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Particle-in-liquid compound drops impact on solid wall:
Spreading and retraction
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Impact of particle-in-liquid compound drops on solid wall is investigated numerically
using a diffuse-interface immersed-boundary method. We focus on the effect of the prop-
erties of the particles on the spreading and retraction dynamics of the compound drops.
Numerical simulation results reveal that with an increase in the particle volume fraction
(), there is a corresponding decrease in the volume of fluid involved in spreading. As a
result, the presence of particles within the drops inhibits the spreading of the compound
drops. Specifically, the maximal spreading ratio (B.x) can be scaled by 1 — «, analogous
to the scaling observed in pure drops. Conversely, both the rebound coefficient and particle
density exert minimal effect on By, at same «. Additionally, the presence of particles is
found to promote compound drop rebound, leading to a reduction in droplet-wall contact
time.

DOI: 10.1103/PhysRevFluids.9.123601

I. INTRODUCTION

Impact of drops on solid walls is a common occurrence in both natural and industrial settings,
including pathogen transport by raindrops [1], inkjet printing [2,3], spray cooling [4,5], and criminal
forensics [6]. In many applications, drops are composed of multiple components, and their structures
exhibit a variety of geometric shapes [7-10]. Among these structures, the core-shell structure of
compound drops is the most widely used, in which one component is completely encapsulated
in another [11]. In particular, compound drops consisting of solid particles encapsulated by a
liquid shell have recently been proposed in several promising technologies, such as the rapid and
controllable encapsulation of colloidal objects [12], the active emulsion made of drops encapsulating
assemblies of active particles [13], and surface tension-driven colloidal motors [14]. Investigation of
the dynamics of particle-in-liquid compound drops can offer theoretical insights into the preparation
of specialized drops and the management of their behavior, potentially paving the way for a broad
spectrum of applications in additive manufacturing and thermal spraying [15].

The spreading and retracting dynamics of a drop impacting on a substrate is governed by the
interplay between inertia, surface tension, and viscosity. The interplay of these forces can be
characterized by two dimensionless parameters, namely Reynolds number Re (= pUD/u) and
Weber number We (= pU 2D /o), where D, p, i, 0 and U are the diameter, density, viscosity, surface
tension coefficient and impacting velocity of drop, respectively. The deformation of the drops during
spreading and retracting can be quantified by the dimensionless spreading ratio, 8, which represents
the ratio of the diameter of the deformed droplet to its initial diameter. At the early stage of drop
impact, a thin liquid film was formed in the contact area between the drop and the substrate. The
radius of the wetted area was observed to evolve in a square-root law over time [16—18]. This
behavior can be explained by establishing self-similar pressure and velocity fields near the contact
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area of the drop [19,20]. The thickness of the liquid film follows a 3/2 scaling law with respect
to time [21]. At the maximum spreading of the drops, the maximal spreading ratio (8 = Bmax)
of liquid drops had been extensively studied and received significant attention [22—-24]. Chandra
and Avedisian [25] proposed a scaling law of B ~ Re'/> by assuming that the kinetic energy
is entirely consumed by viscous dissipation in the high viscosity limit. This scaling law has been
shown to accurately predict experimental and numerical results [26,27]. Clanet et al. [26] reported a
scaling law of Bnax ~ We!/* based on the balance between drop acceleration and Laplace pressure
gradient at the side of the spreading drop in the limit of low viscosity. The scaling law . ~ We'/?
had also been proposed to describe drops impacting free-slip surfaces [28-30] and the maximum
spreading of liquid-metal drops [31]. Additionally, the wettability of the substrate plays a crucial role
in determining Bmax [32—-36]. Several universal models have been proposed to predict the maximum
spreading of drops on no-slip substrates over a wide range of Re and/or We [29,37-39]. Notably,
Wang et al. [39] developed a universal model that considers the effect of substrate wettability on
Bmax using a second-order Padé approximation,

e = L ()

A+ f(P)
where P = WeRe™/3(1 — cos )72, f(P) = P'/* + A,P'?, Ay =2, and A; = 10 in a wide range
of flow parameters: 10 < Re < 10000, 20 < We < 1000, and 30° < 6 < 150°, where 0 is the
contact angle of the drop on the substrate. The universal model exhibits good agreement with prior
experimental and numerical data [29,40-42]. At the stage of retraction [43], it was observed that
the rate of drop retraction remained constant and was not affected by the impact velocity [27].
Drops may eventually rebound from the substrate [44—47]. The duration between the moment the
droplet contacts the substrate and the moment it departs was known as the rebound time [48], which
characterizes the temporal features of the droplet bouncing [47,49]. The rebound time was found to
follow the scale of ~(D/U)Wel/2(1 —cos6)~ /2 when 6 > 90° [50]. More studies can be found in
review articles [51-54].

