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Abstract 15 

The present work examines numerically the aerodynamic breakup of a cluster of Diesel droplets 16 

moving in parallel with respect to the gas flow. Two- and three-dimensional simulations of the 17 

incompressible Navier-Stokes equations together with the VOF method are performed for Weber (We) 18 

numbers in the range of 5 up to 60 and non-dimensional distance between the droplets (H/D0) ranging 19 

from 1.25 to 20. The numerical results indicate that the proximity of droplets affects their breakup for 20 

distances H/D0≤5. For low droplet proximity distances (H/D0≤2.5), the droplets experience the so-21 

called shuttlecock breakup mode, which has been also identified for droplets in tandem formations in 22 

a previous authors’ work and is characterized by an oblique peripheral stretching of the droplet. With 23 

decreasing H/D0 the breakup initiation time decreases, while the drag coefficient increases relative to 24 

that of isolated droplets. When the distance between the droplets is low enough (H/D0<1.5), this can 25 

result in critical We number, i.e. minimum We number leading to breakup, lower than that of an 26 

isolated droplet at the same conditions. 27 

 28 

Keywords 29 

Cluster droplet breakup; Diesel; drag coefficient; breakup time; critical We. 30 

 31 

Nomenclature 32 

Roman symbols U Velocity [m/s] 

B Average dimensionless deformation rate [-] Vcell Volume of cell [m3] 

Cd Drag coefficient [-] We Weber number [-] 

D Droplet diameter [m] Greek symbols 

Dcr Cross-stream droplet deformation [m] α Liquid volume fraction [-] 

Dstr Streamwise droplet deformation [m] ε Density ratio [-]  

H Cross-stream distance between droplet centres [m] μ Dynamic viscosity [kg/(m·s)] 

L Streamwise distance between droplet centres [m] ρ Density [kg/m3] 

N Viscosity ratio [-]  σ Surface tension [N/m] 

mailto:stefanitsis@certh.gr
mailto:gstrot@teilar.gr
mailto:n.nikolopoulos@certh.gr
mailto:M.Gavaises@city.ac.uk


2 

 

 33 

1 Introduction 34 

Droplet deformation and eventually breakup is encountered in various systems and applications [1]. 35 

The non-dimensional numbers usually utilised for classifying the breakup outcome of isolated droplets 36 

are the Weber (We), Ohnesorge (Oh) and Reynolds (Re) numbers as well as the density (ε) and viscosity 37 

ratios (Ν) of the two phases [2]; these are defined as: 38 

 39 

𝑊𝑒 =
𝜌𝑔𝑈𝑟𝑒𝑙,0

2 𝐷0
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 40 

The breakup timescale can be also approximated by the non-dimensional correlation proposed by 41 

Nicholls and Ranger [3]: 42 

 43 

𝑡𝑠ℎ =
D0

𝑈𝑟𝑒𝑙,0
√𝜀 (2) 

 44 

The aerodynamic breakup of isolated droplets has been thoroughly investigated (see for example [2] 45 

among many others); more recently the breakup of droplets in tandem formations has been also 46 

reported [4-6]. On the other hand, not much focus has been paid to the breakup of droplets moving in 47 

parallel with respect to the surrounding air; such collective droplet cluster motions can be considered 48 

more representative for the conditions typically realised in fuel sprays consisting of a large number of 49 

droplets [1]. In these formations apart from the non-dimensional streamwise distance between the 50 

droplets (L/D0), also the cross-stream one (H/D0) can be speculate to play a role; the L and H here 51 

correspond to distances between the droplet centres. 52 

Regarding the hydrodynamic interaction between rigid particles, the experimental works of [7, 8] 53 

examined two particles exposed in parallel to a uniform flow of water, with non-dimensional distances 54 

between them (H/D0) ranging from 1 up to 2.5 and Re number equal to 5,000. They studied mainly the 55 

flow around the particles and concluded that for H/D0=1 (particles are in contact) the particles act as 56 

a rigid bluff body, while for H/D0≥2 the interaction between the shedding vortices is minimized as well 57 

as the effect of the jet-like flow occurring through them. Numerical studies of similar particle 58 

arrangements were performed by Folkersma et al. [9], Tsuji et al. [10], Ardekani et al. [11],  Prahl et al. 59 

