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Detailed knowledge of micromechanics of individual particle collisions with the presence of liquid is crucial for model-
ling/understanding of wet granular flows that are omnipresent in nature and industrial applications. Despite many
reported studies, very limited detailed interface-resolved modeling of such collision problems has been conducted. This
article presents an improved model for direct numerical simulations of normal impacts of spheres on wet surfaces. This
model combines the immersed boundary method and the volume-of-fluid method supplemented with a model describing
gas-liquid-solid contact line. It is demonstrated that our model not only correctly describes the collision dynamics of
wet particles, but also well captures the dynamics of the liquid bridge formed during the collision. Quantitative agree-
ment is obtained between the simulation results and the experimental data. It is concluded that the developed model
constitutes a powerful tool to complement experimental studies, which are challenging for more complex wet collision
systems in practice. VC 2017 American Institute of Chemical Engineers AIChE J, 63: 4774–4787, 2017
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Introduction

In many practical situations where particulate multiphase

flows are involved, particle-particle and particle-wall colli-

sions play a major role in the overall dynamic behavior of the

flow. As a consequence, the motion of the dispersed phase

cannot be described solely by its behavior in unbounded flows,

and additional knowledge has to be obtained concerning these

particle collisional interactions.1 In practice, for a particulate

system involving a large number (i.e., Oð106Þ) of particles, no

numerical method is available offering affordable computa-

tional cost to resolve the flow in the narrow gaps between

closely spaced particles. Therefore, any modeling of such par-

ticulate flows requires adequate closures capturing the individ-

ual particle-particle and particle-wall encounters. Consequently,

this process has been the subject of intense research as many

years. Extensive theoretical and experimental studies2–4 have

dealt with dry collisions, that is, collisions in vacuum or in a

fluid of negligible resistance. In dry granular flows, the inelastic

and frictional particle collisions dominate the bulk behavior and

dissipate most of the granular kinetic energy. The energy

dissipation due to the inelasticity of the collisions is often char-
acterized by a restitution coefficient5 e, which is defined as the

ratio of the relative velocities of the colliding partners after and
prior to impact, vR and vim, respectively. Thus, the restitution

coefficient depends on the dissipation of kinetic energy (Ediss)
during the complete collision (with Ekin and Ekin;R as kinetic

energy before and after impact)

e5

���� vR

vim

����5
ffiffiffiffiffiffiffiffiffiffiffi
Ekin;R

Ekin

r
5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12

Ediss

Ekin

r
: (1)

For a perfectly plastic collision e 5 0, whereas for an ideally

elastic collision e 5 1, and collisions with inelastic losses lie
in between. The restitution coefficient is usually used as an

important input parameter to describe the particle-particle and
particle-wall collisions in unresolved (e.g., discrete element

model, two-fluid model) simulations.
Conversely, in prevalent chemical and pharmaceutical

industrial processes (such as filtration, coagulation, agglomer-
ation, spray coating, drying, and pneumatic transport), liquid

is intentionally injected either as a reactant or for coating pur-
poses, resulting in wet particles (i.e., particles coated with a

thin liquid layer). When interacting with each other or collid-
ing with a wall, the wet particles impact and rebound in a

completely different way from dry particles. This is due to the
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effects of the interstitial lubricating liquid, which changes the
collisions.6 If the liquid has a comparable density to the solid
particles, the fluid motion and its non-negligible viscous
effects introduce additional mechanisms for momentum and
mass transport, as well as energy dissipation.7 To accurately
predict the behavior of particulate flows involving liquid injec-
tion, a fundamental understanding of the influence of the liq-
uid on the collision mechanism is crucial.

To address the problem of how the interstitial liquid affects

the collision processes, many theoretical and experimental
researches have been conducted to understand the solid-liquid

interaction at the particle level. Analogous to dry collisions,

for the description of a wet collision a so-called “wet restitu-
tion coefficient” (ewet) is introduced, which accounts for the

combined effects of the interstitial fluid (added mass, viscous
dissipation, compressibility, etc.) and the inelasticity of the

contact. Davis et al.2 first proposed a dimensionless criterion,

the Stokes number (St), to predict whether the colliding part-
ners would rebound subsequent to normal impact in the pres-

ence of liquid. When St< Stc, where Stc is the critical Stokes
number, no rebound occurs and the colliding particles stick to

each other. For St> Stc, later studies8,9 showed that the wet

restitution coefficient increases rapidly and finally approaches
an asymptotic value with increasing St. Similar results have

also been found by, for example, Mueller et al.10

The collisions investigated in aforementioned publications

are either between wet granulates or between spheres fully
immersed in liquid. Conversely, collisions between particles

covered with thin liquid layers have drawn increasing attention
in recent years due to the ubiquity in industry. The impact

characteristics on a liquid layer is more complex due to the

formation, extension and rupture of a liquid bridge during the
rebound of the particle.11 Barnocky and Davis12 investigated

the collisions of small spheres on a plate covered with a vis-

cous liquid layer and first observed the existence of critical
drop height, above which rebound occurs. This theory was

extended by Matthewson13 and Davis et al.,14 who pointed out
that the rebound behavior of a sphere from the liquid layer

strongly depends on the sphere diameter, liquid viscosity, and

layer thickness. As then, with the aid of an impact setup,
numerous experimental investigations have been performed to

study the relation of the wet restitution coefficient with the rel-

evant parameters during normal as well as oblique collisions.
Regarding the importance of liquid layer thickness, it was

found that the ewet in the normal direction decreases signifi-
cantly with increasing layer thickness.15–17 Conversely,

increasing layer thickness has no further effect on the ewet in

the tangential direction rather than causing less friction.18,19

With respect to the influence of impact velocity, the wet resti-

tution coefficient was found to increase with the impact veloc-

ity (beyond a critical value) before leveling out to reach a
plateau.20 Similar results have also been reported in a series of

studies by Ma et al.,21–23 extending the investigations to nor-
mal and oblique impacts of smooth and rough spheres with

liquid layers. Besides, several models have been proposed to

predict the wet restitution coefficient. An elastohydrodynamic
model was first proposed by Davis et al.14 based on lubrication

theory for undeformed spheres and scaling relations for elastic
deformation, showing agreement with the experimental

results. Later, Kantak et al.20 proposed a simple model on the

basis of their experimental data, ewet5edryð12Stc=StÞ, with
edry the restitution coefficient under dry conditions. Recently,

Sutkar et al.24 developed an energy balance model for the

estimation of ewet in terms of well-known dimensionless num-

bers, such as the liquid Reynolds number, Stokes number, and

Weber number.
Despite the aforementioned experimental and theoretical

studies, numerical work on modeling the wet collision prob-

lems is very limited, especially from direct numerical simula-

tions (DNS). The difficulty lies in the complexity of solving a

gas-liquid-solid three phase flow as well as its interface.

