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The present study proposed a computational model for the spinning effects on the post-collision
characteristics (particularly velocities) of the bouncing droplets. The modeling work is based on
the computational discoveries by using the validated volume-of-fluid method to simulate droplet
collisions with various collisional parameters. The physical foundation of the model is based on the
fact that the interchange between the orbital angular momentum and the spin angular momentum
plays an important role in determining the post-collision velocities. First, the conversion of the
orbital angular momentum into its spinning counterpart varies nonmonotonically with the impact
parameter of two nonspinning droplets. Second, the conversion of the spin angular momentum into
its orbital counterpart is significant for the collision between two spinning droplets. Furthermore,
this spin-to-orbital angular momentum conversion varies monotonically with the azimuthal angle
and is approximately independent of the translational Weber number, the spinning Weber number,
and the Ohnesorge number. These computational discoveries have been analyzed for their physical
meaning and taken into account in the proposed model.

KEY WORDS: spinning droplets, droplet bouncing, post-collision characteristics, angu-
lar momentum, volume-of-fluid

1. INTRODUCTION

To understand natural and industrial spray processegussimulation approaches have been
developed and utilized (Chen and Vigor, 2019; Sommerfelll Basternak, 2019). This work
concerns the Eulerian—Lagrangian (E-L) approach (QiamglL#ang, 2017; Lain and Sommer-
feld, 2020), where the dispersed droplets are treated asethbsparticle-like entities described
in a Lagrangian framework and the carrier flow is describeadaytinuous field equations in
a Eulerian framework. E-L simulation of sprays requiresos submodels of droplet-gas and
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NOMENCLATURE

B impact parameter, Greek Symbols
B =x/D, 0 polar angle between

c volume fraction the spin axidp, andz-axis

D droplet diameter u dynamic viscosity

F force ) density

h thickness of gas film o surface tension coefficient

H(c—1) heaviside step function X projection of two mass
limits the integration centers connection line
domain to be within in the direction
the droplets perpendicular t@/

L angular momentum [0} azimuthal angle between
vector the projection of spin axis

N mesh refinement level/the lo, on thez-y plane
number of meshes andz-axis

Oh Ohnesorge number, w  angular velocity
Oh=w;/\/piD;0; vector/vorticity

r droplet radius

r position vector varying Subscripts
in space 1 properties of dropled,

R position vector given 2 properties of dropleb,
at specific positions cr values of critical point

t physical time g properties of the

tosc characteristic oscillation surrounding gas phase
time, tos. = Vi D} /0y l properties of the liquid

T Non-dimensional time, droplet
T =t/tosc 0 orbital component of

u velocity vector varying in angular momentum
space S spinning component of

U experimental relative angular momentum
velocity between two t total angular momentum
colliding droplets o—s conversion from orbital

v integral volume of liquid angular momentum to spin
and gas phases angular momentum

We, translational (orbital) Weber s—o  conversion from spin
number, We = plDle/o-l angular momentum to

We, spinning Weber number, orbital angular
We, = plDlw(z)rz/o‘l momentum

droplet-droplet interactions (Ruger et al., 2000; Post Abchham, 2002; Munnannur and Re-
itz, 2009; Luret et al., 2010; Blanchette, 2016; Sommeréeld Kuschel, 2016; Al-Dirawi and
Bayly, 2019). In most practical simulations, the dropleesiare usually smaller than the mesh
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grids and the droplet interaction times are usually smafien the time steps. Consequently, a
droplet-droplet interaction model is developed to predidtgrid pre- and post-collision char-
acteristics of droplets, such as collision probability felumi et al., 2005; Luret et al., 2010),
collision outcomes, and the post-collision charactess(Chen et al., 2011; Zhang and Zhang,
2017, 2018b).

Majority of the droplet collision models predict the caitia outcomes based on parametriz-
ing experimental results (Bradley and Stow, 1978; Ashgnid Roo, 1990; Jiang et al., 1992;
Orme, 1997; Qian and Law, 1997; Estrade et al., 1999; Gotaals, 2007; Rabe et al., 2010;
Brenn, 2011; Sommerfeld and Kuschel, 2016). Typical doltisoutcomes including coales-
cence, bouncing, separation, and shattering (Roth et@7;2Pan et al., 2009) are often pre-
sented as a collision nomogram in the \AB parameter space. The collision Weber number, We,
which measures the relative importance of the dropletimedmpared to the surface tension,
and the impact parameteB, which measures the deviation of the trajectory of dropietm
that of the head-on collision, witl® = 0 denoting the head-on collisio3 = 1 the grazing
collision, and otherwise the off-center collision.