[12], Yoon and Yang [13] and by Jadoon [14]. The Re numbers examined range from 5·10-7 up to 600, 60 

while the non-dimensional distance between the particles are in the range of 1 up to 23. These studies 61 

ncells Number of computational cells [-] Subscripts 

Oh Ohnesorge number [-]  0 Initial 

P Pressure [Pa] cl Cluster 

Re Reynolds number [-]  cr Critical 

S Droplet surface area [m2] d Droplet 

T Temperature [K] g Gas phase 

t Time [s] is Isolated droplet 

t* Non-dimensional time [-] L Liquid phase 

tbr Breakup initiation time [s] max Maximum 

tsh Shear breakup timescale [s]  rel Relative 
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focus mainly on the estimation of the force coefficients (drag, lift and pressure); it is generally 62 

concluded that the drag coefficient is higher for the parallel particle motion configuration compared 63 

to that of an isolated particle.   64 

Turning now to studies referring to the parallel motion of droplets as opposed to solid particles, Temkin 65 

and Ecker [5] performed experiments with streams of water droplets at Re numbers in the range of 66 

130 up to 600 and H/D0 ranging from 3 up to 6 and streamwise distance between them L/D0 from 1.5 67 

up to 11. They observed that the wake of a droplet affects the drag coefficient of the trailing droplets 68 

that lie within a parabolic shape of 15D0 length and 1D0 width. Connon and Dunn-Rankin [15] studied 69 

experimentally the behavior of an isolated water droplet displaced radially from a droplet stream, and 70 

concluded that the droplet stream influences its surroundings for H/D0≤15 and L/D0≤15. Later, Zhao et 71 

al. [16] investigated experimentally the aerodynamic breakup of two water droplets arranged at 72 

various configurations with streamwise and cross-stream non-dimensional distances less than 3, while 73 

the Re number was equal to 2680 and the We equal to 12.3. They identified four breakup modes: i) 74 

coalescence, ii) puncture, iii) side-by-side and iv) no direct contact, and concluded that the fastest 75 

mode is the side-by-side, in which the droplets deform into a disk-like shape with their edges touching 76 

before the breakup occurs. This breakup mode is encountered for H/D0≤2. 77 

Numerical simulations with droplets and solid spheres were performed by Kim and coworkers in [17, 78 

18] for Re=100 and H/D0 ranging from 1.5 up to 25. They found that for H/D0<9 the drag coefficient of 79 

the droplets is higher than that of an isolated droplet at the same conditions. Prahl et al. [19] 80 

investigated numerically with the Volume of Fluid (VOF) method the interaction of two droplets 81 

exposed in a uniform flow of Re=100 and We=0.1 and 1. The streamwise distance between the droplets 82 

ranged from 1.5 up to 6, while the cross-stream one was equal to 1.5. It was found that for the parallel 83 

arrangement, the droplets experience higher drag force compared to the isolated droplet and also a 84 

weak attraction. Recently, Kekesi et al. [6] studied numerically using the VOF method the breakup of 85 

two liquid droplets arranged at various positions from tandem up to parallel, with We=20, Re=20 and 86 

50, and L/D0 and H/D0 ranging from 1.5 up to 5. Three scenarios were identified for the breakup of the 87 

droplets: i) they collide and merge, ii) the secondary drop shoot through the primary drop and iii) the 88 

two drops behave independently. Finally, they found that for certain parallel configurations the 89 

breakup time is shorter than that of an isolated droplet. This was attributed to the increased velocity 90 

in the gap between the droplets, which results in enhanced shear at the droplet periphery.  91 

