Impingement, coalescence and mixing of micro-droplets on a solid surface
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Abstract
The coalescence of an impinging droplet colliding with a sessile droplet at an angle(θi) is investigated by numerical simulation. The range of θi is 0° - 60° and the surface wettability are set as hydrophilic or hydrophobic, and both of them can affect the droplet mergence behavior. By using a modified mixing function, the dimensionless total mixing time τm can be calculated. The results show that there is no clear effect of θi on τm on a hydrophobic surface, while τm increases as θi increases on the hydrophilic surface. With the Weber number(We) ranging from 5.65 to 22.7 and the Ohnesorge number(Oh) ranging from 0.136 to 0.214, we find τm hardly changes with We and Oh. By dividing the mergence and mixing process in a convection and a diffusion stage, we find that the diffusion is much larger than the convection time. 
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1. Introduction
Droplets impinging on solid surfaces is common in industrial and technological processes, such as electro-spraying1, 2 , inkjet printing3, 4, drug delivery5, and self-cleaning6. The coalescence dynamics and the mixing of the liquid contained in the merging droplets have drawn lots of attention because of its practical significance. Recently, a convenient method to administer sprayable drugs for post-surgical cancer treatment was reported7. In this method, the fibrinogen solution and thrombin solution are sprayed in the form of microdroplets onto the tumour surface respectively. This mixture forms a gel which helps in inhibiting local tumour recurrence and the development of distant tumours. Another example is electrospray where the interaction between droplets on the surface plays an important role for a precise control of film thickness and surface uniformity. 
Generally, there are three types of impingement and coalescence of two droplets on a surface, dependent on their relative position when approaching the surface, see Figure1. (1) the two drops impinge on the surface simultaneously; (2) the successive droplets impinge on the surface; (3) the first drop is in a sessile and equilibrated state on the surface and is hit by the second incoming drop. Here, we review the literature associated with the last, “long spacing” case (Figure 1c).
When the spacing is large enough, the leading droplet can be regarded as stationary (sessile) when the impinging droplet collides with it. In this case, the impinging droplet could rebound or coalesce after collision. During the coalescence process, there are generally three stages, namely film drainage8, 9, film rupture and the bridge growth10. In the case of a head-on collision (the left side scenario of Figure 1c), Wang11 et al experimentally found adhesion between two droplets when the impinging droplet rebounds or coalesces. Fujimoto et al.12 observed a circular liquid crown at the bottom of the second droplet after a head-on collision with the sessile drop, which is on account of a large pressure gradient near the free surface. Castrejón-Pita et al.13 found a vortex ring when the sessile droplet is sufficiently large compared with the impinging droplet via particle-based visualization in a lattice Boltzmann framework. In the experiment conducted by Kumar14, partial coalescence, which involves the formation of a secondary drop, occurred when the ratio of the volume of the sessile droplet to that of the impacting droplet is greater than two. 
As for offset collision (Figure 1c – the middle scenario), the offset ratio (L/Ds) was defined to evaluate the lateral offset extent between the impinging and sessile droplets, where L is the center-to-center distance between two droplets along the x-axis and Ds is the diameter of sessile droplet’s footprint. Moon et al.9 experimentally found the critical Weber number (We) above which only coalescence occurs and this We decreases with an increase in the offset ratio. In their work, a rotational motion of the droplet was observed, and this motion can lead to the narrowing of the film between droplets. Lee et al.15 studied the effect of the offset ratio on line-printing for various droplet viscosities. High viscosity liquids produce well-connected lines even under largest offset ratio (L/Ds=1) while the decreasing viscosity causes a disconnection which is undesired in line printing. Sarojini et al.3 identified four different time regimes during coalescence and developed a semi-analytical formula to predict the droplet spreading for various offsets in ink jetting. When the surface is superhydrophobic, it was found that the merged droplet detached from the surface16, 17, indicating the good self-cleaning property of superhydrophobic surfaces. 
If coalescence occurs, the time scales and levels of liquid mixing in the merged drop have been studied experimentally and computationally by a number of researchers. Castrejón-Pita et al.13 studied the mixing between glycerol and water droplets with a size of the order of 1mm by coloration method. They suggest that mixing can be improved by stretching and folding the droplets. By means of laboratory experiments and numerical simulations, Sykes et al.18 found that the mixing can be improved by the formation of the internal jet. The influence of substrate wettability, the volume ratio and droplet viscosity on the formation of the jet were studied.
For the better understanding of the mixing performance of coalescing droplets on a surface, micro-PIV and micro-LIF techniques are widely applied for droplets of millimeters size. Micro-PIV is a useful tool to track the internal flow of the merged droplets while micro-LIF visualizes mixing patterns. Yeh et al.19 found a mushroom-shaped mixing pattern in droplets after a direct collision on a wettability gradient surface through the micro-LIF technique. Additionally, they used the mixing index Mi to quantify the evolution of a mixing process, where Mi is defined as:
	