Washino et al.25 conducted DNS to analyze wet granulation

processes, with liquid-gas flow solved by the constrained inter-

polation profile (CIP) method, and the fluid-solid interaction

taken into account by the immersed boundary method. The

surface tension and wetting were modeled using the continu-

ous surface force model. Simeonov and Calantoni26 integrated

mechanical contact and lubrication model into DNS of particle

collisions, and compared their results with experimental data

for immersed binary collisions. Furthermore, Jain et al.27 sim-

ulated collisions between a dry particle and a stationary liquid

film using a combined volume of fluid–immersed boundary

method, and were able to reproduce the experimentally

observed phenomena. Moreover, a model was proposed by

Wu et al.28 to predict liquid bridge formation between wet par-

ticles based on DNS. Kan et al.29,30 conducted a direct numeri-

cal simulation of particle–particle adhesion by a dynamic

liquid bridge. The work implied that a combined effect of the

liquid bridge deformation and instantaneous liquid bridge

force results in a non-monotonic dependence on the particle

wettability. All of these studies have broadened our under-

standing on dynamics of wet collisions, and most impor-

tantly have shown that DNS can be a potential and

promising approach for further investigation of wet collision

mechanisms.
The objective of this work is to introduce an improved DNS

model that not only can qualitatively reproduce the experi-

mentally observed phenomena, but also can quantitatively pre-

dict the wet restitution coefficient for different collision

scenarios of spheres impacting on wet surfaces. This article is

organized as follows: details of the numerical methods are

given, followed by validation cases of droplet-plate and

droplet-sphere contacts. Subsequently, we report the results of

wet collisions of spheres on a wet surface. Finally, the conclu-

sions and outlook are presented.

Numerical Methods

A volume of fluid (VOF) method is employed to solve the

two-material flow, accounting for surface tension by employ-

ing the tensile force (TF) model.31 A second-order immersed

boundary method32 (IBM) is used to account for the fluid-

solid interactions. The gas–liquid–solid interface and the wet-

ting is modeled by integrating a contact line model into the TF

model. Details of all the models are given in the following

sections.

Volume of fluid method

The VOF method is used to track the interface in two-

material fluid flow involving two immiscible fluids. The gov-

erning equations for unsteady, incompressible and Newtonian

flows are given by the following expressions

r � u50 (2)
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q
@u
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52rp2qr � ðuuÞ2r � s1qg1Fr (3)

where s represents the viscous stress tensor given by

s52l½ru1ðruÞT � (4)

Because the fluid velocity u is continuous across the inter-

face, the incompressible Navier-Stokes equations are solved

using a one-field formulation in the entire domain of interest

(including the interior of the solid particles), taking into

account the effect of the surface tension through a local volu-

metric force density Fr in Eq. 3. The local density q and vis-

cosity l are evaluated by, respectively, linear and harmonic

averaging of the densities of gas (g) phase and liquid (l)
phase

q5f ql1ð12f Þqg (5)

l5f
ql

ll

1ð12f Þ
qg

lg

; (6)

depending on the local liquid phase distribution indicated by a

color function f, which is defined as

f 5

0 in gas

ð0; 1Þ at liquid2gas interface

1 in liquid :

8>><
>>:

(7)

The governing Eqs. 3 and 2 are solved on a staggered 3D

grid using a projection-correction method. An explicit esti-

mate of the velocity field is first calculated from Eq. 3 fol-

lowed by a correction step, in which all terms in this

equation are treated explicitly except for the diffusion term,

which is treated semi-implicitly. A second-order flux delim-

ited scheme33 is used for the discretization of the convective

terms, whereas a standard second-order central difference

scheme is used for discretization of the diffusion terms. The

obtained velocity field is finally corrected to satisfy the conti-

nuity Eq. 2. Both the implicit part of the projection step and

the correction step are performed using an Incomplete

Cholesky-Conjugate Gradient (ICCG) matrix solver, which

is parallelized using OpenMP.
When the velocity field is calculated, the phase fraction can

be updated by solving the f-advection equation using geomet-

rical advection

Df

Dt
5
@f

@t
1u � rf 50 (8)

This function is used to track the interface and is solved

employing the Piecewise Linear Interface Calculation (PLIC)

algorithm of Youngs.34 This algorithm reconstructs the inter-

face as linear planes using the normal and the phase fraction in

the cell, according to five generic cases.35

In the momentum Eq. 3, the surface tension force is intro-

duced via a force density Fr, which only acts in the vicinity

of the interface. The tensile force (TF) method31 calculates

this force density from tensile forces exerted on each element

of the reconstructed PLIC interfaces. The tensile force

exerted on a particular element is calculated on the basis of

the orientation of the neighboring elements, each of which is

pulling at their respective edge of the element. Summing

over all the reconstructed interface edges, the surface tension

on an interface cell can be determined using the following

expression

Fr;m5
1

2
r
Xn

i51

ðti;m3niÞ (9)

where r is the surface tension coefficient, m is the interface

element of choice, n is the number of edges that depends on

the PLIC reconstruction case of interface element m. The tan-

gent ti;m between the interface elements i and m is created

from the interface reconstruction obeying the right-hand rule;

and the normal of the neighboring element ni is obtained in

terms of function f as

n5
rf

jrf j (10)

A graphical representation of the involved vectors in the ten-

sile force calculation is given in Figure 1. The force density

calculated with Eq. 9 is then mapped from the center of the

reconstructed surface to the Eulerian grid for the calculation in

Eq. 3 using volume-weighing interpolation.

