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Abstract:

The hydrodynamics and mixing during the nonaxisymnynienpingement of a micro-droplet and a sessile
droplet of the same fluid are investigated by mbhagly dissipative particle dynamics (MDPD) simulatio
In this work, the range of the impingement angi¢ ljetween the impinging droplet and the sessil@ldto
is 0° - 60° and the contact angle is set as 45£2df. The droplets impingement and mixing behaisor
analyzed based on the droplet internal flow fie¢hds concentration distribution and the time scdl¢he
decay of the kinetic energy of the impinging droplhe dimensionless total mixing timag is calculated by
a modifiedmixing function. With the Weber numb&#) ranging from 5.65 to 22.7 and the Ohnesorge
numberQh) ranging from 0.136 to 0.214, we fing, hardly changes witte and Oh. Whereasg; and
surface wettability are found to have a significafiect onz,,. We find thatd; has no clear effect om, on a
hydrophobic surface, while on the hydrophilic suefa,, increase with thé;. Thus, reducing the impinging

angle is a valid method to shorten the total mixingg.

Keywords: droplets impingement, mixing behavior, mixing timegncentration distribution, many-body

dissipative particle dynamics.

Highlights

e Impingement on sessile micro-droplet with diffarenpinging angles was simulated
e Convective time, diffusion time and total mixinme were determined quantitatively
e Influence factors on the dimensionless dropletimgixime were discussed

e Mixing time can be shortened by reducing the irgjsig angle
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1. Introduction

Droplets impinging on solid surfaces is common ndustrial and technological processes, such as
electro-spraying[1] , inkjet printing[2, 3], druglivery[4], and self-cleaning[5]. Generally, theaee three
types of impingement and mixing of two droplets asolid surface, dependent on their relative pwsiti
when approaching the surface, see Figurel. (aYwbealroplets impinge on the surface simultaneously;
the successive droplets impinge on the surfacehgfirst droplet is in a sessile and equilibraséate on
the surface and is hit by the second incoming dr®ye, we review the literature associated withlése,

“long spacing” scenario (Figure 1c).
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Figure 1 Schematic representation of spatial distributiofisvo droplets impact on a surface.

When the spacing is large enough, the leading dtagan be regarded as stationary (sessile) when the
impinging droplet collides with it. In this caséyet impinging droplet could rebound or coalescerafte
collision. During the coalescence process, theeeganerally three stages, namely film drainagdjbh
rupture and bridge growth[7]. The coalescence @®a# two droplets has been investigated in many
previous works [8, 9], especially for cases in vhitoplets are moving slowly relative to one anothe

When we talk about impingement or collision, thiattee motion between droplets cannot be ignored. |
the case of a head-on collision (the left side agerof Figure 1c), Fujimoto et al.[10] observedigcular
liquid crown after droplets collision, which was account of a large pressure gradient near thesfrdace.
Wakefield et al.[11] pointed that the energy diasign contributed to the crown formation. They disond

that half of the kinetic energy of the impactingplet was dissipated when approaching to the maximu



spreading diameter. Besides droplet velocity, temtive size of two droplets[12, 13] and surface
wettability[14] has also been found to affect thepllets impingement dynamics.

As for offset collision (Figure 1c — the middle sa€o), the effect of the lateral offset extentviztn the
impinging and sessile droplets on producing a sthibé has been experimentally investigated bynSantt et
al.[15] and Stringer et al.[16]. Duineveld et afJland Ku et al.[18] studied the influence of suoda
property on line printing. Based on their work, teeeding contact angle was a key parameter tatdfie
retracting behaviors of the contact line. Lee dfl8] experimentally found that droplets with lougeosity
resulted in disconnection which was undesiredne lrinting. Anempirical correlations was proposed by
Li et al.[20] to predict the spread lengths of &g glycol droplets. Sarojini et al.[2] studiedpimgement
of PEDOT:PSS droplets. This i@ non-Newtonian liquid used for inkjet printing. éyh proposed a
semi-analytical expression to predict the dropbeeading for offset collision in ink jetting.