	(1)


with Ccy the 3D time-dependent distribution of the concentration of the marker (Cy-5-labeled oligonucleotide) and C0 and C∞ the concentrations of a fully unmixed and a fully mixed droplet, respectively. Therefore, Mi =1 indicates complete mixing whereas Mi =0 represents an unmixed droplet.
For small length scales, simulation is a good way to study droplet mixing. Through molecular dynamics (MD) simulations, Pak et al.20 studied the mixing of water nanodroplets in three dimensions. In their study, the mixing function m(τ) along one Cartesian coordinate direction x was calculated as follows:

		(2)

where, is the average squared x coordinate of the water molecules in region a, where region a stands for interfacial (I) or bulk (B) and all stands for all molecules in the merged droplets. Analogous definitions of m(τ) apply to the y and z coordinate. The mixing is completed when the value of m(τ) in three coordinates stabilizes at 1. This is a method suitable for particle-based simulation. 
From the literature reviewed above, we see that the interaction between the droplets plays an important role in the final result of droplets impingement, including product quality. Most of the numerical works performed so far focus on vertical impingement. Studies of an impinging droplet colliding with a sessile droplet under an angle are limited. Such systems are the focus of the present work. 
We have conducted three-dimensional many body dissipative particle dynamics method (MDPD) simulations to investigate the effect of impingent angle on droplets coalescence and mixing on surfaces with different wettability. Inertial effects and effects of droplet properties such as droplet velocity and viscosity have also been considered. These have been quantified in terms of Weber number (We) and Ohnesorge number(Oh). All the simulations in this work are programmed in a modified MDPD code based on the LAMMPS21 framework. 
The rest of this paper is organized as follows: the numerical method and parameters applied in this study are given in Section 2. The results and discussion are described in Section 3, where we first study the droplet coalescence behavior through snapshots, time series of contact points and the velocity field plots. Then the mixing performance are estimated by mixing time, including the duration of convective stage and the total mixing time. Thirdly, the influence of impingement angle, surface wettability, Weber number and Ohnesorge number on the total mixing time is studied. Finally, conclusions are provided in Section 4. 

2.Numerical method
2.1 MDPD method

The MDPD method is a modification of the original dissipative particle dynamics (DPD) method with the purpose of simulating the coexistence of vapor and liquid22-24. Examples include fluid flow in nanoporous shales25, droplets on solid surfaces26-28 and gas bubble dynamics29, 30. In MDPD, particles interact via forces. The interaction force Fij between particle i and particle j has three contributions: 23.


The dissipative force and random force are the same as in the standard DPD method31. They are expressed as

	 	(3)

	 	(4)
where γ is the friction coefficient, δ is the noise amplitude; νij=νi –νj, rij = |rij|= ri –rj stand for the relative velocity and distance between two particles i and j, respectively; eij= rij / |rij| denotes the unit vector from particle j to particle i. A common choice for the weight function wR(rij) is wR(rij)= 1 − rij/rC. The fluctuation-dissipation theorem is satisfied when δ2=2γkBT and wD(rij)=[wR(rij)]2, where kB is the Boltzmann’s constant and T is the system temperature31.

