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Figure 1: A water crown emerges as a result of the impact of a water droplet into a filled container. Our surface tension force allows realistic
simulation of such natural phenomena.

Abstract

Realistic handling of fluid-air and fluid-solid interfaces in SPH is a
challenging problem. The main reason is that some important phys-
ical phenomena such as surface tension and adhesion emerge as a
result of inter-molecular forces in a microscopic scale. This is dif-
ferent from scalar fields such as fluid pressure, which can be plau-
sibly evaluated on a macroscopic scale using particles. Although
there exist techniques to address this problem for some specific
simulation scenarios, there does not yet exist a general approach
to reproduce the variety of effects that emerge in reality from fluid-
air and fluid-solid interactions. In order to address this problem, we
present a new surface tension force and a new adhesion force. Dif-
ferent from the existing work, our surface tension force can handle
large surface tensions in a realistic way. This property lets our ap-
proach handle challenging real scenarios, such as water crown for-
mation, various types of fluid-solid interactions, and even droplet
simulations. Furthermore, it prevents particle clustering at the free
surface where inter-particle pressure forces are incorrect. Our adhe-
sion force allows plausible two-way attraction of fluids and solids
and can be used to model different wetting conditions. By using
our forces, modeling surface tension and adhesion effects do not
require involved techniques such as generating a ghost air phase or
surface tracking. The forces are applied to the neighboring fluid-
fluid and fluid-boundary particle pairs in a symmetric way, which
satisfies momentum conservation. We demonstrate that combining
both forces allows simulating a variety of interesting effects in a
plausible way.
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1 Introduction

Surface tension is a ubiquitous effect in daily life. For instance,
when pouring water into a glass, the force that keeps liquid
molecules together is the surface tension force. It is caused by
cohesive forces among neighboring fluid molecules. Inside the
fluid, each molecule is pulled equally by its neighbors, resulting
in a zero net force. However, as the free surface does not have
neighbors on all sides, the molecules in such regions are pulled
inwards. Furthermore, surface tension minimizes surface area ac-
cording to Laplace’s law, which causes droplets of water to form
a sphere when external forces are excluded. Another effect that is
again caused by molecular interaction is adhesion. Adhesion al-
lows fluids to get attracted by other materials. For instance, the
unique appearance of dew on plants and the ability of water striders
to stay atop water are caused by the interplay of surface tension and
adhesion forces. In this paper, we focus on simulating those two
molecular interaction related phenomena in the context of computer
animation, more specifically for SPH (Smoothed Particle Hydrody-
namics) fluids.

One important issue that arises at fluid-air and fluid-solid interfaces
in SPH is density underestimation, where densities of the particles
are erroneously computed as less than the rest density when the
density summation approach is used. Those wrong density val-
ues result in negative pressures and cause the particles to cluster,
which is known as tensile instability in SPH. This phenomenon can
be alleviated by using artificial pressure forces [Monaghan 2000;
Macklin and Mueller 2013], which, however, result in spurious sur-
face tensions. For this reason, either a density correction technique
[Shepard 1968], or simply not allowing negative pressures are other
common practices for avoiding tensile instability. However, this
still does not solve the problem of sticking particles at the fluid in-
terface, since the pressure field is still not reconstructed in a phys-
ically sensible way. [Akinci et al. 2012b] addresses this issue for
fluid-solid interface by pre-computing a single layer of boundary
particles for the solid boundaries, which also extends to two-way
fluid-solid coupling. In [Schechter and Bridson 2012], ghost SPH
particles are dynamically generated at both fluid-solid and fluid-air
interfaces.

For modeling surface tension in SPH, additional techniques are gen-
erally preferred. These can be listed as: Curvature based external
forces on particles (e.g. [Miiller et al. 2003]), pairwise forces based
on cohesion (e.g. [Becker and Teschner 2007]), a modified SPH
formulation [Clavet et al. 2005], and more recently forces based on
surface mesh curvature [Yu et al. 2012]. However, there is no sin-
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gle approach, which can handle very large surface tensions, avoids
particle clustering at the free surface, minimizes surface curvature,
and conserves momentum at the same time. Adhesion of fluids to
solids is modeled in SPH by using a distance based attraction force
[Clavet et al. 2005] and by using the combination of ghost solid par-
ticles and XSPH [Schechter and Bridson 2012] between the fluid
and the solid boundary. However, neither of the methods is capable
of simulating some important real world scenarios such as different
wetting effects. Furthermore, the effect of adhesion forces on the
solids is neglected in both works. Our surface tension and adhesion
schemes are the first to meet all these requirements, and allow plau-
sible simulations of variety of effects that emerge in reality. Addi-
tionally, our surface tension force avoids particle clustering at the
free surface without generating ghost air particles using [Schechter
and Bridson 2012] or artificial pressure forces [Monaghan 2000].
In the remainder of this section, we first discuss existing works that
model surface tension and adhesion effects in fluid animation with
an emphasis on SPH fluids, and then we highlight the benefits of
our techniques in comparison to the existing work.