In addition, more comprehensive models were developeddoumnt for the influences of
other controlling parameters, such as the droplet Ohnesmughber, Oh (Gotaas et al., 2007;
Sommerfeld and Kuschel, 2016; Finotello et al., 2017), Whneasures the relative importance
of the liquid viscous stress compared to the capillary pressand the size ratidh (Ashgriz
and Poo, 1990; Tang et al., 2012, 2016). Among these calliticomes, the present study was
focused on droplet bouncing, whose relevance to the peddiitiations can be appreciated by
recognizing that droplet bouncing can be significantly poted in a high-pressure environment.
(Qian and Law, 1997). The significance of the bouncing ofidiolf fuel droplets has been
verified both experimentally and numerically in previousds¢s (Zhang et al., 2016; Zhang and
Zhang, 2018a,b).

Droplet collision models determine the post-collisionogiies based on the conservation
laws. Because of the spherical symmetry of droplets, a t#limensional (3D) droplet collision
in the laboratory coordinate can be treated as a collisidwdsn two droplets in their mass
center coordinate, in which the mass center connectioraligthe direction of relative velocity
constitute a symmetryr¢z) plane (He et al., 2019, 2020). For modeling post-collisiefoci-
ties of bouncing droplets, there are four unknown postisiot velocities that can be uniquely
determined by the conservations of the linear momentum énxthand z-directions (within
the symmetry plane), the angular momentum ingkdirection (perpendicular to the symmetry
plane), and the conservation of total energy. To closurestfergy equation, a kinetic energy
dissipation factorfg (Zhang and Zhang, 2017, 2018b; He et al., 2019) can be detedntiy
using numerical simulation to account for the inelastigpdieocollision.

Droplet collision in real situations is more complicatedrhhe previously discussed case. In
a practical spray scenario, the colliding droplets are lysspinning. The spinning motion can
be created either from droplet injectors (by nonunifornvidig pressure or an uneven injector
surface) or from preceding collisions, which are off-cemte almost sure events (the probabil-
ity of head-on collisions is almost zero). In particulae tff-center collision-induced spinning
droplets can collide with each other because subsequdisiaa$ are highly probable in prac-
tical dense sprays. Previous experimental studies (Byaadid Stow, 1978; Ashgriz and Poo,
1990) observed the droplet rotation after collisions, amtdes models (Ashgriz and Poo, 1990;
Jiang et al., 1992; Estrade et al., 1999) considered th&anéh energy in predicting outcomes
of off-center droplet collision. In recent works, it has hetemonstrated that the initial orbital
angular momentum for two droplets with respect to thaxis (He et al., 2019, 2020) can be
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partially converted into the spin angular momentum of eaphid droplet. In addition, He and
Zhang (2020) also discovered that the spinning dropletmdinde significant non-axisymmetric
internal flows for the head-on collision of equal size dréplEomposed of the same liquid be-
cause of the conversion of the spin angular momentum intorthigal angular momentum. The
interchange between orbital and spin angular momentuniaglthie collision process is be-
lieved to influence the post-collision velocities, howeweass not considered by previous models.
In other words, the angular momentum conservation in theigue models considers only the
orbital angular momentum as a constant. This approximafimarently merits a reexamination
and motivated the present study.

In this paper, we present a computational study to calcalatemodel an angular momen-
tum recovery coefficienf,;, which measures the extent of the conversion of orbital-apgular
momentum. The presentation of the study is organized aswsllThe numerical methodology
and specifications are described in Section 2. The resuliseobrbital-to-spin conversion co-
efficient for off-center bouncing between two non-spinniingplets are discussed in Section 3,
followed by the spin-to-orbital conversion coefficient fayuncing droplets in Section 4.

2. NUMERICAL METHODOLOGY AND SPECIFICATIONS
2.1 Methodology and Validations

The three-dimensional continuity and incompressible Blagitokes equations

V=0 1)

p (%—? + u-Vu) = —Vp+ V- (2uD) + oknd, (2)

are solved by using the classic fractional step projectiethiod, wheray is the velocity vector,
p the densityp the pressurgy the dynamic viscosity, anfD the deformation tensor defined as
D;; = (0ju; + 0;u;)/2. In the surface tension teroknd,, 8, is a Dirac delta functiong is
the surface tension coefficiemtjs the local curvature, and the unit vecionormal to the local
interface.