The conservative force  is defined as

	 	(5)


where  represents the long-range attractive part and  represents the short-range repulsive part. Generally, Aij<0 and Bij>0. The weight function wC(rij) = 1 − rij/rC and wd(rij) = 1 − rij/rd with the cutoff range rc and rd. 


The local density ρ at the location of particle i can be obtained by where ,according to Ref23 and Ref32.

2.2 Simulation setup
The schematic representation of our simulation system is depicted in Figure 2 with two droplets of the same liquid. In the present study, the interaction parameters between liquid particles are the same as in our pervious report33, which was on the interaction of droplet with patterned surfaces, i.e. Aij = −40, Bij = 25, rc=1.0, and rd = 0.75. For this set of parameters, the density and the surface tension of the liquid are determined to be ρ=6.09 and σ=7.51 based on individual simulations following the methods according to literatures33, 34. The scaling coefficients between the physical and MDPD units are LMDPD = 1.32 × 10−6 m, MMDPD = 4.01 × 10−16 kg, and TMDPD = 2.31 × 10−7 s according to our pervious report33. The substrate is made of frozen particles and the bounce-forward35 boundary condition is applied. The impinging droplet of radius RC =14 consists of 69849 MDPD particles and the sessile droplet has the same volume, density ρ, surface tension σ and dynamic viscosity μ as the impinging droplet. 

In this simulation, the Bond number  (g the gravitational acceleration) is much smaller than 10-3 so that the effect of gravity has been neglected. A standard velocity-Verlet algorithm was used for the simulation and the time step was set to 0.01 in MDPD unit33.
The simulations have been performed in a three-dimensional computational domain of size 150 × 100 × 70, with periodic boundary condition in the x and y direction with the coordinate system defined in figure 2. First, the sessile droplet is obtained by releasing a spherical droplet to the substrate without velocity. After the droplet reaches an equilibrium state with a static contact angle θc, the impinging droplet, with a velocity of U0 and a certain impingement angle θi, is loaded into the calculation box. The angle between vertical line and the line connecting the center of the impinging droplet and the center of the footprint of the sessile drop is set as θi. as shown in Figure 2. Time is normalized as τ = tσ/(μRc), where t is the MDPD time. In all cases, the minimum distance between the surfaces of two types of particles is set to 1rc, and the simulation is initialized under this condition. More settings detail is shown in Table1.

3.Results and discussion
3.1 Droplet coalescence behavior
In this section, we focus on an impinging droplet coalescing with a sessile droplet under different impingement angles. The Weber number of the impinging droplet has been fixed to We =22.7 and the Ohnesorge number to Oh=0.136. The wetting property of the substrate are set as hydrophilic (θc=45°) or hydrophobic (θc=124°). 
Impressions of the coalescence process under the various conditions are shown in Figure 3. The momentum exchange between the liquid in the two coalescing drops gives rise to a moving three-phase contact line. This has been quantified in Figure 4 that shows time series of the outer left and right points on the contact line as well as of the center of the drop’s footprint on the surface. Strong droplet deformations are observed for τ20. During later times, deformations are much less. The hydrophobic merged drop, however, keeps sliding in the negative x-direction over the surface until τ100 for non-zero impingement angles as a result of the negative x-momentum of the incoming drop (see Figure 4). The sliding distances for hydrophilic drops are at least one order of magnitude less due to their much stronger adhesion with the substrate. The head-on and small-angle collisions of the hydrophobic drops give rise to oscillations of the three-phase contact line with a temporary retraction which is strongest at τ20. 
Further insight in the flow dynamics inside the drop has been obtained by visualizing its velocity field, as done in Figure 5. For this we need to ensemble-average. If we take a single realization, the velocity field is overwhelmed by random thermal motion of the molecules (as in Figure 5a). For this reason, we repeat the impingement process 50 times, each with a different, statistically independent initial randomization. The result is the velocity field in Figure 5b. If we subtract the average velocity of the drop we arrive at Figure 5c that shows that the impingement generates an internal recirculation in the hydrophobic drop at τ14. 
The velocity fields in the hydrophilic drop (Figures 5e and f) show a recirculation at short times (τ5) but not anymore at τ14. Apparently the stronger adhesion and smaller wall normal length scales of the hydrophilic drop dissipate internal flow much faster as compared to the hydrophobic drop.
3.2 Mixing performance
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The mixing of two miscible droplets is achieved through convective mass transfer (organized motion of molecules) and diffusive mass transfer (random motion of molecules). A common method to estimate the mixing performance experimentally in the stage of diffusive mass transfer is the mixing index (see Eq. 1). Three dimensional experimental evaluation of the convective stage is limited due to the limitation of sampling rate and concentration distribution reconstruction efficiency after a complete 3D scan36. However, this drawback can be overcome in a simulation. 