During the impingement, the time scales and legélguid mixing in the merged droplet on the seda
have been studied experimentally and computatiptglla number of researchers. Castrejon-Pita [@i34l.
studied the mixing behavior between glycerol andewdroplets by coloration method. They pointed tha
the presence of solid surface hindered the mixitegvever, the mixing could be improved by stretchamgl
folding the droplets, which could be easily achob®y setting baffles[21] or applying long serpeatin
channels [22, 23] in microchannel device. For 'eperiace’ droplet-based microfluidics, a wettapilit
gradient surface[24-26] is a common way to prontb&edroplet mixing. Recently, Sykes et al.[27] fdun
that the mixing could be improved by the formatadran internal jet. The influence of substrate alaitity,
the volume ratio and droplet viscosity on the fatioraof the jet were studied by means of experimemd
numerical simulations. Besides passive methodveatiethod applying external force such as magra&jc|
electric[29], acoustic[30] and thermocapillary[3&ice can also be used to enhance the mixing effoy.

For a better understanding of the mixing perforneaoiccoalescing droplets on a surface, micro-PI1Y[32
and micro-LIF[33] techniques are widely applied tvoplets of millimeter size. Micro-PIV is an efat
method to track the internal flow of the mergedpiiets and micro-LIF can be used to visualize theimgi
patterns. Based on micro-LIF, the evolution of &ing process can be quantified by calculating tlvang

indexM;, whereM,; is related to the concentration of fluorescentdrd?26].



For small length scales, simulation is an efficieraly to study the free droplet mixing behavior. dingh
molecular dynamics (MD) simulations, Pak et al.[34]ldied the mixing of water nanodroplets in three
dimensions. In their study, theixing function m(z) along one Cartesian coordinate directilornvas

calculated as follows:

M a()=(x?) (<) B

In Eq.(1), <X(T)2> is the average squaredcoordinate of the water molecules in regmnwhere regiora

represents interfacial)(or bulk B) andall represents all molecules in the merged dropletaldgous
definitions ofm(z) is applied to the andz coordinates. The mixing is completed when the eaim(z) in
three coordinates stabilizes at 1. This methodiiglsle for particle-based simulation.

From the literature reviewed above, we see thatniheng dynamics between the droplets plays an
important role in the droplets pattern and the wdndf product quality. Most of the numerical works
performed so far focus on the vertical impingem&madies of an impinging droplet colliding with essile
droplet under an angle are limited. In the prattagplication, the droplet generally has a tangerar
lateral speed, especially in the spraying procBexently, a convenient method to administer spiayab
drugs for post-surgical cancer treatment was red{86]. In this method, the fibrinogen solution and
thrombin solution were sprayed in the form of mdnaplets onto the tumour surface respectively. This
mixture formed a gel which helped in inhibiting toeal tumour recurrence and the development daénis
tumours. However, after being sprayed, it cannopleynexternal forces to enhance the mixing between
droplets. Therefore, it's necessary to realize timsvmixing time of a free droplet impingement osessile
droplet under various impinging angles was affectddch is the focus of the present work.

In this study, the three-dimensional many-body igatsve particle dynamics (MDPD) simulation was
conducted to investigate the effect of impingingylanon droplets impingement and mixing behavior on
surfaces with different wettability. Inertial effscand droplet properties such as droplet velosityface
tension and viscosity were considered. These sff@ere quantified in terms of Weber numbéie) and
Ohnesorge numbeiOf). All the simulations in this workvere programmed in a modified MDPD code

based on the LAMMPS[36] framework.



The rest of this paper is organized as follows:rthmerical method and parameters applied in thidyst
are given in Section 2. The results and discusarendescribed in Section 3, where we [firgtudy the
droples impingement behavior through snapshots, time s@fiecontact points and the velocity field plots.
Then the mixing performance is analyzed by miximget including the duration of convective stages th
duration of diffusive stage and the total mixingei. Thirdly, the influence of impingement anglerface
wettability, We andOh on the total mixing time is studied. Finally, cbrgions are provided in Section 4.

2.Numerical method
2.1 MDPD method

The MDPD method is a modification of the origin&@sipative particle dynamics (DPD) method with the
purpose of simulating the coexistence of vapor &qdid[37-39]. Examples include fluid flow in
nanoporous shales[40], droplets on solid surfadésihd gas bubble dynamics[42]. In MDPD, patrticles
interact via forces. The interaction forég between particla and particlej has three contributions:
F, =F° +E° +E7[38].