Immersed boundary method

The IBM accounts for the fluid-solid coupling via direct

incorporation of the no-slip boundary condition at the surface

of the solid particles. The implementation of this (second-

order) method is based on Deen et al.,32 where detailed verifi-

cation of this method was presented for flows involving

stationary particles as well as fluidized particles. The transla-

tional (vp) and rotational (xp) motion of the solid particle are

governed by the Newtonian equations of motion, given by

mp
dvp

dt
5mpg1Flub

p;w1

þ
Cp

ðpn1s � nÞdS (11)

Ip
dxp

dt
52

þ
Cp

ðr2rpÞ3ðs � nÞ
� �

dS (12)

where mp and Ip represent, respectively, the mass and the

moment of inertia of the solid particle. The last terms on the

right-hand side of Eqs. 11 and 12 are expressions for the fluid-

solid interactions (drag and torque, respectively). The force

term Flub
p;w in Eq. 11 accounts for the lubrication force, which

will be discussed later. Note that no collisional interactions

appear in these equation because the (particle-particle or parti-

cle-wall) collisions are handled by an event-driven hard sphere

model.36

The implementation of the no-slip boundary condition

(Eq. 13) is implicitly introduced in the Navier-Stokes

equations

Figure 1. Generic representation of vectors used for
surface tension calculation.
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uparticle2surface5vp1xp3ðr2rpÞ (13)

where r2rp is the distance between a certain point on the object

r and the mass center of the object rp. The discretization of the

momentum Eq. 3 leads to a set of general algebraic equations

acwc1
X

bn

anbwnb5bc (14)

where w corresponds to one of the fluid velocity components.

This equation expresses the velocity inside a “fluid” node “c”

exterior to the solid particle as a function of the velocity of the

neighboring nodes “nb.”
From the perspective of a “fluid” node, the six (3D) neigh-

boring nodes are checked whether one of them is inside a par-
ticle. In that case as shown in Figure 2, the no-slip boundary

condition (Eq. 13) has to be applied, where the velocity wnb5

w0 in the neighboring “solid” node is expressed as a (1D) lin-

ear combination of the velocity at the relevant “fluid” nodes

(w1 and w2) and the velocity at the particle surface ws

w052
2fs

12fs
w11

fs

22fs
w21

2

ð12fsÞð22fsÞ
ws (15)

in which fs is a dimensionless distance between the grid point
of the velocity component and the intersection of the grid line

and the particle surface. This equation is derived by fitting a

second-order polynomial w5af21bf1c through the values of

w known at the boundary and the two “fluid” nodes. When we

consider a2 5 a0 through its definition, combining Eqs. 14 and
15 gives the modified coefficients

â15âc5a12
2fs

12fs

a0 (16)

â25a21
fs

22fs

a0 (17)

b̂15b̂c5b12
2ws

ð12fsÞð22fsÞ
a0 (18)

To ensure a complete implementation of the no-slip condi-

tion, this procedure needs to be performed for all velocity

components at all the nodes surrounding an immersed object

at each time step. Each velocity component needs to be incor-

porated separately because of the staggered grid. Special treat-

ments have also been implemented to avoid the singularity of

the second-order fit (Eq. 14), as well as for a node that is

surrounded by two neighboring “solid” cells in the same

direction.

Contact line model

When a liquid interface comes into contact with the surface

of a solid wall/particle, the liquid spreads on the solid surface

due to the liquid-solid wettability. In the present model, we

incorporate the wall adhesion boundary condition37 in our

VOF model. Wall adhesion is the surface force acting on a

fluid interface along the line of contact with a solid boundary.

This wall adhesion force represents the surface tension force

at the gas-liquid-solid contact line. Therefore, it is calculated

in the same manner as the volume forces Fr, using Eq. 9 in the

tensile force model, except that a boundary condition (Eq. 19)

is applied to the unit normal n prior to its use in Eq. 9. When

the actual angle is different from an enforced contact angle h,

the application of Eq. 19 results in a change of local normal

vectors, which consequently leads to a modification of the

local surface tension force. That is, a strong local surface ten-

sion force Fr is enforced at the contact line cells, which

quickly drives the free interface evolving toward the state cor-

responding to the enforced angle h. The condition is applied

only to the normals at those grid vertices lying on or near a

rigid boundary. Therefore, those forces Fr attributed to the

wall adhesion only act in the grid cells within proximity of a

wall or a particle surface.
The wall adhesion boundary condition holds for the unit

normal n to the free surface at points of contact along the solid

surface

n5ns cos h1ts sin h (19)

where h is the contact angle defined as the angle formed

between the liquid-gas interface and the liquid-solid interface

at the gas-liquid-solid three-phase contact line; ns is the unit

normal to the solid surface and ts is the unit tangent, which

lies on the solid surface and is normal to both ns and the con-

tact line (Figure 3). For a flat wall, ns and ts can be very easily

evaluated. For an immersed object with arbitrary shape, the ns

and ts are obtained via the following expressions

ns5
r/s

jr/sj
(20)

Figure 2. The incorporation of the no-slip boundary
condition in the second-order implicit IBM.
The red line represents the surface of the
immersed object.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. The unit vectors at a solid surface used in
the wall adhesion boundary condition.

[Color figure can be viewed at wileyonlinelibrary.com]
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ts5
rf 2ðns � rf Þns

jrf 2ðns � rf Þnsj
(21)

where /s represents the solid volume fraction in the grid cells.
The calculation method of /s can be found in Kempe and
Fr€ohlich.38

To better satisfy the wall adhesion boundary condition (Eq.
19), we use a simple “dilation” operation to extrapolate the
VOF function into the solid region. A detailed description and
discussion of this approach was given by Sun and Sakai.39 The
calculation procedure is as following: first, all “fluid” cells
(/s50) are tagged and all “solid” cells (/s > 0) are untagged;
then the VOF function (f) of an untagged cell is assigned as the
average value from tagged cells in its 33333 neighboring cells
with weight factors inversely proportional to the square of the
distance between the cell centers; once the VOF function in an
untagged cell is updated, this cell will be tagged and considered
as known in the next iteration; this procedure is iterated till all
the untagged cells are updated/tagged. In this way, the VOF
function in the fluid region will be extrapolated into the solid
region sequentially, by one layer of cells per iteration.

One thing to keep in mind is that Eq. 19 is applied only to
the unit normals residing at vertices of the contact cells. This
leads to a consequence that the solid boundary is in effect
forced to coincide with the grid cell boundaries. Thus, an error
is introduced when a solid boundary cuts through the interior
of a contact cell. However, this error is currently accepted for
the sake of simpler implementation. Note that this error does
not occur when the contact line is located at the computational
(no-slip) wall boundaries. Conversely, it occurs when the con-
tact line is located at curved boundaries like the surface of a
spherical particle. At the current stage, we assume this error is
small and ignore it.