First the mixing performance in the stage of convective mass transfer is evaluated by tracking the kinetic energy of the impinging droplet. The variation of scaled kinetic energy , together with the variation of the velocity of the impinging droplet in three directions is shown in Figure 6. Here, the kinetic energy of the imping droplet Ek is calculated by  
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where, N is the particle number in the impinging droplet. And the scaled kinetic energy is defined as.



As shown in the figure, there is fluctuation of  when decreases in the cases of droplets on hydrophobic surface at θi=0° and θi=30°. This is because of the release of excess surface energy when the two droplets merge into one. This energy is converted to the kinetic energy. More specifically, this converted kinetic energy generally results in the velocity component normal to the surface. However, due to the adhesive power between droplet and surface, the merged droplet cannot detach, thus  stabilizes at zero finally. 

We assume that the convective mixing stage is over when the kinetic energy of the impinging droplet is low enough,  < 10-3. We find that the value of τc in the case of hydrophobic surface are all larger than that in the case of hydrophilic surface. This is because the attraction between hydrophilic surface and liquid particles is larger than that between hydrophobic surface and liquid particles, and this attraction hinders convection in the droplet. Additionally, the value of τc increases as the impingement angle θi increases. This is because of the increase of initial velocity in the horizontal direction vx, and the time required for the droplet to halt increases under the same surface condition. 
The variation of droplet velocities can also indicate that there is diffusion of droplet particles. When collision happens, the particles in the impinging droplet move towards the sessile droplet as the velocities of impinging droplet decreases. However, the particles motion in y direction cannot be illuminated in Figure 6, since the collision is symmetric about the x-z plane, which results in the value of the mean velocity in y direction remains zero all the time.
Figure 7 shows the mixing inside the merging droplets in terms of concentration contours of the liquid of the sessile droplet. The way this concentration is extracted from the simulations is shown in Figure 8. First, a slice with the thickness of 1 on the x-z plane (y∈[-0.5, 0.5]) is extracted from the merged droplet (Figure 8a), and then this slice is divided into cubes with a side length of 1 (Figure 8b). By counting the number of particle belonging to the impinging and sessile droplet respectively, the concentration of sessile droplet in this cube can be calculated. Finally, the instantaneous concentration field in the merged droplet can be obtained by averaging 50 cases with different random seeds. Here, the local mixing is illustrated by the variation of concentration of sessile droplet, C1; a value of 0.5 implies a full mixing, whereas C1=0 or C1=1 indicates complete segregation. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]When the droplets make contact initially, the interface is well-defined (τ = 0.55). After some time (τ = 3.85- 110.1), the interface becomes indistinct and the mixed area (C2 ≈ 0.5) increases around the interface as a result of diffusion. This phenomenon can be observed under different condition, see Figure 7. For head-on collision, the mixed area appears in the middle for hydrophobic surface with the liquid particles diffusing up and down; whereas the mixed area appears at the edge of the merged droplet as the liquid particles diffuse radially. For the asymmetric collision, the mixed area also shows asymmetry, where the leading part of sessile droplet and trailing part of impinging droplet are still unmixed (τ = 22.02). However, as can be seen in this figure, the droplet is still not fully mixed when the convective mixing stage is over.
The total mixing time of two droplets are indicated by the mixing functions derived by Pak et al.20, based on the distribution of liquid molecules in three-dimensional space: 