To solve both the gas and liquid phases, the density andsiigcare constructed by the
volume fraction a® = cp; + (1 — ¢) py, andp = cpy + (1 — ¢) g, in which the subscriptsand
g denote the liquid and gas phases, respectively. The volumetidn ¢ satisfies the advection
equation
% +V-(cu)=0 3)
with ¢ = 1 for the liquid phase; = 0 for the gas phase, and<0¢ < 1 for the gas-liquid inter-
face. The present study adopts the volume-of-fluid (VOFhoetwhich has been implemented
in the open source code, Gerris (Popinet, 2009, 2018), dagtthe three-dimensional octree
adaptive mesh refinement, the geometrical VOF interfacansgouction, and continuum surface
force with height function curvature estimation. Gerris h&en demonstrated to be competent
for high-fidelity simulation of a wide range of multiphasewiigproblems (Chen et al., 2011,
2013; Chen and Yang, 2014; Tang et al., 2016; Hu et al., 20%re¥al., 2017, 2019; He et al.,
2019, 2020; He and Zhang, 2020).

Accurately simulating droplet bouncing in a VOF method rieggione to adequately re-
solve the gas film between two colliding droplets and theefises a challenge to the mesh
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refinement and computational cost. The method with two VQtetions ¢; andc, for each
droplet) was successfully applied to study droplet boump@nd has been verified by experi-
ments (Coyajee and Boersma, 2009; Hu et al., 2017; He etdl9;He and Zhang, 2020). It
can produce nearly the same droplet deformation and minimtgnface distance for droplet
bouncing cases compared to the conventional one-VOF agiprda improve computational ef-
ficiency, a different mesh refinement leyé&¥,, N;, N;) is used in three physical zones, namely,
the gas, droplet, and interface zones, that divided fronetite#e computational domain. As a
balance between computational cost and accuracy, a mesamaiint level of (3, 5, 7) was used
(He et al., 2019; He and Zhang, 2020) for all simulations ooptit bouncing in the present
study. It takes~ 100 hr of real time to run the simulation up o= 2.0 on an Intel Xeon(R)
E5-2630 processor with 16 cores. The numerical validatamainst experiments and grid in-
dependence analysis of droplet bouncing were conductedtail édh our previous studies (He
et al., 2019; He and Zhang, 2020) and will not be repeatedeiptasent paper.

2.2 Problem Description and Numerical Specifications

The 3D computational domain of the droplet collision isstiated in Fig. 1. Two droplets of
diameterD are specified to collide along thedirection with a relative translational velocity;
therefore, they have zero relatively velocities in th@ndz-directions. Without losing general-
ity, the translational velocity component for droplet andO, are set as-(U/2)¢ and(U/2)1,
respectively, so that the linear momentum of the entire roasger system remains zero. The
domain is @ in length and 4 in both width and height; all the boundaries are specifieth wit
the free outflow boundary conditions.

For the off-center collision between two non-spinning detpto be studied in Secion 3, the
deviation of the mass centers from the head-on collisioru@ified by, which is defined as
the projection of the connection lir@,0, (hereinafter referred t@,0,) along thez-direction.
For the head-on collision between a spinning dropletand a non-spinning droplé?, to be
studied in Secion 4, the impact paramelewanishes and only dropl€?; spins. The spin axis
lp, can be described by a polar angleith respect to the-axis and an azimuthal angdeto the
z-axis. In the present study, the spin axis is set to lie intheplane so that the polar angdds

FIG. 1. Schematic and computational setup of the off-center ¢oflibetween two spinning droplets
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fixed atr /2 and the azimuthal angle varies in the range &f @ < /2. As a result, the initial
spin angular velocity can be expresseduas = (—wgcos @, —wosin @, 0), and the spinning
velocity components of droplé?; is given byH (¢; — 1)wg X (r — Rp,), where the Heaviside
step function ensures the assignment of spin to drapjetnly.