The effects of wall adhesion in equilibrium can be estimated
through Eq. 19 in terms of an equilibrium contact angle heq.
The heq is also called the static contact angle that can be exper-
imentally measured when the fluid is at rest. This angle is not
an intrinsic parameter of the fluid, but depends on the contact
system, such as the smoothness and geometry of the solid sur-
face. Wall adhesion effects are much more complex when the
contact line is in motion, that is, when the fluid and the solid
that are in contact are moving relatively toward each other. In
this case, a dynamic contact angle hd, which additionally
depends on local fluid and solid conditions, needs to be
applied in Eq. 19. Despite its complexity, the understanding of
the dynamic contact angle has rapidly progressed and several
empirical models have been proposed. A comprehensive
review was presented in the work of Saha and Mitra.40 The
most widespread relation of the contact angles is given by the
so-called Hoffman-Voinov-Tanner law from a systematic
study of dynamic contact angles in glass capillary tubes for
small Capillary numbers, 431025 < Ca5llucl=r < 36, where
ucl is the fluid velocity at the contact line

h3
d2h3

eq ffi cTCa (22)

in which, cT is a constant given by Hoffman41 to be about 72,
with some dependence on the flow system size. Later on, Jiang
et al.42 gave an empirical correlation

cos ðheqÞ2cos ðhdÞ
cos ðheqÞ11

5tanh ð4:96Ca0:702Þ (23)

A more recent empirical correlation was given by Kistler43 in
the form

hd5fHoff Ca1f 21
HoffðheqÞ

� �
(24)

where f 21
Hoff is the inverse function of the Hoffman’s function

fHoff defined as

fHoffðxÞ5arccos 122tanh 5:16
x

111:31x0:99

� �0:706
� 	
 �

(25)

Cox44 suggested the dependence of the dynamic contact angle

on the velocity as

h3
d5h3

eq1144Ca (26)

In this work, we have implemented and compared the correla-

tions proposed by Kistler43 and Cox.44 No obvious difference

on the results was observed, as the capillary numbers in the

flow problem considered in this article are very small. For all

the results reported in Results section, Eq. 24 proposed by Kis-

tler43 was used in the simulations.

Lubrication model

When the gap between the surfaces of collision partners is

small and their relative velocity is non-negligible, fluid is

squeezed out of the gap on approach and pushed back into the

gap on rebound. Viscous forces induced by the interstitial flow

hence become important in these phases of approach and

rebound and can lead to sizeable energy dissipation. Depend-

ing on the properties of the fluid and the relative velocity

between the collision partners, the characteristic length of this

viscous influence can be several orders of magnitude smaller

than the particle diameter.7 The fixed-Eulerian-grid method is

then unable to accurately capture the lubrication force for a

reasonable grid resolution. Thus, the IBM described in the pre-
vious section needs to be supplemented by an appropriate kind

of “subgrid-scale model” accounting for the film between the

surfaces at instants when it is too thin to be resolved by the

Eulerian grid. The model amounts to determining a so-called

lubrication force as is introduced in Eq. 11, which is always

directed opposite to the relative velocity and hence is

dissipative.
This work applies the lubrication theory of Brenner,45

which has been also used by, for example, Breugem46 and

Kempe & Fr€ohlich.47 For particle-wall interactions, the lubri-

cation force reads as

Flub
p;w5

0; 2h < np;w

2
3pvpqf g

2np;w

d2
pnw; nlub

min � np;w � 2h

0; np;w < nlub
min

8>>>><
>>>>:

(27)

Note that, only the normal component of the lubrication force

is considered, as the simulated problem in this work involves

only normal interaction. For a surface distance np;w larger than

two grid sizes 2h, the particle motion is resolved by the IBM

and no modeling of the particle-wall interaction is required.

When the particle approaches closer to the wall, the particle is
more and more decelerated by the increasing pressure in the

gap between the particle and the wall. Only if the surface dis-

tance becomes smaller than 2h, does the lubrication model set

in until dry particle-wall contact takes place. A cut-off dis-

tance nlub
min is added to mimic real particles and prevent the

lubrication force from reaching its singularity at zero normal

distance. This parameter has a physical meaning, which stands

for, as a first approximation, a natural surface roughness

4778 DOI 10.1002/aic Published on behalf of the AIChE November 2017 Vol. 63, No. 11 AIChE Journal



accounting for the mean height of surface asperities of real

particles. So, the value of nlub
min depends on the material of the

used particles. For the smooth glass particles used in this

work, we have specified nlub
min50:0001dp.

Verification

The VOF and IBM methods have been systematically tested

to verify the correctness of the computation implementation in

Baltussen et al.31 and Deen et al.,32 respectively. In addition to

those verifications, we would like to further examine the con-

tact line model integrated in the combined VOF/IBM method

by considering standard droplet-plate and droplet-sphere

contacts.

Droplet-plate contact

The evolution of a liquid droplet towards its static equilib-

rium in contact with a plane wall is modeled to test the imple-

mentation of the contact model. Starting from a perfectly

spherical shape shown in Figure 4, the droplet motion is com-

puted till its shape stabilizes. No gravity is considered, the

droplet is, therefore, subjected to viscosity, inertia, and surface

tension including wall adhesion (via Eq. 19 with a given heq).

The simulated problem is similar to the work in Bellet,48

except for the fluid properties. The initial spherical water

droplet has a diameter of 1 mm, a density of ql51000 kg/m3,

a viscosity of ll5131023 Pa�s, and a surface tension coeffi-

cient r50:073 N/m. Whereas, for the gas phase the properties

of air are used, that is, lg51:831025 Pa�s and qg51:2 kg/m3.

The resolution is kept the same for all the simulations, that

is, 20 grid cells per initial droplet diameter. Different values

of the static contact angle have been considered, with

the stabilized droplet shape shown in Figure 4 for heq of

150�; 120�; 90�; 60�, and 30�, respectively.
Knowing heq, we can also calculate analytically the diame-

ter of the circular contact area and the height of the stable con-

figuration. First, the volume of a truncated sphere of radius R,

making a contact angle heq with the truncation plane, is given

by

V5
1

3
pR3ð223 cos heq1cos 3heqÞ (28)

The volume conservation ensures that the equilibrium V equals

to the given initial volume. Subsequently, the height H (dis-

tance from top of the droplet to the wall) of the stable drop is

given by

H5Rð12cos heqÞ (29)

A comparison between the exact values of H with results

obtained from the simulations is shown in Figure 5. Both Fig-

ures 4 and 5 indicate that our model can reproduce the analyti-

cal solutions to such droplet-plate contact problem at non-

wetting (heq > 90�) as well as wetting (heq < 90�) conditions.