	 	(7)



here, a is the sessile droplet part(S) or impinging droplet part(I), and “all” represents the merged droplet part. By calculating the average of square of particles’ coordinate(,,and) in three dimensions, the particles can be regarded as completely mixed when the mx,a(τ) = my,a(τ) = mz,a(τ)=1. In calculating the value of m(τ), we take the center of the footprint of the sessile drop as the origin of the coordinate system. 
The variation of m(τ) value with time is plotted in Figure 9. For head-on collision, the change of mx(τ) and my(τ) with time are the same, indicating the same mixing rate in both x and y direction. For θi > 0 cases, the values of mx(τ) and mz(τ) decline rapidly (τ = 0 to τ = 10) due to quick movement of the particles from impinging droplet to sessile droplet as soon as the collision began.
Additionally, we also learn that the droplets are not fully mixed in the convective stage, since the m(τ) does not stabilize at 1 after τ reaches τc (τc is shown in Figure 6). It still takes a long time to reach full mixing, and after τc the molecular diffusion dominates the mixing process. 
The dimensionless total mixing time of the droplet under different Weber number(We) and Ohnesorge numbers(Oh) is plotted in Figure 10a, where We is tuned by changing the droplet velocity U0 and Oh is tuned by changing the droplet viscosity μ. We can see that We and Oh hardly have an effect on τm. The mixing time of hydrophobic droplets is smaller than hydrophilic droplets, and the mixing time increases as impinging angle θi increases on a hydrophilic surface.
In order to interpret the above phenomena, we counted the flow time and the diffusion time respectively of all simulation cases. As shown in Figure 10(b) and(c), we can see that the flow time is much smaller than diffusion time, which means the total mixing time is dominated by the diffusion time. However, the flow eventually determines the initial state of the diffusion process as shown in Figure 11, which affects the total mixing time.
We did a rough estimation of diffusion time by the squared diffusion length divided by self-diffusion coefficient, where the self-diffusion coefficient(D) can be determined through the Einstein equation37: 
	
	(8)


where the Mean-Square-Displacement of the freely diffusing particle along the time (MSD(t)) can be written as 

	 	(9)
where ri(t) − ri(0) is the vector distance traveled by a given particle over the time interval. From this method, we can get the self-diffusion coefficient for the case Oh=0.136 is D=0.0615 and for the case Oh=0.214 the diffusion coefficient is D=0.039. 
Diffusion distance is another important element in determining the diffusion time. Figure 11 shows the concentration distribution under different impinging angle at the end of the convection stage. We believe that the diffusion distance is related to the concentration distribution. Thus we count the percentage of particles in the concentration range of 0 to 1.0 for each case, seen in Figure 12 as an example. In the figure, if C1>0.5, the largest percentage occurs at C1=0.85; If C1<0.5, the largest percentage occurs at C1=0.2, which means most particles is in the concentration of C1=0.85 and of C1=0.2. Thus, the above two concentration value more or less represent the bulk concentration for the case [θc=124° θi=30° Oh=0.136 We=22.7]. We then identify the largest distance between C1=0.85 and C2=0.2 in each situation at the end of the convection stage. These are indicated as the dashed line pieces in the panels of Figure 11. Then we define half that distance as diffusion distance. 
For the hydrophilic cases we notice that horizontal concentration gradients largely exist in the near wall layer when θi≥45°. And in these cases, when we counted the percentage of particles in the concentration range, only the particles closed to the surface (within 0.5rc) are considered. 
The estimated diffusion time are shown in Figure 10(c) in bar with black frame. Comparing with the diffusion time calculated by the total mixing time minus flow time, the trend of the diffusion time along the impinging angle has been captured. Since we consider the diffusion distance as the distance over a concentration difference of the majority of particles, a small part of particle whose diffusion distance larger than majority’s has not been considered, which results in the underestimation of diffusion time in some cases.


