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Abstract

The results of the experimental and theoretical investigations of the mu-

tual effect on their puffing/micro-explosion of droplets in a flow, using an

example of two closely spaced droplets in tandem, are presented. It is shown

that the time to puffing/micro-explosion (τp) of the lead droplet is always

shorter than that of the downstream droplet, and the difference between

them decreases with increasing distance between droplets divided by their

initial diameters (2Rd0). It is shown that the τp of both droplets increases

with increasing Rd0. The experimental results are interpreted in terms of the

previously developed model for fuel/water droplet puffing/micro-explosion,

based on the assumptions that the water sub-droplet is located in the centre

of the fuel droplet and that this process is triggered when the temperature

at the water/fuel interface reaches the water nucleation temperature. The
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effect of interaction between the lead and downstream droplets is taken into

account via modifications to the Nusselt and Sherwood numbers for these

droplets using the results of numerical calculations. Both experimentally

observed and predicted values of τp are shown to increase with increasing

Rd0. They are shown to be longer for the downstream droplets than for the

lead droplets. The experimentally observed differences in τp for the lead and

downstream droplets are close to the predicted differences.

Keywords:

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

in tandem

Nomenclature

A, B, G coefficients introduced in (19), (20), (24), (25), [-]

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

C Distance parameter [-]

c Species concentration [mole/m3]

cpg Specific heat capacity [J/(kg K)]

D Diffusion coefficient[m2/s]

F Coefficient introduced in (21) and (26) [-]

k Thermal conductivity [W/(m K)]

L Distance between droplets [m]

n Number of measurements [-]

Nu Nusselt number [-]

p Pressure [Pa]

Pr Prandtl number [-]
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rC(T ) Ratio of vapour concentrations (temperature) [-]

rD Size ratio [-]

Rd0 Initial droplet radius [m]

Re Reynolds number [-]

Sc Schmidt number [-]

Sh Sherwood number [-]

S Root squared deviation [s]

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

T Temperature [◦C or K]

u Velocity [m/s]

Z Parameter introduced in Eq. (7) [m/s, mole/m3, or K]

Greek symbols

αc Confidence level [-]

α, β, δ, γ Coefficients introduced in (22) and (23) [-]

∆r Random errors [s]

∆τp Difference in times to puffing/micro-explosion [s]

µ Dynamic viscosity [kg/(m· s)]

ρ Density [kg/m3]

τp Time to puffing/micro-explosion [s]

Subscripts

a Ambient air

g Gaseous phase

r Radial direction
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S Surface

0 Initial

1 Lead droplet

2 Downstream droplet

∞ Ambient conditions

1. Introduction1

It is well known that adding water into fuel droplets can lead to their2

puffing and micro-explosion. These processes lead to a rapid increase in the3

liquid fuel surface area. This in turn leads to an increase in the fuel evap-4

oration rate and the formation of a homogeneous fuel vapour/air mixture.5

The benefits of these processes in many practical engineering applications6

are well known [1]. This has led to extensive experimental and theoretical7

studies of the phenomenon, the results of which are presented in numerous8

research papers the most recent being [2, 3, 4, 5, 6].9

The main limitation of the previous research in this field was that it10

mainly focused on individual droplets without paying much attention to the11

effects of interactions between droplets, although these effects cannot be ig-12

nored when puffing/micro-explosion takes place in realistic spray-like condi-13

tions. We are aware of only two papers in which ‘grouping effects’ on the14

development of puffing/micro-explosion in composite droplets were consid-15

ered using Direct Numerical Simulation [7, 8].16

Although investigations of these effects on composite droplet puffing/micro-17

explosion are limited, studies in relation to droplet heating/evaporation have18
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been extensive [9]. Several levels of interaction between neighbouring evapo-19

rating droplets have been considered. For sufficiently large spacings between20

droplets, the Nusselt and Sherwood numbers are practically identical to those21

for isolated droplets. When the distance between droplets becomes compara-22

ble to their size, however, in addition to the modification of the local ambient23

conditions, the spatial distribution of heat and mass exchanges is modified24

at the surfaces of groups of droplets, compared to at the surface of isolated25

droplets [10]. Thus, it is expected that the functions which relate the Nusselt26

and Sherwood numbers to the ambient conditions will need to be modified to27

take into account the effects of the neighbouring droplets [9]. Several studies28

have examined well-defined geometries of droplet arrays to characterise this29

effect.30

Theoretical models are commonly based on the assumption of a quasi-31

stationary evaporation process and do not consider forced and natural con-32

vection, with the exception of that induced by the vapour released at the33

surface of the droplets (Stefan flow). These simplifications allow the evap-34

oration process to be described by a potential function that satisfies the35

Laplace equation [11]. Most of the analytical models focused on droplet ar-36

rays have used the Laplace equation, and differ mainly in the complexity37

of the droplet arrays and the method used for solving this equation [12, 9].38

As an example, the evaporation and burning of a few hundred droplets in39

the array was investigated by Imaoka and Sirignano [13, 14]. For the case40

of two interacting droplets, as in the present study, Cossali and Tonini [15]41

suggested an analytical model taking into account the dependence of the gas42

density on temperature and composition. To consider the effects of neigh-43
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bouring droplets, models known as droplet in a bubble (or cellular) models44

have been used for the analysis of droplet clouds [16, 17, 18].45

The effect of droplet motion on the heating and evaporation of arrays of46

droplets has been relatively unexplored. Numerical simulations, where the47

Navier-Stokes, energy and species equations are solved for moving droplets,48

have to consider many additional effects such as the movement of droplets49

relative to each other, the internal circulation in the liquid phase during tran-50

sient heating, and the effects of surface tension. They are generally limited to51

a few droplets. Chiang and Sirignano [19, 20] examined the cases of two and52

three droplets aligned in tandem. To simplify the analysis, conditions of peri-53

odicity and symmetry have been commonly used [21, 22, 23, 24]. A Direct Nu-54

merical Simulation (DNS) assuming the periodicity condition was performed55

by Castanet et al. [22] to describe heat/mass transfer around the droplets56

in monodisperse streams, taking into account the effect of non-uniform and57

transient stress at the droplet surfaces (Marangoni effect). Due to the per-58

fect alignment of the droplets in the monodisperse stream, a boundary layer59

developed rapidly around the droplet chain resulting in rather strong interac-60

tions between the droplets. To determine the growth of this boundary layer,61

Castanet et al. [10] considered rigid and fixed spheres in a steady-state flow.62

They derived correlations for the Nusselt and Sherwood numbers which were63

compared with the results of experiments.64

Most of the experimental studies that focused on the interaction effects65

between droplets were carried out in streams of mono-sized periodically ar-66

ranged droplets. Experimental studies performed at the University of Lor-67

raine have made it possible to characterise the droplet heating and evapo-68
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ration, and validate theoretical models [25, 26, 28, 30, 29, 27, 31]. These69

experimental investigations showed that the reduction in the heat and mass70

transfer compared to that for an isolated droplet, does not depend exclu-71

sively on the spacing parameter (the droplet spacing nondimensionalised by72

the droplet diameter). For a given spacing between droplets, the droplet73

velocity, the ambient gas temperature, and the volatility of the liquid fuel74

can also have a significant impact on the reduction of the Nusselt and Sher-75

wood numbers. To perform measurements, another configuration of droplets76

attached to fibres and arranged to form 2D and 3D arrays was used. This77

approach was used to investigate the evaporation of droplets in microgravity78

conditions [32] or exposed to forced convection [33]. Clusters of droplets pro-79

duced by drop-on-demand systems were also used to study both aerodynamic80

behaviours and heat/mass transfers [34].81

This paper is specifically focused on the experimental and theoretical in-82

vestigation of ‘grouping effects’ on composite droplet puffing/micro-explosion83

using an example of two closely spaced droplets in an air flow.84

The experimental set-up and measurement technique are briefly described85

in Section 2. The experimental results are described and discussed in Section86

3. A description of the model used for the analysis of these results is presented87

in Section 4. The modelling and experimental results are compared in Section88

5. The main results of the paper are summarised in Section 6.89

2. Experimental set-up90

Our investigation is focused mainly on composite rapeseed oil/water droplets91

with volume fractions of rapeseed oil and water of 90% and 10%, respec-92
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tively. This choice of droplet composition was based on the results of our93

previous research, focused on free falling droplets, where it was shown that94

puffing/micro-explosion for these droplets can be realised in a wide range of95

ambient temperatures, from 400 K to 1500 K and for a wide range of droplet96

initial radii, from 0.5 mm to 1.5 mm [35, 5]. In this study, focused on droplets97

supported by a fibre, we used ambient temperatures and droplet initial radii98

in the ranges 400 K to 600 K and 0.5 mm to 0.9 mm, respectively.99

The methodology for droplet generation was similar to the one described100

in [36]. Two electronic Finnpipette Novus dispensers with a volume incre-101

ment of 0.01 µl were used. The first dispenser was used to generate a water102

droplet of a chosen volume which was mounted on a holder. The second dis-103

penser was used to generate a rapeseed oil droplet which spread around the104

previously generated water droplet and had a film thickness in the range 0.05105

m to 0.5 mm, depending on the required composite droplet volume. Planar106

Laser Induced Fluorescence (PLIF) was used to control this thickness. As107

in the experiments described in [36], a Rhodamine B solution of 10000 µg/l108

was added to the water.109

Note that in modern technologies for combustion of emulsion droplets,110

small water sub-droplets inside a fuel droplet tend to merge forming a single111

water sub-droplet inside a fuel droplet [37]. Also, in these technologies liquid112

fuel and water are supplied separately and are mixed up directly in the113

combustion chamber. This justifies our approach to generating composite114

droplets.115

Puffing and micro-explosion in composite droplets were compared with116

those in emulsion droplets. The latter were generated by mixing components117
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in a Sapfir-2.8 ultra-sound bath. First, emulsifier DcD of the required concen-118

