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 Abstract 11 

The internal mixing of droplets upon coalescence is of fundamental importance to a number 12 

of applications in microfluidics, micro-scale heat and mass transfer, and rocket engine propulsion. 13 

Compared to the well-known surface-tension-induced jet-like mixing in the coalescence of 14 

inertialess droplets, collision-induced jet-like mixing was observed recently and remains 15 

inadequately understood. In the present study, the collision dynamics and internal mixing of 16 

droplets of unequal sizes was numerical simulated by using the lattice Boltzmann phase-field 17 

method, with emphasis on unraveling the mechanism of the internal jet formation and therefore 18 

on exploring strategies to facilitate such a mixing pattern. The results show that the formation of 19 

the internal jet requires two synergetic flow motions favoring low Oh number and high We 20 

number: the capillary-pressure-driven radial converging flow induced by the crater restoration to 21 

detach the spreading smaller droplet from the surface, and the impact-inertia-driven axial motion 22 

along the crater surface to drive the penetration of the detached fluid. The jet-like structure was 23 

found to correlate with the evolution of a main vortex ring, which is formed by the vorticity 24 

generation on the interface during initial impact, and transported into the droplet during 25 

subsequent oscillations. However, due to the absence of the bulge retraction that generates a 26 

significant amount of vorticity and to the extended duration for the jet formation, the main vortex 27 

is much less intensive compared to that formed by the inertialess droplet coalescence and is 28 

therefore less capable of inducing obvious vortex-ring structure in the mixing pattern. Further 29 

simulations by manipulating the disparity of the droplet sizes and the disparity of the liquid 30 

viscosities show that, the collision of a larger droplet with lower viscosity with a smaller droplet 31 

with higher viscosity is effective in facilitating jet-like mixing. 32 
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Nomenclature 

C fluid composition 

D droplet diameter  

E0 bulk free energy 

k gradient factor 

L0 initial distance between the droplets 

M mobility of the interface 

p pressure 

t time 

t0 time of initial coalescence 

tosc characteristic oscillation time of the smaller droplet, 3= /osc St ρD σ  

t* normalized time, 
*

0( ) / osct t - t t  

u flow velocity 

U0 initial relative velocity between the droplets 

U initial velocity of the droplet 

β prefactor of the bulk free energy 

ξ thickness of the liquid-gas interface 

ρ density 

μ dynamics viscosity 

μC chemical potential 

σ surface tension coefficient 

Subscripts 

L larger droplet 

S smaller droplet 

l liquid phase 

g gas phase 

Nondimensional parameters 

We Weber number, 
2

0 / l SWe ρU D σ  

Oh Ohnesorge number, / l l SOh μ ρ D σ  

Δ size ratio, Δ=DL/DS 

ρ* density ratio, 
* / l gρ ρ ρ  

μ* viscosity ratio, 
* /l gμ μ μ  
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1. Introduction 38 

Droplet collision in a gaseous environment is of fundamental relevance to many natural and 39 

industrial processes such as rain/cloud formation, ink-jet printing, spray coating, and spray 40 

combustion in engines. For decades, great efforts including experimental [1-6], numerical [7-12], 41 

and theoretical investigations [13], have been devoted to unravel the rich phenomena and the 42 

multi-scale physics, with emphasis on identifying collision outcomes and their dependence on the 43 

collision parameters. It has been well recognized that the colliding droplets, with increasing 44 

impact inertia, can lead to the nonmonotonic outcomes of “permanent coalescence with minor 45 

deformation” - “bouncing” - “permanent coalescence with large deformation” - “separation 46 

subsequent to temporary coalescence”, with the coalescence/bouncing transition depending on 47 

whether or not the gas film could be sufficiently drained out, and the coalescence/separation 48 

transition depending on whether or not the excessive kinetic energy could be held by surface 49 

tension. 50 

Recently, there is increasing interest in the internal mixing within the merged droplet, 51 

especially for its potential in the applications such as property design in microfluidics [14, 15], 52 

rocket engine ignition utilizing gelled hypergolic propellants (GHP) [16], and color manipulation 53 

in ink-jet printing [17, 18]. Take the propulsion systems utilizing GHP for instance, since the fuel 54 

and the oxidizer are sprayed separately into the combustion chamber, while their vapor pressure 55 

are too low to form flammable gaseous mixture due to gelation, ignition could be only triggered 56 

by the liquid-phase reactions in the merged droplet containing both fuel and oxidizer liquid mass. 57 