Conclusion
The coalescence of one droplet impinging under an angle θi on a sessile droplet is a common phenomenon. In this work, it is investigated through a particle-based simulation method, many-body dissipative particle dynamics(MDPD). The focus of this work is to understand the mergence and mixing of droplets on the surface.
The snapshots, the temporal histories of contact edge and horizontal displacement of the merged droplet helps to show droplets behavior during the collision. We find that the merged droplets travel faster and further on hydrophobic surface than that on hydrophilic surface, and there is a larger migration displacement along with larger θi. By an ensemble-averaged method, it is shown that an internal recirculation inside the merged droplets is generated during the impingement. 
The mixing performance can be characterized by the mixing time and the mixing effect. The mixing process consists of the convection dominated stage and the diffusion dominated stage. By visualizing the concentration of sessile droplet in the merged droplet, the mixed area is found around the collision interface and increases along with the time as a result of diffusion, whereas the merged droplets are still not fully mixed even if the convective stage is over.
The dimensionless total mixing time τm is determined by a modified mixing function. We find the Weber number and the Ohnesorge number hardly have an effect on τm. If the solid surface is hydrophilic, θi can affect the mixing time; the larger the impingement angle, the larger the mixing time. 
To understand the determinants of τm, the flow time and the diffusion time are calculated respectively. It shows that the flow time is much smaller than diffusion time, indicating that the total mixing time is dominated by the diffusion time. A rough estimation of diffusion time is proposed, which depends on the concentration distribution at the end of the convection stage. The trend of the diffusion time with the impinging angle has been captured correctly, showing verification of this estimation method. We realize that the flow eventually determines the initial state of the diffusion process which subsequently determines the overall mixing time.
This work concentrates on the study of droplet coalescence on a homogeneous surface. Inhomogeneous surfaces are common in nature and industrial applications, so that droplets impinging and coalescing on such surfaces is worth investigating in the future. 
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Table and Figure captions
Table 1. Parameters settings in MDPD simulations
Figure 1. Schematic representation of spatial distributions of two droplets impact on a surface.
Figure 2. Schematic of an impinging droplet impact on a sessile droplet with an impingement angle θi.
[bookmark: OLE_LINK6]Figure 3. Snapshots of droplet impingement on a sessile droplet with various impingement angles θi on (a) hydrophobic surface and on (b) hydrophilic surface.
Figure 4. Time series of contact points (as defined in Figure 2) displacement of merged droplet on (a) hydrophobic surface and (b)hydrophilic surface. xc= (xr + xl)/ 2
Figure 5. (a-c) Velocity fields inside merged droplets on hydrophobic surface. (a) Single realization. (b) Ensemble averaged realization. (c) Ensemble averaged velocity field relative to the average velocity of droplet  (, N the particle number in merged droplets). (d) and (e) ensemble averaged velocity field relative to the average velocity inside the merged droplet on a hydrophilic surface. The impingement angle(θi) equals 45°.