tration was added to rapeseed oil and the mixture was mixed for 5 minutes.119

Then the required amount of water was added and the emulsion was mixed120

for a further 5 minutes. Radii of water sub-droplets in the emulsion were in121

the range 1 to 5 µm. An electronic dispenser was used to generate emulsion122

droplets of the requires sizes.123

The mutual influence of closely spaced droplets on the characteristics of124

their puffing/micro-explosion was investigated using the experimental set-up125

shown in Figure 1. A tubular muffle vertical furnace (temperature range126

293 to 1523 K) was used to generate hot air. An air flow with velocities in127

the range 0.05 to 5 m/s was generated at the bottom of the furnace with128

the help of an air blower. As in [35], gas velocities were measured using129

Particle Image Velocimetry (PIV) and all experiments were performed for130

air velocities equal to 0.1± 0.05 m/s. A metallic thermally isolated cylinder131

with two holes was mounted at the top outlet of the furnace. This cylinder132

was designed to maintain constant air temperature at the muffle furnace133

outlet. The two holes in the cylinder were for the introduction of droplets134

into the heating zone and to register puffing/micro-explosion processes.135

Droplets were introduced into the registration zone with the help of a136

coordinate mechanism. Two holders with nichrome wires with a diameter137

of 0.2 mm, located one above the other, were mounted at the tip of this138

mechanism. The registration zone was illuminated by a LED spotlight. The139

processes of droplet heating, evaporation and break-up were recorded by140

two high-speed video cameras: (a) a Phantom Miro M310 (Vision Research,141

USA) with the following specifications - 3260 frames per second at resolution142
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Figure 1: (a) Scheme of the experimental set-up used in our analysis. (b) Scheme of the

metal cylinder where the experiments were performed (left) and the plots of air tempera-

ture versus the distance from the bottom of the cylinder for three air temperatures inside

the furnace (right).
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1280 × 800 pixels, 12 bit depth, 1 µs minimum exposure, pixel size 20 µm,143

12 GB memory, image-based auto-trigger, and (b) a Phantom v411 (Vision144

Research, USA) with the following specifications - 1,000 frames per second145

at resolution 800× 600 pixels, 12 bit depth, 250 µs minimum exposure, pixel146

size 20 µm, 16 GB memory, image-based auto-trigger. These cameras (see147

Figure 1a) allowed us to perform planar (2D) and spatial (3D) recording of148

the processes. 3D recordings were used for our analysis as they were the149

most accurate. Video clips showing experimental results were analysed using150

Phantom Camera Control software.151

The parameters inferred from the analysis of these video clips include152

times to the beginning of the break-up process, droplet life times, droplet153

diameters and the distances between droplets. These parameters were ob-154

tained with maximal errors of ±1 ms, ±25 µm and ±50 µm, respectively.155

Droplet diameters were measured at time instants when the droplets were156

first introduced into the furnace. These diameters were found by averaging157

the droplet sizes in two perpendicular cross-sections.158

Air temperatures in the furnace were measured using a National Instru-159

ments complex for data collection and low-inertia thermocouples with errors160

not larger than ±1◦C and ±0.1 s. These temperatures were measured at var-161

ious cross-sections and at various distances from the inlet (at steps of 1 cm)162

at three different muffle furnace temperatures. The scheme and the results of163

these measurements are shown in Figure 1b. To minimise the effects of tem-164

perature gradient in the cylinder on puffing/micro-explosion of droplets the165

experiments were performed at distances of 3 to 4 cm from the inlet. In this166

case, the spatial variations in air temperature did not exceed 15 K. The air167
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velocity distribution in the interaction zone was constant with fluctuations168

not exceeding ±0.05 m/s.169

3. Experimental results170

The puffing/micro-explosion in the lead droplet (Droplet 1) always started171

before that in the downstream droplet (Droplet 2). The difference in times172

to puffing/micro-explosion in these droplets depended on a number of pa-173

rameters, including ambient gas temperature, type of droplet (composite or174

emulsion) and the distance parameter C = L/(2Rd0), where L is the distance175

between droplets, Rd0 is their initial radii (assumed to be the same for the176

two droplets).177

The plots of the difference between times to puffing/micro-explosion for178

Droplet 2 (τp2) and Droplet 1 (τp1), ∆τp = τp2 − τp1, versus C for composite179

and emulsion droplets, are shown in Figure 2. Both composite and emul-180

sion droplets contained rapeseed oil (with volume fraction 90%) and water181

(with volume fraction 10%). Ambient gas temperature and velocity in all182

experiments were 430±10 K and 0.1±0.05 m/s, respectively. Droplet initial183

radii and L were in the ranges 0.494 to 0.907 mm and 3.11 to 10.45 mm,184

respectively. Error bars are shown in the figure.185

As can be seen in Figure 2, the values of ∆τp for emulsion droplets were186

always less than those for composite droplets. In the case of composite187

(emulsion) droplets ∆τp decreased 17 (10.5) times when C increased from188

2.25 to 10. This shows the importance of C for prediction of τp for the189

downstream droplet.190

In Figure 3 we present typical video clips showing the processes of droplet191
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Figure 2: Plots of the difference between times to puffing/micro-explosion for the down-

stream droplet (Droplet 2) (τp2) and the lead droplet (Droplet 1) (τp1), ∆τp = τp2 − τp1,

versus C for composite (1) and emulsion (2) droplets. Both composite and emulsion

droplets contained rapeseed oil (with volume fraction 90%) and water (with volume frac-

tion 10%). Ambient gas temperature and velocity were 430 ± 10 K, and 0.1 ± 0.05 m/s.

Droplet radii and L were in the ranges 0.494 to 0.907 mm and 3.11 to 10.45 mm, respec-

tively.
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Figure 3: Typical video clips showing the development of puffing/micro-explosion in the

lead (Droplet 1) and downstream (Droplet 2) composite droplets (with volume fraction of

rapeseed oil and water equal to 90% and 10%, respectively), placed in air with ambient

velocity 0.1± 0.05 m/s. (a) C = 3.25 and Ta = 485 K; (b) C = 7.5 and Ta = 497 K.
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break-up for two values of C. It can be seen that puffing/micro-explosion192

of the lead droplets can be followed by evaporation, puffing (Supplementary193

material A) and micro-explosion (Supplementary material B) of the down-194

stream droplet depending on the values of C and ambient gas temperatures.195

As follows from our analysis, for sufficiently high ambient gas temperatures,196

micro-explosion of the lead droplet was followed by puffing or micro-explosion197

of the downstream droplet. At lower gas temperatures, puffing or evaporation198

of the lead droplet was followed by puffing or evaporation of the downstream199

droplet. If the lead droplet evaporated without break-up, so did the down-200

stream droplet. Note that, for ambient temperatures in the range 450 to201

550 K, micro-explosions were typically observed for composite droplets; for202

emulsion droplets we observed mainly puffing and evaporation. At ambient203

temperatures above 600 K, micro-explosions were typically observed both for204

composite droplets and emulsions. No visible effects of downstream droplets205

on the break-up of the lead droplets were observed.206

As can be seen in Figure 3a, for C = 7.5 the difference between times207

to micro-explosion of the downstream and lead droplets (∆τp) was rather208

short (about 0.44 s). On the other hand, it follows from Figure 3b that for209

C = 3.25 this difference increases to ∆τp = 3.23 s. This result is consistent210

with experimental data presented in Figure 2.211

Also, we observed that child droplets that formed during puffing/micro-212

explosion of the lead droplet visibly transformed the surface of the down-213

stream droplet (Supplementary material C). We recorded the cases when214

child droplets generated during the break-up of the lead droplet collided with215

the surface of the downstream droplets; this sometimes led to the stripping216
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away of some of the liquid from the downstream droplet (about 5-10% of its217

initial volume). Sometimes this collision triggered the rotation of the down-218

stream droplet and its eventual detachment from the holder, or the break-up219

of the downstream droplet. The latter effect was particularly strong for com-220

posite droplets with C in the range 2 to 4. This effect, which was rarely221

observed, resulted in close values of τp for the two droplets. This effect was222

not observed for emulsion droplets.223

The values of observed times to puffing, possibly leading to micro-explosion224

of the lead and downstream composite rapeseed oil/water droplets for vari-225

ous Rd0, are shown in Figure 4a. The volume fractions of rapeseed oil and226

water were 90% and 10%, respectively; the distance between droplets was227

L = 4.2± 0.5 mm. The initial droplet radii were in the range 0.494 to 0.907228

mm. Error bars shown in Figure 4a refer to systematic errors made when229

determining times to puffing/micro-explosion and air temperature/velocity.230

All experimental points shown in Figure 4a were split into five groups

depending on droplet initial radii: 0.45−0.55 mm, 0.55−0.65 mm, 0.65−0.75

mm, 0.75 − 0.85 mm, 0.85 − 0.95 mm. The values of initial radii for these

groups were taken equal to 0.5 mm, 0.6 mm, 0.7 mm. 0.8 mm and 0.9 mm,

respectively. Then the average values of τp for each of these groups were

estimated. The results are shown in Figure 4b. The error bars shown in the

latter figure 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-231

surements n and confidence level α, assumed equal to 0.95; S is the root232
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Figure 4: (a) The values of observed times to puffing/micro-explosion (τp) of the lead and

downstream composite rapeseed oil/water droplets for various initial droplet radii Rd0; air

velocity and temperature are 0.1 ± 0.05 m/s and 430 ± 10 K, respectively. The volume

fractions of rapeseed oil and water are 90% and 10%, respectively; the distance between

droplets was L = 4.2± 0.5 mm. (b) Average values of τp versus Rd0.
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squared deviation for a series of measurements.233