Therefore, unraveling and facilitating efficient mixing is critical to the viability of utilizing GHP. 58 

It is noted that the mixing of two identical colliding droplets are restricted by the intrinsic 59 

symmetry across the plane of collision, and that droplets with either disparity in the physical 60 

properties or in the sizes may result in enhanced mixing by symmetry-breaking. In this regard, 61 

Blanchette [19] numerically observed increasingly significant mixing between two equal-sized 62 

droplets with surface tension difference as the result of the Marangoni effect. Focke et al. [20] 63 

investigated both experimentally and numerically on the collision dynamics of droplets with 64 

viscosity disparity and observed enhanced mixing. Sun et al. [21] numerically simulated the 65 

collision of two non-Newtonian droplets and found that the internal mixing is promoted for the 66 

droplets with significant rheological difference. Specifically, liquid interpenetration is facilitated 67 
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for the droplets with different extent of shear-thinning effect, while permanent coalescence and 68 

internal mixing are simultaneously facilitated for the collision between a shear-thinning droplet 69 

and a shear-thickening droplet. 70 

Compared with the collision between droplets with distinct physical properties, 71 

unequal-sized droplet collision has attracted more attention particularly due to its higher practical 72 

relevance, not to mention its intrinsic tendency of promoting permanent coalescence, which is 73 

required by the subsequent internal mixing [6]. Anilkumar et al. [22] experimentally found that, 74 

the inertialess coalescence of a droplet and a liquid pool may lead to a jet-like mixing with an 75 

accompanied strong vortex ring. Numerical simulations by Nobari and Tryggvason [23] and Liu 76 

et al. [24] show that the jet-like mixing is largely affected by the droplet viscosity and can form 77 

only at sufficiently small Ohnesorge numbers. Sun et al. [25] further justified that the formation 78 

of the jet-like mixing depends on whether the viscous damping on the capillary wave propagation 79 

is small enough to allow a liquid bulge to form before the smaller droplet totally merges into the 80 

large one. As a result, lowering the viscosity of the smaller droplet rather than that of the larger 81 

droplet is much more effective in facilitating the jet-like mixing. Xia et al. [26] analyzed the 82 

generation of vorticity inside the merged droplet and found that the emergence of the internal jet 83 

is attributed to the formation of a main vortex ring, as the jet-like structure shows a strong 84 

correlation with the main vortex ring. 85 

The collision dynamics and internal mixing at larger impact inertia were investigated 86 

experimentally by Ashgriz and Poo [27], and numerically by Nikolopoulos et al. [28, 29], Sun et 87 

al. [30], and Chen et al. [31]. It is noteworthy that the jet-like mixing was also numerically 88 

observed at high Weber numbers as long as the Oh number is sufficiently small [30, 31] and was 89 

experimentally confirmed by Tang et al. [32] recently. Their experiments also show the 90 

interesting non-monotonic emergency of “jet” - “no jet” - “jet” as the impact inertia increases, 91 

suggesting that the two types of jet may be owing to different mechanisms. The experiment by 92 