The aforementioned numerical studies examined the breakup of two droplets moving in parallel to the 92 

air flow, while the current work investigates, for the first time, the breakup of a droplet inside a cluster 93 

of droplets; this can be considered as a typical droplet appearing at the inner part of a spray. More 94 

specifically, four droplets are simulated, or equivalently one droplet with symmetry boundary 95 

conditions (the equivalence of these configurations is proved in section 2.1), which represent an 96 

infinite cluster with the use of symmetry boundary conditions, as shown in Figure 2. Qualitative results 97 

are presented for the temporal evolution of droplet shape as well the breakup mode. In addition, a 98 

parametric study is performed with 2-D axisymmetric simulations for We and H/D0 numbers as shown 99 

in Figure 1, where the previous numerical studies are presented as well. As it can be seen, a big portion 100 

of the map has not been investigated so far. The 2-D axisymmetric simulations are performed with a 101 

single droplet, while the effect of other droplets in their proximity is simulated using symmetry 102 

boundary conditions. Results are presented for the effect of H/D0 on the breakup mode, maximum 103 
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surface area, critical We number (minimum We number leading to breakup), breakup initiation time 104 

and drag coefficient.  105 

 106 

 107 

Figure 1. Examined We and H/D0 numbers of the current and previous numerical studies.  108 

 109 

The paper is structured as follows: initially, the computational setup and examined conditions are 110 

presented, followed by a section presenting the qualitative results as well as the results of the 111 

parametric study. Finally, the main conclusions are summarized in the last section of the paper.  112 

 113 

2 Computational setup and examined conditions 114 

The numerical model for the parallel droplet cluster motion and breakup solves the Navier-Stokes 115 

equations coupled with the Volume of Fluid (VOF) methodology [20] for tracking the interface between 116 

the liquid droplets and the surrounding gas. In order to model surface tension, the Continuum Surface 117 

Stress (CSS) model of [21] is utilized. Two-dimensional (2-D) axisymmetric and three-dimensional (3-118 

D) simulations are performed with the commercial CFD tool ANSYS FLUENT v16 [22] along with the use 119 

of various User Defined Functions (UDFs); these account for the following: i) adaptive local grid 120 

refinement technique around the liquid-gas interface [23], ii) adaptive time-step scheme for the 121 

implicit VOF solver based on the velocity at the droplet interface [24], and iii) moving mesh technique 122 

based on the average velocity of the droplets. The CFD model has been developed and validated in 123 

previous works of the authors for a number of applications; among them are the free fall of a droplet 124 

[23], the droplet impingement on a flat wall [25] or a spherical particle [26-28], the aerodynamic 125 

droplet breakup [4, 24, 29-35] and the droplet evaporation [24, 31, 36]. It should be noted that he 126 

extension of the model validation for the case of droplet clusters is not possible since, to the author’s 127 

best of knowledge, there are no experimental studies in the literature with droplet clusters, only a few 128 

featuring two droplets [5, 15, 16]. However, even with two droplets a 3D simulation would require 129 

approximately twice more computational resources than the simulation of four droplet quarters (3D-130 

4 domain of Figure 2), in terms of CPU·hours. For this reason, and since the physical process is the 131 

same between the breakup of one and more droplets, we have assumed that the model is considered 132 

validated using only the case of the isolated droplet. 133 

Figure 2 presents an infinite cluster of droplets arranged parallel to the air flow along with the 134 

computational domains utilized in the current work for its simulation: i) a 3-D domain with four droplet 135 

quarters (abbreviated as 3D-4), ii) a 3-D domain of a single droplet quarter (abbreviated as 3D-1), and 136 

iii) a 2-D axisymmetric domain. In all cases symmetry boundary conditions are utilized to reflect the 137 

presence of surrounding droplets. In the following section (2.1) it is shown that the two examined 3-D 138 
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configurations are equivalent, since they give identical results for a simulation at the same conditions. 139 

On the other hand, for the case of the 2D axisymmetric simulations, the adoption of a symmetry 140 

boundary condition does not strictly reflect the effect of the neighbour droplets at a 45o direction 141 