1

The dissipative forceFfand random forceFifare the same as in the standard DPD method[43}; ale

expressed as
R°=-my(n)E 0y e e
R =g ()60 g 3)

Wherey is the friction coefficienty is the noise amplitudg;; is a random Gaussian number with zero mean
and unit variancevij=v; —vj, I = |rjj|= ri —1; stand for the relative velocity and distance betwevo particles

i andj, respectivelyg;= r;/ |rj| denotes the unit vector from parti¢léo particlei. A common choice for
the weight functionwg(rj) is Wr(rij)= 1 — rij/rc. The fluctuation-dissipation theorem is satisfietiew
0°=2ykaT andwp(rij)=[wa(rij)]>, wherekg is the Boltzmann’s constant afids the system temperature[43].

Atis the time step.

The conservative forceﬁ.C is defined as

FijC :[Ajwc(rij)'l'B.j(/_)i +ﬁj)wd(rij)]eij (4)



Where Aw.(r;) represents the long-range attractive part aBd(p, +p,)w,(r,) represents the
short-range repulsive part. Generally>0 andB;j<0. The weight functiomvc(rj) = 1 — rij/rc andwg(r;j)) = 1
— rij/rq with the cutoff range. andrg.

The local densityp at the location of particla can be obtained byp :zj¢iwp(rij)where

w,(r) =52 (1-2), (38,44).

2

2.2 Smulation setup

The schematic representation of our simulationesysis depicted in Figure 2 with two droplets of the
same liquid. In the present study, the interacfarameters between liquid particles are the sanie @sr
pervious report[45], which was on the interactidrmplet with patterned surfaces, . = —40,B; = 25,
r=1.0, andryq = 0.75. For this set of parameters, the density the surface tension of the liquid are
determined to be=6.09 ands=7.51 based on individual simulations following tmethods according to
[45, 46] . The scaling coefficients between thegitgl and MDPD units arevopp = 1.32 x 10°m, Myiopp
= 4.01 x 10" kg, and Tuoep = 2.31 x 10”s according to our pervious report[45]. The substigmade of
frozen particles randomly placemhd the density of substrate is the same as thaheofliquid The
bounce-forward[47] boundary condition is appliedheTimpinging droplet of radiuR: =14 consists of
69849 MDPD particles and the sessile droplet hassdime volume, densify, surface tensiom and

dynamic viscosity: as the impinging droplet.

Figure 2 Schematic of an impinging droplet impact on aitesgsoplet having contact ange at an impingement angég
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In this simulation, the Bond numbeBOZT (g the gravitational acceleration) is much smallenth
10° so that the effect of gravity is neglected. A stand velocity-Verlet algorithm is used for the slation
and the time step is set£=0.01 in MDPD unit[45].

The simulations are performed in a three-dimensiomaputational domain of size 150 x 100 x 70, with
periodic boundary condition in theandy direction with the coordinate system defined igufe 2. First,
the sessile droplet is obtained by releasing argg@iaroplet to the substrate without velociBy changing
the long-range attractive part coefficiehy between the liquid particles and the solid pastclwe can
obtain the substrate wettability as expectatter the droplet reaches an equilibrium state vatlstatic
contact anglé., the impinging droplet, with a velocity &f, and a certain impingement angkeis loaded
into the calculation box. The angle between velrtioa and the line connecting the center of theimging
droplet and the center of the footprint of the sesdroplet is set ag,. as shown in Figure 2. Time is
normalized as = to/(uR;), wheret is the MDPD timeln order to make sure that the beginning moment of
the collision process is the same for each the,minimum distance between the surfaces of fypeg of
particles is set tord, and the simulation is initialized under this cibioth. More settings detail is shown in
Tablel.lt should be noted th&h is varied with the liquid viscosity, and the liquitgscosity can be obtained
by changing the friction coefficient Micron droplets were chosen to lie within the @ierg parameters
found in inkjet printing[13] and general medicatag48]. In a typical inkjet printing system, forxample,
the droplet velocity is 5m/s and droplet viscositt OmPa s[13]. In this work, the droplet velodgy3-6m/s
and droplet viscosity is 6 - 10 mPa s. Thus, tigeaofWe here is from 5.68 to 22.7, and the rang®©bf

here is from 0.136 to 0.214.