As can be seen from Figure 4b, τp for the lead droplet is always less than234

that for the downstream droplet and both times increase with increasing Rd0.235

The latter result agrees with that reported for isolated droplets [5, 6].236

The same plots as in Figure 4a,b but for emulsion droplets are shown237

in Figure 5a,b. For these droplets only puffing was observed. Comparing238

Figures 4a,b and 5a,b one can see that the properties of τp for emulsion239

droplets are similar to those of composite droplets (τp for the lead droplet is240

shorter than for the downstream droplet and in both cases it increases with241

increasing Rd0). The absolute values of τp for emulsion droplets, however,242

are less than half of those for composite droplets, in agreement with the243

previously obtained results for isolated droplets [35].244

4. Description of the model245

The model used in the analysis has two parts. Firstly, the model for246

puffing/micro-explosion. Secondly, the correlations for Nusselt and Sherwood247

numbers taking into account the interaction between droplets. The model248

for puffing/micro-explosion used in our analysis is summarised in Section 4.1.249

The correlations for Nusselt and Sherwood numbers used in the analysis are250

presented in Section 4.3, based on the analysis of a flow around a pair of251

droplets arranged in tandem, as described in Section 4.2.252

4.1. Model of puffing/micro-explosion253

As follows from the analysis presented earlier, puffing and micro-explosion254

are complex phenomena and the effects of interaction between droplets make255

them even more complex. The most advanced and self-consistent approach256
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Figure 5: The same as Figure 4 but for times to puffing of emulsion droplets.
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to their modelling is based on the Direct Numerical Simulation (DNS), as257

was done in [7, 8] for clusters of droplets and in [38, 39, 40] for individual258

droplets. Although this approach can potentially capture many fine features259

of the process it has a number of well known limitations. The results of260

this modelling strongly depend on the initial and boundary conditions which261

are not easy to identify for droplets undergoing puffing and micro-explosion262

processes. Also, the complexity of behaviour of liquid water and fuel and263

their vapours, predicted by DNS, often obscures the underlying physics of264

the processes. This makes it rather difficult to predict such integral param-265

eter as time to puffing/micro-explosion which is particularly important for266

engineering applications.267

Without undermining the importance of the models described in the268

above-mentioned papers we believe that they can be effectively supplemented269

by much simpler models focused on capturing the most important features of270

the phenomenon and ignoring most of the secondary details of the process.271

One such model, that we find particularly useful, is described in [6]. This272

model is based on the assumption that a spherical water sub-droplet is lo-273

cated in the centre of a spherical fuel droplet. The heating of this composite274

droplet was described in terms of the one-dimensional heat conduction equa-275

tion with the Robin boundary condition at the surface of the fuel droplet.276

Both evaporation and swelling of the droplet were taken into account.277

The time to puffing/micro-explosion was calculated in two steps. Firstly,278

the calculation for droplet heating was performed until the temperature at279

the water/fuel interface reached the boiling temperature of water TB. At the280

time instant when this temperature was reached, the rate of increase in this281
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temperature Ṫ was determined. Using Ṫ the value of the water nucleation282

temperature TN was determined from the following correlation [6]:283

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

The range of validity of this correlation 0 ≤ Ṫ ≤ 300 K/s was satisfied284

for the conditions of the experiments described earlier. Once the value of285

TN had been found, the time required for the temperature at the water fuel286

interface to reach TN was determined. This time was identified with time to287

puffing/micro-explosion.288

One of the main problems with the application of this model is that it is289

based on the assumption that all processes are spherically symmetric, while290

most of the experimental data, including those presented earlier in this paper,291

were obtained in the presence of a relative air velocity. We cannot overcome292

this problem by introducing a model similar to the Effective Thermal Con-293

ductivity model, in which the effect of recirculation inside the droplets is294

approximated by the introduction of the so called effective thermal conduc-295

tivity depending on the liquid Peclet number [41, 42], as this model correctly296

predicts the time evolution of the droplet surface temperature but not the297

distribution of temperature inside the droplet.298

The authors of [43] suggested generalisation of the model described in299

[6] in a non-self-consistent way. They assumed that the flow of air around300

droplets affects average heat and mass transfer processes at the droplet sur-301

face but not inside the droplet. They used the same analytical solution to302

the heat conduction equation as in [6], but the values of the Nusselt (Nu)303

and Sherwood (Sh) numbers took into account the contribution of the rel-304

ative velocity between droplets and ambient gas. This approach is used in305
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our analysis.306

The effects of the droplet support on puffing/micro-explosion were not307

taken into account. These effects are expected to be small for the gas tem-308

perature used in the experiments (430 K).309

4.2. Flow around two droplets in tandem310

The model developed in [15] cannot be applied in our case to evaluate311

Nu and Sh as it does not take into account the relative velocities between312

droplets and ambient gas. The authors of [44] carried out a numerical study313

of the evaporation and heating of two droplets in tandem. They proposed314

several correlations for the Nusselt and Sherwood numbers of the lead and315

downstream droplets. The range of applicability of their analysis, however,316

does not fit the range used in our experiments. A separate numerical study317

was therefore undertaken to remedy this deficiency. We used a similar ap-318

proach to that described by Castanet et al. [10] to evaluate heat and mass319

transfer in a line of evenly spaced droplets but applied it to only two droplets.320

In contrast to [10], it is not assumed that the two droplets are the same size321

and have the same temperature and vapour concentrations at their surfaces.322

These are the key assumptions of our approach:323

1. The problem is steady-state for the gas phase. This is justified by the324

faster heat and mass diffusion rates in the gas phase compared to the325

rate of droplet regression and heating.326

2. The Stefan flow is neglected. For droplets of rapeseed oil, the Spald-327

ing numbers BM and BT are of the order of 10−3 in the experimental328

conditions of the present study (Ta close to 430 K).329
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3. The droplets are assumed to be rigid spheres. The liquid velocity at330

the droplet surface is low compared to the free stream velocity as the331

dynamic viscosity of the gas is three orders of magnitude lower than332

that of the liquid.333

4. The temperature and thus the vapour concentration at the droplet334

surface are assumed uniform. This simplification is acceptable given335

that predictions of puffing are based on spatially averaged values of the336

Nusselt and Sherwood numbers.337

5. The properties of the gas phase are assumed to be uniform. Thus, they338

do not vary with vapour concentration and temperature.339

Based on these assumptions, the following steady-state continuity, Navier-340

Stokes, energy and species conservation equations were used in our analysis:341

342

∇ · ~u = 0 (2)

343

ρg (~u · ∇) ~u = ∇ ·
[
−pI + µg

(
∇~u+ (∇~u)T

)]
(3)

344

∇ (−Dv∇c) + ~u · ∇c = 0 (4)

345

∇ (−kg∇T ) + ρgcpg ~u · ∇T = 0, (5)

where c is the vapour concentration, T is the temperature and ~u the velocity346

field in the gas flow. Using the indexing numbers shown in Figure 6, the347

following boundary conditions were used:348
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Head droplet

Downstream
droplet

Lead droplet

Downstream
droplet

Figure 6: Illustration of the computational domain and specification of the boundary

conditions considered in the simulations.

• Boundary 1: Gas flow inlet349

ur = 0 (6)

350

Z = Z∞ with Z = uz, c or T (7)

Parameters u∞, c∞ and T∞ correspond to the ambient conditions in351

the free stream. Boundary 1 is positioned ahead of the lead droplet at352

about 8 times its diameter.353

• Boundary 2: Axial symmetry at r = 0354

∂Z

∂r
= 0 with Z = ur, uz, c or T (8)
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• Boundary 3: Open boundary355  −~n.Dv
~∇Z = 0 if ~n · ~u ≥ 0,

Z = Z∞, if ~n · ~u < 0
(9)

356 [
−pI + µg

(
∇~u+ (∇~u)T

)]
~n = ~0 (10)

where Z = c, T . This boundary condition is applied at the edge and at357

the outlet of the domain at distances of 15 and 8 times the diameter of358

the largest droplets, respectively.359

• Boundary 4: The surface of the droplets360

~u = 0 (11)

361

Z = ZS,i with Z = c, T (12)

The subscript i denotes the lead (i = 1) and the downstream (i = 2)362

droplets.363

In the absence of the Stefan flow, there is no need to follow the same iter-364

ative procedure as described in [10]. In our analysis, the velocity field is first365

determined solving the steady-state Navier-Stokes and continuity equations366

(Eqs. (2) and (3)) in the cylindrical coordinate system (r, θ, z). Then, in a367

second step, the calculated velocity field is entered into the vapour transport368

equation (Eq. (4)) and the heat transfer equation (Eq. (5)) to determine the369

fields of vapour concentration and temperature. The numerical resolution is370

performed using the finite element method and relying on an unstructured371
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Figure 7: Parameters used in the study of two droplets in tandem.

triangular mesh of increased density near the surface of the droplets (typ-372

ically, half of the perimeter of the droplets is divided into 100 elements of373

equal size). Afterwards, the Nusselt and Sherwood numbers of the ith drop374

(i = 1 or 2) are determined as:375

Nui =
2Rd,i

T∞ − TS,i
∂T

∂n

∣∣∣∣
S

and Shi =
2Rd,i

c∞ − cS,i
∂c

∂n

∣∣∣∣
S

, (13)

where Rd,i is the radius of the ith droplet. These numbers are averaged over376

the droplet surface to obtain the values used in the modelling of the droplet377

heating/evaporation:378

〈Sh〉i =
2

πR2
d,i

zi+Rd,i∫
zi−Rd,i

Sh (r, z) r dz, 〈Nu〉i =
2

πR2
d,i

zi+Rd,i∫
zi−Rd,i

Nu (r, z) r dz, (14)

where r =
√
R2
d,i − z2 and zi is the axial position of the ith droplet.379

To cover the various situations encountered in the heating and evapora-380

tion of two droplets in tandem, emphasis was placed on the effects of several381

parameters, which are shown in Figure 7. They were grouped together to382

form the following dimensionless numbers:383
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• The size ratio of the two droplets rD:384

rD =
Rd01

Rd02

(15)

• The spacing parameter C:385

C =
L

2Rd01

=
L

2rD Rd02

(16)

• The Reynolds number for the two droplets:386

Re1 =
2ρgu∞Rd01

µg
and Re2 =

2ρgu∞Rd02

µg
(17)

