and154

downstream droplets of 90% Diesel fuel and 10% water versus ambient gas155

temperature are shown in Figure 8. As follows from this figure, for all three156

droplets, τp decreases with temperature as in the case of isolated droplets or157

two droplets in tandem [19]. τp for the lead droplet is always shorter than it is158

for the middle and downstream droplets for the whole range of temperatures159

under consideration.160

Plots similar to those shown in Figure 8 were obtained for droplets of161

10% Diesel fuel and 90% water. The main difference between these plots162
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Figure 7: The degree of super-heating (∆TSH) versus heating rate at the water/fuel

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

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

described in [30] (3). The solid curve shows the correlation predicted by Expression (1).
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Figure 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 Rd0 were 0.89± 0.04 mm.
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and those shown in Figure 8 lies in their smaller values of τp (in almost all163

cases). This difference can be as much as 25%. The higher the temperature,164

the smaller the difference.165

Plots of time to puffing/micro-explosion (τp) for the same lead, middle166

and downstream droplets as in Figure 8 versus the distance between droplets167

(L) are shown in Figure 9. As follows from this figure, for all three droplets168

τp decreases with increasing L as in the case of two droplets in tandem [19].169

This decrease is hardly visible for the case of the lead droplet, but fast for170

the middle and downstream droplets, especially for small L.171

Plots similar to those shown in Figure 9 were obtained for droplets of172

10% Diesel fuel and 90% water. The main difference between these plots173

and those shown in Figure 9 lies in their smaller values of τp. This difference174

could be as much as 20% for the lead droplet and 15% for the middle and175

downstream droplets. A more pronounced decrease in τp with increasing L176

for the lead droplet of 10% Diesel fuel and 90% water, compared with that177

for droplets of 90% Diesel fuel and 10% water was observed (not shown).178

4. An overview of the model179

4.1. Initiation of puffing/micro-explosion180

As in our previous paper [19], we assumed that puffing/micro-explosion is181

initiated when the temperature at the fuel-water interface reaches the water182

nucleation temperature that is estimated based on Expression (1). As in [18],183

the effects of external gas flow on the values of Nusselt (Nu) and Sherwood184

(Sh) numbers are taken into account but not the effects of this flow on the185

recirculation inside the droplets. The effect on the puffing/micro-explosion186
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Figure 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 Rd0 were 0.89± 0.04 mm.
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of three droplets in a flow was also attributed to the impact of the external187

gas flow on the values of Nu and Sh. The latter effect was inferred from the188

analysis of the heat/mass transfer processes during the flow of air around189

three droplets positioned one behind the other, as described in the following190

section.191

The effect of thermal radiation on puffing/micro-explosion is expected to192

be insignificant for the range of gas temperatures typical for our experiments193

(587-629 K) and is ignored in our analysis [29]. As in [19] the effect of194

support on puffing/micro-explosion is taken into account using the approach195

suggested in [26].196

4.2. Flow around three droplets, one behind the other197

We carried out a numerical study of the heating and evaporation of three198

droplets, one behind the other, placed in a flow of air at atmospheric pressure.199

Our analysis was based on the approach developed in [31] to evaluate heat200

and mass transfer in a line of evenly spaced droplets and applied in [19] to201

the analysis of two droplets in tandem.202

The average values of Nu and Sh were obtained for the lead, middle and203

downstream droplets for the values of parameters used in the experiments204

(Re in the range 5.8 to 6.3, BM in the range 0.05 to 0.28, BT in the range 0205

to 0.16, Sc in the range 3.5 to 3, Pr in the range 0.77 to 0.76, the distance206

parameter C = L/(2Rd0) in the range 2 to 8). The results of calculations are207

shown in Appendix 1.208

As follows from the results (see Appendix 1), the values of Nu and Sh are209

weak functions of Re, BM , BT , Sc and Pr which allowed us to calculate Nu210

and Sh using the initial values of the input parameters: Re = 5.82, BM =211
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Figure 10: Correction factors for Nusselt and Sherwood numbers, Nu/Nuiso and Sh/Shiso,

for the lead, middle and downstream droplets versus the distance parameter C.
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0.05, BT = 0.024, Sc = 3.52 and Pr = 0.7722. The results of calculations212

of the correction factors for these numbers, Nu/Nuiso and Sh/Shiso, where213

Nuiso and Shiso are Nusselt and Sherwood numbers for isolated droplets, are214

presented in Figure 10. Following [31, 19], the following formulae were used215

for estimation of Nuiso and Shiso:216

Nuiso = 1 + (1 + αRe Pr)γ · (1 + δRe)β (2)