1.1 Surface Tension in Fluid Simulation

As surface tension has a quite significant role in the appearance
of liquids, many researchers have investigated techniques for in-
corporating surface tension to fluid simulations. In the context of
SPH, the early surface tension techniques focus on applying forces
to minimize surface curvature [Morris 1999; Miiller et al. 2003].
Those approaches compute normals for each particle, which de-
termine the direction of the force and can be computed using the
gradient of the smoothed color field. The magnitude of the force
is based on the curvature at a particle position, which can be com-
puted by taking the second derivative of the smoothed color field, or
the divergence of the normal field. However, there exist important
issues with such techniques. First of all, for the particles that are
inside of the fluid, normalizing the smoothed color gradient can re-
sult in arbitrary normals for inner particles. This problem has been
avoided by applying the surface tension force to the particles whose
smoothed color gradient has a magnitude larger than a threshold
value (which however results in discontinuous forces). The second
problem is that curvature estimation is very sensitive to particle dis-
order in SPH because of requiring the second derivative. The third
problem with those techniques is that the forces are applied to the
fluid particles as external forces in a non-symmetric way, which
invalidates momentum conservation.

Because of the important limitations of the approaches that are
based on surface curvature and normal information, researchers
proposed new techniques to address the surface tension problem
on a molecular level by using cohesion forces between neighboring
fluid particles [Tartakovsky and Meakin 2005; Becker and Teschner
2007]. Therefore, these techniques avoid both normal computa-
tion and the erroneous curvature estimation. Another benefit of
these techniques is that they trivially conserve momentum as the
applied forces are pairwise symmetric. However, only using cohe-
sion forces between fluid particles does not guarantee surface area
minimization as the forces can trivially balance each other in a form
that does not necessarily correspond to the smallest surface area.
As we will show in our paper, large cohesion forces between parti-
cles can also result in unrealistic fluid patterns, such as cobweb-like
elongating fluid structures. For large surface tensions, such struc-
tures do not easily break as using attraction forces alone does not
minimize surface area of the fluid, but strengthens the already ex-
isting structures. Another approach that applies attraction forces
between neighboring fluid particles to generate surface tension is
[Clavet et al. 2005]. In this work, the basic SPH scheme is re-
formulated by using double density relaxation, where the surface
tension force is computed based on the negative pressures that arise

at the free surface similar to [Monaghan 2000]. However, as the
surface tension arises as a side effect, different surface tension be-
haviors cannot be modeled with this work. Furthermore, this work
also does not take surface area minimization into account.

More recently, [Yu et al. 2012] proposed another solution to the
surface tension problem in SPH. In this work, the curvature is esti-
mated on the fluid surface mesh, but the generated surface tension
forces are applied to the adjacent fluid particles enclosed by the
mesh. They show that when the surface mesh has more samples
than the fluid (i.e. more vertices than the particles); the curvature
computation is not as error prone as it is when computing curvature
from the particles. Furthermore, a nice comparison of the method
to [Becker and Teschner 2007] is given in the paper for the exper-
iment where a cubic droplet deforms to a sphere. However, there
exist some limitations of the technique. First of all, the employed
surface tracking scheme may fail to detect isolated fluid pieces in
regions where the mesh resolution remains coarse; this prevents
generating surface tension for such areas. Furthermore, the qual-
ity of the surface tension depends on the tracked mesh resolution.
Finally, requiring an explicit representation of the fluid surface in
each simulation step is an overhead for the cases where an explicit
surface is not required (e.g., for interactive scenarios such as [Mack-
lin and Mueller 2013], or when an efficient view dependent surface
reconstruction scheme is preferred [Fraedrich et al. 2010]).