• The ratios of vapour concentrations and temperatures:387

rc =
cS,1 − c∞
cS,2 − c∞

and rT =
TS,1 − T∞
TS,2 − T∞

(18)

When heat and mass transfer coefficients are different for the two388

droplets, differences in temperature and concentration can also arise389

at their surface.390

Investigations were carried out in the ranges: 2 ≤ C ≤ 10, 0.5 ≤ rD ≤ 1.5,391

3 ≤ Re1 ≤ 15, 1.5 ≤ Re2 ≤ 30, 0.4 ≤ rc, rT ≤ 4. To simplify the study,392

the values of the Schmidt and Prandtl numbers were set at Pr = 0.775393

and Sc = 3.676. They correspond to the experimental conditions and the394

properties of rapeseed oil.395

The effects of the parameters C, rD, rc and rT on heat and mass pro-396

cesses around droplets are illustrated in Figures 8 to 10. Figure 8a shows397

the temperature field around two droplets in tandem that have the same size398

(rD = 1), the same surface temperature (rT = 1) and the same incident399
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velocity (Re1,2 = 10), but different spacing parameters C. As can be seen400

in this figure, the droplet spacing has a noticeable effect on the temperature401

distribution around the downstream droplet. For large C, this distribution402

is close to that around the leading and the isolated droplets (also shown in403

Figure 8a). For smaller C, heat transport in the wake of the leading droplet404

modifies significantly the temperatures in the neighbourhood of the down-405

stream droplet. The local Nusselt number Nu, calculated from Equation406

(13), allows us to quantify more precisely the effect produced by C on the407

heat transfer around droplets. The angular distribution of Nu on the surface408

of the two droplets is shown in Figures 8b and c. The parameter θ is the409

angle with respect to the flow direction (θ = 0◦ at the leading edge). When410

C decreases from 10 to 2, the region of the most intense heat transfer moves411

from θ = 0◦ to 90◦ on the surface of the downstream droplet. The leading412

droplet is much less affected by the inter-droplet distance. Only when the413

droplets are very close (for example for C = 2) can a slight decrease in the414

Nusselt number Nu1 be noticed close to the trailing edge (i.e. near θ = 180◦).415

When C is increased, the Nusselt and Sherwood numbers of the lead droplet416

rapidly approach those for an isolated droplet.417

Figure 9a shows the effect of the size ratio rD of the droplets on vapour418

mass distribution around them. As rD becomes smaller, the Sherwood num-419

ber Sh2 of the downstream droplet increases everywhere around the droplet420

surface (see Figure 9b). At the surface of the downstream droplet, the re-421

gion of the most intense mass transfer shifts from the leading edge (θ = 0◦)422

for rD = 1 and rD = 1.5 to θ ≈ 60◦ in the case of rD = 0.5 (see Figure423

9c). The lead droplet only partially interferes with the incident flow when424
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Figure 8: Influence of the spacing parameter C on the heat transfer around a pair of

droplets in tandem for rD = 1, rT = 1, Re1 = Re2 = 10, and Pr = 0.775. a: Temperature

field in the gas flow surrounding the two droplets (the colour scale is linear between T∞

and TS), b: Angular distribution of the Nusselt number at the surface of the lead droplet

Nu1(θ), c: Angular distribution of the Nusselt number at the surface of the downstream

droplet Nu2(θ).
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Figure 9: Influence of the size ratio rD on the mass transfer around two droplets in tandem

for C = 5, rc = 1, Re1 = 10, and Sc = 3.676. a: Vapour concentration in the gas flow

surrounding the two droplets (the colour scale is linear between c∞ and cS,1 = cS,2), b:

Angular distribution of the Sherwood number at the surface of the lead droplet Sh1(θ),

c: Angular distribution of the Sherwood number at the surface of the downstream droplet

Sh2(θ).

rD < 1. The parameter rD is expected to have a greater effect on the heat425

and mass transfers when the two droplets move closer together, but there426

was practically no change for the lead droplet when rD changed.427

Finally, Figure 10 shows the influence of the ratios of vapour concentra-428

tions rc on the mass transfer process around droplets. As one can see from429

this figure, this effect is very small for the lead droplet. As rc increases,430

the Sherwood number Sh2 is reduced for the downstream droplet. Increas-431

ing rc is equivalent to enhancing the rate of mass transfer between the lead432

droplet and the gas flow, which results in a vapour accumulation around the433

downstream droplet.434
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Figure 10: Influence of the ratio of vapour concentrations rc on the mass transfer around

a pair of droplets in tandem for C = 5, rD = 1, Re1 = Re2 = 10, and Sc = 3.676. a:

Vapour concentration in the gas flow surrounding the droplets (the colour scale is linear

between c∞ and cS,max (the maximum between cS,1 and cS,2)), b: Angular distribution

of the Sherwood number at the surfaces of the lead (Sh1(θ)) and downstream (Sh2(θ))

droplets.

4.3. Correlations for the Nusselt and Sherwood numbers435

Correlations for the Nusselt (Nu) and Sherwood (Sh) numbers of the two436

droplets in tandem were established by applying corrections to an isolated437

droplet. It is difficult to find correlations for the angular variations of local438

Nusselt and Sherwood numbers. In what follows, we focus only on the mean439

values predicted by Equation (14) and the obtained correlations for Nu and440

Sh are summarised.441

4.3.1. Case of the lead droplet442

Nu1 = Nu0(Re1, P r)− A1Re
B1
1 +G1 ·

(
1

rT
− 1

)
(19)
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443

Sh1 = Sh0(Re1, Sc)− A1Re
B1
1 +G1 ·

(
1

rc
− 1

)
(20)

444

G1 =
F11

Re21
+
F12

Re1
+ F13, (21)

Nu0 and Sh0 are Nu and Sh of the isolated droplets:445

Nu0(Re, Pr) = 1 + (1 + αRe Pr)γ · (1 + δRe)β (22)

446

Sh0(Re, Sc) = 1 + (1 + αRe Sc)γ · (1 + δRe)β, (23)

where α = 1.0024, γ = 0.3419, β = 0.0989 and δ = 0.2046. It was necessary447

to address the case of the isolated droplet separately as a deviation of a448

few percent could be observed for both Nu and Sh between the results of449

the numerical simulations and those of several classical models, for example,450

those of Ranz-Marshall [45] and Clift et al. [46]. Expressions (22) and (23)451

are valid for 2 ≤ Re ≤ 25 and 0.775 ≤ Sc, Pr ≤ 4. In Expressions (19)-(21),452

parameters A1, B1, F11, F12 and F13 are functions of C and rD. The results453

of their calculation for Pr = 0.775 and Sc = 3.676 are presented in Appendix454

A.455

4.3.2. Case of the downstream droplet456

Nu2 = Nu0(Re2, P r)− A2Re
B2
2 +G2 · (rT − 1) (24)

457

Sh2 = Sh0(Re2, Sc)− A2Re
B2
2 +G2 · (rc − 1) (25)
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Figure 11: Influence of the spacing parameter C and Re on the Nusselt numbers for the

lead and downstream droplets for Pr = 0.775, rD = 1 and rT = 1.

458

G2 = F21Re2 + F22, (26)

where Nu0 and Sh0 are given by Expressions (22) and (23). Parameters A2,459

B2, F21, F22 are functions of C and rD. The results of their calculation for460

Pr = 0.775 and Sc = 3.676 are presented in Appendix B.461

The usefulness of the correlations proposed above is illustrated in Figure462

11 for the Nusselt numbers of the lead and downstream droplets. As follows463

from this figure, the values of Nu for the lead droplet are close to those for464

isolated droplets for large C (see Figure 11a). The reduction of Nu for the465

downstream droplet remains noticeable even for C = 10 which is the highest466

value of C tested in the study (see Figure 11b).467

The effect of the size ratio rD, and of Re, on Nu for the lead and down-468

stream droplets is illustrated in Figure 12. As in the case shown in Figure469
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Figure 12: Influence of the size ratio rD, and of Re, on the Nusselt numbers for the lead

and downstream droplets for C = 4, Pr = 0.775 and rT = 1.

11, Nu for the lead droplet is very weakly influenced by a modification of470

the geometry compared to the case of the downstream droplet.471

The effect of the size ratio rT , and of C, on Nu for the lead and down-472

stream droplets is illustrated in Figure 13. As follows from this figure, the473

values of Nu for the lead droplet are not affected by the values of rT and474

C for C > 2, while Nusselt numbers for the downstream droplets linearly475

decrease with rT .476
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5. Experimental results versus modelling477

As follows from the literature review presented in Section 1, puffing and478

micro-explosion are complex phenomena even in the case of isolated droplets.479

As shown in Section 3, these phenomena become even more complex when480

the effects of interaction between droplets are involved. At this stage, we will481

not attempt to model most of the experimental results presented in Section482

3. The focus will be on the results presented in Figure 4.483

The model described in [6] and modified in [43] is used in our analysis484

(see Section 4.1 for the details).485

Calculations were performed using Matlab R2020a. Fifty terms in the486

series in the analytical expression for temperature distribution inside the487

droplet were used. Time step of 0.1 s, and 10,000 cells along the droplet ra-488
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Table 1: Values of parameters A1, B1, A2, B2, F11, F12, F13, F21, F22 for Nu of lead and

downstream droplets at Pr=0.775 and t= 0 (L = 4.2 mm, Rd10 = Rd20).

Table 2: Values of parameters A1, B1, A2, B2, F11, F12, F13, F21, F22 for Sh of lead and

downstream droplets at Sc= 3.676 and t= 0 (L = 4.2 mm, Rd10 = Rd20).

dius, were used in calculations. The solutions to the equation for eigenvalues489

were found using the bisection method with absolute accuracy of 10−17.490

The transport and thermodynamic properties of rapeseed oil were ap-491

proximated by those of methyl oleate and taken from [47, 48]. The initial492

droplet temperatures for lead and downstream droplets were assumed equal493

to 300 K.494

The correlations forNu and Sh for the lead and downstream droplets used495

in our analysis are presented in Section 4.3 with the values of coefficients for496
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Figure 14: The experimentally observed and predicted times to puffing/micro-explosion

for the lead and downstream droplets in tandem as functions of the initial droplet radii.