Table 1. Parameters settings in MDPD simulations

De ptio DPD P 3
RadiusR; 14 18.5um
density p 6.09 1056kg/nT
Surface tensiory 7.51 56.5MN/m
dynamic viscosityy 4.872(y=1) 0.0064Pas

7.649(y=18) 0.01 Pas
static contact anglé, 45° (A=37),124°(As=20)
impinging angles;. 0°, 30°, 45°, 60°

2

Weber numbeh\e =222 568, 22.7
Ohnesorge number,(}]:Jﬁw 0.136, 0.214

3.Results and discussion



3.1 Droplet impingement behavior

In this section, we focus dhe impingement behavior ofdroplet colliding with a sessile droplet under
different impingement angles. The Weber numbethefitnpinging droplet has been fixed to 22.7 and the
Ohnesorge number to 0.136. The wettprgpertiesof the substrate are set as hydrophiig=45°) or
hydrophobic §.=124°).

Impressions of the impingement process under th@us conditions are shown in Figure 3. The
momentum exchange between the liquid in the twdesaang drops gives rise to a moving three-phase
contact line. This has been quantified in Figutbat shows time series of the outer left and rggihts on
the contact line as well as of the center of thaptr footprint on the surface. Strong droplet defations
are observed for<20. During later period, deformations are much.l@8% hydrophobic merged drop,
however, keeps sliding in the negatixelirection over the surface unt100 for non-zero impingement
angles as a result of the negativemomentum of the incoming droplet (see Figure 4e §liding distances
for hydrophilic droplet are at least one order @gmitude less than the hydrophobic droplet dueeartuch
stronger adhesion on the substrate. The head-osmalitangle collisions of the hydrophobic droplgitse

rise to oscillations of the three-phase contaet Wiith a temporary retraction which is strongest20.
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Figure 3 Snapshots of droplet (green) impingement on adlsabsplet (amber) at various impingement anglem (a)
hydrophobic surface and on (b) hydrophilic surface.
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Figure 4. Time series of contact points (as defined in Féd2) displacement of merged droplet on (a) hydobahsurface
and (b)hydrophilic surfacee= (X + x)/ 2

Further insight on the flow dynamics inside thepdet has been obtained by visualizing its velotigid,
as done in Figure 5. For this we need the enseavdeage. If we take a single realization, the vigtdeld
is overwhelmed by random thermal motion of the mwales (as in Figure 5a). For this reason, we refheat
impingement process 50 times, each with a differstatistically independent initial randomizatidrhe
result of the velocity field is shown in Figure 3bwe subtract the average velocity of the dropletarrive
at Figure 5c that shows that the impingement géeei@n internal recirculation in the hydrophobiopdet
atz=14. In Lai et al [24] experiment, they also foundiaternal recirculation pattern based on a miche-L
measurement.

The velocity fields in the hydrophilic droplet (Figes 5e and f) show a recirculation at short tiaes)
but not anymore at=14. Apparently the stronger adhesion and smalldl maamal length scales of the

hydrophilic droplet dissipate internal flow muclster as compared to the hydrophobic droplet.



Va2 +w?/U, I

0 0.2 0.4

Figure 5 (a-c) Velocity fields inside merged droplets omltgphobic surface. (a) Single realization. (b) Enigie averaged

- 4 N,
realization. (c) Ensemble averaged velocity figkhtive to the average velocity of dropl& (v = ﬁz Vi, Nthe
i=1
particle number in merged droplets). (d) and (egemble averaged velocity field relative to the agervelocity inside the
merged droplet on a hydrophilic surface. The impmgnt anglef) equals 45°.

3.2 Droplet mixing performance

The mixing of two miscible dropleis achieved through convective mass transfer (ézgdnmotion of
molecules) and diffusive mass transfer (random onotif molecules)A common method to estimate the
mixing performance experimentally in the stage iffudive mass transfer is the mixing index (see EQ.
Three-dimensional experimental evaluation of thevective stage is limited due to the limitation of
sampling rate and concentration distribution retroigction efficiency after a complete 3D scan[24].

However, this drawback can be overcome in a sinwurat

3.2.1 Droplet kinetic energy

First the mixing performance in the stage of cotiveanass transfer is evaluated by tracking thetkin
energy of the impinging droplet. The variation ofled kinetic energyE, , together with the variation of

the velocity of the impinging droplet in three ditiens is shown in Figure 6. Here, the kinetic gyeof the

impinging dropletEy is calculated as



mean_ﬁ i=1 Vi

1y = 1 (5)
Ek=§M| Vinean | ZZEM(Vimean+v§/,mean+vim€a”)

Where,N is the number of particles in the impinging dropkend the scaled kinetic energy is defined as
Ex=E,/Ey, where E} is the initial kinetic energy of the impinging giet with the velocity unity.

