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The dynamics of compound drops impacting on a flat substrate is numerically investigated
using a ternary-fluid diffuse-interface method, with the aim of assessing the effect of a
density difference between the inner and outer droplets (denoted by A) on the evolution
of the interfaces. With the help of numerical simulations, we find that, at the intermediate
stage of drop impact, the inner droplet exhibits a self-similar deformation at 4 = 1 and
relatively high Weber number, and experiences more or less a uniform acceleration for
various A. In particular, the acceleration magnitude at 4 #1 can be correlated with the
acceleration at 4 = 1 and the Atwood number. When the inner droplet is denser than
the outer one, a lamella occurs at the spreading front of the inner droplet. We present
a scaling analysis of the thickness of the lamella, and the resultant theoretical prediction
is in good agreement with numerical results. At the maximal spreading of the compound
drop, a bulging structure is formed around the symmetry axis due to the presence of the
inner droplet, thereby effectively reducing the liquid supply to the spreading front and
leading to a decrease of maximal spreading ratio f,,,, as compared with a pure drop. We
proposed a corrected Weber number We?, by taking account of the combined effects of A,
volume fraction of the inner droplet, Weber number and morphology of the compound
drop. Integrating We’ with the universal model of B, for impacting pure drops, we
successfully build up a new model for predicting the maximal spreading ratio of impacting
compound drops with various A.
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1. Introduction

Impact of compound drops on a solid substrate can be widely seen in industrial processes,
such as ink-jet printing (Derby 2010; Wijshoff 2018; Lohse 2022), tissue construction
(Murphy & Atala 2014; Hendriks et al. 2015) and microcapsule collection in pharmacy
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Figure 1. A sketch of a compound drop impacting onto a horizontal substrate at a vertical velocity V. The
diameters of the outer and inner droplets of the compound drop are D and d, respectively. The simulations are
performed in cylindrical coordinates (r, z), with z = 0 being the substrate.

(Delcea, Mohwald & Skirtach 2011; De Cock et al. 2010; Liu et al. 2018a). In these
industrial processes, the compound drops consist of an outer (or shell) droplet and
one/multiple inner (or core) droplets, and the inner droplets are encapsulated by the outer
one. To optimize the processes requires us to gain insights into the impact dynamics of
compound drops, especially the deformation of the inner droplet and the spreading of
the whole compound drop at various impact conditions. Similar to impacting pure drops
(Yarin 2006; Josserand & Thoroddsen 2016), the dynamics of impacting compound drops
is affected by impact velocity V, surface tension y, drop size D, wettability of the solid
wall and the material properties of the liquid. For compound drops, the differences in fluid
properties between the inner and outer droplets, e.g. the volume ratio («), surface tension
ratio (1), viscosity ratio and density ratio () of the inner droplet to the outer one, are also
expected to influence the flow features of drop impact. Therefore, the impact dynamics of
compound drops is much more complicated than that of pure drops. A schematic diagram
of compound drops impacting onto a substrate is shown in figure 1. Two dimensionless
parameters are usually used to describe the impact dynamics of compound drops, i.e. the
Weber number We (= p; V?D/o13) and the Reynolds number Re (= p1VD/ 1), where p;
and 1 are the density and viscosity of the shell liquid, respectively, and o13 denotes the
surface tension coefficient between the shell fluid and surrounding air.

The presence of inner droplets gives rise to fascinating flow phenomena during the
impact processes. Gulyaev & Solonenko (2013) observed the occurrence of a counter-jet
rising vertically along the centre line of the drop in the experimental investigation of
hollow glycerin drops impacting onto a solid surface. Liu & Tran (2018) revealed in
experiments that the change of the volumetric oil ratio in compound drops consisting of
water and silicone oil might lead to the transition from spreading to splashing. Moreover,
they also reported the emergence of two spreading lamellae, which significantly affect
the overall spreading behaviour. Later, they further investigated the splashing dynamics
of impacting compound drops (Liu & Tran 2019). Blanken et al. (2020) experimentally
found that, for an impacting compound drop consisting of core water droplet and oil shell,
the core water droplet could rebound from the surface below a threshold impact velocity;
they attributed this phenomenon to the lubrication from the oil shell that prevents the
contact between the water core and the substrate. Zhang, Li & Thoroddsen (2020) reported
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the occurrence of fine radial jets near the substrate in the impact of a compound drop
containing a number of emulsion droplets. The formation of these radial jets results from
the local focusing of the outer liquid, which is forced into the narrowing wedge under each
internal droplet.

Numerical simulations have also been used to investigate the impact dynamics of
compound drops. Tasoglu et al. (2010) studied the deformation and spreading of compound
drops at relatively low We (~0.5-10) and Re (~15-45) using a front-tracking method, to
model the printing of droplet-encapsulated biological cells. Liu et al. (2018b) investigated
the maximal spreading ratio of impacting compound drops with equal density (i.e. 1 = 1)
at moderate Reynolds and Weber numbers (Re = 1000 and 10 < We < 800), with a focus
on the effect of o and n. Based on the morphology of the compound drop at maximal
spreading, they identified two flow regimes, i.e. jammed spreading (at small ) and joint
rim formation (at relatively large «), which differ in that the inner droplet does not
participate in the rim formation of the compound drop in the former while it does in
the latter. A universal rescaling of impacting compound drops was then proposed with a
corrected Weber number that takes «, 1 and the flow regime into account. Wei & Thoraval
(2021) simulated the impact dynamics of an air-in-liquid compound drop with various «.
They observed that the addition of a bubble in the drop decreases its maximal spreading,
and attributed this to the decrease of the kinetic energy of the drop and the formation of
a vertical jet at its centre. A recent review on impacting compound drops can be found in
Blanken et al. (2021).

Despite of this research on compound drops impacting onto a flat substrate, the density
effect on the interaction between the inner and outer interfaces of the compound drops
remains unclear. Also, it is important in practice to understand how the density difference
between the inner and outer droplets affects the deformation and motion of the inner
droplet, and the overall spreading behaviour of whole compound drops.

In this paper, we numerically investigate the dynamics of compound drops impacting
onto a flat substrate, aiming to evaluate the effect of A on the evolution of the interfaces. For
this purpose, we perform axisymmetric simulations using a ternary-fluid diffuse-interface
method, in the parameter space of We = 50-500, 4 = 0.001-4, o = 0.027-0.216 and Re =
1000. We examine the temporal evolution of the inner and outer interfaces, and assess
the interaction between the inner and outer droplets at different stages of drop impact.
Based on the numerical results, we characterize the motion and deformation of the inner
droplet at various A, and establish a new universal model for the maximal spreading ratio
of impacting compound drops.