Zhang et al. [33] on the hypergolic ignition by head-on collision of 93 

N,N,N’,N’-tetramethylethylenediamine and white fuming nitric acid droplets further showed a 94 

non-monotonic variation of the ignition delay times with increasing the We number. This 95 

phenomenon was attributed to the non-monotonic emergence of jet-like mixing, which facilitates 96 

the liquid-phase reactions. It is nevertheless noted that, compared to the surface-tension-induced 97 
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jet-like mixing identified in low We number collisions/coalescences, the collision-induced jet-like 98 

mixing at high We number collisions still remains inadequately understood. 99 

In the present investigation, we aim to numerically study the high-We-number collision of 100 

unequal-sized droplets, with particular interest in the formation of internal jet that facilitates 101 

mixing. Only head-on collision is taken into consideration, since the jet-like mixing shows no 102 

evident correlation with the eccentricity between the droplets [27, 31]. In the following text, the 103 

numerical methodology, results and discussion, and concluding remarks are presented 104 

sequentially in Secs. 2 to 4. 105 

2. Numerical Methodology 106 

2.1 Problem Specifications 107 

Since the head-on droplet collision is intrinsically symmetric with respect to the axis 108 

connecting the centers of mass of the two droplets, an axisymmetric computational domain is 109 

employed in the present study. As shown in Fig. 1, two droplets of diameter DS and DL (the 110 

subscripts S and L denote small and large, respectively) are placed in the initially stationary 111 

gaseous environment, with their velocities given by 3( / )S L S LD D U U  so as to zero the total 112 

momentum of the binary system. The outflow boundary condition is applied on the domain 113 

boundaries except the axis. 114 

2.2 Macroscopic Governing Equations 115 

In the present study, the phase-field multiphase model [34, 35] is employed to capture the 116 

liquid-gas interface. The composition C, which stands for the volume fraction of the liquid in the 117 

local fluid, is governed by the Cahn-Hilliard equation 118 

 
2

C

C
C M μ

t


   


u , (1) 119 

where u is the fluid velocity, M the mobility, and 
2 2

0 0 /Cμ μ k C E C k C         the chemical 120 

potential with E0 being the bulk free energy and k the gradient factor. The bulk free energy 121 

usually takes a double-well function as 
2 2

0 (1 )E βC C  , and the chemical potential is therefore 122 

given by 
3 2 2(4 6 2 )Cμ β C C C k C      [36]. Owing to the diffusion term of Eq. (1), the 123 
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interface is always kept close to its equilibrium state, and the surface tension and the interface 124 

thickness are determined by 2 / 6σ kβ  and 8 /ξ k β , respectively. 125 

The continuity equation and the momentum equation for the incompressible flow are given 126 

by 127 

 0 u , (2) 128 

and 129 

 
T[ ] [ ( )] Cρ p μ C μ

t


        



u
u u u u , (3) 130 

where p is the pressure and μ the dynamic viscosity. It is noted that the last term on the RHS of 131 

Eq. (3) represents the surface tension in its potential form, which is particularly useful to alleviate 132 

the discretization error effected by dealing with large density jump across the liquid-gas interface. 133 

2.3. Numerical Implementation 134 

In the present study, the macroscopic governing equations, Eq. (1)-(3), are numerically 135 

solved by using the lattice Boltzmann method (LBM) [37, 38]. Two particle distribution functions 136 

are employed, with one to capture the liquid-gas interface, and the other to compute the velocity 137 

field as well as the dynamic pressure that enforces flow incompressibility [36, 39]. It is worth 138 

noting that, the present methodology, by using the potential form of surface tension and the 139 

isotropic finite difference, is able to suppress the notorious spurious current to a relatively low 140 

level even at large density ratios [26]. Consequently, it has been successfully applied to a variety 141 

of droplet dynamics problems, including but not limited to droplet collision [25, 30], droplet 142 

impact on surface [36], as well as droplet coalescence [21, 40]. According to our test, the spurious 143 

current of the present model is on the order of 10-5 (lattice unit, LU), which is significantly 144 

smaller than the characteristic velocity of the colliding droplet (on the order of 10-2 LU), 145 

indicating that the effect of the spurious current is negligible in the present study. The details on 146 

deriving the LBM evolution equations for the distribution functions in an axisymmetric 147 

coordinate system can be referred to Ref. [30] and will not be repeated here. Furthermore, to 148 

visualize the mixing within the coalesced droplet, massless tracer particles are embedded in the 149 

smaller droplets for every 1/6 lattice spacing in both axial and radial directions, and the 150 

trajectories of the particles are tracked by using the 4th-order Runge-Kutta method. 151 
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According to dimensional analysis, the flow similarity of the present problem is exclusively 152 

determined by five independent non-dimensional parameters, such as the Weber number We, the 153 