Circles and diamonds show experimental results for the lead and downstream droplets,

respectively. Dotted and dashed-dotted curves show the corresponding modelling results

assuming that rc and rT do not change during the droplet heating and evaporation process

and remain equal to those at t = 0. Solid and dashed curves show the corresponding

modelling results taking into account the changes in rc and rT during the droplet heating

and evaporation processes (the corresponding values of the coefficients are presented in

Appendices A and B). The experiments and calculations were performed at atmospheric

pressure, Ta = 430 K, ua = 0.1 m/s, L = 4.2 mm, and volume fraction of water in droplets

equal to 10%.
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t = 0 presented in Tables 1 (for Nu) and 2 (for Sh). In the correlations, the497

physical properties of the gaseous phase (namely κg, µg, ρg and Cpg) were498

evaluated at a reference condition specified by the 1/3 rule [49].499

The experimentally observed and predicted times to puffing/micro-explosion500

for the lead and downstream droplets in the tandem as functions of the initial501

droplet radii (Rd0) are presented in Figure 14. As follows from this figure, as502

in the case of isolated droplets, both experimentally observed and predicted503

values of the time to puffing/micro-explosion increase with increasing Rd0 (cf.504

[6]). One can also see from Figure 14 that both experimentally observed and505

predicted values of this time are longer for the downstream droplet compared506

with those for the lead droplet. Changes in rc and rT during droplet heating507

and evaporation processes have relatively minor effects on the values of τp,508

especially for the lead droplet. The differences in τp for the lead and down-509

stream droplets observed experimentally are close to the predicted values. As510

in the case of isolated droplets, the predicted values of τp tend to be longer511

than those observed experimentally. This is related to a key assumption of512

the model used in our analysis that the water sub-droplet is located in the513

centre of the fuel droplet. Realistic shifts of this sub-droplet from the centre514

of the fuel droplet are expected to lead to a reduction in predicted τp.515

6. Conclusions516

The results of experimental and theoretical investigation of ‘grouping ef-517

fects’ on composite fuel/water droplet puffing/micro-explosion, using an ex-518

ample of two droplets in tandem in an air flow, are presented.519

Puffing/micro-explosion were studied for two closely spaced (at distances520
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L in the range 3.11-10.45 mm) droplets (lead and downstream) with initial521

radii Rd0 in the range 0.494-0.907 mm, supported by a fibre and placed in522

the air stream at temperatures in the range 400-600 K and velocity 0.1 m/s.523

It was shown that the time to puffing/micro-explosion of the lead droplet524

is always shorter than that of the downstream droplet, and the difference525

between them decreases as the distance parameter C = L/(2Rd0) increases.526

It is shown that times to puffing/micro-explosion of both lead and down-527

stream droplets increase with increasing Rd0 for both composite (a water528

sub-droplet is located inside the fuel droplet) and emulsion (small water529

droplets are almost evenly distributed inside the fuel droplet) droplets.530

The experimental results were interpreted in terms of the previously de-531

veloped model of fuel/water droplet puffing/micro-explosion, based on the532

assumptions that the water sub-droplet is located in the centre of the fuel533

droplet and that this process is triggered when the temperature at the wa-534

ter/fuel interface reaches the water nucleation temperature. The effect of535

interaction between lead and downstream droplets was taken into account536

via modifications to the Nusselt (Nu) and Sherwood (Sh) numbers for these537

droplets.538

The required modifications of Nu and Sh were obtained based on nu-539

merical calculations of the flow and heat/mass transfer processes around two540

droplets in tandem. Using the results of these calculations new correlations541

for Nu and Sh for the lead and downstream droplets were obtained. In these542

correlations it was assumed that Pr = 0.775 and Sc = 3.676, respectively.543

These values of Pr and Sc were taken from the conditions under which the544

experiments were performed.545
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As in the case of previously studied isolated droplets, both experimentally546

observed and predicted values of the time to puffing/micro-explosion (τp) are547

shown to increase with increasing Rd0. Both experimentally observed and548

predicted values of this time are longer for the downstream droplets compared549

with those for the lead droplets. The experimentally observed differences in550

this time for the lead and downstream droplets are close to the predicted551

values.552
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Appendix A. The Sherwood and Nusselt numbers of the lead droplet560

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 4.953E-01 3.817E-01 3.077E-01 2.557E-01 2.241E-01 1.941E-01 1.703E-01 1.510E-01 1.352E-01 1.220E-01 1.108E-01

C=2.2 4.087E-01 3.059E-01 2.392E-01 1.929E-01 1.664E-01 1.406E-01 1.207E-01 1.050E-01 9.238E-02 8.203E-02 7.346E-02

C=2.4 3.237E-01 2.323E-01 1.743E-01 1.357E-01 1.088E-01 8.938E-02 7.498E-02 6.398E-02 5.540E-02 4.853E-02 4.301E-02

C=2.6 2.472E-01 1.416E-01 9.868E-02 7.256E-02 5.574E-02 4.434E-02 3.624E-02 3.032E-02 2.584E-02 2.224E-02 1.944E-02

C=2.8 1.524E-01 9.510E-02 6.463E-02 4.701E-02 3.604E-02 2.870E-02 2.351E-02 1.975E-02 1.683E-02 1.457E-02 1.277E-02

C=3 1.048E-01 6.393E-02 4.339E-02 3.179E-02 2.462E-02 1.977E-02 1.633E-02 1.379E-02 1.184E-02 1.027E-02 9.021E-03

C=4 2.346E-02 1.640E-02 1.244E-02 9.854E-03 8.041E-03 6.733E-03 5.711E-03 4.904E-03 4.248E-03 3.728E-03 3.282E-03

C=5 1.254E-02 9.246E-03 7.154E-03 5.718E-03 4.671E-03 3.885E-03 3.283E-03 2.827E-03 2.437E-03 2.121E-03 1.901E-03

C=6 8.386E-03 6.164E-03 4.745E-03 3.784E-03 3.098E-03 2.588E-03 2.221E-03 1.943E-03 1.709E-03 1.532E-03 1.383E-03

C=7 5.978E-03 4.386E-03 3.388E-03 2.764E-03 2.308E-03 1.973E-03 1.700E-03 1.503E-03 1.335E-03 1.207E-03 1.089E-03

C=8 4.480E-03 3.315E-03 2.660E-03 2.137E-03 1.861E-03 1.605E-03 1.409E-03 1.258E-03 1.129E-03 1.029E-03 9.529E-04

C=9 3.538E-03 2.688E-03 2.200E-03 1.819E-03 1.576E-03 1.371E-03 1.223E-03 1.119E-03 1.015E-03 9.546E-04 8.970E-04

C=10 2.924E-03 2.285E-03 1.889E-03 1.599E-03 1.405E-03 2.467E-03 1.140E-03 1.051E-03 9.860E-04 9.107E-04 8.960E-04

Table A.1: Values of parameter A1 in Expression (19) as a function of C and rD for

Pr = 0.775.

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 3.166E-01 2.081E-01 1.492E-01 1.147E-01 9.324E-02 7.934E-02 6.968E-02 6.274E-02 5.748E-02 5.341E-02 5.016E-02

C=2.2 2.313E-01 1.513E-01 1.106E-01 8.799E-02 7.423E-02 6.513E-02 5.863E-02 5.378E-02 4.999E-02 4.656E-02 4.331E-02

C=2.4 1.685E-01 1.139E-01 8.735E-02 7.252E-02 6.306E-02 5.645E-02 5.152E-02 4.778E-02 4.397E-02 4.084E-02 3.876E-02

C=2.6 1.265E-01 9.216E-02 7.412E-02 6.315E-02 5.583E-02 5.045E-02 4.637E-02 4.253E-02 3.933E-02 3.738E-02 3.574E-02

C=2.8 1.031E-01 7.811E-02 6.538E-02 5.651E-02 5.031E-02 4.575E-02 4.171E-02 3.844E-02 3.564E-02 3.453E-02 3.302E-02

C=3 8.868E-02 7.031E-02 5.883E-02 5.120E-02 4.586E-02 4.183E-02 3.795E-02 3.495E-02 3.349E-02 3.206E-02 3.057E-02

C=4 5.551E-02 4.549E-02 3.941E-02 3.458E-02 3.137E-02 2.969E-02 2.794E-02 2.668E-02 2.565E-02 2.511E-02 2.432E-02

C=5 4.018E-02 3.348E-02 2.998E-02 2.743E-02 2.579E-02 2.457E-02 2.372E-02 2.315E-02 2.266E-02 2.231E-02 2.209E-02

C=6 3.138E-02 2.776E-02 2.550E-02 2.404E-02 2.309E-02 2.236E-02 2.202E-02 2.171E-02 2.145E-02 2.060E-02 2.039E-02

C=7 2.715E-02 2.447E-02 2.318E-02 2.232E-02 2.173E-02 2.123E-02 2.106E-02 2.025E-02 1.999E-02 1.992E-02 1.979E-02

C=8 2.440E-02 2.279E-02 2.194E-02 2.138E-02 2.111E-02 2.057E-02 1.992E-02 1.978E-02 1.965E-02 1.966E-02 1.941E-02

C=9 2.294E-02 2.184E-02 2.119E-02 2.082E-02 2.039E-02 1.975E-02 1.963E-02 1.967E-02 1.948E-02 1.933E-02 1.911E-02

C=10 2.200E-02 2.129E-02 2.087E-02 2.043E-02 1.973E-02 1.953E-02 1.955E-02 1.929E-02 1.929E-02 1.917E-02 1.919E-02

Table A.2: Values of parameter A1 in Expression (20) as a function of C and rD for