2. Problem statement and methodology
2.1. Problem statement

We consider here the axisymmetric impact of a compound drop onto a rigid smooth
substrate, as shown in figure 1. The compound drop consists of two concentric droplets,
with diameters denoted by d (for the inner droplet) and D (for the outer droplet),
respectively. The density and viscosity of the fluids are defined as p; and pu;, where the
subscript i denotes the respective fluid (i = 1, 2 or 3). The surface tension coefficient
between fluid i and j is represented by o;. We assume that the compound drop is
made of liquids of low viscosity. For convenience of study, the following parameters
are fixed: Re = 1000, p3/p1 = 0.001, po/pm1 =1, u3/pm1 = 0.025 and the ratio of the
inner and outer interfacial tension coefficient 01> = 013. Then, we restrict our study to the
variation of We (or surface tension coefficients), density ratio A = p>/p; and volume ratio
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o = (d/D)?, with a focus on the effect of the density and size of the inner droplet on the
dynamics of impacting compound drops. To avoid very strong coupling between the inner
and outer interfaces from the very beginning of drop impact, we only consider relatively
small «, ranging from 0.027 to 0.216. Such a numerical set-up is relevant to real physical
conditions. For example, if water is taken as the shell fluid, Re = 1000 corresponds to
a millimetre-sized drop with impact velocity of O(1) m s7h. Accordingly, the gravity
effect is negligibly small compared with the acceleration encountered in the drop impact
(~V?/D); for example, the Froude number Fr = V2 /gD is of the order of 10?, where g
is the gravitational acceleration. Unless stated otherwise, the diameter of the compound
droplet D is chosen as the unit length, the time is made dimensionless by the scale D/V
and the time ¢ = O refers to the moment when the compound drop comes into contact with
the substrate.

In the present study, the core droplet hardly comes into contact with the solid surface
during the spreading of the compound drop, primarily owing to the lubrication effect
of the liquid film under it (Blanken et al. 2020). It should also be noted that there is
no splashing of the shell droplet in the range of parameters considered. Therefore, the
wetting dynamics is mainly determined by the contact angle 013, i.e. the angle at which the
interface between fluids 1 and 3 intersects with the substrate. In particular, we consider a
superhydrophobic substrate with a fixed 613(= 150°), while 017 and 6»3 are set to 150° and
90°, respectively. Given 012, 013, 012, 613 and 63, the surface tension coefficient 093 can
be uniquely determined (Zhang et al. 2016), specifically, here, 023 = 2013.

A ternary-fluid diffuse-interface model is used to simulate the impact dynamics of
compound drops (Zhang et al. 2016). The same method has been used previously
to investigate the maximal spreading of impacting compound drops with A =1 (Liu
et al. 2018b), i.e. the shell and core liquids have the same density. In the method,
a cylindrical coordinate system (r, z) is adopted to simulate the flow dynamics in a
computational domain of 2D x 1.2D on a uniform Cartesian mesh. A no-slip condition
and the geometric moving contact line model are imposed at the substrate (z = 0), a
symmetry condition at » = 0 and a far-field boundary condition at the right and upper
boundaries. Initially, the compound drop is located above the substrate with a distance of
0.1D, and then descends with velocity of V, while the surrounding air is assumed to be
stationary.

2.2. Convergence study

We simulate the impact dynamics of a compound drop at We = 500, « = 0.064 and A =
0.1, to check the convergence of the numerical results. Figure 2 shows snapshots of the
compound drop at the dimensionless time ¢ = 0.5 on successively refined meshes, where
the mesh sizes are Ax = 0.004, 0.002 and 0.001. It is clear that the numerical results
converge with the mesh refinement, in terms of the drop shape. The numerical results
with Ax = 0.002 are nearly overlapping with those on the finest mesh Ax = 0.001. We
also examine the convergence of the maximal spreading ratio 4y, Which is the diameter
ratio of the wetted area at the maximal spreading to the initial compound drop. Table 1
shows the variation of S,,,, for the different meshes, where the difference decreases with
mesh refinement. In particular, the relative error € between the meshes Ax = 0.002 and
0.001 becomes rather small (¢ = 0.24%). Therefore, a Cartesian mesh with mesh size of
Ax = 0.002 is used in the following studies.
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Figure 2. Convergence study with respect to the drop shape at the dimensionless time t = 0.5 with We = 500,
o = 0.064 and A = 0.1. Different curves denote the numerical results with different mesh resolutions: Ax =
0.004 (dash-dot-dotted), 0.002 (dashed) and 0.001 (solid). The inset shows a zoomed-in view of the interface
near the bottom of the inner droplet.

Mesh size (Ax) Bmax €
0.004 3.1220 1.04%
0.002 3.1471 024 %
0.001 3.1548

Table 1. Convergence study on successive refined meshes.

3. Results and discussion
3.1. Impact dynamics of compound drops

Figure 3 shows the snapshots of impacting compound drops with a fixed volume fraction
(¢ = 0.064) and Weber number (We = 500), but different density ratios (4 = 0.1, 1
and 4), where the results of a pure drop (o« = 0) are included for a comparison of the
dynamic process. The dynamics of the impacting compound drops is shown in the three
supplementary movies available at https://doi.org/10.1017/jfm.2023.388. At the early stage
of drop impact (¢ < 0.5), the outer interfaces of all the impacting compound drops have a
close resemblance to that of the pure drop. There is little interaction between the inner and
outer interfaces at this stage, primarily because the distance between the two interfaces
remains relatively large. By contrast, the effect of different A can be clearly seen in the
movement of the inner droplets: the larger A is, the lower the location the inner droplet
reaches. In addition, the inner droplet with 4 = 0.1 has a concave bottom at ¢ = (.25,
while those with 4 > 1 have a convex one. At this stage, the inner and outer interfaces of
the impacting compound drops appear to evolve independently.

At the intermediate stage of drop impact (e.g. 0.5 < ¢ < 1), the downward motion of the
compound drop pushes the inner droplet further towards the substrate; at the same time,
the distance between the inner and outer interfaces is gradually shortened. As a result, the
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Figure 3. Snapshots of an impacting pure drop at We = 500 (a) and impacting compound drops at « = 0.064,
We = 500 and various density ratios A: 0.1 (), 1 (¢) and 4 (d). The columns from left to right correspond to the
results at the time r = 0.25, 0.75 and t,,,4, Where f,,5, denotes the moment when the drop reaches its maximal
spreading. In each column, the reference velocity vectors are the same and are shown at the upper-right corner
in (a). The numbers above the arrows indicate the values of the reference vector.

effect of A becomes noticeable in this stage: an upward liquid counter-jet is induced at the
bottom of the light inner droplet (4 = 0.1), thereby hindering the descending of the outer
interface near the symmetry axis to some degree (see the second image of figure 3b). By
contrast, the dense inner droplet (1 = 4) apparently impacts onto the substrate (with no
formation of contact lines), and spreads over a thin film of fluid 1, with its front rolling
up (see the second image of figure 3d). At the intermediate stage, the deformation of the
inner droplet starts to affect the evolution of the outer interface.