Ohnesorge number Oh, the size ratio Δ, the density ratio 
*ρ , and the viscosity ratio 

*μ . In the 154 

simulation, 
*ρ  and 

*μ  are fixed at the typical values, for water droplets in air, of 833 and 55, 155 

respectively, and the collision process is therefore not significantly affected by the ambient gas 156 

[5]. 157 

Regarding the mesh resolution, the thickness of the liquid-gas interface is fixed at 5 grids, 158 

and the diameter of the smaller droplet DS is consistently resolved by 200 grids to visualize fine 159 

structures of the velocity and vorticity fields, although the formation of internal jet shows no 160 

evident grid-dependency as long as DS is resolved by more than 60 grids. In the simulation, time 161 

is normalized by *

0( ) / osct t - t t , where 0t  denotes the onset of coalescence, and 162 

3= /osc l St D   the characteristic oscillation time of the smaller droplet [26, 32]. It is noted that, 163 

the precise determination of t0 in the simulation could be rather difficult for the approaching 164 

diffused interfaces, as such it is approximated by L0/U0, where L0 stands for the initial distance 165 

between the droplets. Such simplification does not bring any difference on the physical 166 

interpretation of the problem. A typical simulation with the present mesh resolution and for a 167 

duration of * 8t   takes about 400 hours of real time on an Intel 3.5GHz Broadwell CPU. 168 

3. Results and Discussion 169 

3.1 Experimental Verification 170 

The present numerical methodology has been extensively validated against the experiments 171 

of droplet collision of both Newtonian [25, 30] and non-Newtonian fluids [25] as well as the 172 

internal mixing of inertialess droplet coalescence [21, 30]. For further experimental validation, 173 

we simulated the experiment of Tang et al. [32] on the internal mixing of unequal-sized droplet 174 

collisions. Fig. 2 compares the experimental and simulation results, with Fig. 2 (a) and (b) 175 

corresponding to water droplets and Fig. 2(c) to n-tetradecane droplets. As shown in the figures, 176 

the present simulation successfully reproduced the emergence of jet-like mixing for water 177 

droplets, as the smaller droplet penetrates into the larger droplet in Fig. 2 (a) and (b), and the 178 

absence of the jet-like mixing for n-tetradecane droplets, as the smaller droplet remains spreading 179 
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on the surface of the larger droplet in Fig. 2 (c). 180 

It should be also noted that, the time sequence of the simulation and the experiment show 181 

some differences, which were also observed in the simulation by Tang et al. [32]. This is however 182 

generally within the experimental error, which is 0.1ms (about 0.3 non-dimensional time) in the 183 

early stage of droplet collision and is 0.4-0.5ms (about 1.2-1.5 non-dimensional time) in the late 184 

stage of droplet mixing [32]. Overall, the concerned physics of internal jet formation is believed 185 

to be correctly captured by the present simulation, substantiating further discussion as follows. 186 

3.2 Formation of Internal Jet 187 

To understand the formation of the internal jet, we employed Fig. 2(a) as the benchmark 188 

case and first examined the time evolution of the penetration length, which illustrated in Fig. 3(a), 189 

is defined as the maximum distance of the small droplet from the upper interface. As shown in 190 

Fig. 3(b), the formation of the jet can be divided into three stages: Stage I (t*<0.45), a “crater” is 191 

formed by the collision, with the smaller droplet spreading on its surface; Stage II (0.45<t*<2.15), 192 

the crater restores by the surface tension, and the smaller droplet converges towards the axis, 193 

forming a “dome” that nails into the larger droplet; Stage III, the merged droplet continues 194 

oscillating and the jet-like mixing gradually forms with the strengthened interpenetration. It is 195 

noted that, the penetration length increases abruptly during Stage II, indicating that the restoration 196 

of the crater plays a critical role in the jet formation. This is further substantiated by the collision 197 

of n-tetradecane droplets shown in Fig. 2(c), where the smaller droplet remains spreading on the 198 

surface of the larger droplet during Stage II and no jet could be formed eventually. 199 