As has been previously mentioned, one of the objectiveseoptesent work is to calculate
and model the conversion of orbital-spin angular momentmbduncing droplets. Specifically,
the conservation of total angular momentum allows us toesgthe post-collision orbital angu-
lar momentumn.,, of droplets by

Lo = fuLi=[1- fo-s (B, We,,Oh, A)| Lo, + fs—o (Wes, @, We,,ONA) Ly, (4)

where f,, is the angular momentum recovery coefficient to be deterhifie , and f,_, are

the orbital-to-spin and spin-to-orbital angular momenionversion coefficients, respectively,
and L,, and L, are the orbital and spin angular momentums at the initigesta writing

Eq. (4), we have used the physical assumption that the ttieixchange of orbital and spin
angular momentum, measured by, can be separated into two parts: the conversion of orbital-
to-spin angular momentum, measured By ,, and the conversion of spin-to-orbital angular
momentum, measured b¥%_,. The assumption is based on the physical observationsheat t
interactions of angular momentums can be added by linearpagition and that their nonlinear
interaction is negligible, as the droplets do not have Siganit topological changes such as
separation and splattering. According to the assumptiahtla@ dimension analysig,,_, can

be studied in the situation of vanishing initial dropletrspihg motion (We = 0) and expressed
as a function oB, We,, Oh, andA between two non-spinning droplets. In additigh, , can be
studied in the situation of vanishing initial orbital anguimomentumB = 0) and expressed as

a function of We, ¢, We,, Oh, andA between two spinning droplets undergoing the head-on
collision.

To simplify the parametric study but not lose generalitg gresent numerical study fo-
cuses on the controlling parameters in the range of We2.33~9.33, Oh= (1.4 x 10‘2)~
(2.8 x 10‘2), and We = 1~25, that all has been experimentally verified to be physicai-
sonable resulting in the collision outcomes of droplet loiog (He et al., 2019; He and Zhang,
2020). In addition, this study restricts its scope to théisioh between two equal-sized droplets
(A = 1.0) to avoid unnecessary complexity of geometrical asymmetdysize disparity, which
nevertheless merits future studies. It should be notedtieatpinning droplets are negligibly de-
formed before collision because their centrifugal forceubstantially smaller than the surface
tension force (He and Zhang, 2020).

3. CONVERSION OF ORBITAL-TO-SPIN ANGULAR MOMENTUM UPON
OFF-CENTER COLLISION

3.1 Non-Monotonic Variation of L,_, with B

As has been discussed in the Introduction, we studied theeuoffer collision of two non-
spinning droplets to acquire information about the orbitapin angular momentum conver-
sion. Figure 2 shows the deformation and spinning motiorheftiouncing droplets upon a
collision at We = 9.3 and Oh= 2.8 x 1072 for different B. It is clearly seen that there is
an impacting stage (abofit = 0~0.35) and a bouncing stage (abdut= 0.35~0.9) for each
case of differenB. For clarity of presentation, we did not show the oscillatstage before the
droplets completely recover their initial spherical stageor all cases, due to droplet stretching
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FIG. 2: Evolution of deformation and spinning motion (denoted by &rows) of the bouncing droplets
upon an off-center collision at We= 9.3 and Oh= 2.8 x 1072, and at (a)B = 0.1, (b) B = 0.4, and
(c)B=0.7

in the vicinity of the interaction region, the droplet ratet after bouncing is observed and de-
noted by the rotating arrow. It is apparent that the dropétring speed aB = 0.4 shown in
Fig. 2(b) is faster than the other two case®at 0.1 andB = 0.7, implying that there exists a
non-monotonic variation of the orbital-to-spin angularmentumL,_ ; with B.

The scaling of the orbital-to-spin angular momentiiy ;, can be analyzed as follows. As
shown in Fig. 3,L,_; of dropletO;, is written by

J / Fyrdt (5)
0

where F; is the average lubrication force exerted on dropletby the intervening gas film;
is the droplet radius and also the moment of force, amsl the interaction time between two
droplets. The lubrication force is estimated as follows:
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FIG. 3: Schematic of a simplified physical model for scaling analysdispin angular momentum during
the process of off-center droplet bouncing

UB
Fr~py Trz (6)
in whichU B is the tangential component of the impacting veloéitythat should be responsible
for the droplet spinningy, is the viscosity of gas, anfdis the gas film thickness being a function
of We, and Oh but a weak function d. The timert is estimated as ~ 2rv/1— B2/U ac-

counting for the fact that the droplet interaction time @éases with increasing. Consequently,

Eq. (5) can be evaluated by
4
Ly s~ ng%B\/l B2 @)

which apparently shows a non-monotonical variation withThis non-monotonicity can be
understood as a synergetic consequence of competitiorebetthe shear effects increasing
with B and the interaction time (to rotate the bouncing dropletgyeasing withs.