In contrast to the impact of pure drops, the impact of compound drops is significantly in-
fluenced by the core structures. The core structures typically comprise liquid droplets [55-62],
gas bubbles [63-68], solid particles [69,70], biological cells [71], and other components. In the
investigations of liquid-in-liquid compound drops, Liu et al. [55] numerically simulated the volume
fraction of core drop (defined by «) and the interface tension ratio effecting on the maximal
spreading ratio (Bmax) of the compound drop with equal density between the core and shell drop.
A modified Weber number was defined to quantify and successfully predicted B« by substituting
it into the model of Lee et al. [42], within the parameter range of 10 < We < 800 and Re = 1000.
Later, the effect of density contrast on B;,,x had also been numerically simulated and a new model
had been proposed for a quantitative description [72]. Liu and Tran [60] experimentally investigated
the impact of a compound drop consisting of oil (shell) and water (core). Two ejection lamellas
were observed consisting of oil and water, and noted that the transition from spreading to splashing
occurred by varying the volumetric oil ratio. Furthermore, the maximal spreading ratio of the
compound drop depends on the impact velocity, the volumetric oil ratio, and the viscosity of the
core drop, by mixing glycerol in water [61]. In addition, Blanken er al. [73] observed that the oil
shell prevents contact between the water core and the solid surface due to the lubrication of the oil.
For the air-in-liquid drops, Gulyaev and Solonenko [64] experimentally observed the formation of
a counter jet in the impact of hollow glycerin drops. The volume of the counter jet was found to
depend on the volume of the bubble, and was independent of the viscosity of the liquid and impact
velocity [67]. To predict the maximal spreading ratio of the hollow drops, Naidu and Dash [67]
proposed a model based on the energy interaction between the spreading liquid and the liquid in the
counter jet. Numerical simulations by Wei and Thoraval [65] showed that the maximal spreading
ratio of the hollow drops decreased with the addition of a bubble, due to a decrease in the initial
kinetic energy with an increase in the volume ratio of the bubble. Comparatively, there are relatively
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FIG. 1. (a) A sketch of a particle-in-liquid compound drop impacting onto a horizontal substrate at a
vertical velocity U. The diameters of the whole compound drop and particle are D and D,, respectively.
(b) Convergence study with respect to the compound drop shape at the maximum spreading with Re = 1000,
We = 50, and o = 0.125. Different curves denote the numerical results with different mesh resolutions:
Ax = D/256 (dash dotted), D/320 (dashed), D/400 (solid), and D/500 (dash dot dotted), respectively. The
inset shows a zoomed-in view of the interface.

few studies on the impact of particle-in-liquid compound drops, as particles tend to attach more
easily to the droplet interface [74,75]. However, the effect of the particle on the particle-in-liquid
compound drops impacting onto solid substrate is lacking. Specifically, the volume, density, and
coefficient of restitution of the particle on the spreading and retracting require investigation.

In this study, we numerically investigate the impact of particle-in-liquid compound drops. We
examine the effect of varying volume ratio of particle to compound drop (denoted by «) on the
spreading and retracting behavior, in the parameter space of 0 < o < 0.422,20 < We < 1000, and
20 < Re < 10000. We then modify the Bpax through o to obtain a universal model for the maximal
spreading ratio of the compound drops. Additionally, the effects of coefficient of restitution and
density of particle on By, are also investigated. Furthermore, the rebound time of the compound
drops is simulated. Our study found that the presence of particles not only inhibits the spreading of
the compound drops but also reduces their rebound time.