At the late stage of drop impact, e.g. at the moment of maximal spreading t,,.x, the
maximal spreading ratio of the compound drop, B4y, depends on the value of A. For the
case with 4 = 0.1, the inner droplet is penetrated by the induced liquid counter-jet, and
evolves into a donut-like shape; subsequently, a recirculation zone occurs at the centre of
the compound drop. As a result, the supply of fluid 1 is restricted from the central region
to the front of spreading, thereby making its S, smaller than the pure drop. By contrast,
such an effect of flow restriction is much weaker in the case with 4 = 1. Therefore, the
compound drop with 4 =1 has almost the same B, as the pure drop. For the case
with large A(= 4), the liquid film beneath the inner droplet breaks up and forms a ring
on the substrate, while the rolling-up part of the inner droplet pinches off and expands
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radially outwards. The dense inner droplet provides extra momentum to the spreading of
the compound drop, which is responsible for the larger $,,,, than that of the pure drop.

It is clear from the observation of numerical results above that the density contrast of
the compound drop plays an important role in the evolution of the inner droplet, which in
turn affects the maximal spreading ratio of the whole compound drop. In the following, we
will further investigate the dynamic behaviours of the inner interface with different A (in
§ 3.2), and quantitatively assess the effect of the density contrast on the maximal spreading
ratio (in § 3.3).

3.2. Evolution of the inner interface

3.2.1. Uniform acceleration and self-similar interface evolution at 1 = 1

In this section, we study the motion of the inner droplet at the early stage of drop impact
and interface evolution at the intermediate stage for compound drops with equal density
(4 = 1). The interface of an impacting drop can be represented by the vertical component
of its position vector z = h(r, t). To examine the motion of the inner droplet, we track
the vertical positions of its centroid (denoted by &¢), as well as the top and bottom of
the inner droplet at the symmetry axis (denoted by A7 and hp, respectively; see the first
image in figure 3c). The temporal evolutions of i, hp and h¢ are shown in figure 4 for an
impacting compound drop at We = 500, « = 0.064, A = 1 and various « (= 0.027, 0.064
and 0.125). We find that the inner droplet experiences a uniform acceleration a at the early
stage, in the sense that s¢ can be approximated by

h(0, 1) = h(0,0) — t + Saot*, 3.1)

where £(0,0) is the initial position and ag = aD/ V2 denotes the dimensionless
acceleration. Moreover, the trajectories of /¢ are the same for three different o (so as to
give a constant ap ¢ = 1.5 for 0 < ¢t < 0.4 by data fitting), which suggests that the motion
of the inner droplet does not depend on « at the early stage of drop impact.

Interestingly, the time variations of i7 and hp in figure 4(a—c) follow a manner very
similar to ¢, and can also be described by (3.1). For example, in the case of « = 0.064,
we can obtain hr|,—9 = 0.7 and hp|;—o = 0.3 from the initial set-up, and the acceleration
at the top of the inner droplet ap 7 = 0.83 and that at the bottom ap g = 3.5 by data fitting;
here, the duration of acceleration depends on the vertical location, and 0 < ¢ < 0.5 at the
top and 0 < ¢ < 0.2 at the bottom of the inner droplet. That is, the acceleration at the
bottom of the inner droplet is much higher than its top, which accounts for its gradual
flattening with time. The difference between ag 7 and ag p is found to increase with «,
e.g. ap,p = 4.8 and ap,7 = 0.75 for @ = 0.125 while ap g = 2.8 and ap,7 = 0.95 for o =
0.027. Such an acceleration process is not contradictory with zero acceleration at the drop
apex at the early stage of impact of pure drops (Eggers et al. 2010). Figure 4(d) shows
the trajectories of drop apex of the impacting compound drops for ¢ = 0.027, 0.064 and
0.125. We can see that all the trajectories generally overlap and, moreover, have nearly zero
acceleration until ¢ &~ (0.2, at which time the pressure gradient arising from drop impact
starts to affect the drop apex; see e.g. figure 5.

The motion of the inner droplet is closely related to the pressure distribution inside
the compound drop. Figure 5 shows the pressure contours at the early stage of drop
impact (from ¢ = 0.05 to 0.30), with 4 = 1, We = 500 and o = 0.064. Firstly, once the
drop comes into contact with the substrate, we can see that a high pressure zone is
instantaneously established in the vicinity of the impact region, and the inner droplet is
immediately surrounded by vertical pressure gradients. After this, the high pressure zone
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Figure 4. Motion of the inner droplet in terms of time variation of A¢, hr and hp, with We = 500, A = 1 and
various «: (a) @ = 0.064, (b) « = 0.027 and (¢) @ = 0.125. The dashed lines represent the prediction of (3.1),
and the solid lines correspond to the prediction of (3.5). (d) Evolution of the apex of the compound droplets,
where the dashed line represents the prediction of (3.1) with zero acceleration.

expands with the increase of the wetted area on the substrate, while the magnitude of the
highest pressure gradually decreases with time. In principle, at the early stage of drop
impact, the process of an impacting compound drop with high impact speed and equal
density and viscosity (i.e. A = 1, up = 1, We > 1 and Re >> 1), is similar to that of an
impacting pure drop, owing to the dominance of drop inertia over the surface tension of the
inner droplet. Consequently, the interface of the inner drop can be viewed as a flow tracer,
until the effect of its surface tension cannot be neglected anymore (e.g. when the curvatures
at the sides of the flattened inner droplet become high). This explains why the trajectories
of h¢ and the drop apex are independent of «. Secondly, the flow inside the compound
drop is decelerated vertically by the pressure gradients, and is then redirected near the
substrate to the spreading (see also figure 3). We note that the pressure gradient varies
with the vertical position. More precisely, the closer the position relative to the substrate,
the stronger the pressure gradient and, therefore, the larger the acceleration of the flow.
In addition, because the maximum pressure decreases with time, the pressure distribution
around the inner droplet does not significantly change with the droplet descending, leading
to the more or less uniform acceleration of the inner droplet. Thirdly, as the drop apex is
away from the substrate, it is hardly affected by the pressure gradient at the very beginning
of drop impact.
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t=0.10 t=0.15

Figure 5. Time variation of pressure contours (black thin lines) of an impacting compound drop (blue thick
lines) with We = 500, o = 0.064 and A = 1.0 at times ¢ = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30.