Droplet-sphere contact

As a further verification, we choose the case of a droplet

adhering to a spherical particle, which was also reported in the

work of Suh and Son.49 Again, no gravity is considered, the

droplet is therefore subjected to viscosity, inertia and surface

tension including wall adhesion (via Eq. 19 with a given heq).

Initially, a spherical droplet is placed just touching to the top

of a stationary particle with the same size as the droplet, as

depicted in Figure 6. The initial droplet is of diameter

0.05 mm with density ql51070 kg/m3, viscosity ll53:63

1023 Pa�s, and surface tension coefficient r50:04 N/m.

Whereas the properties of the gas phase are lg51:831025

Pa�s and qg51:2 kg/m3. The resolution is kept the same for all

the simulations, that is, 20 grid cells per initial droplet

Figure 4. Static equilibrium of a water drop on a plane wall at different static contact angles.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Comparison between the drop height obtained
by analytical solution and our model for static
equilibrium of a water drop on a plane wall at
different static contact angles.

[Color figure can be viewed at wileyonlinelibrary.com]
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diameter. Simulations were performed for different values of

the static contact angle heq, resolving the transient motion of

the droplet toward a steady state. Assuming that the droplet

shape at equilibrium is a truncated sphere, the deformed drop-

let can be determined analytically for given values of heq and

initial diameter (detailed in Suh and Son49). Figure 6 compares

the droplet shape (plotted in a 2D cross section) obtained from

simulations with the analytical solutions. A very good agree-

ment is achieved for all the considered contact angles.

Results

In this section, we will present the results for normal

impacts of a glass sphere on a flat glass plate covered by a

layer of water, from our VOF-IBM simulations as well as

from a series of experiments performed by Cr€uger et al.17 The

influence of impact velocity, liquid layer thickness, liquid vis-

cosity, particle size, and surface tension on the wet restitution

coefficient will be included. Some of the experimental data,

which are presented in this article, can also be found in Cr€uger

et al.17 Unless otherwise mentioned, the parameters listed in

Table 1 are used for the simulations. The computational

domain size and the time step are varied with different combi-

nations of the layer thickness, the impact velocity and the grid

size. No-slip boundary conditions are imposed at the surface

of the particle as well as at the bottom wall. Free slip condi-
tions are used at the side boundaries confining the computa-
tional domain in the lateral directions, while a constant
pressure outflow condition is used for the top boundary. The

Figure 6. Static equilibrium of a liquid droplet adhering to a spherical particle at different static contact angles. The
red sphere represents the stationary particle, the black line indicates the 2D outline (at the central plane)
of the droplet from simulation results, and the white line shows the analytical solution.

[Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Parameters Used for the Simulations of Sphere

Impact on a Wet Surface

Parameters Units Values

Gas density qg kg/m3 1.2
Gas viscosity lg Pa�s 1:831025

Liquid density ql kg/m3 1000
Liquid viscosity ll Pa�s 1:031023

Liquid layer thickness dl lm [100, 500]
Surface tension coefficient r N/m 0.0728
Particle density qp kg/m3 2526
Particle diameter dp m 1:7431023

Dry restitution
coefficient(normal) edry

- 0.96

Gravity (z-dir) m/s2 29.81
Time step s [1:031027; 1:031026]
Computational domain

(same for x-dir and y-dir)
- [2dp; 4dp]

Computational domain (z-dir) - [3dp; 5dp]
Static contact angle heq

for particle penetration

�
150

Static contact angle heq

for particle rebound

�
15
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particle is released from its initial position just above the liq-

uid layer at t 5 0 s with a specified (input) velocity. For the

calculation of wet restitution coefficient, the impact velocity

and the rebound velocity are defined the same as in the experi-

ments: the impact velocity vim is taken at the moment when

the particle just touches the liquid, whereas the rebound veloc-

ity vR is taken as the particle velocity when the rupture of the

liquid bridge takes place. Static contact angles heq5150� and

heq515� are used in Eq. 24 to predict the dynamic contact

angles when the particle moves downward and upward,

respectively. These values of heq are chosen from the data of

the contact angle, which were measured from different experi-

ments of normal impact.

Detailed comparison of simulations and experiments

We first present a detailed experimental validation for the

simulation of a 1.74 mm sphere impacting on a 400 lm liquid

layer at an impact velocity of 1.13 m/s. First, a grid sensitivity

study was performed for four different grid sizes (h) listed in

Table 2. Note that the computational domain size is kept the

same for the four tests, that is, 3dp in x-, y-directions and 4dp

in z-direction. As seen in this table, the obtained ewet;n shows a

slight decrease as the grids are refined, implying only a weak

grid sensitivity. This is expected because of the following rea-

sons: (1) regarding the computation of the drag force, the cur-

rent IB method has been demonstrated by Deen et al.32,50 to be

less grid-dependent but more accurate than conventional IB

methods (e.g., used in Tang et al.51 and Jain et al.27) that

require calibration of the particle diameter. (2) During the col-

lision process, the free interface formed around the surface of

the particle possesses a curvature roughly equivalent to the

particle size. This leads to a relatively same grid resolution as

dp=h for the modelling of the free interface in VOF, and dp=h
is sufficiently high even for the coarsest grids considered in

this study. Therefore, finer grids were not considered in this

work, as they introduce an excessive computational load and

an extremely small-time step. For the results reported later

in this article, a resolution of dl=h512 was used for all the

simulations with liquid layer thickness dl5400 lm, while dl=h
510 and dl=h58 were for dl5200 lm and dl5100 lm,

respectively.
Velocity trajectories. The downward velocities of the

sphere are plotted versus time in Figure 7. The velocity history

obtained from the simulation at a resolution of dl=h512 is

compared with the velocity experimentally observed, showing

a very good agreement. The slight deviation of the details

before t 5 2.2 ms can be explained by imperfection of the

experimental measurement as illustrated in Cr€uger et al.17 The

main imperfection causing this deviation originates from the

part of the particle that is immersed in the liquid, where the

boundary of the particle is hard to identify from the recorded

images. On the contrary, numerical modeling has the advan-

tage that the impact velocity and the rebound velocity can be

exactly captured, as marked in Figure 7. This is, however, not

the case for the experimental measurements, from which the

two velocities are taken as mean values of the particle

velocities obtained before impact and after rupture of the liq-

uid bridge, as explained in Figure 2 in Cr€uger et al.17 Never-

theless, Figure 7 shows that the obtained vim and vR are

consistent between the simulation and the experiment, result-

ing in the same wet restitution coefficient.
Liquid bridge formation. A series of snapshots during the