3.2 Computational Model of L,_s and f,_s with Varying We , and Oh

Parametric studies similar to the one in the Section 3.1 detnate that the non-monotonic
variation of L,_, with B is a general trend for different \l)y@nd Oh, as shown in Fig. 4(a) by
the scattering points of computational results. For alesas,_, reaches its maximum value
L.« at the critical B.,. between 0.4 and 0.5. In addition, the maximum angular moument
Lnax has a prominent increase with increasing,Wet only a slight increase with increasing
Oh.

For the practical purpose of establishing a computatiomalehfor the results, the maximum
values of( B, L.« ) are fitted into

B,, = 0.5— 0.01\We, @8)
and
Lax = c1v Oh+ c2VWe, + c3 (9)

where the fitting coefficients ar§@ = 0.0939,c¢, = 0.00639, and:; = —0.00945. The fit-
ted lines are made across (0,0) and (1,0), because initialtyspinning droplets will not spin
after a head-on or grazing collision. In addition, we fouhdttusing a parabola faB < B,
and a straight line foBB > B,,. can result in an accurate but mathematically simple fittorg f
mula. Thus,L,_, for each droplet can be approximately expressed by thewollp piecewise
function:

2
Lmax (1 - (‘BB+T)> (0 < B S Bc’r‘)
Lofs = 1 éT (10)
Lmaxl — B_cr (Bcr < B< 1)
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FIG. 4: Comparison of (a) the non-monotoriig — s with varying B (scattering points of numerical results
and lines of fitting formula) at different Weand Oh, and (b) deviation df,_ s between numerical (hori-
zontal) and fitting (vertical) results

Figure 4(b) further shows the deviation between numericdlfdting results, indicating that
the fitting formula can satisfactory fit our numerical datatfee concerned parameter space of
We, = 2.3~9.3 and Oh= (1.4 x 10 ?)~(2.8 x 1072).

Furthermore, the orbital-to-spin angular momentum cagivercoefficientf,  in Eq. (4)
can be calculated by the,_, of two droplets normalized by the initial orbital (total) gudar
momentumZ,,, = m/We,B/12 as

2L, . 24 I, .
fofs =

" 7VWe,B/12 7 vWe,B

Again, the numerical and fitting results ¢f_, are in good agreement at intermediate and
large B, but they show some deviations at smBllbecause thd.,, is relatively small so as
to enlarge the errors of,_, at small B. However, it is noted that the small droplet spinning
speed at smalB is usually insignificant to the practical purpose. As showrFig. 5, f,_
decreases monotonically wif, which is consistent with the scaling analygis ;s ~ L,_s/B~
(1 — B?)Y? according to Eq. (7).

(11)

4. CONVERSION OF SPIN-TO-ORBITAL ANGULAR MOMENTUM UPON HEA D-ON
COLLISION

4.1 Monotonic Variation of L,_, with ¢

As discussed in the Introduction, we studied the head-disimnl between a non-spinning and
spinning droplet to acquire information about the spiretbital angular momentum conversion.
Figure 6 shows the deformation of the head-on bouncing @twespinning dropleD, and a
non-spinning drople©, with different spinning azimuth angle at We, = 9.3, Oh= 2.8 x
1072, and We = 9.3. At ¢ = 0, as shown in Fig. 6(a), the droplet deformation is axisymnime
and line0, 0, is always located on the plare= 0 and denoted by the transparent contour line.
As increasingp, the spinning drople®; induces a prominent non-axisymmetric flow so that the
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FIG. 5: Comparison of the angular momentum conversion coefficignt,, for droplet bouncing at dif-
ferent We, and Oh

L C
) O 0
o

0.50

Planez =0
0.90 O ‘/Q\.\Q-
(@) (b) ©

FIG. 6: Evolution of deformation and non-axisymmetric mass distion for the head-on bouncing be-
tween a spinning dropled; and a non-spinning dropled, with different spinning axego, at fixed
We, = 9.3, Oh= 2.8 x 1072, We; = 9.3, and (a)p = 0, (b) ¢ = 7/4, and (C)p = 7/2

liquid mass of bouncing droplets deviates from the plane 0, having an appearance similar
to that of an off-center collision. This indicates that tlmibcing droplets has gained sothg
converted from the initial ;. In addition, it is seen that the non-axisymmetry, abovd, a@ow
the planez = 0 is the most prominent a = 7/2.
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The spin-induced non-axisymmetry to head-on collisiomslwafurther understood by ana-
lyzing the interaction between the translational motiotwad droplets and the spinning motion
of dropletO1, by characterizing the interaction between the velocigtweu = (u, v, w) and
the vorticity vectorw given by