Sc = 3.676.
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r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 -1.748E-01 -2.586E-01 -3.265E-01 -3.810E-01 -4.472E-01 -4.843E-01 -5.138E-01 -5.381E-01 -5.581E-01 -5.746E-01 -5.881E-01

C=2.2 -2.146E-01 -2.887E-01 -3.427E-01 -3.814E-01 -4.409E-01 -4.633E-01 -4.805E-01 -4.929E-01 -5.022E-01 -5.089E-01 -5.139E-01

C=2.4 -2.369E-01 -2.904E-01 -3.213E-01 -3.390E-01 -3.486E-01 -3.529E-01 -3.548E-01 -3.544E-01 -3.535E-01 -3.506E-01 -3.487E-01

C=2.6 -2.326E-01 -1.837E-01 -1.757E-01 -1.630E-01 -1.489E-01 -1.358E-01 -1.232E-01 -1.120E-01 -1.022E-01 -9.065E-02 -8.099E-02

C=2.8 -1.248E-01 -1.015E-01 -7.498E-02 -5.195E-02 -3.313E-02 -1.716E-02 -3.573E-03 7.835E-03 1.937E-02 3.091E-02 3.965E-02

C=3 -4.825E-02 -6.084E-03 2.695E-02 5.071E-02 6.820E-02 8.201E-02 9.373E-02 1.042E-01 1.140E-01 1.248E-01 1.346E-01

C=4 3.037E-01 3.054E-01 3.015E-01 3.003E-01 3.014E-01 3.041E-01 3.115E-01 3.200E-01 3.325E-01 3.444E-01 3.578E-01

C=5 3.543E-01 3.413E-01 3.372E-01 3.409E-01 3.495E-01 3.632E-01 3.796E-01 3.951E-01 4.162E-01 4.376E-01 4.531E-01

C=6 3.519E-01 3.510E-01 3.599E-01 3.734E-01 3.920E-01 4.132E-01 4.310E-01 4.496E-01 4.715E-01 4.880E-01 5.072E-01

C=7 3.577E-01 3.694E-01 3.889E-01 4.060E-01 4.268E-01 4.491E-01 4.742E-01 4.944E-01 5.187E-01 5.431E-01 5.679E-01

C=8 3.710E-01 3.935E-01 4.099E-01 4.430E-01 4.575E-01 4.843E-01 5.107E-01 5.367E-01 5.603E-01 5.825E-01 6.008E-01

C=9 3.868E-01 4.114E-01 4.335E-01 4.639E-01 4.903E-01 5.202E-01 5.461E-01 5.650E-01 5.903E-01 6.064E-01 6.216E-01

C=10 4.043E-01 4.306E-01 4.547E-01 4.878E-01 5.130E-01 5.368E-01 5.606E-01 5.824E-01 5.997E-01 6.215E-01 6.227E-01

Table A.3: Values of parameter B1 in Expression (19) as a function of C and rD for

Pr = 0.775.

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 1.139E-01 1.074E-01 1.052E-01 1.018E-01 9.398E-02 8.026E-02 6.344E-02 4.360E-02 2.272E-02 9.805E-04 -2.077E-02

C=2.2 1.496E-01 1.572E-01 1.575E-01 1.461E-01 1.262E-01 1.014E-01 7.472E-02 4.756E-02 2.092E-02 -1.800E-04 -1.794E-02

C=2.4 1.987E-01 2.050E-01 1.911E-01 1.641E-01 1.322E-01 9.917E-02 6.674E-02 3.498E-02 1.427E-02 -6.145E-03 -3.150E-02

C=2.6 2.538E-01 2.317E-01 1.993E-01 1.614E-01 1.225E-01 8.548E-02 5.046E-02 2.542E-02 1.110E-03 -2.892E-02 -5.678E-02

C=2.8 2.791E-01 2.455E-01 1.934E-01 1.494E-01 1.076E-01 6.839E-02 3.948E-02 1.015E-02 -1.308E-02 -5.096E-02 -8.060E-02

C=3 2.858E-01 2.301E-01 1.807E-01 1.338E-01 8.994E-02 4.957E-02 2.273E-02 -3.901E-03 -4.181E-02 -7.468E-02 -1.005E-01

C=4 2.210E-01 1.544E-01 9.221E-02 4.729E-02 2.372E-03 -5.100E-02 -9.046E-02 -1.302E-01 -1.650E-01 -2.058E-01 -2.339E-01

C=5 1.375E-01 7.031E-02 1.905E-03 -5.595E-02 -1.127E-01 -1.609E-01 -2.053E-01 -2.480E-01 -2.841E-01 -3.188E-01 -3.495E-01

C=6 6.234E-02 -2.209E-02 -9.477E-02 -1.576E-01 -2.126E-01 -2.583E-01 -3.053E-01 -3.417E-01 -3.735E-01 -3.803E-01 -4.013E-01

C=7 -2.355E-02 -1.044E-01 -1.802E-01 -2.403E-01 -2.903E-01 -3.291E-01 -3.674E-01 -3.772E-01 -3.997E-01 -4.210E-01 -4.374E-01

C=8 -9.488E-02 -1.806E-01 -2.490E-01 -3.027E-01 -3.493E-01 -3.739E-01 -3.856E-01 -4.074E-01 -4.287E-01 -4.490E-01 -4.563E-01

C=9 -1.634E-01 -2.413E-01 -2.980E-01 -3.453E-01 -3.740E-01 -3.857E-01 -4.084E-01 -4.320E-01 -4.433E-01 -4.509E-01 -4.554E-01

C=10 -2.162E-01 -2.874E-01 -3.388E-01 -3.723E-01 -3.814E-01 -4.012E-01 -4.251E-01 -4.317E-01 -4.440E-01 -4.519E-01 -4.604E-01

Table A.4: Values of parameter B1 in Expression (20) as a function of C and rD for

Sc = 3.676.

Table A.5: Values of parameter F11 in Expression (21) as a function of C and rD for

Pr = 0.775.
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C=2 C=2.5 C=3 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 5.123E-01 -2.627E-01 -1.353E-01 -7.417E-04 -5.381E-07 1.092E-07 9.690E-08 1.032E-07 7.241E-08 9.840E-08

r D=0.75 -1.595E-01 -1.271E-01 -1.222E-02 -1.465E-05 7.741E-08 5.554E-08 8.220E-08 9.125E-08 4.932E-08 8.142E-08

r D=1 -1.950E-01 -3.805E-02 -2.024E-03 -1.296E-06 1.195E-07 8.854E-08 8.112E-08 1.173E-07 4.746E-08 4.398E-08

r D=1.25 -1.313E-01 -1.397E-02 -5.548E-04 -2.284E-07 8.166E-08 8.122E-08 1.386E-07 2.981E-08 4.509E-08 1.182E-07

r D=1.5 -8.299E-02 -6.300E-03 -2.092E-04 -3.590E-08 8.441E-08 8.722E-08 5.418E-08 5.808E-08 6.829E-08 5.554E-08

Table A.6: Values of parameter F11 in Expression (21) as a function of C and rD for

Sc = 3.676.

C=2 C=2.5 C=3 C=3.5 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -1.923E+00 -8.825E-01 -2.059E-01 3.464E-02 4.721E-02 1.192E-02 1.726E-03 2.130E-04 2.455E-05 2.753E-06 2.865E-07

r D=0.75 -9.058E-01 -2.220E-01 1.687E-02 3.799E-02 2.162E-02 3.514E-03 4.390E-04 5.018E-05 5.532E-06 5.891E-07 4.509E-08

r D=1 -4.804E-01 -5.638E-02 3.334E-02 2.369E-02 1.175E-02 1.669E-03 1.975E-04 2.191E-05 2.366E-06 2.496E-07 1.493E-08

r D=1.25 -2.814E-01 -7.535E-03 2.967E-02 1.600E-02 7.534E-03 1.002E-03 1.153E-04 1.262E-05 1.338E-06 0.000E+00 -1.489E-09

r D=1.5 -1.789E-01 8.939E-03 2.476E-02 1.170E-02 5.361E-03 6.870E-04 7.774E-05 8.437E-06 8.857E-07 0.000E+00 -9.176E-10

Table A.7: Values of parameter F12 in Expression (21) as a function of C and rD for

Pr = 0.775.

C=2 C=2.5 C=3 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -8.262E-01 -1.037E-01 2.430E-02 1.979E-04 1.272E-07 -5.803E-08 -5.452E-08 -5.630E-08 -4.237E-08 -5.056E-08

r D=0.75 -1.542E-01 2.171E-02 3.078E-03 3.937E-06 -4.350E-08 -3.434E-08 -4.929E-08 -5.125E-08 -3.170E-08 -4.503E-08

r D=1 -3.712E-03 8.741E-03 5.318E-04 3.254E-07 -6.309E-08 -4.926E-08 -4.693E-08 -6.492E-08 -3.409E-08 -3.140E-08

r D=1.25 1.662E-02 3.448E-03 1.476E-04 3.960E-08 -4.472E-08 -4.810E-08 -7.205E-08 -2.439E-08 -3.111E-08 -6.326E-08

r D=1.5 1.473E-02 1.601E-03 5.597E-05 -1.133E-08 -4.789E-08 -5.012E-08 -3.500E-08 -3.486E-08 -4.033E-08 -3.651E-08

Table A.8: Values of parameter F12 in Expression (21) as a function of C and rD for

Sc = 3.676.