Fig. 4 shows the evolution of the flow field and the pressure distribution during the crater 200 

restoration and subsequent oscillation for the benchmark case. It is seen that, at the beginning of 201 

the crater restoration, e.g. t*=0.47, the concaved crater effects a significant capillary pressure 202 

gradient directing from its rim to its bottom, and thereby induces a strong converging flow 203 

towards the axis, as shown in Fig. 5. Consequently, the axially outward motion of the crater 204 

mainly carries the liquid from its rim rather than from the axial interior of the droplet, resulting in 205 

the convergence of the smaller droplet towards the axis. At t*=1.12, when the initial crater has 206 

transformed into a convex bulge, the axially outward motion is decelerated by the inward 207 

capillary pressure gradient, and a recirculation zone appears at the bottom of the smaller droplet 208 
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to prevent the penetrated liquid from being pulled back to the surface. During the subsequent 209 

droplet oscillation, as illustrated at t*=2.80 as a representative time, the radially inward retraction 210 

of the interface, manifested by the direction of the pressure gradient, drives the internal fluid to 211 

spread along the axis, and the penetration length is consequently increased. It is noted that, the 212 

bottom of the smaller droplet is not significantly shifted in the sub-figures, and the increase of the 213 

penetration length is therefore mainly ascribed to the retracting motion of the interface. This is 214 

fundamentally different from the inertialess coalescence, in which the internal jet is formed by 215 

the advancing motion of the smaller droplet driven by the capillary pressure difference [21, 32]. 216 

Recognizing the critical role of the surface-tension-driven flow, especially the radially 217 

converging flow during Stage II in facilitating the jet formation, we can explain why such jet-like 218 

mixing was not observed for n-tetradecane droplet collision shown in Fig. 2(c): because of the 219 

high Oh number, the capillary force is largely counteracted by the viscous force, and hence no 220 

significant radial converging flow could be generated. 221 

It is already shown that the impact inertia plays a critical role in forming the crater during 222 

Stage I. Subsequently, the jet formation is caused by the surface-tension-governed oscillation 223 

during Stages II and III. To answer the question that whether or not the inertia is indispensable 224 

during the two later stages, we deliberately devised a contrastive simulation by resetting the 225 

entire flow field of the benchmark case to zero at the beginning of Stage II, as shown in Fig. 6(b), 226 

and found that no jet-like mixing was formed. Compared with the benchmark case in Fig. 6(a), 227 

the restoration of the crater and subsequent oscillation in the contrastive case is much more 228 

intensive, and the smaller droplet only follows the interfacial oscillation without deeply 229 

penetrating into the larger droplet, indicating that significant role of the impact inertia during the 230 

later stages. 231 

Fig. 7 shows the axial velocity distribution within the droplet at the beginning of Stage II of 232 

the benchmark case (t*=0.47). It is seen that, while the center of the crater has started to restore 233 

by surface tension to produce a small upward velocity, a considerable amount of impact inertia 234 

still remains on its rim and thereby generates an axial relative motion in the vicinity of the crater 235 

surface. As discussed above, the restoration of the crater is mainly supplied by the liquid from the 236 

rim rather than from the axially interior of the larger droplet, the remaining inertia along the rim 237 

would largely slow down the crater restoration, as illustrated by the comparison of Fig. 6(a) and 238 
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Fig. 6(b), and provide additional axial stretching motion on the both ends of the penetrated 239 

smaller droplet, which should be responsible for the aforementioned observation of a 240 

recirculation zone at t*=1.12 in Fig. 4. Therefore, in addition to the surface-tension-driven 241 

radially converging flow that transports the spreading smaller droplet towards the axis, the axial 242 

flow motion along the crater caused by impact inertia is also essential in propelling the 243 

penetration to facilitate internal jet formation. This finally explains why such jet-like mixing was 244 

observed in the droplet collision with simultaneously a low Oh number and a considerable We 245 

number. 246 

3.3 Vortex Dynamics during Jet Formation 247 

The above discussion has clarified how the internal jet forms, while it does not answer the 248 

question why such a jet-like mixing is accompanied with a vortex ring that is significantly weaker 249 

than that as observed in the inertialess droplet coalescence, in which the jet-like structure was 250 

found to correlate strongly with a main vortex ring inside the merged droplet [26]. According to 251 