217

Shiso = 1 + (1 + αRe Sc)γ · (1 + δRe)β, (3)

where α = 1.0024, γ = 0.3419, β = 0.0989 and δ = 0.2046. Note that a218

deviation of a few per cent could be observed for both Nu and Sh between219

the results of the numerical simulations and those predicted by the classical220

models [29].221

As follows from Figure 10, the correction factors are less than 1 and222

increase with increasing C in all cases. The minimal values for all correction223

factors are predicted for the downstream droplets. For C ≥ 3 the correction224

factors for the lead droplet are indistinguishable from 1 on the plots.225

The correction factors shown in Figure 10 are used in the next section for226

the analysis of heating/evaporation of composite droplets and the develop-227

ment within them of puffing/micro-explosions.228

5. Experimental results versus modelling229

In this section the results of the application of the model described in230

Section 4 to the analysis of the experimental results described in Section231

3, and the comparison between the simulated and experimental results are232
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Figure 11: The temperature at the fuel-water interface (Tw) 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 Rd0 = 0.88± 0.04 mm (C = 5.54); middle, L = 6.48± 0.04 mm and Rd0 = 0.89± 0.02

mm (C = 3.64); bottom, L = 3.55± 0.05 mm and Rd0 = 0.88± 0.03 mm (C = 2.01).
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presented. The thermodynamic and transport properties of Diesel fuel and233

distilled water were taken from [32].234

In contrast to previous analysis of puffing/micro-explosion, including the235

one presented in [19], our work focuses not only on the time to puffing/micro-236

explosion, but also on the time evolution of the temperature at the fuel-237

water interface before the start of puffing/micro-explosion. The results of238

our experimental observation of the latter temperature are shown in Figure239

6.240

In Figure 11 we reproduced the experimental results presented in Figure241

6 (without error bars) and added the predicted values of this temperature242

using the model described in Section 4. As follows from Figure 11, the general243

trends of the time evolution of Tw observed experimentally and predicted by244

the model are similar for all three values of C. These include almost linear245

increase in Tw with time for most of the heating period and smaller rates of246

increase in Tw for the middle and downstream droplets compared with the247

lead droplets. This difference between the rates of increase in Tw increases248

when C decreases.249

Although the difference between observed and predicted values of Tw lies250

within the experimental error bars in most cases, the observed Tw tend to be251

larger than those predicted by simulations. This is attributed to the main252

assumption of the model that a water sub-droplet is located exactly in the253

centre of the fuel droplet. If we take into account a possible shifting of the254

water sub-droplet from this centre then we would expect quicker heating of255

the water-fuel interface in agreement with experimental observations.256

In Figure 12 we reproduced the experimental results presented in Figure 8257
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Figure 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 Rd0 were 0.89± 0.04 mm (the same as in Figure 8).
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Figure 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 Rd0 were 0.89± 0.04 mm (the same as in Figure 9).
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and added the predicted values of this time to puffing/micro-explosion using258

the model described in Section 4. As follows from Figure 12, the general259

trends of the dependence of τp on Tgas observed experimentally and predicted260

by the model are similar for all three droplets. The shortest τp is observed and261

predicted for the lead droplet. Both experimentally observed and predicted262

values of τp decrease with increasing Tgas. Observed and predicted differences263