In the context of grid based fluids, there exist many different tech-
niques for incorporating surface tension: e.g., from a level set func-
tion [Kang et al. 2000], by employing an octree structure for more
accurate force evaluation [Losasso et al. 2004], by treating sur-
face tension as discontinuous boundary conditions [Hong and Kim
2005], based on surface energy [Misztal et al. 2010; Batty et al.
2012], and based on the surface mesh [Brochu et al. 2010; Thiirey
et al. 2010]. As we focus on fully Lagrangian flow, a detailed dis-
cussion of these works is beyond the scope of our paper.

1.2 Solid Adhesion in Fluid Simulation

[Steele et al. 2004] proposed a fully Lagrangian approach for the
simulation of viscous liquids, including adhesion to solids. They
define adhesion properties of different types of materials using
distance-dependent forces. However, the employed linear density
kernel and strict anti-penetration constraints limit their approach to
highly viscous liquids. Later in [Clavet et al. 2005], adhesion of
viscoelastic SPH fluids to solids is modeled by using a distance
based attractive force term, which is added as an impulse to the
fluid particles. The authors demonstrated interesting scenarios such
as droplet formation and sticking of fluids to solids. More recently
in [Schechter and Bridson 2012], fluid to solid adhesion is accom-
plished by computing a ghost velocity at each solid particle by com-
bining solid’s own velocity and the tangential component of the
nearest fluid particle’s velocity. After this step, fluid to solid ad-
hesion is generated using an XSPH based artificial viscosity term.
In [He et al. 2012], sticking of fluid particles to solids arises as a
side effect of the employed velocity constraints to realize different
slip conditions, which makes it difficult to model different adhesion
related effects.

In the context of Eulerian approaches, adhesion of fluids to solids
can be accomplished by adjusting the velocity or pressure con-
straints enforced along the boundaries (e.g. [Goktekin et al. 2004]).
In addition to the general techniques, adhesion of fluids is mod-
eled to animate variety of interesting scenarios such as sticking of
viscous threads [Bergou et al. 2010] and sheets [Batty et al. 2012]
to solids, wetting of hair [Rungjiratananon et al. 2012], animating
droplets on a glass surface [Chen et al. 2012] and sintering of snow
[Takahashi and Fujishiro 2012].



(a) [Tartakovsky and Meakin 2005]

(b) [Becker and Teschner 2007 ]

(¢) Our surface tension model.

Figure 2: A fluid droplet in the shape of a cube is left to transform
to a sphere and then dropped on the ground. Particle clustering and
non-uniform particle alignment is visible in both (a) and (b), which
is addressed with our surface tension model (c). Furthermore, nei-
ther of the cohesion-only models are able to simulate the large sur-
face tension possible with our model, but they result in cobweb-like
elongating structures, no matter how large the cohesion forces are.
Farticles are colored according to pressure.

1.3 Contributions

We present a surface tension force and a fluid-solid adhesion force
for the improved treatment of fluid-air and fluid-solid interfaces in
SPH fluids. Our surface tension approach can handle large surface
tensions by minimizing surface area in all scales while conserving
momentum. Furthermore, our surface tension force also generates
repulsion forces for close distances, which prevents the particle-
clustering problem at the free surface without requiring additional
treatment such as generating ghost air particles or artificial pressure
forces. Our adhesion force allows physically plausible solid-fluid
adhesion effects without requiring additional handling such as ghost
SPH. Furthermore, our approach allows simulating interesting phe-
nomena such as different wetting effects and two-way adhesion.
Both of our forces can be easily added to an existing SPH solver
as additional force terms without any extra effort. By combining
our surface tension and adhesion forces, we are able to simulate a
variety of effects that can be observed in nature.

2 Surface Tension Model

Surface tension in liquids arises as a result of molecular cohesion.
However, as SPH simulates fluids on a macroscopic level with a
finite support radius h, cohesion forces between SPH particles do
not reproduce the surface tension that we observe in reality. When
only cohesion forces are applied between particles, the neighbor-
ing particles just attract each other which can result in any arbitrary
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Figure 3: Comparison of the shape of our cohesion force (blue)
to [Tartakovsky and Meakin 2005] (red) and [Becker and Teschner
2007] (green) inside the SPH support radius h = 1.

configuration depending on the initial configuration of the particles
(see e.g. Figures 2a, 2b). Therefore, surface area minimization is
not guaranteed. Additionally, we also experienced that only using
curvature minimization terms [Morris 1999; Miiller et al. 2003] re-
sults in more severe particle clustering for the experiment depicted
in Figure 2, causing the droplet to break into many smaller droplets.
To address these issues, we propose a new surface tension force that
takes both molecular cohesion and surface area minimization into
account and allows handling large surface tensions properly (see
Figure 2c).