(diagonal). However, the results using the 2-D domain are close to those of the 3-D simulations, even 142 

for very low values of H/D0 (=2) (see section 2.1). For this reason, the 2D approach is utilized in the 143 

parametric study since it is much more computationally efficient than the other two, therefore making 144 

it possible to simulate the 67 examined cases within a reasonable time.  145 

The droplet is initially stagnant, while air flows from the right boundary forcing it to move and deform. 146 

In Figure 2c and d, the distance measured from the centre of the droplet to the symmetry boundary 147 

conditions is equal to half the distance between the droplets (H/2D0). In the depicted cases of Figure 148 

2 this is equal to 1, and therefore H/D0=2, while for a different H/D0 the height of the domain should 149 

be adjusted accordingly, resulting in a new computational domain. The computational cells have a 150 

rectangular/hexahedron shape with a base grid resolution equal to 3 cells per radius (cpR), while 6 151 

levels of local grid refinement (or 5 for the 3-D cases) are applied to obtain the desired resolution of 152 

192cpR (or 96cpR for the 3-D) around the liquid-gas interface. The resolution of 96cpR has been found 153 

to be adequate for the simulations of droplet breakup as the average drop velocity, deformation and 154 

breakup initiation time change less than 1% when a finer grid is used. To give an idea about the grid 155 

size, the 3D-4 computational domain utilizes initially approximately 2.5 million cells, which increase up 156 

to 8.7 million at the end of the simulation, due to the use of the adaptive local grid refinement. 157 

 158 

 159 

Figure 2. a) Actual configuration with an infinite cluster of droplets along with the computational domains and 160 

boundary conditions used in the simulations: b) 3D-4 domain, c) 3D-1 domain, and d) 2-D axisymmetric 161 

domain. 162 

 163 

The simulations have been performed with Diesel fuel as liquid with properties taken from [37], using 164 

a four component surrogate and the PC-SAFT equation of state; a pressure of 40bar and a temperature 165 

of 900K were considered for the estimation of gas properties, while a temperature of 335K was 166 

assumed for the liquid properties. These conditions correspond to those encountered in Diesel engines 167 
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as presented in Table 1, along with the corresponding references used for their estimation. It should 168 

be noted that at such high air temperature, heating and evaporation of the droplets takes also place, 169 

but these were neglected in the current work, since its primary scope lies on the investigation of the 170 

effect of droplet proximity (similar to our previous work [38]). In view of that, any variations of droplet 171 

physical properties with temperature, including that of surface tension, were neglected, as the flow 172 

was considered to be isothermal. The justification for this approximation is given using the model of 173 

Strotos et al [31] to predict the heating and evaporation of a Diesel droplet in cluster formation with 174 

We=40 and H/D0=2. The liquid physical properties used are those of Table 1, while the temporal 175 

evolution of droplet surface area is calculated based on the CFD simulations instead of the derived 176 

equation in [31]. For a typical duration of t=1.5tsh, during which the droplet undergoes breakup as 177 

shown in Figure 5, less than 1% of the droplet mass has been evaporated, while the mean temperature 178 

of the droplet increases by about 8K. This change of liquid temperature results in a decrease to its 179 

surface tension and viscosity equal to approximately 3% and 11%, respectively (properties based on 180 

[39] and [37], respectively). 181 

The resulting non-dimensional numbers from the properties of Table 1 are: Oh=0.05, ε=51 and N=37. 182 

By changing the initial droplet velocity, the obtained We numbers range from 5 up to 60, while the Re 183 

number lies in the range of 240 to 832; it should be noted that for an isolated droplet these conditions 184 

correspond to the bag and multi-mode regimes. The examined non-dimensional distances measured 185 

from the droplet centers (H/D0) range from 1.25 up to 20, resulting in 69 examined cases (two of which 186 

are in 3 dimensions with We=40 and H/D0=2) in total (see Figure 1). Finally, 2-D axisymmetric 187 

simulations have been performed with an isolated droplet as well, using the same computational 188 

domain and conditions, resulting in 10 simulations in total in the range of We=15-60. These simulations 189 

are utilized in section 3.2 to calculate the quantities of the isolated droplet, which are compared with 190 

those of the droplet in a cluster; the quantities of both configurations are functions of the We number. 191 