C=2 C=2.5 C=3 C=3.5 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -1.257E-01 1.300E-02 1.153E-02 -4.507E-04 -2.117E-03 -6.537E-04 -9.848E-05 -1.230E-05 -1.422E-06 -1.572E-07 -1.342E-08

r D=0.75 9.106E-03 1.207E-02 5.415E-04 -1.655E-03 -1.125E-03 -1.979E-04 -2.526E-05 -2.905E-06 -3.185E-07 -3.152E-08 2.763E-10

r D=1 1.658E-02 4.754E-03 -1.110E-03 -1.116E-03 -6.323E-04 -9.480E-05 -1.139E-05 -1.268E-06 -1.350E-07 -1.199E-08 1.714E-09

r D=1.25 1.313E-02 1.779E-03 -1.226E-03 -7.745E-04 -4.112E-04 -5.715E-05 -6.662E-06 -7.300E-07 -7.514E-08 0.000E+00 2.695E-09

r D=1.5 9.743E-03 5.432E-04 -1.105E-03 -5.740E-04 -2.949E-04 -3.925E-05 -4.492E-06 -4.876E-07 -4.919E-08 0.000E+00 2.175E-09

Table A.9: Values of parameter F13 in Expression (21) as a function of C and rD for

Pr = 0.775.

C=2 C=2.5 C=3 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -7.231E-02 2.168E-03 -1.117E-03 -1.141E-05 -1.094E-09 1.057E-08 1.054E-08 1.059E-08 8.995E-09 9.549E-09

r D=0.75 4.083E-03 -9.559E-04 -1.717E-04 -2.220E-07 9.149E-09 8.206E-09 1.025E-08 1.012E-08 7.906E-09 9.054E-09

r D=1 8.302E-04 -4.620E-04 -3.040E-05 -1.181E-08 1.098E-08 9.541E-09 9.285E-09 1.123E-08 8.586E-09 8.080E-09

r D=1.25 -5.633E-04 -1.900E-04 -8.497E-06 4.484E-09 8.899E-09 9.730E-09 1.170E-08 7.275E-09 7.783E-09 1.080E-08

r D=1.5 -6.597E-04 -8.978E-05 -3.228E-06 6.766E-09 9.238E-09 9.574E-09 7.825E-09 7.653E-09 8.522E-09 8.255E-09

Table A.10: Values of parameter F13 in Expression (21) as a function of C and rD for

Sc = 3.676.
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Appendix B. The Sherwood and Nusselt numbers of the down-561

stream droplet562

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 3.853E-01 3.869E-01 3.879E-01 3.880E-01 3.871E-01 3.857E-01 3.839E-01 3.815E-01 3.789E-01 3.762E-01 3.733E-01

C=2.2 3.878E-01 3.907E-01 3.926E-01 3.934E-01 3.932E-01 3.922E-01 3.907E-01 3.886E-01 3.863E-01 3.836E-01 3.810E-01

C=2.4 3.906E-01 3.950E-01 3.979E-01 3.994E-01 3.996E-01 3.989E-01 3.976E-01 3.959E-01 3.938E-01 3.912E-01 3.885E-01

C=2.6 3.940E-01 3.997E-01 4.035E-01 4.054E-01 4.060E-01 4.055E-01 4.044E-01 4.028E-01 4.007E-01 3.983E-01 3.957E-01

C=2.8 3.980E-01 4.048E-01 4.091E-01 4.119E-01 4.123E-01 4.120E-01 4.111E-01 4.093E-01 4.074E-01 4.049E-01 4.024E-01

C=3 4.025E-01 4.102E-01 4.151E-01 4.176E-01 4.185E-01 4.182E-01 4.172E-01 4.157E-01 4.134E-01 4.112E-01 4.085E-01

C=4 4.291E-01 4.376E-01 4.422E-01 4.444E-01 4.447E-01 4.441E-01 4.426E-01 4.406E-01 4.381E-01 4.357E-01 4.350E-01

C=5 4.519E-01 4.590E-01 4.624E-01 4.635E-01 4.633E-01 4.620E-01 4.601E-01 4.578E-01 4.650E-01 4.539E-01 4.598E-01

C=6 4.686E-01 4.744E-01 4.771E-01 4.778E-01 4.770E-01 4.752E-01 4.731E-01 4.801E-01 4.775E-01 4.750E-01 4.719E-01

C=7 4.816E-01 4.865E-01 4.884E-01 4.885E-01 4.874E-01 4.947E-01 4.924E-01 4.902E-01 4.875E-01 4.846E-01 4.815E-01

C=8 4.917E-01 4.961E-01 4.975E-01 4.974E-01 4.958E-01 5.028E-01 5.007E-01 4.981E-01 4.953E-01 4.923E-01 4.890E-01

C=9 5.003E-01 5.037E-01 5.049E-01 5.043E-01 5.115E-01 5.066E-01 5.073E-01 5.042E-01 5.014E-01 4.982E-01 4.949E-01

C=10 5.074E-01 5.106E-01 5.110E-01 5.187E-01 5.173E-01 5.155E-01 5.127E-01 5.097E-01 5.063E-01 5.033E-01 4.999E-01

Table B.1: Values of parameter A2 in Expression (24) as a function of C and rD for

Pr = 0.775.

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 4.103E-01 4.704E-01 5.169E-01 5.547E-01 5.868E-01 6.146E-01 6.394E-01 6.620E-01 6.825E-01 7.015E-01 7.189E-01

C=2.2 3.976E-01 4.504E-01 4.910E-01 5.242E-01 5.529E-01 5.782E-01 6.009E-01 6.215E-01 6.404E-01 6.580E-01 6.742E-01

C=2.4 3.838E-01 4.295E-01 4.652E-01 4.950E-01 5.210E-01 5.442E-01 5.651E-01 5.842E-01 6.019E-01 6.181E-01 6.333E-01

C=2.6 3.689E-01 4.090E-01 4.413E-01 4.686E-01 4.926E-01 5.143E-01 5.330E-01 5.515E-01 5.682E-01 5.834E-01 5.973E-01

C=2.8 3.537E-01 3.900E-01 4.195E-01 4.451E-01 4.675E-01 4.877E-01 5.061E-01 5.228E-01 5.383E-01 5.524E-01 5.659E-01

C=3 3.390E-01 3.724E-01 4.000E-01 4.239E-01 4.450E-01 4.640E-01 4.812E-01 4.970E-01 5.116E-01 5.250E-01 5.377E-01

C=4 2.795E-01 3.043E-01 3.252E-01 3.432E-01 3.595E-01 3.740E-01 3.873E-01 3.996E-01 4.109E-01 4.214E-01 4.312E-01

C=5 2.378E-01 2.575E-01 2.742E-01 2.889E-01 3.020E-01 3.139E-01 3.246E-01 3.347E-01 3.442E-01 3.528E-01 3.573E-01

C=6 2.069E-01 2.233E-01 2.373E-01 2.497E-01 2.609E-01 2.710E-01 2.802E-01 2.881E-01 2.968E-01 3.009E-01 3.080E-01

C=7 1.833E-01 1.976E-01 2.097E-01 2.207E-01 2.301E-01 2.389E-01 2.470E-01 2.544E-01 2.603E-01 2.650E-01 2.715E-01

C=8 1.646E-01 1.774E-01 1.882E-01 1.978E-01 2.066E-01 2.143E-01 2.215E-01 2.281E-01 2.330E-01 2.376E-01 2.433E-01

C=9 1.500E-01 1.617E-01 1.713E-01 1.799E-01 1.878E-01 1.950E-01 2.013E-01 2.072E-01 2.127E-01 2.161E-01 2.209E-01

C=10 1.383E-01 1.488E-01 1.577E-01 1.655E-01 1.728E-01 1.787E-01 1.853E-01 1.892E-01 1.950E-01 2.004E-01 2.051E-01

Table B.2: Values of parameter A2 in Expression (25) as a function of C and rD for

Sc = 3.676.
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r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 3.853E-01 3.869E-01 3.879E-01 3.880E-01 3.871E-01 3.857E-01 3.839E-01 3.815E-01 3.789E-01 3.762E-01 3.733E-01

C=2.2 3.878E-01 3.907E-01 3.926E-01 3.934E-01 3.932E-01 3.922E-01 3.907E-01 3.886E-01 3.863E-01 3.836E-01 3.810E-01

C=2.4 3.906E-01 3.950E-01 3.979E-01 3.994E-01 3.996E-01 3.989E-01 3.976E-01 3.959E-01 3.938E-01 3.912E-01 3.885E-01

C=2.6 3.940E-01 3.997E-01 4.035E-01 4.054E-01 4.060E-01 4.055E-01 4.044E-01 4.028E-01 4.007E-01 3.983E-01 3.957E-01

C=2.8 3.980E-01 4.048E-01 4.091E-01 4.119E-01 4.123E-01 4.120E-01 4.111E-01 4.093E-01 4.074E-01 4.049E-01 4.024E-01

C=3 4.025E-01 4.102E-01 4.151E-01 4.176E-01 4.185E-01 4.182E-01 4.172E-01 4.157E-01 4.134E-01 4.112E-01 4.085E-01

C=4 4.291E-01 4.376E-01 4.422E-01 4.444E-01 4.447E-01 4.441E-01 4.426E-01 4.406E-01 4.381E-01 4.357E-01 4.350E-01

C=5 4.519E-01 4.590E-01 4.624E-01 4.635E-01 4.633E-01 4.620E-01 4.601E-01 4.578E-01 4.650E-01 4.539E-01 4.598E-01

C=6 4.686E-01 4.744E-01 4.771E-01 4.778E-01 4.770E-01 4.752E-01 4.731E-01 4.801E-01 4.775E-01 4.750E-01 4.719E-01

C=7 4.816E-01 4.865E-01 4.884E-01 4.885E-01 4.874E-01 4.947E-01 4.924E-01 4.902E-01 4.875E-01 4.846E-01 4.815E-01

C=8 4.917E-01 4.961E-01 4.975E-01 4.974E-01 4.958E-01 5.028E-01 5.007E-01 4.981E-01 4.953E-01 4.923E-01 4.890E-01

C=9 5.003E-01 5.037E-01 5.049E-01 5.043E-01 5.115E-01 5.066E-01 5.073E-01 5.042E-01 5.014E-01 4.982E-01 4.949E-01

C=10 5.074E-01 5.106E-01 5.110E-01 5.187E-01 5.173E-01 5.155E-01 5.127E-01 5.097E-01 5.063E-01 5.033E-01 4.999E-01

Table B.3: Values of parameter B2 in Expression (24) as a function of C and rD for