Helmholtz’s third theorem [41], vorticity cannot be generated within the droplet of homogeneous 252 

fluid without a rigid boundary, but it can be generated on the free liquid-gas interface. Therefore, 253 

further attention should be paid to how vorticity is generated on the interface and transported into 254 

the interior of the droplet. 255 

Fig. 8 shows the vorticity distribution within the merged droplet of the benchmark case, 256 

where the three stages in the sub-figures are consistent with the previous classification, and the 257 

vorticity is normalized by *

osct  [26]. As shown in the figure, the formation of the internal jet 258 

is indeed related to the vorticity field, as the leading front of the penetrated smaller droplet is 259 

accompanied with a main vortex of positive intensity, which can been clearly identified at t*=3.0. 260 

Specifically, in the very early time of Stage I, e.g. t*=0.03, the liquid bridge connecting the two 261 

droplets expands rapidly, and a pair of strongly counter-rotating vortices are generated in the 262 

vicinity of the interface, with the anticlockwise one on the smaller droplet side corresponding to 263 

the main vortex. However, as the liquid bridge develops, its concave-shape shortly transforms 264 

into a convex-shape as shown at t*=0.15. Such a transformation of the interface geometry is 265 

critical to the fate of the main vortex, as an opposite pair of counter-rotating vortices are 266 

generated along the newly-formed convex surface and the head of the main vortex is therefore 267 
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detached from the interface. During the subsequent time of Stage I, the head of the main vortex is 268 

passively transported by the droplet spreading while weakened due to unavoidable viscous 269 

dissipation, and the main vortex can be still strengthened by the positive vorticity generation from 270 

its tail to prevent it from accumulating into a concentrated vortex ring. 271 

During Stage II, the radially converging flow generates negative vorticity along the surface 272 

of the crater, and the main vortex is therefore detached integrally from the interface and then 273 

transported into the interior of the droplet. It is noted that, at t*=2.0 when the smaller droplet has 274 

sufficiently penetrated into the larger droplet, the intensity of the main vortex has significantly 275 

weakened compared with that during Stage I. 276 

During Stage III, take one cycle of droplet oscillation for instance, although another vortex 277 

with positive vorticity is generated by the radial retraction along the crater at t*=4.1 and is 278 

detached from the interface at t*=4.5, its subsequent transport to the droplet interior is dominated 279 

by the flow induced by droplet elongation and it cannot deeply penetrate into the droplet to merge 280 

with main vortex. Therefore, the main vortex will be dissipated without being enhanced by the 281 

interfacial oscillation, and its leading front therefore grows thicker instead of developing into an 282 

evident vortex-ring structure. 283 

Finally, to supplement the above disucssion, the jet-like mixing of the nearly inertialess 284 

droplet coalesecne was simulated with the same Oh number and size ratio of the benchmark case 285 

for comparison. Here the We number was set to a small value of 0.1 to trigger coalesence. As 286 

shown in Fig. 9, the formation of the vortex-ring structure observed at t*=1.5 is accompanied with 287 

a main vortex substantially stronger than that of the benchmark case. Regarding the source of the 288 

main vortex, in contrary to the benchmark case with large We number where the main vortex is 289 

formed by the vorticity generation during the liquid bridge expansion, the main vortex in 290 

inertialess droplet coalesence is mainly formed by the significant vorticity generation during the 291 

bugle retraction as illustrated at t*=0.75 in Fig. 9. Secondly, regarding the duration, the formation 292 

of internal jet in droplet collision is an intrinsic consequence of the interfacial deformation and 293 

internal flow motion caused by impact, whose time scale should be estimated by timpact ~ DS/U0. In 294 

contrast, the internal jet formed in inertialess droplet coalescence is driven solely by surface 295 

tension and its timescale should be estimated by 3~ /coalescence osc St t ρD σ . By comparing these 296 