In the intermediate stage, the flow inside the drop is no more driven by the high pressure
induced by the impact, and can be approximated by an axisymmetric stagnation point flow
(Eggers et al. 2010). As a result, the shape evolution of an impacting pure drop would
enter a self-similar inertial regime thereafter (Eggers et al. 2010; Lagubeau et al. 2012;
Gordillo, Sun & Cheng 2018; Mitchell ez al. 2019). Because the inner droplet is enclosed
by the outer liquid of the compound drop, the self-similar evolution of the inner interface is
supposed to start at the same time as the establishment of the stagnation point flow inside
the impacting compound drop.

If the flow in the compound drop evolves into stagnation point flow, it can be expressed
in the axisymmetric framework by

r 2z
v,=— and v,=-——, (3.2a,b)

T T
where 7 denotes the time of the stagnation point flow, v, and v, are the radial and vertical
velocity components, respectively. The subsequent interface evolution follows Dh/Dt =

0, or

oh oh
— — =, 33
at o ar vz (3-3)
Equation (3.3) has the similarity solution
1 r
hr vy = —H (L), (3.4)
T T

which is valid for any function H (Eggers et al. 2010). In other words, if the deformed
interface has a scale of / in the z direction, (3.4) suggests that its scale in the r direction
should be of the order of [~1/2,
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Figure 6. (a) The superimposed shapes of the inner droplet at different times at We = 500, A = 1 and o =
0.064. (b) llustration of self-similar evolution of the inner droplet, in which the droplet shapes are rescaled by
the self-similar length scales.

Eggers et al. (2010) reported that the stagnation point flow might start from 7 ~ 0.5 for
an impacting pure drop. We check whether this is also true for the impacting compound
drop by examining the time variation of A7 and hp. Note that 7 is related to the physical
time ¢ by T =1+ 19, in which #y is a case-dependent constant. To determine 7y in a
specific flow problem, we need to take account of the condition of v, in (3.2a,b). From
the numerical results at r = 0.5, we get A7 = 0.307 and v, = —0.52 at the top of the
inner interface, which suggests #yp = 0.680. In addition, we can also obtain hp = 0.092
and v, = —0.16 at the bottom of the inner interface at t = 0.5, which gives 7y = 0.644.
Because the two g only have a difference of 5 % in magnitude, it implies that the flow in
the compound drop at # = 0.5 is very close to stagnation point flow.

Suppose that the flow enters the regime of stagnation point flow at T = 7y, it is easy to
obtain from (3.4) that the subsequent time variation of 47 (and /) should obey

o = ()

We plot in figure 4 the prediction of i¢, hr and hp by (3.5), with 7p = 0.5 + 79 and 7y =
0.662 (i.e. the averaged value of the two #p). We can see that the theoretical prediction
agrees well with the numerical results for ¢ € [0.5, 1]. Furthermore, it is also interesting
to see in figure 4(a) that the self-similar solution of i¢ can be extended to as early as
t = 0.24, while itis t = 0.16 for hp and ¢ = 0.44 for hr. This observation suggests that the
lower part of flow enters the self-similar inertial regime at an earlier time.

Figure 6(a) shows the snapshots of the inner interface in the stagnation point flow
at We = 500, 1 =1 and o = 0.064 (specifically from time ¢ = 0.5 to 0.9, with a time
interval of 0.1). To check whether the interface evolution is self-similar, we firstly choose
[ = h7 — hp as the characteristic length of the deformed inner droplet in the z direction.
If the inner interface undergoes self-similar evolution, it would have 1/4/hr — hp as its
characteristic length in the r direction. Then, we rescale the corresponding droplet shapes
by the self-similar scales, i.e. (r/hr — hp, (z — hp)/(ht — hp)), and the results are shown
in figure 6(b). We can see that the inner interface at different times appears to overlap in
the self-similar coordinate, except the region near its spreading front. The deviation from
the self-similar solution at the spreading front is reasonably expected at the late times
(t = 0.8 and 0.9). Because the local curvature progressively increases with time (also see

964 A34-10

(3.5)


https://doi.org/10.1017/jfm.2023.388

https://doi.org/10.1017/jfm.2023.388 Published online by Cambridge University Press

Impact dynamics of compound drops of fluids

0.56
[ 9,
[ “
04k &
%
g,
hc 03 &v AA\DT _____ 1
5 \8\V AL OQ
| &V\V\A\A~A§D_ﬂ o
L 0 a-025 0w AN
QX Vv A
- A 21=05 & Vv
02 O e Vv
L v A= @so\ \a
: O aA=2 D\QQ o
[ 0a=4 Q o
0.1 L L L 1 L L L 1 O
0.2 0.4

Figure 7. Evolution of ¢ at We = 500, @ = 0.064 and various A. The dashed lines correspond to the
prediction of (3.1) using the acceleration a, calculated by (3.7).

Figure 8. Pressure contours (lines with numbers) of impacting compound drops (thick lines) with We = 500,
o = 0.064 and various A = 0.1, 1.0, 4.0 at time r = 0.15.

figure 6a), the effect of surface tension on the drop shape cannot be neglected at the late
times.

3.2.2. Density effect on the motion of inner droplet

In order to assess the effect of density ratio on the dynamics of the inner droplet, we
plot the time evolution of i¢ at We = 500, o = 0.064 and various A(= 0.25,0.5, 1,2, 4)
in figure 7. We can see that, the lower the density of the inner droplet, the higher the
position of i¢. This indicates that the inner droplets encounter different accelerations, of
which the magnitude increases monotonically with A. The density difference also affect
the pressure distribution inside the compound drop. Figure 8 shows the pressure contours
of impacting compound drops at the early stage (more precisely, t = 0.15) with We =
500, o = 0.064 and various A (= 0.1, 1.0, 4.0). We can see that the maximum pressure
increases with A, because initial momentum of the inner droplet also increases with A and
a denser droplet is harder to stop. Similar to the cases with 4 =1 in §3.2.1, a uniform
acceleration process is expected for the inner droplet with 4 # 1 at the early stage of drop
impact. If so, the trajectory of the inner droplet can also be described by (3.1), by replacing
ap by a A-dependent acceleration a,.
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Figure 9. Evolution of the vertical position of the centroid of the inner droplet (i¢) at We = 500 and various
o (= 0.027, 0.064 and 0.125). In particular, 4 = 0.25 in (a), and A = 4 in (b). The dashed line corresponds to
the prediction of (3.1), with a, calculated by (3.7). The inset shows the superimposed interfaces of the inner
droplets with different «.

Because for small « the inner and outer interfaces of the impacting compound drops
evolve independently at the early stage of impact, the motion of the inner droplet can
be modelled as a droplet subject to an impulsive acceleration ag of the surrounding
fluid in an open space. Without loss of generality, we use the Atwood number A =
(p1 — p2)/(p1 + p2) = (1 — /(1 4+ A) to represent the effect of A on the acceleration
a,. A linear approximation of a, as a function of A can be obtained by Taylor expansion
around A = 0 (or equivalently A = 1),

a1 = av+ 244 + 042, (3.6)
0A
At the early stage of drop impact, the buoyancy force and the effect of added mass play a
major role in the acceleration process (and both are a linear function of density), while the
viscous force exerted by the surrounding fluid can be neglected. It is reasonable to assume
that the quadratic term on the right-hand side of (3.6) is negligibly small.