As shown in the Figure 6E, shows a fluctuation when it generally decreasebércases of droplets on
hydrophobic surface #&=0° and#,=30°. Mehran et al.[49] also found the fluctuatadrkinetic energy when
a droplet impact on a sessile droplet with an oftistance. They calculated the variation of eneagg
pointed that kinetic and surface energy were ihi@nging between each other and viscous dissipation
occurs during the impingement. In this work, whia kinetic energy increases during the fluctuation,

generally results in the velocity component norteathe surface. However, due to the adhesion betwee

droplet and surface, the merged droplet cannottdtam the surface, thu€, stabilizes at zero finally.
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Figure 6 The mean velocity’ ., and the scaled kinetic energ{z; of the impinging droplet as a function of time.
indicate the when theE; < 0.001. Left hydrophobic, right hydrophilidéVe= 22.7,0h=0.136.

We assume that the convective mixing stage ishfedswhen the kinetic energy of the impinging drople
is low enough, such a§, < 10%. We find that the value af. in the case of hydrophobic surface are all

larger than that in the case of hydrophilic surfades is because the attraction between hydrapbiiface
and liquid particles is larger than that betweedrbghobic surface and liquid particles, and thisaation
hinders convection in the droplet. Additionallyetkalue ofz. increases witlg;,. This is because of the
increase of initial velocity in the horizontal diten vy, and the increased time required for the dromet t
come to rest under the same surface condition.

The variation of droplet velocities can also indécéhat there is diffusion of droplet particles. &ih
collision happens, the particles in the impingimgpdet move towards the sessile droplet as thecitede of
impinging droplet decreases. The particle motioy direction cannot be illuminated in Figure 6,c&rthe
collision is symmetric about thez plane, which results in the value of the mean vslda y direction
remains zero all the time.

3.2.2 Droplet internal concentration field

Figure 7 shows the mixing inside the merging drigple terms of concentration contours of the liqud
the sessile droplet. The method to extract conagotr distribution is shown in Figure 8. Firstlyskce with

the thickness of 1 on thez plane y<[-0.5, 0.5]) is extracted from the merged dropkgg(re 8a), and then

this slice is divided into cubes with a side lengthl (Figure 8b). By counting the number of pdetic
belonging to the impinging and sessile droplet eetipely, the concentration of the liquid originall
belonging to the sessile droplet in this cube camdiculated. Finally, the instantaneous conceatrdield

in the merged droplet can be obtained by averagihgases with different random seeds. Here, tha loc
mixing is illustrated by the variation of concenioa of sessile dropletC;; a value of 0.5 implies a full

mixing, wherea€;=0 orC,=1 indicates complete segregation.
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Figure 7 The instantaneous concentratiorsessile droplet on (a) hydrophobic surface and (b) hydrophilidace.We =
22.7,0h=0.136
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Figure 8 Schematic diagram of calculation method of cormegioin profile field in a cross section of the mesgirop.

At the beginning of droplets contact, the interfécevell-defined £ = 0.55). After some timer (= 3.85-
110.1), the interface becomes indistinct and theethiarea (€~ 0.5) increases around the interface as a
result of diffusion. This phenomenon can be obskrueder various conditions, see Figure 7. For hwad-
collision, the mixed area appears in the middlehygarophobic surface with the liquid particles dging
upwards and downwards; whereas for hydrophilic aa@fthe liquid particles diffuse radially. For the
asymmetric collision, the mixed area also is asytnmewhere the leading part of sessile droplet and
trailing part of impinging droplet are still unmikér = 22.02).In addition, we can see that the concentration

gradient direction in the merged hydrophobic dropereversed between the moments 22.02 and =



110.1 whery; is 45°, which is because that the merged droplétalling up” on the hydrophobic surface
and the impinging droplet gradually becomes a pfitie leading edge (Figure 8a45°,7 = 22.02 -110.1).
FromFigure 7,we also can find thahe droplet is still not fully mixed when the c@utive mixing stage is
over.