II. PROBLEM STATEMENT AND NUMERICAL METHOD
A. Problem statement

We numerically investigate particle-in-liquid compound drops impacting onto a planar substrate.
The simulation setup, as shown in Fig. 1(a), is axisymmetric and includes a compound drop
surrounded by still gas. The density and viscosity ratios of the gas to the liquid are set to 0.0015
and 0.018, respectively, which are referenced to the ratio between air (density 1.2kg/m?, viscosity
1.8 x 10~>Pas) and 1 cSt silicone oil (density 0.81 x 10°kg/m?, viscosity 1.0 x 10~>Pas) at room
temperature 20 °C. The compound drop with a diameter D internally contains a concentric solid
particle with a diameter of D,.. The volume fraction of the particle is defined as « = (D,/D)*. The
density ratio between particle and liquid is denoted by A, = p,/p, where p,, is the density of the
particle. Initially, the distance between the mass center of the particle and the wall is H = 0.55D.
The computational domain is 4D x 4D. The boundary conditions are the symmetry condition at
the left boundary, far-field condition at the right boundary, and no-slip condition at the upper and
bottom boundaries. In the present study, the compound drops are of millimeter size with impact
velocity on the order of 1 m/s. Accordingly, the gravity effect is negligibly small compared with
the acceleration encountered in the drop impact (~U?/D).
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B. Numerical method

An axisymmetric diffuse-interface immersed-boundary (DIIB) method [76] is used to simulate
the impact of particle-in-liquid compound drops on the walls. The DIIB method is a powerful tool
for simulating incompressible multiphase flows that involve rigid objects of irregular shape and
moving contact lines on a Cartesian mesh [77]. The liquid-gas interface is represented by the volume
fraction of liquid, denoted as Cy, and its evolution is governed by the Cahn-Hilliard equation:

L v e = vy )
ot LT Pe ’
where the chemical potential ¢ is defined as
¥ =C; — 1.5C? +0.5C, — C.Cs(1 — Cp — Cs) — Cn* V2, (3)

the Cahn number Cn (= 0.75Ax/D) is a measure of the thickness of a diffuse interface and
Pélect number is set to Pe = 0.9/Cn [78], where Ax is the mesh size of the Cartesian mesh. The
distribution of the volume fraction of the solid, Cys, is prescribed according to the position of the
sphere. To simulate the moving contact lines (MCLs) on the substrate and particle, we employed
a characteristic MCL model [76,77], which updates C;, in the MCL region, according to the local
normal direction and wettability of the substrate. The wettability of the substrate and particle are
mainly prescribed by the contact angles 6 and 6,,.

The governing equations for the flow velocity u and the pressure p are the dimensionless Navier-
Stokes equations and continuity equation,

ou 1 f
—4u-Vu|=-Vp+ —VuVu+va )] + — +fi3, 4
p(at +u u) p+Re [w(Vu+ Vu' )] + e+ B 4)

V.u=0, (5)

where the f; is the surface tension and f;5 represents the additional force due to the presence of
particles. When the particle is about to contact the substrate, a collision force model [76] is used to
avoid the overlapping between the particle and the substrate. The repellent force f, follows

0 H —D,/2 > 2Ax,
fo={Ca(!522 _1)>  H-D,/2<2Ax and U, <0, (6)
2Cr (1522 — 1) H —-D,/2 <2Ax and U, > 0,

where U, is the velocity of the particle, and U, < 0 indicates particle impact onto the substrate,
while U, > 0 signifies particle rebound from the substrate. In this study, the empirical coefficient is
selected as Ce = 100 x 0.5MU?/(2Ax), where M is the mass of particle and 0.5MU 2 denotes the
initial kinetic energy of the particle. The value of Cg is chosen to ensure that the particle’s velocity
is reduced to zero prior to contacting the wall. Assuming that a particle decelerates from an initial
velocity U; and rebounds with a velocity U;, we have

1 e H—D,/2 2
—-MU? = / ceff(—”/ — 1) dh,
2

2 Ax 2Ax

1 H H—D,/2 2

—MU? = 20| ——22= — 1) dh, 7
2 J /ZAX ¢ ﬁ( ZAX > ( )