To determine the value of (1/ag)(da,/dA), we check a,/ap under two extreme
conditions, i.e. A = —1 and 1 (corresponding to A — oo and 4 — 0, respectively). When
A — —1, it is straightforward to have a,/agp — 0. The case of A — 1 corresponds to
a gas bubble immersed in an accelerated dense liquid. We assume that the bubble is
more or less spherical, so that the added mass can be approximated by % p152, where
§2 denotes the volume of the bubble. Taking the added mass and the buoyancy force
(& p182ap) into account, we can get ay/ag — 2 for A — 1. It is noteworthy that we obtain
(1/ag)(0a,/0A) ~ 1 from either A — —1 or A — 1. This fact is further confirmation that
the acceleration of the inner droplet at the early stage of drop impact theoretically follows

ay =ap(l1+A). (3.7)

Equation (3.7) can be verified by comparing the prediction of /¢ by (3.1) against the
numerical results. Figure 9 shows the evolution of ¢ at We = 500 and various « (= 0.027,
0.064 and 0.125) and A (= 0.25 and 4), along with the prediction of (3.1), in which
ap,c = 1.5 obtained from numerical results at 4 =1 is used to calculate a; by (3.7).
It is interesting to see that the trajectories of hc¢ for the three different « are virtually
overlapped at the early stage of impact, specifically # < 0.25 for 4 = 0.25 and ¢ < 0.35 for
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Figure 10. Snapshots of impacting compound droplets with o = 0.064, We = 500 and various A. In particular,

(@) 1=0.1,t=025 b) A=1,t=125,(c) 1=2,1t=0.9, (d) 1 =4, t =0.6. The horizontal velocity
contour (left) and vorticity (right) are shown.

A = 4. That is, the time variation of /¢ is not sensitive to « for relatively small «. Also,
the predictions are in good agreement with the numerical results in the respective range of
time, as expected.

3.2.3. Density effect on the inner droplet deformation at the immediate stage

At the intermediate stage of drop impact, the deformation of the inner droplets with 4 < 1
is very different from that with 4 > 1 (cf. the middle column in figure 3). For 4 < 1, the
non-alignment of pressure and density gradients at the bottom of the inner droplet gives
rise to the baroclinic effect and the subsequent generation of vorticity at the interface
(cf. figure 10a). This phenomenon consequently enhances the ascending movement of
the bottom of the inner droplet. At a later time, an upward counter-jet is induced by the
vorticity, and breaks up the inner droplet (see the two right images in figure 3b). Such
a counter-jet has been experimentally observed in a wide range of Re and We after the
impact of hollow drops, and it could be so strong as to penetrate the whole compound
drop, especially with large impact velocity and « (Gulyaev & Solonenko 2013). When the
inner droplet with 4 > 1 is approaching the substrate, its deformation is characterized by
the formation and subsequent evolution of a lamella at the spreading front. Figure 10 shows
the snapshots of impacting drops at « = 0.064, We = 500 and various density contrasts
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Figure 11. (@) Variation of lamella thickness of the inner droplet (/;/D) as a function of We at « = 0.064 on
a log—log scale. (b) The lamella thickness as a function of (1 — A)2a~!/3We on a log-log scale, in which We
ranges from 50 to 500, A from 1 to 4 and « from 0.027 to 0.125.

(4 =1, 2 and 4). We notice that, with the increase of A, the lamella becomes thinner and
thinner, probably accompanied by curling up.

Figure 11(a) shows the lamella thickness of the inner droplet (4;) as a function of We
for A =1, 1.5, 2 and 4. Here, h; is defined as the mean thickness of the lamella (over
a distance of 0.03 starting from the lamella front), which is measured at the moment
when the velocity of the inner droplet centroid approaches zero. Despite of the differences
between the results at various A, the dimensionless lamella thickness /;/D is seen to have
a scaling of We™!/2 for the cases with the same A. This observation is very similar to the
deformation of a pure drop after impacting onto a substrate, for which Clanet et al. (2004)
experimentally found that the dimensionless lamella thickness follows h;/D ~ We™!/2.
Moreover, they attributed this to the balance between the surface tension and the vertical
deceleration of the drop (~ V2/D). The balance gives rise to an effective capillary length
(~+oD/(pV?) =D We—1/2), which is nothing but the scale of the lamella thickness.
The idea of Clanet et al. (2004) is adopted here to analyse the lamella thickness of the
inner droplet. At the early stage of drop impact, the inner droplet experiences more or
less uniform acceleration ag(1 + A)V? /D, as indicated in (3.7). When the inner droplet
is approaching the substrate (at r ~ 0.5), its vertical velocity approximately reduces to
U; = V(1 —A)/2. Then, after a time scale of d/U;, the vertical momentum of the inner
droplet is supposed to completely transform to its horizontal spreading. In other words,
the inner droplet encounters an acceleration of scale Ul.2 /d in the process of momentum
transformation. Therefore, from the balance between surface tension and drop acceleration
as in Clanet et al. (2004), the dimensionless lamella thickness of the inner droplet with
A > 1 should follow

h
l—)’ ~ (A1 = A2~ 3we" 12, (3.8)

Figure 11(b) shows h; vs A(1 — A)?a~/>*We on a log-log scale with different A and «.
The results roughly collapse onto a straight line, which corresponds to the theoretical
predictions in (3.8).

The rolling up of the lamella of the inner droplet is caused by a mechanism that is the
same as that of the ejected sheet in the impact of a pure drop (Riboux & Gordillo 2014).
This is a combined effect of the lubrication force exerted by the surrounding fluid near
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Figure 12. (a) Maximal spreading ratio S vs We with two fixed 4; specifically, 4 = 0.25 (hollow symbols)
and 2 (filled symbols). Various values of « are considered, including o = 0.064 (A), 0.125 (V) and 0.216 ({J).
(b) Maximal spreading ratio B, at We = 500 as a function of A with different «. The horizontal dashed line
denotes the value for the pure drop (o« = 0).

the lamella front, and the suction force due to the Bernoulli pressure acting on top of
the spreading lamella. Obviously, the mechanism becomes more significant for a thinner
lamella.