 192 

Table 1. Representative Diesel engine conditions.  193 
 

D0 (μm) P (bar) Tg (K) μg(kg/s·m) ρg (kg/m3) TL (K) μL(kg/m·s) ρL(kg/m3) σ (Ν/m) 

Value 50 40 900 4E-05 15.48 335 0.0015 788.6 0.024 

Reference [40] [41] [41] [42] Ideal gas law [41] [37] [37] [39] 

 194 

2.1 Comparison between the computational domains 195 

Before proceeding to the discussion of the results, a comparison is made between the computational 196 

domains of Figure 2 in order to justify their selection for the corresponding simulations. Figure 3 197 

presents the temporal evolution of droplets’ shape (VOF iso-value of 0.5) as predicted by the 198 

simulation of a case with We=40 and H/D0=2 using the 3D-4 and 3D-1 computational domains. As it is 199 

observed, the droplet shapes of the four droplets are identical between them as also with that of the 200 

single droplet (3D-1 domain). This is further justified by looking at Figure 4, which presents the 201 

temporal evolution of droplet deformation in both axes (cross-stream and streamwise) as well as the 202 

droplet velocity. The results of the 3D-4 and 3D-1 domains are identical for the droplet velocity, while 203 

a small deviation is observed for the droplet deformation after t/tsh=1.1, which is attributed to the 204 

micro-droplets that are detached from the parent droplet. In the following sections, only the results 205 

of the 3D-1 configuration are presented for simplicity. It should be noted that the cross-stream 206 

deformation in the 3D simulations varies in the Y-Z plane (see Figure 5). For reasons of simplicity, we 207 
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have assumed that Dcr=0.5*(Dy+Dz), without accounting for any disturbances in the diagonal direction 208 

of the Y-Z plane. 209 

Turning now to the results of the 2D-axissymetric simulation, these are presented in Figure 4 as well. 210 

As it can be seen, they are close to those of the 3D simulations for the droplet deformation, while for 211 

the droplet velocity a small deviation is observed, up to approximately t/tsh=1. Nevertheless, these 212 

differences are expected to decrease at higher droplet distances H/D0, as the droplets in cluster 213 

formation tend to approach the behavior of an isolated droplet. The results of the 2-D axisymmetric 214 

simulations are utilized mainly for the parametric study of this work, since they require approximately 215 

160 times less computational resources than the 3D-1 domain, in terms of CPU·hours. 216 

 217 

 218 

Figure 3. Droplet shape at the time instance of t/tsh=1 as predicted by the simulation of a case with We=40 and 219 

H/D0=2 using a) the 3D-4 and b) the 3D-1 computational domains. 220 

 221 

 222 
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Figure 4. Temporal evolution of a) cross-stream droplet deformation, b) streamwise droplet deformation, and 223 

c) droplet velocity, as calculated by a simulation with We=40 and H/D0=2 using the three computational 224 

domains: i) 3D-4, ii) 3D-1 and iii) the 2-D axisymmetric. 225 

 226 

3 Results and discussion 227 

3.1 Qualitative results 228 

Figure 5 illustrates the temporal evolution of droplet shape as predicted both by the 3-D and the 2-D 229 

axisymmetric simulations (shape drawn with 3-D rotation around the x-axis) of a case with We=40 and 230 