where H* represents the distance between the particle and the wall when the particle’s velocity
decelerates to zero. Mathematically, U; = U; can be derived. The coefficient of restitution, ¢, is
defined as the ratio of the particle’s velocity after impact to that before impact on the substrate.
For instance, ¢ = 1 corresponds to a completely elastic collision and ¢ < 1 corresponds to an
incompletely elastic collision. More details of numerical implementation can be found in Liu
et al. [76] and Liu and Ding [77].
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The method has been successfully validated and applied for simulating the dynamics of a sphere
impacting a liquid pool, as demonstrated in previous works [76,79-81]. To ensure the accuracy and
reliability of the numerical results, the convergence of the simulation is examined by investigating
the maximal spreading of the particle-in-liquid compound drop under the conditions of Re = 1000,
We =50, « = 0.125, ¢ = 1, and A, = 1. Figure 1(b) presents snapshots of the compound drop at
the maximal spreading, with mesh sizes of Ax = D/256, D/320, D/400, and D/500, respectively.
The results indicate that the numerical solutions converge with mesh refinement, as evidenced by
the consistent drop shape. Specifically, the numerical results obtained with Ax = D/400 are nearly
indistinguishable from those obtained with the finest mesh size of Ax = D/500. Therefore, a Carte-
sian mesh with a mesh size of Ax = D/400 is employed in subsequent simulations. Additionally, a
small bubble is entrapped under the center of the compound drop in Fig. 1(b), which is similar to
the phenomenon observed in pure droplet impact experiments [82,83].

III. RESULTS AND DISCUSSION

Unless otherwise stated, the wettability of the substrate and particle, density ratio, and coefficient
of restitution of the particle are fixed: 8 = 90°, 6, =90°, A, =1, and ¢ = 1. The dimensionless
impact time ¢ is rescaled by D/U, where t = 0 corresponds to the instant of contact between the
drop and the substrate. In the present study, the compound drop is equivalent to a pure drop when
a=0.

A. Flow features

Figure 2 illustrates the snapshots of particle-in-liquid compound drop impacting onto solid wall
at Re = 1000, We = 50, and various volume fractions (o« = 0.064, 0.125, and 0.216, respectively).
The results of pure drop (o = 0) are included for a comparison of the impacting dynamics. At
the early stage (+ < 0.25), before the particles reach the substrate, they move synchronously with
the drops and have a negligible effect on the surface of the compound drops. The surface shapes
of the compound drops are almost identical to those of the pure drops. At the intermediate stage
(0.25 <t £ 0.75), the particles bounce off the substrate and move upwards. The particles carry
some of the fluid with them resulting in less fluid in the part that is involved in spreading. As a
result, the deformation of compound drops is reduced compared to pure drops [see the second panel
of Figs. 2(a)-2(d)]. The deformation of the drops can be quantitatively described by the spreading
ratio 8. Note that the spreading ratio corresponds to the diameter of the contact line at the contact
angle of 90°. At the moment when the compound drops reach their maximal spreading (t = fmax),
the presence of particles within the compound drops leads to a reduction in B, regardless of
whether the particles are moving downwards [e.g., t = 1.76 in Fig. 2(b)] or upwards [e.g., t = 1.59
in Fig. 2(c)] at this moment. Furthermore, Biax decreases with an increase in «. At the stage of drop
retraction (f > ty.x), the liquid film at the contact line bulges. The presence of particles within the
compound drops causes some of the fluid to accumulate at the center of the droplet. Eventually,
interfacial rupture occurs in the compound drop [see ¢+ = 3.16 in Fig. 2(b)]. For sufficiently large
particles, there will still be a continuous upward movement, even carrying some of the fluid away
from the drop [74]. In summary, the presence of particles within the drops inhibits the spreading of
the compound drops and facilitates the retraction process.

Figure 3 shows the time evolution of the spreading ratio (8) and the particle position (H)
[see the definition in Fig. 1(a)] at Re = 1000 with various @ and We. 8 is accurately measured
based on the position of the contact line. Numerical results indicate that g initially increases to
its maximum value (8 = fnax) over time during the spreading stage, and then decreases during
the retraction stage. During the retraction stage, the evolution of the spreading ratio 8 over time
becomes inconsistent, as evidenced by the intersecting curves, indicating that the particles introduce
anonlinear disturbance to the retraction process of the compound drops. The particles rebound upon
impacting the substrate. For relatively large particles (o« > 0.125) and higher velocities (We > 50),
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FIG. 2. Illustration of particle-in-liquid compound drop impacting onto solid wall at Re = 1000, We = 50,
and various volume fractions: ¢ = 0 (a), 0.064 (b), 0.125 (c), and 0.216 (d). The columns from left to right
correspond to different times: t = 0.25, 0.75, ti., and ., + 1.4, respectively. Here, #,,,x denotes the moment
of the maximum spreading of the compound drop. Arrows in the fluid indicate the appropriate amount of
velocity at the local point and arrows in the particles indicate the direction of motion and velocity of the
particles. The reference velocity vectors are provided in (a) and the same one is used in each column. The
movies of the impact dynamics can be seen in the Supplemental Material [84].