3.3. The maximal spreading ratio of compound drops

At the late stage of spreading of impacting compound drops, the interaction between the
inner and outer interfaces becomes more intensive (see e.g. the last column of figure 3), and
the presence of the inner droplet can affect the maximal spreading of the whole compound
drop. Liu et al. (2018b) identified two flow regimes, i.e. jammed spreading (at small «) and
joint rim formation (at large «). In particular, in the regime of jammed spreading, which
is closely related to the present study, the contribution of the initial kinetic energy of the
inner droplet to the spreading of the whole drop was found to decrease linearly with «. In
this section, we focus on the effect of the density variation of the inner droplet (represented
by A) on the maximal spreading ratio B,,;-

Figure 12(a) shows the variation of B, as a function of We for different values
of ¢ (0 <a <0.216) and 4 (= 0.25 and 2). We can see that at low A(= 0.25), Bnax
monotonically decreases with o for all Weber numbers; comparatively, B, 1S less
sensitive to the change of « at relatively high A(=2). More results are shown in
figure 12(b), in terms of B4 Vs A. We can see that B,,,,, generally increases with A for the
same o and We.

To interpret these observations, we present the snapshots of the impacting compound
drops at maximal spreading at different relatively small A (= 0.1 and 0.5) in figure 13
and relatively large A (= 1.5) in figure 14. For the compound drops, the drop shape at
the maximal spreading is characterized by the upward bulging of the drop at its centre.
The bulging arises from the floating inner droplet, which could be flattened (cf. 4 > 1 in
figure 14) or reshaped into a ’donut’ (cf. A = 0.1 in figure 13). The size of the bulging
structure can be approximately measured by its height at the symmetry axis H and the
radius of the spreading front of the inner droplet R}, (see the first row in figure 13c).

For the cases with 4 < 1, we can see that the lower the A, the higher the H; in particular,
the deformed inner droplet holds more liquid than that at A = 1 (figure 13), due to the
density effect on its motion (see details in §3.2.2). This fact gives rise to a smaller
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Figure 13. Snapshots of compound drops at the maximal spreading at We = 500 and various « and A.
Specifically, (@) @ = 0.064, (b) @ = 0.125 and (¢) o = 0.216; A = 0.1 in the top row, 4 = 0.5 in the middle
row and A = 1.0 in the bottom row. Here, H and R;, are the dimensionless height of the compound drop at the
symmetry axis and the dimensionless radius of the inner droplet, respectively. For comparison, the maximal
spreading diameters at A = 1.0 are marked by the dashed lines.

(@)
0.2

0 0.5 1.0 1.5

Figure 14. Snapshots of compound drops at the maximal spreading at fixed We (= 500) and A (= 1.5) but
different «: 0.064 (@), 0.125 (b) and 0.216 (c). The dashed line denotes the maximal spreading diameter for
o = 0.216, i.e. the case in (c).

Bmax at 4 < 1 than at A = 1, because a larger bulging structure would reduce the liquid
supply to the spreading front more significantly. Furthermore, the deformation of the inner
droplet with 4 < 1 can be measured by the relative significance of droplet inertia to surface
tension, i.e. p1 V2d /o1, = a'/3We. A larger & would lead to a more deformed inner droplet
(or larger Ry; see figure 13) at the same Weber number and subsequently a more noticeable
bulging structure. Therefore, the change of the bulging structure for A < 1 accounts for the
monotonic decrease of S, With « in figure 12. By contrast, for the cases with A > 1, the
flattened inner drop is generally located in the vicinity of the substrate at the maximal
spreading, which is similar to that at 4 = 1. Furthermore, H (= 0.06) is not sensitive to A
for small values of « (see figure 14).
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To obtain the relation between S,y and A for the impacting compound drops, we follow
the modelling strategy of Liu et al. (2018b); that is, to propose a corrected Weber number
We’, by taking account of the density contrast, and use We’, in the universal scaling for
impacting pure drops. In order to do so, it is crucial to assess how much of the initial
kinetic energy of compound drops would contribute to the spreading of the compound
drop. The initial kinetic energy of a compound drop can be expressed by n;Ex, where Ey =
7p1D3V? /12 corresponds to the initial kinetic energy of the compound drop at A = 1, and

ni=1+a(d-1). (3.9)

For the impacting compound drops with 4 =1 in the regime of jammed spreading,
which occurs at small o, Liu et al. (20185) found that the contribution of the kinetic energy
of the inner droplet decreases linearly with «. In particular, given o013 /013 = 1, their model
of the corrected Weber number ((3.3) in their paper) can be simplified to

We* = (1 — o) We. (3.10)

We can see in figure 3 that the descending inner droplet with A > 1 is more capable
of draining away the fluid beneath it than that with A = 1, thereby producing a similar
but slightly lower bulging structure. Despite of the possible difference in topology of the
inner droplet between A = 1 and 4 > 1, we assume that the effective contribution of the
kinetic energy with 4 > 1 can also be approximated by (3.10). Combining (3.10) with the
correction of drop inertia by 4, i.e. (3.9), we can obtain the A-corrected Weber number

Wel = niWe* = (1 —a + a)(1 —a)We, forad > 1. (3.11)

Wang et al. (2022) recently proposed a universal model to predict B, for impacting
pure drops in a wide range of Reynolds number (10 < Re < 10 000), Weber number (20 <
We < 1000) and substrate wettability (30° < 6 < 150°), which gives

—1/5 _ fp)
2—|—f(P)’

where f(P) = PY* £ 10P'/2, and P = WeRe=*/>(1 — cos§) 2. Substituting the corrected
Weber number in (3.11) into (3.12), we can expect to obtain a universal model of S,y for
impacting compound drops.

However, when using (3.11) for the cases with A < 1, the numerical results are found
to be scattered below the theoretical prediction; by contrast, these with 4 = 1 are well
predicted by the model; see figure 15(a). The particular bulging structure at 4 < 1 is
probably responsible for the deviation from the theoretical prediction. Because of the
baroclinic effect at the bottom of the inner droplet and the induced counter-jet, the bulging
structure at A < 1 is noticeably bigger than that at 1 = 1 (cf. figure 13). This should be
taken into account in the estimate of We, e.g. by introducing a correction of 7

BmaxRe (3.12)

Wei=(1—a+ad)(l —a—np)We, ford<1l. (3.13)

Clearly, the correction 1, is dependent on o and A. It is straightforward to get n, — 0
when either 4 — 1 (compound drops with equal density) or « — 0 (pure drops). In such a
way, the effect of the additional blocked liquid vanishes in case of either compound drops
with 4 = 1 or pure drops.