H/D0=2, as well as from the simulation of an isolated droplet at the same We number (2-D axisymmetric 231 

with 3-D rotation). As it is observed, the droplet in the cluster formation initially deforms into a disk-232 

like shape (t/tsh=0.4), followed by a semi-spherical shape (t/tsh=0.8); breakup occurs with stripping of 233 

liquid from its periphery (t/tsh=1.5). This breakup mode is called shuttlecock and has been identified in 234 

the authors’ previous work for the breakup of droplets in tandem formation [4]; it is characterized by 235 

a large streamwise droplet deformation, while most of the liquid volume remains at its core. Turning 236 

now to the isolated droplet, it experiences the well-known multi-bag breakup regime, in which the 237 

droplet gradually deforms into a disk-like shape followed by the creation of a bag at its periphery (not 238 

shown here). In addition, its breakup occurs much slower compared to the cluster arrangement, at 239 

approximately t/tsh=2.3 compared to t/tsh=1.4 (and 1.2 in the 3-D simulation); this observation was also 240 

reported in the work of [6].  241 

Regarding the comparison between the 2-D and 3-D simulations, they both predict similar droplet 242 

shapes up to t/tsh=0.8, while after t/tsh=1 a deviation is observed. At that time instance, the 3-D 243 

simulation predicts a wavy shape for the ring formed around the droplet, as shown in Figure 5 (t/tsh=1). 244 

This is attributed, on the one hand, to the Kelvin-Helmholtz instabilities [43, 44], and on the other to 245 

bigger gap between the droplets in the diagonal direction compared to the vertical one. This causes 246 

non-uniform pressure and velocity distributions along the periphery of the droplet, as shown in Figure 247 

6, where the Y-Z slices are presented for the dimensionless pressure ((𝑃 − 𝑃∞)/
1

2
𝜌𝑔𝑈𝑔,0

2 ) and relative 248 

velocity (t/tsh=0.9). Eventually, at t/tsh=1.5 the waves turn into ligaments, since most of the liquid is 249 

concentrated at the corners of the droplet rather than its center.  250 

 251 
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 252 

Figure 5. Temporal evolution of droplet shape as predicted by a) the 3-D simulation and b) the 2-D 253 

axisymmetric (3-D rotation) of a droplet in a cluster with H/D0=2 and We=40, as well as an isolated droplet at 254 

the same We number. 255 

 256 

 257 
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Figure 6. Y-Z slices of the dimensionless a) velocity and b) pressure as predicted by the 3-D simulation of a case 258 

with H/D0=2 and We=40 (t/tsh=0.9). 259 

 260 

The differences in the shape and breakup modes of the isolated and cluster droplet arrangements are 261 

better explained by looking at Figure 7, which presents the contour of non-dimensional relative 262 

velocity for the same cases as those of Figure 5. In the cluster formation, the air accelerates in the 263 

narrow gap between the droplets (red color in the contour), causing the droplet to deform more at its 264 

periphery rather than its core. This results in the shifting of the breakup mode from multi-bag regime 265 

in the isolated droplet, to shuttlecock in the case of cluster arrangement.  266 

 267 

 268 

Figure 7. Non-dimensional relative velocity contour (X-Z plane) for a case of a droplet in a cluster (3-D and 2-D 269 

axisymmetric) with We=40 and H/D0=2, as well as an isolated droplet at the same We number. 270 

 271 

3.2 Parametric study 272 

3.2.1 Breakup modes 273 

In order to investigate the effect of distance between the droplets on the breakup mode, Figure 8 274 

shows the temporal evolution of droplet shape for three cases corresponding to H/D0=4, H/D0=2 and 275 

H/D0=1.25 (2-D axisymmetric domain). For large droplet distances and depending on the We number, 276 

the effect of the surrounding droplets is weak and the breakup mode becomes identical to that of the 277 

isolated droplet (bag breakup mode of Figure 8a). When the distance decreases, the breakup mode 278 

shifts from bag to deformation without breakup (Figure 8b), since the air flow is directed towards the 279 

periphery of the droplet, but without being intense enough to cause liquid stripping from its periphery. 280 

However, when the distance is further decreased, the air velocity becomes high enough to cause the 281 

breakup of the droplet, and the breakup mode shifts to shuttlecock (Figure 8c). This non-monotonic 282 

behaviour is better understood by looking at Figure 9, which presents a highlight of the dimensionless 283 
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pressure contour ((𝑃 − 𝑃∞)/(
1