they will continue to ascend due to inertial effects, assuming negligible gravity. Conversely, smaller
particles [e.g., « = 0.064 in Fig. 3(a)] and lower velocities [e.g., We = 20 in Fig. 3(b)] exhibit
weaker inertia, causing them to rise a limited distance before falling back and rebounding multiple
times on the wall. Upon further analyzing the results, we find that with an increase of « at a fixed
We, the maximal spreading ratio B.x and the moment of the maximal spreading #,,,x both decrease.
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FIG. 3. Time evolution of the spreading ratio 8 and the particle position H at Re = 1000 with (a) a fixed
We (=50) and various «, and (b) a fixed & (=0.125) and various We. The bullets on curves indicate the moment

B = Bmax-

Conversely, Bmax and fmax both increase with an increase of We at the same «. It is indicated that the
presence of particles prevents the spreading of the compound drops. In most instances, the velocities
of smaller particles and those with lower initial velocities decrease markedly after particles rebound.
This decrease is attributed to the interaction between particle movement and drop deformation.
Consequently, particle properties, such as volume fraction and impact velocity, play an important
role in the spreading and retraction of the compound drops.

B. Effect of particle volume on maximum spreading of compound drop

The presence of solid particles inhibits the maximum spreading of the compound drops due to
the reduction in the volume of fluid involved in spreading. The definition of the volume of fluid
involved in spreading, Vi, is shown in Fig. 4(a). At the moment of the maximum spreading of
the compound drops, the fluid involved in the spreading can be seen as a "pancake" shape with a

Re=500, We=150
Re=500, We=500
Re=2000, We=50

Re=2000, We=500
Re=10000, We =20

o<1 P>o

(1-0a)

FIG. 4. (a) A sketch of the volume of fluid involved in spreading V;. (b) V, /(7 D3 /6) as a function of 1 — «
at various Re and We. The solid line represents the relation of V,/(xD?/6) = (1 — ).
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FIG. 5. Maximal spreading ratio as a function of (a) We at Re = 10000, and (b) Re at We = 1000. In (a),
the solid line denotes By ~ We'/*. The inset shows the scaling law of 8/(1 — o) ~ We'/*. In (b), the dashed
line denotes Bax ~ Re'/>. The inset shows the scaling law of /(1 — ) ~ Re'/>.

diameter Bpax D and thickness Ay . Thus, the thickness 4y, scales with ~V,/ (,BI%MXDZ). For the case of
maximum spreading of a pure drop, V; ~ D? leads to h;/D ~ B2 . However, the volume of fluid
involved in the spreading of a compound drop is smaller. On the one hand, the initial fluid volume
within the compound drop is relatively small, specifically Vy = (1 — a)w D3/6. On the other hand, a
liquid film encapsulates the surface of the solid particles, and fluid is carried by these particles upon
rebounding, further diminishing V. We assume that the volume of fluid carried by the particles is
proportional to the particle volume, expressed as ka'Vjy, where k is a fitting factor. Then, the volume
of fluid involved in spreading is obtained by V; = (1 — ka)(1 — a)mD3/6. As shown in Fig. 4(b),
numerical results for V; agree well with the prediction with a fitting of k = 1. The numerical results
indicate that V; roughly follows a relation of V,/(wD3/6) ~ (1 — a)?. Although the error grows as
o increases, it remains within +10%. Therefore, we can express hy, as

h (1—a)
D p

max

(8)

The maximal spreading ratio Bpax of a particle-in-liquid compound drop is primarily influenced
by We, Re, and «, as shown in Fig. 5. The numerical findings indicate that the maximal spreading
ratio follows the scaling law of Bna ~ We!/* at high Re (= 10000) and Bnax ~ Re'/> at high We
(= 1000), which is consistent with the experimental and numerical results of pure drops [26,39].
For various values of o, fBmax generally decreases with an increase of o at the same We or Re.
Additionally, as illustrated in the insets of Fig. 5, the numerical results can be rescaled by Biax /(1 —
«) and collapsed together,