On the other hand, 1; should be proportional to the additional volume of liquid 1 held
in the bulging structure at 4 < 1 relative to 4 = 1. Figure 16(a) shows the variation of
the bulge size as a function of A in terms of H and R;, for @ = 0.064, 0.125 and 0.216.
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Figure 15. Value of B4, as a function of We, for the cases with A < 1: (a) without the correction 7, and (b)
with the correction 1. The numerical results consist of those with @ = 0.216 and various A (= 0.1, 0.5, 1) ((J),
those with A = 0.25 and various « (= 0.064, 0.125, 0.216) () and those with 2 = 0.001 (corresponding to the
hollow drops) and various « (= 0.064, 0.125, 0.216) (o). The filled symbols indicate the numerical results with
A =1, and the solid curve represents the universal model of (3.12).
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Figure 16. (a) Variation of H (filled symbols and solid lines) and R, (dashed lines and empty symbols) as a
function of A at We = 500. (b) Variation of Vp|1-1 — Vp|1=1 as a function of o (1 — /1)2(1 —a) at We = 50
(filled symbols) and 500 (empty symbols); the solid line denotes Vp|1<1 — Vp|1=1 = 6 (1 — D%(1 — ). The
symbols represent numerical data at different «: 0.064 (A), 0.125 (V) and 0.216 (1J).

The plot indicates that H generally decreases with 4. Moreover, both H and Rj, are not
sensitive to & when A > 0.5. For 4 < 0.5, the increase of « leads to more significant
changes of R, with A, approximately 10 % at « = 0.064 and 25 % at o« = 0.216. In the
present study, the volume of the bulging structure is approximated by V), = 6RiH . As
shown in figure 16(b), Vp|1<1 — Vpla=1 is found to be roughly proportional to o (1 —
)?(1 — ); in particular, the smaller the «, the better the proportionality. Therefore, 1,
is expected to have a form

m o a(l — D1 — a). (3.14)

The results with the 1, correction (by an approximation of 7, in (3.14) with a prefactor of
1) for 4 < 1 are shown in figure 15(). We can see that the numerical results gather around

964 A34-18


https://doi.org/10.1017/jfm.2023.388

https://doi.org/10.1017/jfm.2023.388 Published online by Cambridge University Press

Impact dynamics of compound drops of fluids

(a) 3.57 1.0:
i 09 F
3.0 Y
0.7 F
§ 2.5 N
2 0.6 F
2.0k 0.5;
i 0.4 F
15L P P 03¢L T P
10! 102 103 10! 102 103
* *
We/l Weﬂ

Figure 17. (a) Universal model of B, of impacting drops using We’;. The numerical results include symbols
pure drops (o) and compound drops, and are represented by symbols. For the impacting compound drops, the
cases consist of those with 4 = 0.25 and various « (= 0.064 (A), 0.125 (V) and 0.216 ([)), those with 2 = 2
and various « (= 0.064 (A), 0.125 (V) and 0.216 (H)), those with « = 0.216 and A ranging from 0.1 to 2 (x)
and those with 4 = 0.001 and « ranging from 0.064 to 0.216 (e). The solid curve denotes the universal model
(3.12) with We?; as the variable. (b) Rescaled f,q, as a function of We’ defined in (3.11). The symbols represent
the numerical results, which are the same as in (a); the solid curve denotes the theoretical prediction of Wei
& Thoraval (2021), in which the modified Reynolds number Re* = 0.83(1 — o?/3)Re and the fitting parameter
Bo = 1.2 were used.

the theoretical prediction now, and the maximal difference relative to the prediction of
(3.13) also reduces from 13 % (without the correction) to 6 % (with the correction).

It is noteworthy that the corrections of the Weber number in (3.11) and (3.13) are only
applicable to relatively small & (< 0.216 in the present study). We present all the numerical
results in figure 17(a) with respect to Byuq vs We’j. All the results appear to collapse onto
a single curve, which is in line with the prediction of (3.12). We find that this universal
model for pure drops can well represent the results for compound drops by using We?,
with a maximum relative difference of 6 %. Based on the numerical simulations, Wei &
Thoraval (2021) also proposed a model ((4) in their paper) for impacting hollow drops,
i.e. 4 = 0.001. Figure 17(b) shows the comparison of the prediction of Wei & Thoraval’s
model against our numerical results. Note that we use We’} = (1 — a)(1 — o + ad)We in
their model instead of We} = (1 — o)?We in the original paper, in order to take account
of the density effect in drop inertia and get a better agreement. Because it was established
based on results for hollow drops, it is not surprising that the model agrees excellently
with our numerical results of hollow drops. However, the distribution of the other data is
more scattered compared with the present model in figure 17(a).

4. Conclusion

We have numerically studied the dynamics of impacting compound drops at moderate
Weber and Reynolds numbers using a ternary-fluid diffuse-interface method, with a focus
on how the density ratio A between the inner and outer droplets affects the evolution
of the interfaces. We firstly examined the dynamic behaviour of the inner droplet at
different stages of drop impact. At the early stage, the inner droplet experiences more
or less a uniform acceleration, owing to the development of impact-induced pressure.
The magnitude of the acceleration at 4 #1 (denoted by a,) was then correlated with
the acceleration at 4 = 1 (denoted by ap) and the Atwood number (A), specifically by
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ay = ap(l + A). At the intermediate stage, the shape evolution of the inner droplet at
A =1 followed a self-similar trend, which is closely related to the occurrence of stagnation
point flows inside the compound drop. For 4 > 1, a lamella was found to form at the
spreading front of the inner droplet, similar to the deformation of a pure drop after
impacting onto a substrate. We theoretically analysed the thickness of the lamella /;, and
ended up with a scale of h;/D ~ (A(1 — A)2a1BWe)~V/2, which agrees with numerical
results. Secondly, we investigated the effect of the density ratio on the maximal spreading
of the compound drop. A bulging structure is generally observed at the centre of the
compound drop due to the presence of the inner droplet, thereby effectively reducing the
liquid supply to the spreading front and leading to a decrease of B,,,x as compared with
a pure drop. In particular, the occurrence of a counter-jet at 4 < 1 makes the bulging
structure much larger than that at 4 > 1. To obtain a universal expression of B,y for
impacting compound drops, we analysed the effect of A on the contribution of the initial
kinetic energy to the drop spreading and the features of the bulging structure. Then,
we proposed a corrected Weber number We?; by taking account of the combined effects
of A, a, We and the morphology of the compound drop. Replacing We by We? in the
universal model for impacting pure drops, we successfully obtained a good prediction of
the maximal spreading ratio for compound drops with liquids of different densities.

In the present study, we considered a fixed 613 = 150°. Similarly to the impact dynamics
of pure drops (Wang et al. 2022), the substrate wettability (represented by 63 here) is
supposed to affect the maximal spreading of compound drops too. In addition, as the
substrate is essentially superhydrophobic, the compound droplet would retract after the
maximal spreading happens. The effect of wettability and the retraction dynamics is
beyond the scope of the present study and would be the topic of our future research.

Supplementary movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2023.388.

Funding. We are grateful for the support of the National Natural Science Foundation of China (grant
numbers 11425210, 11621202, 11672288, 11702288, 11932019), the National Key Project GIXM92579 and the
Fundamental Research Funds for the Central Universities.

Declaration of interests. The authors report no conflict of interest.