 

12 

 

two timescales, we have 3 2

0 0/ ~ ( / ) / / / ( ) 1/ impact coalescence S S St t D U ρD σ σ ρU D We , which 297 

explains why the formation of internal jet in inertialess droplet coalescence is much faster than 298 

that in droplet collision with We~O(10). As such, for the collision-induced jet-like mixing, since 299 

the main vortex can be only fed by vorticity generation during Stage I, its retarded transport into 300 

the interior of the droplet and the associated excessive dissipation, during the prolonged jet 301 

formation, makes it much less intensive to entrain fluid to form vortex-ring structure in the 302 

mixing pattern. 303 

3.4 Enhancement of Jet-like Mixing 304 

Having understood the mechanism of internal jet formation in the unequal-sized droplet 305 

collision, we further explore how to enhance such jet-like mixing. Particular interest is given to 306 

manipulate the disparity of liquid viscosities to match with the disparity of droplet sizes, which 307 

could be readily realized in many applications, for example the GHP rocket engines where the 308 

fuel and the oxidizer are gelled and injected separately. It is noted that lowering the viscosity of 309 

the smaller droplet rather than that of the larger droplet was found to be much more effective in 310 

enhancing the jet-like mixing formed in inertialess droplet coalescence [21]. Since the 311 

mechanism of internal jet formation is different in the present problem, the applicability of the 312 

same strategy is questionable and merits investigation. 313 

Fig. 10 shows the collision dynamics and internal mixing of droplets at fixed We=20 and 314 

Δ=2.0 while with different viscosities. To account for the differences in the droplet viscosity, we 315 

use /S S l SOh μ ρ D σ  and /L L l SOh μ ρ D σ  to denote the Oh number of the smaller 316 

droplet and the larger droplet, respectively. As shown in Fig. 10(a) with OhS=OhL=0.1, the high 317 

viscous dissipation greatly suppresses the droplet deformation and no significant mixing is 318 

resulted. If OhS is decreased to 0.01, as illustrated in Fig. 10(b), the smaller droplet would spread 319 

much more widely on the surface of the crater, but it could not further converge into the interior 320 

of the larger droplet to form a jet during the subsequent droplet oscillation. As a result, the 321 

successful strategy of mixing enhancement for inertialess droplet coalescence is inapplicable to 322 

the present problem. 323 

Remembering that the formation of the internal jet requires both the radially converging 324 

flow to detach the smaller droplet from the crater surface and the considerable axial flow to drive 325 
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the penetration of the smaller droplet, we may hypothesize that lowering the viscosity of the 326 

larger droplet will strengthen these flows and thereby facilitate the jet-like mixing. As shown in 327 

Fig. 11, compared to the case (a) with OhS=OhL=0.1, the decrease in the viscosity of the larger 328 

droplet indeed facilitates the internal jet formation, as dome-like mixing is observed with 329 

OhL=0.02 and jet-like mixing emerges with OhL=0.002. In Fig. 11(c), the internal jet could be 330 

rapidly formed during Stage II, as the larger droplet of small viscosity is able to retain 331 

considerable kinetic energy and thereby to strongly wedge the smaller droplet of large viscosity 332 

from the outer edge. 333 

The above investigation suggests that the strategy of facilitating jet-like mixing for droplet 334 

collision should be fundamentally different from that for inertialess droplet coalescence, and the 335 

lower-viscosity liquid should be sprayed into droplet with larger sizes instead of the opposite way 336 

as reported in Ref. [21]. 337 

4. Concluding Remarks 338 

In the present study, the jet-like mixing in the high-We-number collision of unequal-sized 339 

droplets was numerically investigated by using the lattice Boltzmann method. The phase-field 340 

multiphase model was employed to capture the liquid-gas interface, and massless particles were 341 

tracked by using the 4th-order Runge-Kutta method to visualize the internal mixing of the droplet. 342 