collision process are shown in Figure 8, from simulation

results as well as high-speed recording experiments. Both sim-

ulation snapshots and experimental images clearly present

four intervals during the full period of the collision that have

been reported by many researchers15: penetration of particle

into liquid layer (a-b-c), contact with the wall (c), emergence

of particle (c-d), as well as formation (e), and rupture (f) of the

liquid bridge. During the penetration of the particle into the

liquid layer, the liquid beneath the particle is squeezed out of

the contact area. After the contact of the particle and the wall,

liquid at the sides quickly moves backward to the particle. A

liquid bridge is then formed, which becomes thinner during

rebound of the particle. Eventually, the liquid ruptures when

the particle kinetic energy is larger than the bridge rupture

energy. Furthermore, this figure shows that the height (about

2:5dp) of the formed liquid bridge predicted by the simulation

agrees quite well with that observed from the experiment. This

is considered as a significant improvement in comparison to

the results reported in Jain et al.,27 where almost no liquid

bridge could be observed. This improvement is mainly a result

of the incorporation of the contact line model described ear-

lier, which takes into account the modeling of the gas-liquid-

solid contact line and the wetting of the particle. Furthermore,

the use of the actual contact angles that are directly measured

from the referenced experiments significantly improves the

prediction of the dynamics of the liquid bridge in simulations.
Detailed comparison discussed above has demonstrated the

capability of our numerical model for qualitative and quantita-

tive prediction of the collision dynamics of a sphere impacting

on a wet surface. Simulations not only reproduce the results

from experimental measurement, but also provide more (con-

tinuous) details for the impact period when large part of the

Table 2. Grid Sensitivity: Simulation Results of the Wet

Restitution Coefficient for Different Grid Resolutions

dl=h 8 10 12 15
dp=h 34.8 43.5 52.2 65.3
ewet;n 0.584 0.563 0.557 0.553

Figure 7. Simulation results and experimental measure-
ments of velocity history of a spherical particle
(1.74 mm) colliding with a 400 lm liquid layer at
an impact velocity of 1.13 m/s. The arrows indi-
cate where the vim and vR are captured from
simulation results. Letters (a–e) are related to
the corresponding snapshots shown in Figure 8.

[Color figure can be viewed at wileyonlinelibrary.com]
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particle is immersed in the liquid. In addition, imperfections

encountered in the experimental technique can be avoided in

the numerical simulations. However, we also need to keep in

mind that for more accurate prediction of the simulations,

some physical parameters (e.g., the contact angle) measured

experimentally are very important.

Wet restitution coefficient

With the detailed experimental verification discussed above,

the model is fit to explore the influence of relevant parameters

on the collision behavior with the current numerical models.

In the following sections, effects of the impact velocity, liquid

viscosity, layer thickness, and particle size on the wet

restitution coefficient are discussed. Again, we would like to

stress that this article reports only normal collisions via the

wet normal restitution coefficient ewet;n.
Influence of impact velocity. The wet restitution coeffi-

cient ewet;n is plotted as a function of the particle impact veloc-

ity vim in Figure 9. First, the small gray symbols represent

experimental data, which are measured from repeated experi-

ments under an acceptance criterion for a successful measure-

ment. Due to the nature of real particles (shape, size, surface

roughness, etc.), non-negligible scatter occurs in the experi-

ments, even though several improvements have been made

with respect to the experimental setup and the measurement

technique as reported in Cr€uger et al.17 Subsequently, mean

values of the experimentally measured ewet;n associated with

the standard deviations were calculated and represented by the

big square symbols in this figure. Finally, simulation results

are shown by the circle symbols. From this figure, it can be

seen that a good quantitative agreement is obtained between

the simulation results and experimental data, which reveal the

same trend of ewet;n vs. impact velocity. For impact velocities

smaller than a certain value, the particle sticks to the liquid

layer prior to or after particle-wall contact, leading to

ewet;n50. Beyond this sticking velocity, the ewet;n increases

steeply with increasing vim, and then slowly approaches to a

plateau value that is smaller than the dry restitution coefficient

(edry;n50:96 in this case). This effect of the impact velocity

agrees with the findings by many other researchers.14,15,52,53

Influence of liquid viscosity. One of the major contribu-

tions to energy absorption during penetration and rebound of

the particle is the viscous dissipation.15,54 Thus, study of the

effect of liquid viscosity on wet collision behavior is of great

importance. Figure 10 plots the wet restitution coefficient

ewet;n as a function of liquid viscosity ll for a 1.74 mm sphere

impacting on a 400 lm liquid layer at an impact velocity of

vim 5 1.0 m/s. Different liquid viscosities are considered, rang-

ing from a low viscosity (1.0 mPa�s) to a high viscosity (17.0

Figure 8. Snapshot sequence of a spherical particle (1.74 mm) impacting on a wet plate covered with 400 lm liquid
layer at an impact velocity of 1.13 m/s: experimental high-speed recording images (top) and simulation
results (bottom). The thickness of the liquid layer is indicated in “initial.”

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. Wet normal restitution coefficient ewet;n as a
function of impact velocity vim for a spherical
particle (1.74 mm) impacting on a 400 lm
water layer: experimental and simulation
data.