dy 92' 0z Oz dx Oy

As a measure of the kinetic energy (KE), the scalat atz-z plane is shown in Figs. 7(a)—
7(c). The KE distribution is axisymmetric gt = 0, and as increasing, the spinning motion of
dropletO; leads to the non-axisymmetric KE distribution, in which #mnning droplet rotates
the intervening gas film and in turn makes the initially n@Rging droplet to rotate. As a
result, the droplets bounce off under the release of sudaeegy and gain prominent orbital
angular momentums. This implies thatis a parameter accounting for the “orthogonality” of
the translational and spinning motion of droplets and tlaezesthe conversion of the spin angular
momentum.

To characterize this orthogonality, the helicity density, w, is a natural choice, shown
in Figs. 7(d)-7(f). Ate = 0, the spin axis is parallel to the direction of the impaciedl.
This physical phenomenon is similar to that a spinning bulen stabilize its trajectory along
the shooting direction. By increasing to 7/2, the zero helicity density denotes the spinning
motion is perpendicular to the translational motion.

12)

<8w Ov Ou Ow Ov 8u>
w=Vxu=

© (d)

FIG. 7: Comparison of (a)—(c) kinetic energy and (d)—(f) helicigngity for the head-on bouncing between
a spinning droplet); and a non-spinning dropl€?, shown in Fig. 6, in whichp = 0 for (a) and (d),
¢ = /4 for (b) and (e), angp = = /2 for (c) and (f)
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To further quantify the monotonic conversion of angular neatam with varyinge, the
droplet integrations of the KE and helicity density are giby

KE = / H(ci+ e — Du - udV (13)
Vv

and
Hz/ H(ep+cp — Du - wdV (14)
1%

and are shown in Fig. 8. The monotonic variation of KE wijths apparent (denoted by the
arrow), and the variation off with ¢ requires some interpretations as follows. Firstly,=

0 at ¢ = 7/2 for the entire collision process because the velocity aumepts and velocity
derivatives are reversed on the both sides of the symmetryplane (He et al., 2019; He and
Zhang, 2020), expressed as = — (v_) and(d/dy), = — (9/dy)_, where the positive and
negative symbols denote two sides of the plane, respectively. Secondly, the helicity can be
either positive or negative due to the change of velocityamscduring droplet impacting and
bouncing stages. Thirdly, the monotonic variationFbfvith ¢ implies thatH could be a useful
quantity to characterize the variationbf_,,.

On the basis of the abovementioned results, we can intrathecassumption of parametric
separation td.,_,. Specifically, it is assumed that the parametric dependeinfe_, on ¢ can
be separated from the other parameters. Consequentlytiby flhe computational results, we
can obtain a functiorf (¢) to quantify the influences ap on L;_,(¢)/Ls_o(@ = 7/2) as
follows:

f (@)= —0.5cos(2¢) — 0.085cos (4¢) + 0.585 (15)

As shown in Fig. 9, the fitting is in good agreement with the punal results apart from
some discrepancy at smafl. It is acceptable because the valuelQf , at smalle is small
and insignificant to the practical propose. Thus, the spiorbital angular momentum conver-
sion coefficient can be expressedfas, = f (@) fs—o, (Wes, We,, Oh; @ = 7/2), in which the
second function is to be determined in Section 4.2.

1.6 6.0
— ¢=0 (x-axis)
--=-9p=7/6

1.2+ —-—-p=r/4
------ o=7r/3

@= /2 (y-axis)
£ 03
0.4 1
0.0
0.0 1.0

FIG. 8: Monotonic variation of (a) kinetic energy and (b) helicityiacreasingp
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f(p)

T T N T ’ T
0 /6 /3 /2
®
FIG. 9: Fitting formula of the coefficientf (¢p) = Ls—o(9)/Ls—o(e = 7/2), at fixed Wg = 9.3,
Oh=2.8x 1072 and We = 9.3, in which f (¢) = —0.5cos (2¢) — 0.085cos (4¢) + 0.585

4.2 Approximate Independence of L,_, with We , and Oh

Figure 10 shows the effects of Weand Oh onL,_, upon the head-on collision between a
spinning and non-spinning droplet at fixed= /2 and We = 9.3. It is interesting to find that
L, is ~ 0.068 after droplet bouncing for all cases, approximatdgpendent of the Weand