2
𝜌𝑔𝑈𝑔,0

2 )) for the three cases. For the larger droplet distances (H/D0=4 284 

in the figure), the pressure is higher at the core of droplet and lower at its periphery, causing the 285 

formation of the bag. At smaller distances (H/D0=2), the peripheral pressure increases and becomes 286 

equal to the central, therefore preventing the creation of the bag. Finally, at even smaller distances 287 

(H/D0=1.25), the peripheral pressure increases further causing the shuttlecock breakup mode. 288 

 289 

 290 

Figure 8. Temporal evolution of droplet shape for three cases with We=15 and: a) H/D0=4, b) H/D0=2 and c) 291 

H/D0=1.25. 292 

 293 

 294 

Figure 9. Dimensionless pressure contour for three cases with We=15 and: a) H/D0=4 (t/tsh=0.7), b) H/D0=2 295 

(t/tsh=0.6) and c) H/D0=1.25 (t/tsh=0.1). 296 

 297 

The aforementioned observations are summarized in Figure 10, which presents in a H/D0-We map the 298 

simulated cases of the current work along with the encountered breakup regimes. For H/D0≥4 the 299 

droplets behave as being isolated, i.e. the bag breakup regime is encountered for We≤20, while for 300 

We>20 they experience the multi-bag mode. For lower values of H/D0 (<4) and low We numbers (≤30), 301 

the breakup mode shifts to deformation without breakup (Figure 8b). Finally, when the distance 302 

becomes even smaller (H/D0≤2.5), the shuttlecock breakup regime is encountered, even for values of 303 
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We number as low as 9, which is smaller than the value of the critical We number of an isolated droplet 304 

at the same conditions (Wecr,is=14).  305 

 306 

 307 

Figure 10. H/D0-We map with the simulated cases of the current work along with the encountered breakup 308 

regimes (Oh=0.05, ε=51 and N=37). 309 

 310 

3.2.2 Droplet surface area 311 

The droplet surface area is an important quantity for spray applications and is calculated in the CFD 312 

simulations as 𝑆 = ∑ 𝑉𝑐𝑒𝑙𝑙|∇𝑎|
𝑛𝑐𝑒𝑙𝑙𝑠
𝑖 , which has been utilized also in [36, 38, 45, 46] and is derived using 313 

the divergence theorem (or Gauss theorem) for the volume fraction at the interface cells. The ratio of 314 

the maximum surface area of a droplet in a parallel moving cluster, to the maximum surface area of 315 

an isolated droplet (Smax,cl/Smax,is) is presented in Figure 11. The ratio Smax,cl/Smax,is  takes very low values 316 

at high We and low H/D0, reaching values as low as 0.22, which corresponds to a 78% reduction in the 317 

maximum surface area of a droplet in cluster formation, relative to the one of an isolated droplet at 318 

the same We.  This is attributed to the very fast breakup occurring at these conditions, with liquid 319 

stripped from its periphery, while its core remains relatively non-deformed. On the other hand, at low 320 

We and H/D0 the ratio Smax,cl/Smax,is  is greater than 1, reaching values as high as 1.29, owing to the very 321 

large streamwise droplet deformation (Figure 8c). Finally, the solid line of Figure 11 defines the region 322 

of influence of the maximum surface area of a droplet in cluster formation; this occurs for droplet 323 

distances of approximately H/D0≤5. 324 

 325 
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 326 

Figure 11. Ratio Smax,cl/Smax,is as function of We and H/D0. The black line defines the region of influence of the 327 

maximum surface area of a droplet in cluster formation. 328 

 329 

3.2.3 Breakup initiation time 330 

As already mentioned in Section 3.1, a droplet inside a parallel moving cluster breaks up faster than an 331 

isolated droplet. The breakup initiation time (tbr), which is defined as the time instance that a micro-332 

droplet detaches from the parent droplet for the first time, is measured manually in the simulations 333 