in τp for the lead and middle droplets and for the middle and downstream264

droplets decrease with increasing Tgas.265

At the same time, the observed τp tend to be shorter than the predicted266

ones. This result is compatible with the trends in Tw shown in Figure 11 and267

is attributed to the main assumption of the model that the water sub-droplet268

is located exactly in the centre of the fuel droplet.269

In Figure 13 we reproduced the experimental results presented in Fig-270

ure 9 and added the predicted values of this time to puffing/micro-explosion271

using the model described in Section 4. As follows from Figure 13, the gen-272

eral trends of the dependence of τp on the distance parameter C observed273

experimentally and predicted by the model are similar for all three droplets.274

The shortest τp is observed and predicted for the lead droplet. Both experi-275

mentally observed and predicted values of τp for the middle and downstream276

droplets decrease with increasing C. Observed and predicted differences in τp277

for the lead and middle droplets and for the middle and downstream droplet278

decrease with increasing C. As in the cases shown in Figures 11 and 12, the279

tendency for the observed τp to be shorter than predicted is attributed to the280

main limitation of the model used in the analysis, that the water sub-droplet281

is located in the centre of the fuel droplet.282
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6. Conclusions283

The results of experimental and theoretical investigation of the mutual284

effects of three composite Diesel fuel/water droplets, one behind the other, on285

their puffing/micro-explosion are presented. The volume fractions of Diesel286

fuel (water) in the range 10% to 90% (90% to 10%) are investigated although287

most attention is focused on the case when the volume fraction of Diesel fuel is288

equal to 90%. The focus of the analysis is not only on finding the time instant289

when puffing/micro-explosion starts, but also on the investigation of time290

evolution of temperature at the fuel-water interface before the development291

of puffing/micro-explosion.292

The experimentally observed temperatures at the fuel-water interface are293

shown to increase almost linearly with time for the lead, middle and down-294

stream droplets. These temperatures were measured at 7 to 10 points in each295

time instant. The scatter of these measurements did not exceed 15 K. The296

lead droplet is shown to be the first to heat up, followed by the middle and297

then the downstream droplet, as expected.298

Assuming that puffing/micro-explosion starts when the temperature at299

the fuel-water interface reaches the water nucleation temperature, the values300

of the latter temperature as a function of the heating rate are found from the301

experimental data. The results are shown to be consistent with the earlier302

suggested correlation for this temperature for all three droplets.303

In agreement with the previous results for two droplets in tandem it304

is found that time to puffing/micro-explosion decreases with increasing gas305

temperature. It is shown that this time for the lead droplet is always shorter306

than that of the middle and downstream droplets, and the difference between307
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them decreases as the distance between droplets increases.308

The experimental results are interpreted in terms of the previously de-309

veloped model of fuel/water droplet puffing/micro-explosion, based on the310

assumptions that the water sub-droplet is located exactly in the centre of the311

Diesel fuel droplet and that this process is triggered when the temperature at312

the fuel-water interface reaches the water nucleation temperature. The effect313

of interaction between lead, middle and downstream droplets is taken into314

account via modifications to the Nusselt (Nu) and Sherwood (Sh) numbers315

for these droplets.316

The required modifications to these numbers are obtained based on nu-317

merical calculations of the flow and heat/mass transfer processes around318

three droplets, one behind the other. Using the results of these calculations319

the dependences of Nu/Nuiso and Sh/Shiso on the distance parameter C are320

obtained, where the subscript iso refers to isolated droplets. It is shown that321

these ratios are weak functions of Re, BM , BT , Pr and Sc in the range of322

values for these parameters typical for these experiments. This allows us to323

estimate Nu/Nuiso and Sh/Shiso for the initial values of Re, BM , BT , Pr324

and Sc.325

The predicted temperatures at the fuel-water interface are shown to be326

close to those observed experimentally for all three droplets in the distance327

parameter range 2.01 to 5.54.328

As in the previously studied cases of isolated droplets and two droplets329

in tandem, both experimentally observed and predicted values of the time330

to puffing/micro-explosion (τp) are shown to decrease with increasing Tgas.331

Both experimentally observed and predicted values of this time are longer332
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for the middle and downstream droplets than for the lead droplet. The333

experimentally observed differences in this time for the lead, middle and334

downstream droplets are close to the predicted values.335
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Appendix 1351

The determination of the Nusselt and Sherwood numbers for the three352

droplets positioned one behind the other is based on the same approach as353

described in [31]. The problem is simplified by considering heat and mass354

transfers within the gas phase only. The assumptions made are the same as355
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used in the derivation of the d2-law for an isolated droplet. The steady state356