Oh.
This result can be understood by the following analykis., for each droplet can be calcu-

lated by the cross product of velocity and position vectdrthe mass center asp, X ro, =
up,dy in the y-direction, in whichue, is the post-collision velocity of droplé?; andd is the

distance from the origin point to the velocity vectop,. As shown in the embedded image in

J 0.16
0.164 . 03 /
3"; > N0.04 . < <
0.124 N0.071= 0.12 ; :
= P =
U / C 03 , !
< 03+—21 : : 0.068 : " - o 0.068
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- s S i—.
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T
(@) (b)

FIG. 10: Evolution of theLs_,(We,Oh) for different (a) We and (b) Oh at fixedp = x/2 and We =
9.3, and the embedded figure for the mass center trajectorycolbbwincing droplets
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Fig. 10(a), the bouncing velocity,, increases but the distandedecreases as increasing \Ve
due to the enhanced impacting kinetic energy and dropleraeition and subsequent more sur-
face energy release during bouncing stage. The opposité &rfe., andd with an increasing

We, results in the slight variation df,,_ ; with We,. Similarly, with an increasing Oh, the bounc-
ing velocityu, decreases but distandencreases because of the enhanced viscous dissipation
and reduced droplet deformation. Thus, these computatiesalts suggest that the function
fs—o (Wey, We,, Oh; @ = w/2) can be simplified ag (¢) fs—, (Wes; ¢ = 7/2).

4.3 Influence of We ;on L,_,

As shown in Fig. 11(a)L,_, after the head-on bouncing between a spinning and non4igginn
droplet monotonically increases with \Wavhich varies within 225 corresponding to the di-
mensional spinning speed in the range of 10 ¥ )5 x 1 rad/s. To obtain the function
fs—o (We,; @ = 7/2), the calculated.,_, is normalized by the initial,, = 7/We,/60 and
shown in Fig. 11(b). Itis found that,_,(We,) is also approximately equal to 0.42 for concerned
We,. On the basis of the results in Section 4, the spin-to-draitgular momentum conversion
coefficientf,_, can approximately expressed as follows:

fsfo = 042f ((P) (16)
which, combined with Eqgs. (11) and (4), provides a pradiiaaseful model for accounting for
spin effects in modeling droplet bouncing.

4.4 Influence of Chirality of Droplet Spin

For a relatively complete discussion of spinning effects further study the head-on bouncing
between two spinning droplets with either the opposite oresapinning directions, as shown in
Figs. 12(a) and 12(b), respectively. The results show thatiroplet deformation in Fig. 12(a) is

0.15 1.0
] - —-Wes=1.0
0.12 1 0.8 —-—-Wes=4.0
—— Wes=9.3
3 0.09
z
2 0.06 -
0.03 -
0.00
0.0

(@) (b)

FIG. 11: Evolution of the (a)Ls—,(Wes) and (b) coefficientfs—.(We;) at fixedp = 7/2, We, = 9.3,
and Oh= 2.8 x 102, in which f;s_,(We,) is defined ad.s_,(Wes) normalized by the initialLs, =
m/We; /60
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of always a “mirror symmetry” with respect to the interacti@-z) plane and retains the head-
on collision appearance witfh,0; lying on thez-axis. Whereas, the droplet deformation in
Fig. 12(b) is of a “mirror anti-symmetry” with respect to timeraction ¢-z) plane or of a “point
reflection symmetry” with respect to the origih This case is similar to the collision between a
spinning and non-spinning droplet shown in Fig. 6(c). Causatly, these results indicate that
the chirality of the spinning droplets plays an importarierio the collision dynamics—that it
can either suppress the,_, by the opposite spinning (mirror symmetry) or promote the ,
by the same spinning directions (mirror anti-symmetry).

The quantitative influence of chirality is attributed to ihéerchanges betweeky, L,, and
L, as shown in Fig. 13. Specifically, for case (a), althoughathsolute values of.,; and L,

)

FIG. 12: Influence of the chirality effects on the evolution of drapleformation and pressure contour at
x-z plane. Both droplets are spinning with (a) opposite dioettind (b) same direction along the axis
(¢ = 7/2) at fixed We = 9.3, Oh= 2.8 x 102, and We = 9.3
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decrease simultaneously, they are not converted intd.théue to the mirror symmetry. As a
result, the Eq. (16) is valid since the initial, = 0. For case (b), the increasebf is ~ 0.1315
and approximately twice that of 0.068 of the case (the ¢oilidetween a spinning and non-
spinning droplet) in Fig. 10. Since the initidl,, is doubled, the conversion coefficiefit_,
given in Eq. (16) is still approximately valid, implying théne chirality effect does not change
the conversion coefficient, _,; although, it does change; .