[Color figure can be viewed at wileyonlinelibrary.com]
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mPa�s). Again, simulation results and experimental average

data are shown in this figure. The experimental scatter as

shown in Figure 9 still remains, however for reasons of clarity

we do not present them anymore from here on. In addition to

the excellent agreement obtained between the simulation and

experimental results, it is also observed that ewet;n decreases

linearly with increasing liquid viscosity. This observation can

be understood from the fact that the viscous dissipation, which

contributes most to the energy dissipation, arises during parti-

cle movement in the liquid due to the liquid shear flow

between the particle and the plate. This viscous force is line-

arly proportional to the liquid viscosity. Consequently, if other

parameters are kept constant, the restitution coefficient would

also be expected to linearly change with the liquid viscosity as

illustrated by the results shown in Figure 10. This significance

of liquid viscosity was also found and illustrated by other

experimental work such as Donahue et al.55

Influence of layer thickness. The application of a liquid

layer on the colliding partners fundamentally modifies the col-

lision mechanism from dry impact. Moreover, the thickness of

the liquid layer has been found to have a large influence on the

wet restitution coefficient.16 To this end, Ma et al.21 suggested

a modified Stokes number to include the layer thickness. The

effect of the layer thickness has also been studied in this work,

on the basis of a 1.74 mm sphere impacting on liquid layers at

an impact velocity vim 5 1.3 m/s. The results of ewet;n for dif-

ferent dl ([100 lm, 500 lm]) are presented in Figure 11,

together with the experimental average data. Note that the

impact velocities for these experimentally measured data are

in the range of 1.3 6 0.15 m/s, resulting in much higher stan-

dard deviations. In general, simulation and experimental

results give the same trend, that is, a thicker liquid layer leads

to a lower restitution coefficient. This trend is consistent with

the results reported by many researchers, for example, Dona-

hue et al.55 and Dopfer et al.56 And this effect is not difficult

to understand: under the same conditions, the fraction of the

particle surface that is in contact with the liquid increases with

increasing liquid layer thickness, which leads to a stronger

influence of viscous damping, and ultimately results in a

smaller ewet;n.

Influence of particle size. For dry collisions, the restitu-

tion coefficient edry is nearly independent of the particle size.

Conversely, when a liquid film is applied, the particle size can

have a significant effect on the energy dissipation during wet

collisions. The reason for this behaviour has been explained

by many researchers,14,15,24 that is, all damping forces (such

as surface tension force, drag force, viscous force) depend on

the particle diameter either via a power law or by a linear rela-

tionship. This is confirmed by the results shown in Figure 12,

which shows the wet restitution coefficient ewet;n as a function

of particle diameter dp for a sphere impacting on a 200 lm liq-

uid layer at an impact velocity vim 5 1.3 m/s. It is seen from

Figure 10. Wet normal restitution coefficient ewet;n as a
function of liquid viscosity ll for a spherical
particle (1.74 mm) impacting on a 400 lm liq-
uid layer at an impact velocity vim 5 1.0 m/s:
simulation results and experimental average
data with standard deviations.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 11. Wet normal restitution coefficient ewet;n as
a function of liquid layer thickness dl for a
spherical particle (1.74 mm) impacting on a
liquid layer at an impact velocity vim 5 1.3 m/s:
simulation results and experimental average
data with standard deviations.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 12. Wet normal restitution coefficient ewet;n as a
function of particle diameter dp for a spheri-
cal particle impacting on a 200 lm liquid
layer at an impact velocity vim 5 1.3 m/s:
simulation results and experimental average
data with standard deviations.

[Color figure can be viewed at wileyonlinelibrary.com]
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this figure that under the same conditions, a bigger particle

reduces its velocity less than a smaller particle, resulting in a

higher ewet;n.

Influence of surface tension. Finally, the influence of the

surface tension on collision dynamics is studied by performing

simulations of a 1.0 mm sphere impacting on a 100 lm liquid

layer at an impact velocity of vim 5 0.9 m/s for different liquid

surface tension r50:0728; 0:04; 0:02; 0:01 N/m. The simula-

tion results of the particle downward velocity are plotted as a

function of time during the full period of collision, shown in

Figure 13. It can be seen that, unlike other parameters dis-

cussed above, r shows almost negligible effect on the particle

motion, resulting in only tiny change of the wet restitution

coefficient. With seven times decrease from the water surface

tension, ewet;n increases only 5% from 0.643 to 0.678. This

observation validates the assumption made in Antonyuk

et al.15 and Sutkar et al.24 that capillary and surface tension

forces have almost negligible contribution to the energy dissi-

pation during collision, in comparison to other forces such as

viscous force.

Conversely, we find that the surface tension does affect the

rebound time of the particle. As sketched by dash lines in this

figure, the whole period of the collision (from the impact to

the rupture of liquid bridge) lasts much longer (from 1.7 ms to

2.8 ms) by decreasing r. In addition, significant difference of

formation of the liquid bridge is found due to varying surface

tension. Figure 14 shows the snapshot before rupture of the

liquid bridge for the considered surface tensions. For a smaller

r, a thinner but longer liquid bridge is observed, as well as a

smaller wetting area of the particle. It is concluded that,

although it has no appreciable effect on the overall dissipation

of the particle kinetic energy, the surface tension is important

to quantify the rebound behavior including the collision time,

the formation as well as the rupture of the liquid bridge.

Dimensionless analysis. The above results show that the

wet restitution coefficient ewet;n strongly depends on the

impact velocity, liquid viscosity, layer thickness, and particle

size. Normally, the dependence of ewet;n on the fluid and parti-

cle properties can be described by the Stokes number, St,

which represents the ratio of the inertia of the sphere to the

viscous forces exerted during impact on a liquid layer. In liter-

ature, the definition of St varies according to different investi-

gated objects. For instance, the definitions proposed by Davis

et al.14 or Gollwitzer et al.16 do not involve the effects of liq-

uid layer thickness, which is however significant as presented

in Figure 11. All the simulation results of ewet;n are plotted in

Figure 15a as a function of StD, defined by Davis et al.14 as in

Eq. 30. The symbols at StD5633 represent the results in Fig-

ure 11 for different values of liquid layer thickness. Clearly,

the effects of layer thickness are not described via this defini-

tion of StD. Therefore, it is not appropriate to be applied for

the investigation carried out in this work. The same observa-

tion was also obtained by Cr€uger et al.,17 who concluded that

this definition cannot be employed for impact on a liquid layer

with the thickness much smaller than the particle size. Further-

more, we also show in Figure 15b the relation of the ewet;n

with the ratio of layer thickness to particle size hl=dp from our

simulation results. It indicates that the effects of layer thick-

ness are significant at the entire range of hl=dp investigated in

this work, that is, almost a linear decrease of ewet;n with

increasing hl=dp. Herewith, we employ a definition proposed

by Ma et al.21 as in Eq. 31, which considers the effects of liq-

uid layer thickness

Figure 13. Particle downwards velocity as a function
of time for different liquid surface tension
coefficients: dp51:0 mm, dl5100 lm, vim 5
0.9 m/s. Each velocity tracking ends exactly
at the moment when the liquid bridge rup-
tures, indicated by the dash line.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 14. Snapshots before the rupture of the liquid bridge for different surface tension r50:0728; 0:04; 0:02; 0:01
N/m, respectively: dp51:0 mm, dl5100 lm, vim 5 0.9 m/s.