Navier-Stokes equations, the continuity equation for mass, the convection-357

diffusion equations for the vapour and heat transfers are solved assuming358

that the droplet arrangement is axisymmetric. The droplets are assumed359

to be rigid spheres. Only the normal velocity, corresponding to the Stefan360

flow, is considered even in the case when Diesel fuel is weakly volatile in the361

conditions of the experiments. The tangential velocity at the liquid surface362

is assumed equal to zero. Since only the mean values of the Nusselt and363

Sherwood numbers are sought from the simulations, other simplifications are364

also made. Both temperature and vapour concentration are assumed to be365

uniform over the droplet surface. The finite element method is applied for366

the numerical solution. It uses an unstructured triangular mesh of increased367

density near the surface of the droplets (typically, the half perimeter of the368

droplets is divided into 100 elements of equal size).369

Even with the above approximations, a comprehensive study of three370

droplets in a row would be time-consuming, due to a large number of param-371

eters related to the geometry, surface conditions and flow field. An example372

of a parametric study, where the distance between droplets, the droplet sizes373

and the surface conditions are modified, was recently presented in [19], but for374

a more simple case of two droplets. In the present study, we used experimen-375

tal results that refer to droplet evolution to limit the scope of investigations.376

The ranges of Re, C, Pr, Sc, BM and BT were approximated to determine377

the influence of these dimensionless numbers on heat and mass transfer under378

the selected experimental conditions.379

Figure 14 shows the vapour and temperature distributions around the380
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Figure 14: 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,

BM=0.05 and BT =0.024).

three droplets for C = 2, C = 4 and C = 6. These simulations were per-381

formed for values of the parameters relevant to the beginning of the experi-382

ments when the surface temperature was about 340 K: Re= 5.8, Pr= 0.77,383

Sc=3.52, BM=0.05 and BT=0.024. As can be seen in this figure, the spacing384

between the droplets clearly affects the temperature and vapour distribution385

around the middle and downstream droplets. Using these temperature and386

vapour concentration fields, Sherwood and Nusselt numbers were calculated387

as:388

Nu =
2Rd

(T∞ − TS)

∂T

∂R

∣∣∣∣
R=Rd

, (4)

389

Sh = − 2Rd

(YvS − Yv∞)

∂Yv
∂R

∣∣∣∣
R=Rd

, (5)

where R is the radial coordinate from the centre of the droplet under con-390

sideration.391
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Figure 15: 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 down-

stream 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,

BM=0.05 and BT =0.02. The conditions just before puffing/micro-explosion: Re = 6.3,

BM = 0.3, BT = 0.16, Pr = 0.76 and Sc = 2.9.
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To evaluate the effect of interaction between droplets on heat and mass392

transfer processes, the Nusselt and Sherwood numbers were averaged over393

the surface of the droplets and divided by their counterparts for an isolated394

droplet using Eqs. (2) and (3). The evolution of Nu/Nuiso and Sh/Shiso is395

presented in Figure 10. As expected, a stronger reduction in the heat and396

mass transfers is observed for the middle and downstream droplets. As the397

droplets are heated, the conditions at their surfaces change. The heating398

process was the fastest for the lead droplet, and was almost the same as for399

an isolated droplet.400

A decrease in Nu and Sh of about 6% was observed as a result of heating401

and evaporation as demonstrated in Figure 15. The evolutions of Nu and Sh402

as functions of C follow the same trends at the beginning of the process and403

just before puffing/micro-explosion starts. Note that the reduced Sherwood404

and Nusselt numbers, Sh/Shiso and Nu/Nuiso, are only slightly affected by405

the heating process with variations of less than 0.5%. Therefore, it can be406

concluded that Sh/Shiso and Nu/Nuiso are weakly dependent on Re, BM ,407

BT , Pr and Sc in the present study. They can be considered as functions408

of the distance parameter C only. Also, changes in the sizes of the droplets409

during the experiments can be ignored. This is related to the fact that410

Diesel fuel is very volatile and thermal expansion compensates for droplet411

evaporation during the heating phase.412
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