5. CONCLUSION

The present paper presented a computational and modelidy 8t the spinning effects on
droplet collision, particularly on the post-collision welties of bouncing droplets. The key
physics underlying the study is the interchange betweeitabidnd spin angular momentums
upon the collision involving a spinning droplet. The angufementum interchange would cer-
tainly affect the post-collision velocities, but it has feten considered in the previous models.
On the basis of the approximation of linear superpositiat i valid for not too strong a spin,
the present study proposed two angular momentum conveesiefficients to account for the
spinning effects, one characterizing the orbital-to-gginversion upon the off-center bouncing
between two non-spinning droplets and one characterifiagpin-to-orbital conversion upon
the head-on bouncing between two spinning droplets. Raditiuseful formulas were obtained
to express the two coefficients as functions of translatiand spinning Weber number, Ohne-
sorge number, azimuthal angle, and impact parameter.

For the off-center bouncing between two non-spinning drtsplthe initial spin angular mo-
mentum is absent. However, it was found that non-zero sginlanmomentums are present for
each droplet after droplet bouncing and the spin angular embim non-monotonically changes
with varying the impact parameter. This can be understoadsgaergetic consequence of the en-
hanced stretching effects and the reduced interaction(timgroplet deformation) with increas-
ing the impact parameteB)). Our simplified model captures the non-monotonicity byveging
that the scaling is approximately proportional#¢l — B?)/2,

0.20 0.40
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0.10 Lo ] 030 y
] B 0.1315
(S —— Lizlo 1 = 020- L
________________ el Lo RS
-0.10 e Ls1 1 o104 e
1 _.- - P Ls1=Ls2
7
1 e
-0.20 T T T T T T T T T 0.00 +—= T T T T T T T T
00 02 04 06 08 10 00 02 04 06 08 1.0
T T

@ (b)
FIG. 13: Interchange between spin angular momentiim,and L2, and orbital angular momenturh,,,

for the head-on droplet bouncing. Both droplets are spopmith (a) opposite direction and (b) same
direction shown in Fig. 12.

Atomization and Sprays



A Computational Model for Spinning Effects 59

For the head-on bouncing between two spinning dropletsnthial orbital angular momen-
tum is zero but the spin-to-orbital conversion of angulammatum was observed. This con-
version is maximized when the spinning motion is perperdico the translational motion of
colliding droplets, in which about a half of the spin anguteymentum can be converted into the
orbital counterpart, approximately independent of thedlational and spinning Weber numbers
and Ohnesorge number. In addition, the chirality of the rsipim droplets can either suppress or
promote the angular momentum conversion but does not clibagdovementioned conversion
coefficient.

For the typical collision outcomes between two non-spigrdroplets, such as coalescence,
bouncing, and separation, the transition between diffevettomes is understood as the conse-
quence of the gas film drainage and the kinetic energy dissip&pecifically, two approaching
droplet interfaces could lead to interface merge if the dastfiickness between them reaches
the scale of hundreds of angstroms, and therefore, the vawaias force becomes dominant;
otherwise, the droplet interfaces tend to bounce off. Drbpbalescence followed by separation
occurs if the kinetic energy of droplet collision is substally larger than the surface energy of
droplets, and the internal flow within the coalesced drogdeinot rapidly dissipate the excessive
kinetic energy. Regarding droplet spinning effects on thiision outcomes, it is inferred that
the spinning droplet would promote droplet coalescencauee the droplet spinning motion
might enhance the gas film drainage by acting a centrifugakfon the film. In addition, the
spinning motion of a droplet is speculated to enhance therifiaw-induced viscous dissipation
and thereby delay the separation. These interesting taylidse considered in our future work.

Furthermore, a comprehensive parametric study that cewides ranges of collision param-
eters is also certainly merited for future work. For exampe off-center collision between
two spinning droplets with arbitrary polar and azimuthajlas of the spin axis is an apparent
and necessary complement to the present work, but it is morglex by losing more sym-
metry. Most importantly, the experimental confirmation loé fpresent results is of significance
but challenging, which may rely on some innovations of theent experimental techniques in
generating and visualizing spinning droplets.
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