Author ORCIDs.
Chun-Yu Zhang https://orcid.org/0000-0002-2685-7622;

Hao-Ran Liu https://orcid.org/0000-0001-7754-9454;
Hang Ding https://orcid.org/0000-0002-7395-6332.

REFERENCES

BLANKEN, N., SALEEM, M.S., ANTONINI, C. & THORAVAL, M.J. 2020 Rebound of self-lubricating
compound drops. Sci. Adv. 6, eaay3499.

BLANKEN, N., SALEEM, M.S., THORAVAL, M.J. & ANTONINI, C. 2021 Impact of compound drops: a
perspective. Curr. Opin. Colloid Interface Sci. 51, 101389.

CLANET, C., BEGUIN, C., RICHARD, D. & QUERE, D. 2004 Maximal deformation of an impacting drop.
J. Fluid Mech. 517, 199-208.

DE Cock, L.J., DE KOKER, S., DE GEEST, B.G., GROOTEN, J., VERVAET, C., REMON, J.P.,
SUKHORUKOV, G.B. & ANTIPINA, M.N. 2010 Polymeric multilayer capsules in drug delivery. Angew.
Chem. Intl Ed. 49, 6954-6973.

DELCEA, M., MOHWALD, H. & SKIRTACH, A.G. 2011 Stimuli-responsive LBL capsules and nanoshells for
drug delivery. Adv. Drug Deliv. Rev. 63, 730-747.

DERBY, B. 2010 Inkjet printing of functional and structural materials: fluid property requirements, feature
stability, and resolution. Annu. Rev. Mater. Res. 40, 395-414.

964 A34-20


https://doi.org/10.1017/jfm.2023.388
https://orcid.org/0000-0002-2685-7622
https://orcid.org/0000-0002-2685-7622
https://orcid.org/0000-0001-7754-9454
https://orcid.org/0000-0001-7754-9454
https://orcid.org/0000-0002-7395-6332
https://orcid.org/0000-0002-7395-6332
https://doi.org/10.1017/jfm.2023.388

https://doi.org/10.1017/jfm.2023.388 Published online by Cambridge University Press

Impact dynamics of compound drops of fluids

EGGERS, J., FONTELOS, M.A., JOSSERAND, C. & ZALESKI, S. 2010 Drop dynamics after impact on a solid
wall: theory and simulations. Phys. Fluids 22, 062101.

GORDILLO, L., SUN, T.P. & CHENG, X. 2018 Dynamics of drop impact on solid surfaces: evolution of impact
force and self-similar spreading. J. Fluid Mech. 840, 190-214.

GULYAEV, I.P. & SOLONENKO, O.P. 2013 Hollow droplets impacting onto a solid surface. Exp. Fluids 54,
1-12.

HENDRIKS, J., VISSER, C.W., HENKE, S., LEUTEN, J., SARIS, D.B.F., SuN, C., LOHSE, D. &
KARPERIEN, M. 2015 Optimizing cell viability in droplet-based cell deposition. Sci. Rep. 5, 1-10.

JOSSERAND, C. & THORODDSEN, S.T. 2016 Drop impact on a solid surface. Annu. Rev. Fluid Mech. 48,
365-391.

LAGUBEAU, G., FONTELOS, M.A., JOSSERAND, C., MAUREL, A., PAGNEUX, V. & PETITJEANS, P. 2012
Spreading dynamics of drop impacts. J. Fluid Mech. 713, 50-60.

Liu, D. & TRAN, T. 2018 Emergence of two lamellas during impact of compound droplets. Appl. Phys. Lett.
112, 203702.

Liu, D. & TRAN, T. 2019 The ejecting lamella of impacting compound droplets. Appl. Phys. Lett. 115,073702.

Liu, G., Wu, Q., DWIVEDI, P., Hu, C., ZHU, Z., SHEN, S., CHU, J., ZHAO, G., SI, T. & XU, R. 2018a
Hemoglobin-laden microcapsules for simulating oxygen dynamics of biological tissue. ACS Biomater. Sci.
Engng 4, 3177-3184.

Liu, H.R., ZHANG, C.Y., Gao, P, Lu, X.Y. & DING, H. 201856 On the maximal spreading of impacting
compound drops. J. Fluid Mech. 854, R6.

LoHSE, D. 2022 Fundamental fluid dynamics challenges in inkjet printing. Annu. Rev. Fluid Mech. 54,
349-382.

MITCHELL, B.R., KLEWICKI, J.C., KORKOLIS, Y.P. & KINSEY, B.L. 2019 The transient force profile of
low-speed droplet impact: measurements and model. J. Fluid Mech. 867, 300-322.

MURPHY, S.V. & ATALA, A. 2014 3D bioprinting of tissues and organs. Nat. Biotechnol. 32, 773-785.

RiBOUX, G. & GORDILLO, J.M. 2014 Experiments of drops impacting a smooth solid surface: a model of the
critical impact speed for drop splashing. Phys. Rev. Lett. 113, 024507.

TASOGLU, S., KAYNAK, G., SZERI, A.J., DEMIRCI, U. & MURADOGLU, M. 2010 Impact of a compound
droplet on a flat surface: a model for single cell epitaxy. Phys. Fluids 22, 082103.

WANG, R., SHI, Y.Z., ZHANG, C.Y. & DING, H. 2022 On the maximal spreading of drops impacting onto a
no-slip substrate. Phys. Fluids 34, 052103.

WEL, Y. & THORAVAL, M.J. 2021 Maximum spreading of an impacting air-in-liquid compound drop. Phys.
Fluids 33, 061703.

WI1ISHOFF, H. 2018 Drop dynamics in the inkjet printing process. Curr. Opin. Colloid Interface Sci. 36, 20-27.

YARIN, A.L. 2006 Drop impact dynamics: splashing, spreading, receding, bouncing. Annu. Rev. Fluid Mech.
38, 159-192.

ZHANG, C.Y., DING, H., GAO, P. & WU, Y.L. 2016 Diffuse interface simulation of ternary fluids in contact
with solid. J. Comput. Phys. 309, 37-51.

ZHANG, J.M., L1, E.Q. & THORODDSEN, S.T. 2020 Fine radial jetting during the impact of compound drops.
J. Fluid Mech. 883, A46.

964 A34-21


https://doi.org/10.1017/jfm.2023.388

	1 Introduction
	2 Problem statement and methodology
	2.1 Problem statement
	2.2 Convergence study

	3 Results and discussion
	3.1 Impact dynamics of compound drops
	3.2 Evolution of the inner interface
	3.2.1 Uniform acceleration and self-similar interface evolution at =1
	3.2.2 Density effect on the motion of inner droplet
	3.2.3 Density effect on the inner droplet deformation at the immediate stage

	3.3 The maximal spreading ratio of compound drops

	4 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