P ol ang P eiss, 9)
l -« l -«

To explain the scaling laws between B, @, We, and Re, we follow the analysis of Clanet
et al. [26]. First, the acceleration of the compound drops impacting on the substrate follows a ~
U?/D. Thus, the thickness of the spreading liquid film can be measured in terms of the effective
capillary length h;, ~ /o /pa in the limit of low viscosity (Re = 1000). By considering Eq. (8) for
0 < a < 0.422, we obtain By /(1 — a) ~ We!/ 4 which is in agreement with the numerical results
shown in the inset of Fig. 5(a). Second, we assume that the kinetic energy of the fluid involved in
spreading is proportional to p; V,U?. We further assume that the upward movement of the particles
consumes an additional portion of the kinetic energy used for spreading, which is proportional to
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FIG. 6. (a) BuuxRe™!” as a function of WeRe™*/°. The dashed line denotes the prediction of (3.1). (b) The
rescaled maximal spreading ratio Bp.Re™!° /(1 — ) as a function of WeRe™*/>. The solid lines denote the
prediction of Eq. (10).

the volume fraction of the particles, i.e., o, V,U?. The remaining kinetic energy used for spreading
is then ~(1 — a)p, V,;U?. For relatively large values of We (= 1000), the kinetic energy is fully
converted into viscous dissipation in the limit of Re < 1000, which is proportional to uU g3 D /hy .
This leads to the scaling law Buax/(1 — &) ~ Re!/?, which is consistent with the numerical results
shown in the inset of Fig. 5(b). In summary, the scaling law for the rescaled maximal spreading ratio
of particle-in-liquid compound drops, Bmax/(1 — &), is similar to that of pure drops. Therefore, we
can use the Padé approximation to describe the maximum spreading of compound drops and pure
drops in a uniform scaling law,

:BmaxRel/5 — f(P) ’ (10)

1l—«a A] + f(P )

where P = WeRe™%/3, f(P) = P'/* + A,P'/?, A| = 2, and A, = 10 for all cases. Figure 6(a) shows
the BnaxRe™ !/ versus WeRe /3 in the range of 20 < Re < 10000 and 20 < We < 1000. All
results in Fig. 6(b) collapse to the prediction of Eq. (10). It is noteworthy that the results for pure
liquid drop (a¢ = 0) are also included here.

C. Effect of coefficient of restitution and particle density ratio on f,,.x

The effect of the coefficient of restitution ¢ and the particle density ratio A, on the maximal
spreading of compound drops is investigated. Figure 7 shows S, as a function of We, Re, and «
for various coefficients of restitution ¢ ranging from 0.25 to 1. Several observations are noteworthy.
First, Bmax follows the scaling laws of Bpax ~ Wel/* at Re = 10000 (where inertia and surface
tension dominate the compound drops), and Bpa.x ~ Re'/> at We = 1000 (where viscosity and
inertia dominate the compound drops), both for a fixed @ = 0.216 and various ¢. Second, Bax
generally decreases with an increase of ¢ at constant We or Re. This decrease occurs because a higher
particle rebound velocity allows particles to carry more fluid upwards, reducing the fluid involved in
spreading, and consequently lowering fn.x. Notably, despite ¢ varying from 0.25 to 1 for different
We or Re, the relative changes in By.x are all less than 8%. This suggests that the coefficient of
restitution does not significantly affect on the maximal spreading of compound drops for a medium
particle volume (a = 0.216). Third, Bnax is approximately proportional to 1 — « for various & at
Re = 1000 and We = 50, as shown in Fig. 7(c). For relatively small «, ¢ has minimal influence
on Pmax. In contrast, for relatively large o, Bmax increases as ¢ decreases. This is because, with a
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FIG. 7. With various coefficients of restitution &, the maximal spreading ratio Bu.y as a function of (a) We
at Re = 10000 and @ = 0.216, (b) Re at We = 1000 and o = 0.216, and (c) « at Re = 1000 and We = 50.

smaller coefficient of restitution, particles rebound at a lower velocity and carry less fluid, thereby
increasing the fluid volume involved in spreading. As a result, Sn.x increases by approximately
14% at ¢ = 0.25 compared to ¢ = 1 when o = 0.422. Figure 8 shows the variation of By.x with
We, Re, and « for different particle density ratios A, (= 1 ~ 8). At relatively high Re, the particle
density has a negligible influence on 8, as demonstrated by the results presented in Figs. 8(a) and
8(c), and for Re > 300 in Fig. 8(b). This phenomenon occurs because, in fluids with low viscosity,
varying the particle density has minimal effect on the transported fluid volume, leaving the spreading
fluid volume unaltered. Conversely, in high-viscosity fluids, heavier particles are less susceptible
to deceleration, thereby exhibiting a greater capacity to transport fluid, potentially reducing f.
Generally, the particle’s coefficient of restitution and density ratio have a relatively minor effect
on the maximum spreading compared to the particle volume ratio.