Figure 6. The mean velocity  and the scaled kinetic energy  of the impinging droplet as a function of time. τc indicate the when the . Left hydrophobic, right hydrophilic. The Weber number(We) equals 22.7, and Ohnesorge number(Oh) equals 0.136.
Figure 7. The instantaneous concentration of sessile droplet on (a) hydrophobic surface and (b) hydrophilic surface. The Weber number(We) equals 22.7 and Ohnesorge number(Oh) equals 0.136.
Figure 8. Schematic diagram of calculation method of concentration profile field in a cross section of the merged drop.
Figure 9. Mixing progress of the droplets on hydrophobic surface (left column) and hydrophilic surface (right column) expressed in terms of the m(τ) functions. The Weber number(We) equals 22.7 and Ohnesorge number(Oh) equals 0.136. Since m(τ) cannot exactly become equal to one, we obtained τc when |1- m(τ)| ≤0.01.
Figure 10. (a)Total mixing time, (b)flow time of the droplets under different conditions, where the error bar represent one standard deviation. (c)Diffusion time of the droplets derived by total mixing time minus flow time. The hollow bar with black frame is the estimation value.
Figure 11. The determination of diffusion length on (a-d) hydrophobic surface and on (e-h) hydrophilic surface when Oh=0.136 We=22.7 after convective stage is over. A dash line represents one distance from the main high concentration location to the main low concentration location, where the main high concentration location and main low concentration location is dependent on the concentration distribution (see Figure 12). And this distance equals twice the diffusion distance df.
Figure 12. The particle number fraction over a range of concentrations for the case [θc=124° θi=30° Oh=0.136 We=22.7]. The concentration interval is 0.05. The largest particle number fraction occurs at C1=0.85 if C1>0.5 and C1=0.2 if C1<0.5


Table 1
Table 1. Parameters settings in MDPD simulations
	description
	MDPD units
	Physical units

	Radius, Rc
	14
	18.5 μm

	density, ρ
	6.09
	1056 kg/m3

	Surface tension, σ
	7.51
	56.5 mN/m

	dynamic viscosity, μ
	4.872
	0.0064 Pas

	
	7.649
	0.01 Pas

	static contact angle, θc
	45°,124°

	impinging angle θi.
	0°, 30°, 45°, 60°

	
Weber number,
	5.68, 22.7

	
Ohnesorge number,  
	0.136, 0.214



Figure1
[image: Figure1]
Figure 1. Schematic representation of spatial distributions of two droplets impact on a surface.


Figure 2
[image: figure2]
Figure 2. Schematic of an impinging droplet impact on a sessile droplet with an impingement angle θi.


Figure 3
[image: Figure3]
Figure 3. Snapshots of droplet impingement on a sessile droplet with various impingement angles θi on (a) hydrophobic surface and on (b) hydrophilic surface.



Figure 4
[image: figure4]
Figure 4. Time series of contact points (as defined in Figure 2) displacement of merged droplet on (a) hydrophobic surface and (b)hydrophilic surface. xc= (xr + xl)/ 2


Figure 5
[image: figure5]
[bookmark: _GoBack]Figure 5. (a-c) Velocity fields inside merged droplets on hydrophobic surface. (a) Single realization. (b) Ensemble averaged realization. (c) Ensemble averaged velocity field relative to the average velocity of droplet  ((, N the particle number in merged droplets). (d) and (e) ensemble averaged velocity field relative to the average velocity inside the merged droplet on a hydrophilic surface. The impingement angle(θi) equals 45°.




Figure 6



Figure 6. The mean velocity  and the scaled kinetic energy  of the impinging droplet as a function of time. τc indicate the when the . Left hydrophobic, right hydrophilic. The Weber number(We) equals 22.7, and Ohnesorge number(Oh) equals 0.136.

Figure 7
[image: Figure7]
Figure 7. The instantaneous concentration of sessile droplet on (a) hydrophobic surface and (b) hydrophilic surface. The Weber number(We) equals 22.7 and Ohnesorge number(Oh) equals 0.136.


Figure 8

Figure 8. Schematic diagram of calculation method of concentration profile field in a cross section of the merged drop.


Figure 9
[image: figure9]
Figure 9. Mixing progress of the droplets on hydrophobic surface (left column) and hydrophilic surface (right column) expressed in terms of the m(τ) functions. The Weber number(We) equals 22.7 and Ohnesorge number(Oh) equals 0.136. Since m(τ) cannot exactly become equal to one, we obtained τc when |1- m(τ)| ≤0.01.