[Color figure can be viewed at wileyonlinelibrary.com]
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StD5
mpvim

6pllðdp=2Þ2
(30)

StM5
mpvim

lldpdl
(31)

Figure 16 shows the ewet;n as a function of StM, including all

the simulation data from Figures 9 to 13. From our simulation

results, it is clear that the restitution coefficient equals to 0

below a critical Stokes number, corresponding to full dissipa-

tion of kinetic energy and no particle rebound. Then ewet;n

increases sharply with increasing StM and finally evens out.

The observed trend is similar to the findings by many previous

studies,14,16,21,57–59 among which a few models or correlations

have been proposed to predict ewet;n with the Stokes number.

We have compared all the existing models (to the knowledge

of the authors) with our simulation data. As seen from the blue

cubic symbols in Figure 16, the model proposed by Davis

et al.14 is not applicable to the investigated wet collision

conditions. This model employs the dry restitution coefficient
edry and a critical Stokes number Stc based on the elastohydro-
dynamic theory or lubrication theory

ewet5edry

�
12

Stc

St


(32)

Note that the Stokes number StM defined in Eq. 31 is used
in this model. It is interesting to explore the scaling slope in
this model, as well as the critical Stokes number. With respect
to the critical Stokes number, unfortunately, none of the exist-
ing models (e.g., M€uller & Huang58) does a satisfying job.
With limited data from our work, it is observed that the critical
Stokes number has a logarithmic relation with dl=dp, and it
also depends on the density ratio ql=qp as well as the liquid
viscosity. Therefore, we use the critical Stokes number Stexp

c in
the form of Eq. 31 with vim replaced by our experimentally
measured sticking velocity. As a result, a significant improve-
ment is achieved on the agreement between our simulation
data and the model prediction represented by the magenta
cubic symbols in Figure 16. Concerning the scaling slope, a
critical restitution coefficient einf at infinitely large Stokes
number (i.e., the saturated value of ewet) should be used
instead of edry. For instance, using the proposed form einf5edry

2 3
2edry

ql

qp

dl

dp
by Gollwitzer et al.16 can further improve the agree-

ment as shown by the yellow cubic symbols in this figure. A
similar relation for einf proposed in M€uller & Huang58 can also
be applied.

Conclusions and Outlook

In this article, normal impacts between a smooth glass
sphere and a glass plate covered with thin liquid layers are
studied with the aid of an improved experimental setup as well
as direct numerical simulations. Direct numerical simulations
are the focus of this article, whereas the experimental mea-
surement and part of the experimental data have been pub-
lished earlier in Cr€uger et al.17 Our numerical model combines
the VOF method developed by van Sint Annaland et al.35

including the TF surface tension model reported in Baltussen
et al.,31 and the IBM presented by Deen et al.,32 which
improves the conventional immersed boundary methods that
require calibration of the particle size. Furthermore, a lubrica-
tion model based on the theory of Brenner45 is incorporated to

Figure 15. (a) All the simulation results of wet restitution coefficient ewet;n as a function of Stokes number StD. (b)
Simulation results ewet;n at different values of hl=dp.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 16. Wet restitution coefficient ewet;n as a function
of Stokes number StM. Circle symbols repre-
sents all the simulation data with different
liquid viscosity, layer thickness, particle size,
impact velocity, and surface tension. Squared
symbols are prediction by different models.

[Color figure can be viewed at wileyonlinelibrary.com]
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account for the lubrication force when the gap between the
colliding partners is too thin to be resolved for a reasonable
grid resolution. Last but not least, the gas-liquid-solid interface
(wetting of the particle) is modeled by integrating a contact
line model into the TF model via the use of either an equilib-
rium contact angle or a dynamic contact angle correlation.

The implementation of the numerical model has first been
verified by theoretical analysis of droplet-wall and droplet-
sphere contacts. Besides, a detailed experimental verification
to our model has been conducted for normal impact of a glass
sphere on a wet surface. Comparing to the results reported by
Jain et al.,27 it is revealed that the incorporation of the contact
model significantly improves the prediction of the formation,
thinning, and rupture of the liquid bridge during impact. Fur-
thermore, not only can the simulation qualitatively reproduce
the phenomena during the full period of the collision, but it
also quantitatively predicts the energy dissipation via the resti-
tution coefficient measured from the experiments. Subse-
quently, simulations have been performed to assess the effect
of parameters relevant to the wet restitution coefficient for
normal impacts. The obtained ewet;n shows a strong depen-
dence on the impact velocity, liquid viscosity, liquid layer
thickness, as well as the particle diameter. For impact veloci-
ties higher than a sticking velocity, the ewet;n first increases
steeply with increasing vim, and then slowly approaches to a
plateau towards a constant value. Conversely, increase of the
liquid viscosity or increase of the layer thickness leads to a
smaller ewet;n, whereas a bigger particle result in a larger ewet;n.
Conversely, the liquid surface tension shows no considerable
effect on ewet;n, but leads to different behavior of the liquid
bridge during particle rebound. Finally, we have also analyzed
the dependence of ewet;n with respect to the Stokes number.
Despite the existence of many theoretical studies, none of the
existing elastohydrodynamic models can accurately predict
the wet restitution coefficient for impact of a sphere on a thin
(but finite) liquid layer. However, improvement is observed in
terms of the modified Stokes number StM that includes the
effect of liquid layer thickness, as well as the critical restitu-
tion coefficient einf that involves the effects of liquid on the
energy dissipation in the solid. Regarding the critical Stokes
number, further studies are definitely required to explore the
possible ways to predict it.

The current work studies the collision behaviour with
respect to quite a few relevant parameters, which to our
knowledge is the first time from a perspective of interface-
resolved simulations. The results presented in this article
reveal that the developed model can be used to study the
dynamic mechanisms of spheres impacting on wet surfaces.
However, the investigated situation is strongly simplified in
comparison to wet collisions in real particulate systems. To
this end, we would like to further stress that the IB method
offers considerable flexibility in representing geometrically
complex structures. Thus, this model can be considered as a
promising approach for simulating more complex collision
problems, for example, involving multiple particles/droplets
and nonspherical particles, for which the experimental possi-
bilities are restricted.
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