The simulation successfully reproduced the previous experimental observations of internal jet 343 

formation in the collision of water droplets and n-tetradecane droplets. 344 

The simulation shows that the internal jet is formed during the restoration of the 345 

collision-generated crater and the subsequent droplet oscillation. Two critical flow motions are 346 

identified, namely the capillary-pressure-driven radially converging flow during the crater 347 

restoration, which detaches the spreading smaller droplet from the surface towards the axis, and 348 

the axial relative motion along the crater surface resulted by the remaining impact inertia, which 349 

generates additional stretching effect on the both ends of the penetrated smaller droplet. The 350 

generation and development of both flows require low Oh number and high We number, at which 351 

the jet-like mixing was only observed. 352 

The vortex dynamics analysis shows that the jet-like structure is correlated with the 353 

evolution of a main vortex ring, which is formed by the vorticity generation on the interface 354 
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during initial impact, and transported into the droplet interior during subsequent droplet 355 

oscillations. However, compared with the previously studied inertialess droplet coalescence, in 356 

which the bulge retraction generates a significant amount of vorticity and a shorter duration for 357 

jet formation, the weaker main vortex in high-We-number droplet collisions are less capable of 358 

inducing evident vortex-ring structure. 359 

With the understanding of the mechanism for internal jet formation, parametric studies were 360 

conducted by manipulating the disparity of liquid viscosities to match with the disparity of 361 

droplet sizes and to explore the possible strategy for mixing enhancement. The results show that, 362 

in contrast with the inertialess droplet coalescence, the collision of a larger droplet with lower 363 

viscosity with a smaller droplet with higher viscosity tends to facilitate the jet-like mixing. 364 
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 459 

Fig. 1. Specifications of computational domain and boundary conditions. 460 
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 461 

Fig. 2. Experimental verification of the collision dynamics and internal mixing of unequal-sized droplets. (a) 462 

water, Δ=2.43, We=17.2, Oh=0.0073, (b) water, Δ=2.77, We=20.7, Oh=0.0064, (c) tetradecane, Δ=2.86, We=63, 463 

Oh=0.033. The experimental images are adapted from Ref. [32]. 464 
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 465 

Fig. 3. Evolution of the penetration length of the smaller droplet into the larger droplet. (a) definition of the 466 

penetration length h, (b) time evolution of the penetration length for case (a) in Fig. 2.  467 
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 468 

Fig. 4. Evolution of the flow field and the pressure distribution during Stage II for the benchmark case. In the 469 

sub-figures, the left halves denote the flow field and the mixing pattern, and the right halves the pressure 470 

distribution.  471 
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 472 

Fig. 5. The tangential velocity on the interface of the concaved crater at t*=0.47 of the benchmark case.  473 
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 474 

Fig. 6. Comparison of (a) the benchmark case and (b) a contrastive case by resetting the entire flow field to zero 475 

at the beginning of Stage II.  476 
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 477 

Fig. 7. The axial velocity distribution within the droplet at the beginning of the crater restoration (t*=0.47) of 478 

the benchmark case.  479 
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 480 

Fig. 8. The vortex dynamics for the benchmark case at We=17.2, Oh=0.0073, and Δ=2.43. In the sub-figures, 481 

the left halves denote the mixing, and the right halves the vorticity distribution.  482 
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 483 

Fig. 9. The vortex dynamics of droplet coalescence at We=0.1, Oh=0.0073, and Δ=2.43. In the sub-figures, the 484 

left halves denote the mixing, and the right halves the vorticity distribution.  485 
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 486 

Fig. 10. Collison dynamics and internal mixing of droplets at different Oh numbers (a) OhL=OhS=0.1, (b) 487 

OhL=0.1, OhS=0.01, and fixed We=20 and Δ=2.0.  488 
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 489 

Fig. 11. Collison dynamics and internal mixing of droplets at different Oh numbers (a) OhS=OhL=0.1, (b) 490 

OhS=0.1, OhL=0.02, (c) OhS=0.1, OhL=0.002, and fixed We=20 and Δ=2.0. 491 