using a visual representation of the process. The ratio tbr,cl/tbr,is is presented in Figure 12 as function of 334 

the We number and the H/D0. The ratio tbr,cl/tbr,is decreases with decreasing H/D0, reaching values as 335 

low as 0.1. As can be seen from the figure, the breakup time of the cluster formation is different from 336 

that of the isolated at distances H/D0≤3. 337 

 338 

 339 

Figure 12. Ratio tbr,cl/tbr,is as function of We and H/D0. The black line defines the region of influence of the 340 

breakup time of a droplet in cluster formation. 341 

 342 

3.2.4 Drag coefficient 343 
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The drag coefficient (Cd) is calculated using the droplet momentum balance on the droplet with the 344 

effect of virtual mass and Basset forces incorporated into the Cd, similar to previous numerical studies 345 

[47-50]. The effect of droplet frontal area can either i) be incorporated into the drag coefficient and ii) 346 

assumed to vary linearly with time 
𝐴𝑓(𝑡

∗)

𝐴𝑓,0
= 1 + 𝐵 ∙ 𝑡∗. The following equations, (3) and (4), are derived 347 

based on the two approaches, respectively, and give the temporal evolution of droplet velocity (their 348 

derivation can be found in our previous work [38]). The average drag coefficient is found for each 349 

simulated case by fitting the equations to the results of the simulations (𝑈𝑑 − 𝑡∗), as shown in Figure 350 

14 and Figure 13, where the ratios Cd,cl/Cd,is are presented as function of the We number and the H/D0, 351 

using the two approaches. The ratio Cd,cl/Cd,is increases with decreasing H/D0, reaching values as high 352 

as 29 for the first approach and 15 for the second one. This trend is in agreement with the works of [1, 353 

15, 17-19]. Overall, the drag coefficient of droplets in cluster formations differs from that of the 354 

isolated droplet for distances H/D0≤3 for the first method, and H/D0≤2 for the second. 355 

 356 

 357 

𝑈𝑑(𝑡
∗) =

𝑈𝑔,0

𝐶𝑑̅̅ ̅ (
3
4) (

1

√𝜀
) 𝑡∗ + 1

 
(3) 

  358 

𝑈𝑑(𝑡
∗) =

𝑈𝑔,0

𝐶𝑑̅̅ ̅ (
3
4
) (

1

√𝜀
) (𝑡∗ +

𝐵 ∙ (𝑡∗)2

2
) + 1

 
(4) 

 359 

 360 

Figure 13. Ratio Cd,cl/Cd,is as function of We and H/D0. The effect of droplet frontal area is incorporated in the 361 

drag coefficient. The black line defines the region of influence of the drag coefficient of a droplet in cluster 362 

formation. 363 

 364 
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 365 

Figure 14. Ratio Cd,cl/Cd,is as function of We and H/D0. The droplet frontal area varies linearly with time. The 366 

black line defines the region of influence of the drag coefficient of a droplet in cluster formation. 367 

 368 

 369 

4 Conclusions 370 

In the current work, 2-D axisymmetric and 3-D simulations were performed with Diesel droplets in a 371 

parallel moving cluster. The examined We numbers range from 5 up to 60 and non-dimensional 372 

distances between them (H/D0) from 1.25 up to 20. It was found that for droplet distances H/D0≤2.5 373 

and depending on the We number, the droplets experience the so-called shuttlecock breakup mode, 374 

which is characterized by a stretching of the droplet at its periphery, similar to the droplets in tandem 375 

formations [4]. This is caused by the high air velocities developed at the gap between the droplets. 376 

Furthermore, their breakup occurs faster and experience higher drag coefficients compared to the 377 

isolated droplets, effects which are amplified as the distance between the droplets (H/D0) decreases. 378 

At very low droplet distances H/D0<1.5, the critical We number of a droplet in a cluster becomes lower 379 

than that of an isolated droplet at the same conditions. Overall, it is found that the droplets are 380 

affected by the presence of other droplets in the cross-stream direction for distances H/D0≤5.  381 
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