3.2.3 Total mixing time

The total mixing time of two droplets are indicateg themixing functions proposed by Pak et al.[34],

based on the distribution of liquid molecules iredtdimensional space:

M, ()= <x(7)2>a/<x(7)2>a“
mya()=(y( ) fv?) (6)

m, o (={20?) J(z07)

Here,a is the sessile droplet pa®f(or impinging droplet part], and “all” represents the merged droplet part.
By calculating the average of the square of partoidordinates(-?), (y-?) ,andz~?)) in three dimensions,

the particles can be regarded as completely mixeehwhem, ,(7)=m,a(z) = Mmya(r) =1. When calculating
the value ofm(z), we take the center of the footprint of the desgroplet as the origin of the coordinate
system.

The variation ofm(z) with time is plotted in Figure 9. For head-onlisobn, the change afh.(z) andmy(z)
with time are the same, indicating — as expectdte-same mixing rate in bothandy direction. Forg;> 0
cases, the values ofi(zr) and myz) decline rapidly { = 0 toz = 10) due to the quick movement of the
particles from impinging droplet to sessile drostsoon as the collision begins.

Additionally, we also learn that the droplets act fully mixed at the end of the convective stagiace
them(z) does not stabilize at 1 aftereaches; (z. is shown in Figure 6). It still takes more timeréach full

mixing, and aftet. the molecular diffusion dominates the mixing psxe
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Figure 9 Mixing progress of the droplets on hydrophobidace (left column) and hydrophilic surface (rigbtumn)
expressed in terms of the #hfunctions.We = 22.7,0h = 0.136. Sincen(r) cannot exactly become equal to one, we
obtainedr, when|1- m(z)| <0.01.

The dimensionless total mixing time of the drogtat different We and Oh combinations is plotted in
Figure 10a, wher&\e is varied by changing the droplet velocltly (see Figure 2) an®h is varied by
changing the droplet viscosity We can see th&lte andOh hardly have an effect ap,. The mixing time of
hydrophobic droplets is smaller than hydrophilioglets, and the mixing time increaseg/ascreases on a

hydrophilic surface.
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Figure 10. (a)Total mixing time, (b)flow time ofaldroplets under different conditions and (c)difiastime of the droplets
derived by total mixing time minus flow time. Thellow bar with black frame is the estimation valaad an error bar
represents one standard deviation.

3.2.4 Convective time and diffusion time

In order to interpret the difference af, under various conditions, the convective tirge@nd the
diffusion timegy) arecalculated respectively. As shown in Figure 10¢ij(a), we can see that the influence
of We andOh on z. is not as great as that of surface wettabilitysi@es, large®; results in a longer.,
indicating that the internal recirculation lasts\ger and fluid disperses vertically and horizogtalt is
reported that this internal recirculation can bémafxing[24] However, in this work, we find thatlanger

7. does not lead to a shorter total mixing time. Tikibecause in this mixing process,is one order of



magnitude smaller thary, which means the total mixing time is dominateddiffusion. However, the
convection eventually does determine the initiatesof the diffusion process as shown in Figurewltiich

then affects the total mixing time.
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Figure 11.The determination of diffusion length on (a-d) hyplobic surface and on (e-h) hydrophilic surfacervh
Oh=0.136We=22.7 after convective stage is over. A dash legresents one distance from the main high condimtra
location to the main low concentration locationendthe main high concentration location and mamwmdoncentration

location is dependent on the concentration disiobusee Figure 12). And this distance equalsewvie diffusion distance

d.

We estimate 7q by the squared diffusion length divided by seffidiion coefficient, where the

self-diffusion coefficientD) can be determined through the Einstein equat@n[5

1. d
D= gltl_r){)la(MSD(t)) (7)

where the Mean-Square-Displacement of the fredfysing particle along the tim@ASD(t)) can be written

as
2
MSD (6)= (|r, (6) -1, (O)) (8)

whereri(t) — ri(0) is the vector distance traveled by a giveniglarbver the time interval. From this method,
for example, for the cageh=0.136, we can get the self-diffusion coeffici@nis 0.0615; and for the case
Oh=0.214, the diffusion coefficier is 0.039.