Figure 10

Figure 10. (a)Total mixing time, (b)flow time of the droplets under different conditions, where the error bar represent one standard deviation. (c)Diffusion time of the droplets derived by total mixing time minus flow time. The hollow bar with black frame is the estimation value.

Figure 11
[image: Figure12_DiffusionEstimate]
Figure 11. The determination of diffusion length on (a-d) hydrophobic surface and on (e-h) hydrophilic surface when Oh=0.136 We=22.7 after convective stage is over. A dash line represents one distance from the main high concentration location to the main low concentration location, where the main high concentration location and main low concentration location is dependent on the concentration distribution (see Figure 12). And this distance equals twice the diffusion distance df.


Figure 12
[image: Concentration]
Figure 12. The particle number fraction over a range of concentrations for the case [θc=124° θi=30° Oh=0.136 We=22.7]. The concentration interval is 0.05. The largest particle number fraction occurs at C1=0.85 if C1>0.5 and C1=0.2 if C1<0.5
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Abstract


 


The coalescence of an impinging droplet col


liding with a sessile droplet at an angle(


θ


i


) 


is investigated by numerical simulation. The range of 


θ


i


 


is 0° 


-


 


60° and the surface 


wettability are set as hydrophilic or hydrophobic, and both of them can affect the droplet 


mergence behavior. By using a modified 


mixing


 


function, the dimensionless to


tal 


mixing time 


τ


m


 


can be calculated. The results show that there is no clear effect of 


θ


i


 


on 


τ


m


 


on a hydrophobic surface, while 


τ


m


 


increases as 


θ


i


 


increases on the hydrophilic 


surface. With the Weber number(


We


) ranging from 5.65 to 22.7 and the Ohnesorge 


number(


Oh


) ranging from 0.136 to 0.214, we find 


τ


m


 


hardly changes with 


We


 


and 


Oh


. 


By dividing the mergence and mixing process in a convection and a diffusion stage, we 


find that the diffusion is much larger than the convection time. 


 


 


Keywords: 


D


roplets mi


xing, droplets mergence, droplet impingement, many


-


body dissipative 


particle


 


dynamics


 


 




Impingement, coalescence and mixing  of   micro - droplets on a  solid surface   Guina Yi   a,b , Ziqi Cai   a,b,* , Zhengming Gao a,b,* , J.J. Derksen  c   a   Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University of Chemical Technolog y,  Beijing 100029, China   b   State Key Laboratory of Chemical Resource Engineering, School of Chemical Engineering, Beijing University of Chemical  Technology, Beijing 100029, China   c   School of Engineering, University of Aberdeen, Aberdeen AB24 3UE, UK   * Corre sponding authors.   Tel: +86 - 10 - 6441 - 9171; Fax: +86 - 10 - 6444 - 9862.   E - mail address:  caiziqi@mail.buct.edu.cn  (Ziqi Cai) ,   gaozm@mail.buct.edu.cn   (Zhengming Gao).   Abstract   The coalescence of an impinging droplet col liding with a sessile droplet at an angle( θ i )  is investigated by numerical simulation. The range of  θ i   is 0°  -   60° and the surface  wettability are set as hydrophilic or hydrophobic, and both of them can affect the droplet  mergence behavior. By using a modified  mixing   function, the dimensionless to tal  mixing time  τ m   can be calculated. The results show that there is no clear effect of  θ i   on  τ m   on a hydrophobic surface, while  τ m   increases as  θ i   increases on the hydrophilic  surface. With the Weber number( We ) ranging from 5.65 to 22.7 and the Ohnesorge  number( Oh ) ranging from 0.136 to 0.214, we find  τ m   hardly changes with  We   and  Oh .  By dividing the mergence and mixing process in a convection and a diffusion stage, we  find that the diffusion is much larger than the convection time.      Keywords:  D roplets mi xing, droplets mergence, droplet impingement, many - body dissipative  particle   dynamics    