D. Effect of particle volume on rebound time

The rebound time of particle-in-liquid compound drops impacting hydrophobic surfaces is
investigated at & = 150° and Re = 1000 with various «. We define the dimensionless time from
the droplet’s initial contact with the surface until it completely leaves the surface as the rebound
time, denoted as fg. Here, we chose the contact angle of & = 150° for drops to rebound easily. The
drops typically rebound from the hydrophobic substrate, and the rebound time of pure drops follows
the scaling law tz ~ We!/2(1 — cos6)~'/? [50,85]. Figure 9(a) shows the variation of the rebound
time fz of compound drops impacting hydrophobic surfaces. When particles impacting the surface
rebound immediately, they not only inhibit drop spreading but also enhance drop rebound. The larger
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FIG. 8. The effect of various density of particle A, on B, as a function of (a) We at Re = 10000 and
a = 0.216, (b) Re at We = 1000 and o = 0.216, and (c) « at Re = 1000 and We = 50.
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FIG. 9. (a) Rebound time 7z as a function of We at Re = 1000 with various «. (b) The scaling law of
rescaled tz/(1 — ) ~ We!/2,

the particle volume, the more pronounced the effect of enhancing drop rebound. Hence, compared
to the impact of pure drops, it can be expected that the rebound time of particle-in-liquid compound
drops will be shorter. Similar to the analysis of compound drop spreading, we postulate that the
rebound process also can be normalized by #/(1 — o). Therefore, the rebound time of compound
drops is expected to follow /(1 — ) ~ We!/? at a fixed contact angle. Figure 9(b) shows the
rescaled rebound time, revealing that the rebound times for various parameters approximately
collapse onto the same curve, suggesting that our theoretical predictions for the contact time are
consistent with the numerical results. Similarly, when « = 0, our prediction for 7z also agrees with
the theoretical formula of previous studies [85], further evidencing that our theory integrates the
effects of pure drops and particle-in-liquid compound drops.

IV. CONCLUSION

We conduct a numerical investigation into the impact of particle-in-liquid compound drops on
solid wall using the DIIB method, with the aim of gaining an understanding of the role of particle
properties in the spreading and retraction of the compound drops. The presence of particles is
found to inhibit the spreading of the compound drops. Specifically, with an increase in the particle
volume fraction («), there is a noticeable decrease in the spreading ratio (8). This behavior can
be attributed to the fact that the larger particles make a reduction in the volume of the fluid
involved in spreading (V;). Numerical results suggest that V; is proportional to (1 — ). Similarly
to the analysis of the pure drops spreading, the maximal spreading ratio fn.x of the compound
drops can be rescaled by 1 —a and collapsed to the scaling laws Bmax/(1 — a) ~ We!/* and
Bmax/(1 — &) ~ Re!/>. Furthermore, we introduce a Padé approximation with the same parameters
in Wang et al. [39], which allowes us to collapse all results onto a unified prediction within the
ranges of 20 < We < 1000 and 20 < Re < 10000. Additionally, we examine the effects of the
rebound coefficient and the density of particles on B at the same o and find them to have
minimal influence. We also investigate the rebound time of particle-in-liquid compound drops when
impacting hydrophobic surfaces. Similarly to pure drops, the rebound time (¢z) can be rescaled by
1 — « and follows a comparable scaling law #z /(1 — «) ~ Wel/2, However, it should be noted that
research on the impact dynamics of particle-in-liquid compound drops remains limited. Scenarios
such as drops containing multiple small particles or particles attached to the drop surface have not
been extensively explored. Additionally, the wettability of the particles and the substrate may also
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play an important role in the spreading and rebound of the compound drops. Further research is
needed to better understand the behavior of these drops and their interactions with particles and
solid walls.
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