Pr = 0.775.

r D=0.5 r D=0.6 r D=0.7 r D=0.8 r D=0.9 r D=1 r D=1.1 r D=1.2 r D=1.3 r D=1.4 r D=1.5

C=2 4.126E-01 4.189E-01 4.246E-01 4.289E-01 4.319E-01 4.341E-01 4.354E-01 4.359E-01 4.360E-01 4.357E-01 4.351E-01

C=2.2 4.164E-01 4.245E-01 4.312E-01 4.364E-01 4.399E-01 4.421E-01 4.436E-01 4.442E-01 4.444E-01 4.440E-01 4.435E-01

C=2.4 4.215E-01 4.312E-01 4.389E-01 4.443E-01 4.480E-01 4.503E-01 4.517E-01 4.523E-01 4.522E-01 4.520E-01 4.514E-01

C=2.6 4.276E-01 4.387E-01 4.465E-01 4.520E-01 4.556E-01 4.576E-01 4.594E-01 4.595E-01 4.593E-01 4.589E-01 4.585E-01

C=2.8 4.346E-01 4.460E-01 4.539E-01 4.590E-01 4.623E-01 4.643E-01 4.652E-01 4.657E-01 4.656E-01 4.653E-01 4.645E-01

C=3 4.417E-01 4.529E-01 4.605E-01 4.654E-01 4.685E-01 4.702E-01 4.712E-01 4.714E-01 4.712E-01 4.708E-01 4.701E-01

C=4 4.714E-01 4.805E-01 4.862E-01 4.900E-01 4.921E-01 4.933E-01 4.937E-01 4.937E-01 4.934E-01 4.927E-01 4.921E-01

C=5 4.919E-01 4.993E-01 5.040E-01 5.068E-01 5.086E-01 5.092E-01 5.096E-01 5.094E-01 5.086E-01 5.080E-01 5.119E-01

C=6 5.069E-01 5.133E-01 5.170E-01 5.192E-01 5.201E-01 5.205E-01 5.205E-01 5.210E-01 5.192E-01 5.235E-01 5.222E-01

C=7 5.181E-01 5.230E-01 5.261E-01 5.272E-01 5.285E-01 5.284E-01 5.282E-01 5.277E-01 5.284E-01 5.307E-01 5.288E-01

C=8 5.271E-01 5.304E-01 5.328E-01 5.336E-01 5.333E-01 5.334E-01 5.328E-01 5.323E-01 5.338E-01 5.349E-01 5.330E-01

C=9 5.325E-01 5.346E-01 5.364E-01 5.372E-01 5.367E-01 5.354E-01 5.354E-01 5.347E-01 5.338E-01 5.360E-01 5.352E-01

C=10 5.358E-01 5.374E-01 5.383E-01 5.385E-01 5.372E-01 5.382E-01 5.348E-01 5.377E-01 5.346E-01 5.314E-01 5.292E-01

Table B.4: Values of parameter B2 in Expression (25) as a function of C and rD for

Sc = 3.676.

C=2 C=2.5 C=3 C=3.5 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -9.460E-03 -9.693E-03 -9.688E-03 -9.578E-03 -9.302E-03 -8.725E-03 -8.132E-03 -7.577E-03 -7.074E-03 -6.626E-03 -6.226E-03

r D=0.75 -1.539E-02 -1.531E-02 -1.495E-02 -1.447E-02 -1.382E-02 -1.266E-02 -1.160E-02 -1.067E-02 -9.869E-03 -9.173E-03 -8.561E-03

r D=1 -2.012E-02 -1.989E-02 -1.923E-02 -1.847E-02 -1.754E-02 -1.590E-02 -1.448E-02 -1.325E-02 -1.221E-02 -1.131E-02 -1.053E-02

r D=1.25 -2.413E-02 -2.379E-02 -2.291E-02 -2.193E-02 -2.077E-02 -1.875E-02 -1.701E-02 -1.554E-02 -1.428E-02 -1.328E-02 -1.228E-02

r D=1.5 -2.765E-02 -2.725E-02 -2.619E-02 -2.504E-02 -2.368E-02 -2.133E-02 -1.932E-02 -1.762E-02 -1.618E-02 -1.503E-02 -1.389E-02

Table B.5: Values of parameter F21 in Expression (26) as a function of C and rD for

Pr = 0.775.
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C=2 C=2.5 C=3 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -1.934E-02 -1.950E-02 -1.954E-02 -1.915E-02 -1.835E-02 -1.739E-02 -1.638E-02 -1.543E-02 -1.445E-02 -1.353E-02

r D=0.75 -3.256E-02 -3.246E-02 -3.194E-02 -3.016E-02 -2.809E-02 -2.606E-02 -2.416E-02 -2.243E-02 -2.080E-02 -1.928E-02

r D=1 -4.407E-02 -4.368E-02 -4.254E-02 -3.950E-02 -3.635E-02 -3.343E-02 -3.077E-02 -2.835E-02 -2.609E-02 -2.424E-02

r D=1.25 -5.418E-02 -5.347E-02 -5.182E-02 -4.770E-02 -4.361E-02 -3.986E-02 -3.654E-02 -3.353E-02 -3.091E-02 -2.838E-02

r D=1.5 -6.322E-02 -6.225E-02 -6.015E-02 -5.510E-02 -5.019E-02 -4.575E-02 -4.178E-02 -3.832E-02 -3.526E-02 -3.222E-02

Table B.6: Values of parameter F21 in Expression (26) as a function of C and rD for

Sc = 3.676.

C=2 C=2.5 C=3 C=3.5 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -6.083E-01 -4.571E-01 -3.770E-01 -3.234E-01 -2.886E-01 -2.370E-01 -2.019E-01 -1.761E-01 -1.563E-01 -1.405E-01 -1.276E-01

r D=0.75 -5.571E-01 -4.397E-01 -3.682E-01 -3.172E-01 -2.830E-01 -2.316E-01 -1.964E-01 -1.707E-01 -1.510E-01 -1.354E-01 -1.228E-01

r D=1 -5.402E-01 -4.322E-01 -3.634E-01 -3.133E-01 -2.792E-01 -2.279E-01 -1.928E-01 -1.673E-01 -1.477E-01 -1.323E-01 -1.198E-01

r D=1.25 -5.316E-01 -4.278E-01 -3.602E-01 -3.106E-01 -2.765E-01 -2.253E-01 -1.904E-01 -1.649E-01 -1.455E-01 -1.317E-01 -1.179E-01

r D=1.5 -5.262E-01 -4.248E-01 -3.579E-01 -3.086E-01 -2.744E-01 -2.233E-01 -1.885E-01 -1.632E-01 -1.440E-01 -1.303E-01 -1.166E-01

Table B.7: Values of parameter F22 in Expression (26) as a function of C and rD for

Pr = 0.775.

C=2 C=2.5 C=3 C=4 C=5 C=6 C=7 C=8 C=9 C=10

r D=0.5 -7.074E-01 -5.690E-01 -4.956E-01 -4.064E-01 -3.473E-01 -3.037E-01 -2.703E-01 -2.436E-01 -2.228E-01 -2.058E-01

r D=0.75 -6.779E-01 -5.675E-01 -4.965E-01 -4.025E-01 -3.397E-01 -2.943E-01 -2.600E-01 -2.332E-01 -2.121E-01 -1.951E-01

r D=1 -6.680E-01 -5.637E-01 -4.923E-01 -3.959E-01 -3.318E-01 -2.859E-01 -2.515E-01 -2.252E-01 -2.046E-01 -1.874E-01

r D=1.25 -6.614E-01 -5.592E-01 -4.873E-01 -3.897E-01 -3.252E-01 -2.795E-01 -2.454E-01 -2.194E-01 -1.986E-01 -1.825E-01

r D=1.5 -6.561E-01 -5.548E-01 -4.824E-01 -3.842E-01 -3.197E-01 -2.741E-01 -2.404E-01 -2.146E-01 -1.940E-01 -1.785E-01

Table B.8: Values of parameter F22 in Expression (26) as a function of C and rD for

Sc = 3.676.
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Temperature measurements of binary droplets using three-654

color laser-induced fluorescence, Exp. Fluids. 40 (2006) 786–797.655

https://doi.org/10.1007/s00348-006-0116-y.656

[27] S.S. Sazhin, A.E. Elwardany, P.A. Krutitskii, V. Deprédurand,657

G. Castanet, F. Lemoine, E.M. Sazhina, M.R. Heikal, Multi-658

component droplet heating and evaporation: Numerical simulation659

versus experimental data, Int. J. Therm. Sci. 50 (2011) 1164–1180.660

https://doi.org/10.1016/j.ijthermalsci.2011.02.020.661

[28] C. Maqua, G. Castanet, F. Grisch, F. Lemoine, T. Kristyadi, S.S.662

Sazhin, Monodisperse droplet heating and evaporation: Experimental663

study and modelling, Int. J. Heat Mass Transf. 51 (2008) 3932–3945.664

https://doi.org/10.1016/j.ijheatmasstransfer.2007.12.011.665

[29] A.E. Elwardany, I.G. Gusev, G. Castanet, F. Lemoine, S.S. Sazhin,666

Mono- and multi-component droplet cooling/heating and evaporation:667

Comparative analysis of numerical models, At. Sprays. 21 (2011) 907-668

931. https://doi.org/10.1615/AtomizSpr.2012004194.669

[30] V. Deprédurand, G. Castanet, F. Lemoine, Heat and mass670

transfer in evaporating droplets in interaction: Influence of671

the fuel, Int. J. Heat Mass Transf. 53 (2010) 3495-3502.672

https://doi.org/10.1016/j.ijheatmasstransfer.2010.04.010.673

[31] L. Perrin, G. Castanet, F. Lemoine, Characterization of the evaporation674

51



of interacting droplets using combined optical techniques, Exp. Fluids.675

56 (2015) 558–585. https://doi.org/10.1039/c6cs00902f.676
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