Diffusion distance, which is related to the concatndn distribution in the bulk, is another impata
factor determining the diffusion time. In orderdetermine the diffusion distance, we count the gm@age

of particles in the concentration range of O to fbiOeach case at the end of the convection st in



Figure 12 as an example. In the figure, two comedioh peaks occur &;=0.2 andC;=0.85, respectively,
which means most particles are in the concentraifa®y=0.2 and 0fC,=0.85. Therefore, these two values
can be regarded presenting the bulk concentratiothé corresponding case, and the diffusion disteh)

is defined as half of the distance marked by dasihedieces in the panel of Figure 11.
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Figure 12.The particle number fraction over a range of cotre¢gions for the cas@{=124°6,=30° Oh=0.136We=22.7].
The concentration interval is 0.05. The largestiggarnumber fraction occurs €4=0.85 if C;>0.5 andC;=0.2 if C;<0.5

For the hydrophilic cases we notice that the hari@lbbconcentration gradients largely exist in tleam
wall layer wherg;>45°. And in these cases, when we count the pergerdhparticles in the concentration
range, only the particles closed to the surfacéh{w0.5¢) are considered.

The estimated diffusion time are shown in FiguréclOn bar with black frame. Comparing with the
diffusion time calculated by the total mixing timenus flow time, the trend of the diffusion timeoag the
impinging angle has been captured. Since we conglae diffusion distance as the distance over a
concentration difference of the majority of paewsl a small part of particle whose diffusion dis&atarger
than majority’s has not been considered, whichltesno the underestimation of diffusion time in sem
cases.

In addition, the dimensionless Pelect numb®g) (s usually used to describe the competition betwe
convection and diffusion. Herein, we obtain thepdieb Pe at the end of the convection stage By =
@ (Rc the initial radius of the impinging droplét,.,, the average velocity of impinging droplet and

D the diffusion coefficient of the liquid particleand find that the value dte is ~O(10), that is to say,

diffusive mass transfer becomes more important t@vective mass transfer thereafter. Therefore, th



method to distinguish the convection stage andusiidin stage by the decay of the kinetic energyhef t
impinging droplet is valid in this work.

We can conclude that tl#eand surface wettability affect the droplet concatidn distribution at the start
of the diffusion stage. And the concentration disttion then affectsk. For hydrophobic surface, although
the concentration distribution is different undéfedent 6, casesg: shows little difference. For hydrophilic
surface, howeverg: increases withg;, and the increasé: results in an increasg. Compared to a
hydrophilic droplet, a hydrophobic droplet has alend:. To sum up, the mixing time can be shortened by

reducing the imping angle and applying the hydrdytsurface due to the smaller diffusion distance.

Conclusions

The impingement and mixing of one droplet impingorga sessile droplet under an angjless a common
phenomenon in spraying. In this work, it is invgated through a particle-based simulation method,
many-body dissipative particle dynamics(MDPD). Tbeus of this work is to understand the impingement
and mixing dynamics of droplets on the solid swefac

The snapshots, the temporal histories of contage @hd horizontal displacement of the merged dtople
help to show droplets behavior during the impingeim&/e find that the merged droplets travel fasied
further on hydrophobic surface than that on hydiapburface, and there is a larger migration dispiment
along with largem;,. By an ensemble-averaged method, it is shownahahternal recirculation inside the
merged droplets is generated during the impingement

The mixing performance can be characterized bynihéng time. The local mixing efficiency has been
obtained by visualizing the concentration of sesdioplet in the merged droplet. It is found thed fully
mixed area is around the collision interface amdatea increases along with time as a result hfgidn,

The dimensionless total mixing timg) is determined by a modifieaiixing function. We find thaiVe
and theOh hardly have an effect o, If the solid surface is hydrophilic, a larg&results in a largety,.

However, on the hydrophobic surface, thas insensitive t@.



To understand the determinantscqf the convection timef) and the diffusion timeg) are quantitatively
determined respectively. We found thais much smaller thams, meanwhile, based on the concentration
distribution in the bulk during the convection stathe droplet state at the end of convection detss the
diffusion distance. Also, as expected, the diffasiistance of hydrophobic droplets is shorter ttiet of
hydrophilic droplets. For hydrophobic droplets, thi#usion distance is not dependent@nFor hydrophilic
droplets, however, a largely horizontal concentratgradients exist in the near wall layer whp5s°,
resulting in a larger diffusion distance in thoseseas. Therefore, reducing the impingement angkmnis
effective means to shorten the mixing time for thasixing process where the active methods cannot be
applied, such as choosing a proper spraying ndaazileduce the spray angle in the application chyguble
drugs for post-surgical cancer treatment[35].

This work concentrates on the study of droplet imgpiment and mixing on a homogeneous solid surface.
Inhomogeneous surfaces are common in nature amngti applications, so that droplets impingingl an

mixing on such surfaces is worth investigatinghe tuture.
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