2.1 Cohesion Term

[Tartakovsky and Meakin 2005] is the first work to employ molec-
ular cohesion forces to generate surface tension in SPH. They ad-
justed the cosine function to generate attraction for distant parti-
cles, and repulsion for close particles. However, we observed that
the function used in [Tartakovsky and Meakin 2005] results in clus-
tering throughout the fluid (see Figure 2a). Later in [Becker and
Teschner 2007], instead of the cosine function, the SPH kernel
function is used. However, since the method lacks a repulsion term,
it also results in severe clustering; especially in regions with under-
estimated pressures (see Figure 2b-right). Both methods are applied
through the displacement vector between the neighboring particles.
This causes the forces to vanish for very close neighbors, which
is another reason why clustering occurs with these methods. The
forces applied by those two methods for a support radius A = 1 can
be seen in Figure 3.

Because of the issues with the existing cohesion forces, we propose
an alternative cohesion force defined as:

X; — Xj

Fleton = —ymam; C (|x: — x;1)

; (O]

Ixi — x;|

where ¢ and j are neighboring fluid particles, m denotes mass and
x denotes position of the respective particle, 7 is the surface tension
coefficient and C'is a spline function that we created for a 3D SPH
simulation as:

- (h —7)3r® 2r>hAr<h
C(T):W Q(h_r)3r3—’g—z r>0A2r<h. (2
0 otherwise

The term A° in the denominator of (2) is a normalization factor to
make the force result in the same acceleration for different support
radii (e.g. like the SPH pressure force). The constant term in the be-
ginning of (2) is basically used to shift the practical y values close
to 1. Similar to [Tartakovsky and Meakin 2005], our cohesion force
also has both a positive and a negative part to result in repulsion (see



Figure 3). For the attraction term, we chose a maximum around the
particle rest distance h/2, where the attraction smoothly vanishes to
0 until the support radius h. For fluid neighbors closer than the rest
distance, the force smoothly decreases to a negative value, which
results in repulsion forces for the particles that are too close to each
other. Furthermore, both the attraction and repulsion forces behave
like a Gaussian to avoid clustering, which is in contrast to [Tar-
takovsky and Meakin 2005]. Additionally, our repulsion force does
not vanish to 0 for close neighbors, which prevents particle cluster-
ing in regions with underestimated pressures (see Figure 2c¢). Our
cohesion term also has similarities to the Lennard-Jones potential
[Jones 1924], which is a commonly used model to approximate the
interaction between a pair of molecules. However, the main differ-
ence of our cohesion term to the Lennard-Jones potential is that our
term stops increasing as the particles move closer, which helps to
avoid too stiff forces and resultant stability issues.

2.2 Surface Area Minimization Term

Although our cohesion force solves some important issues of pre-
vious cohesion models, it is still not sufficient for minimizing the
fluid surface area because of the reasons we discussed previously.
Therefore, we use an additional force term to counteract surface
curvature to minimize the surface area. Since computing curvature
from particles is error-prone in SPH, different from the previous
models, we avoid computing surface curvature explicitly. We firstly
compute normal information by applying the SPH approximation to
the gradient of the smoothed color field as:

ni =5y CLVW (k- xg),
5 P
where W is the SPH kernel function and p; is neighboring particle
density. Different from [Morris 1999] and [Miiller et al. 2003], we
have the factor h to make the computed normal scale independent.
At this point, we use the fact that the magnitude of n; is propor-
tional to the curvature, where its value is close to zero for the inner
parts of the fluid, but large at the free surface proportional to the
curvature. We utilize this information and finally create a symmet-
ric force as:

F{Urotre = —ym; (n; — ny) . 3)
One can easily confirm that (3) is zero in flat regions (as n; —n; =
0) and inside the fluid (as n; = 0 and n; =~ 0), but it gets larger as
the curvature increases. Therefore, our surface area minimization
force avoids two important issues of previous techniques: Normal-
ization of n; (that is erroneous inside the fluid), and explicit curva-
ture computation (that is very sensitive to particle disorder).

2.3 Combined Surface Tension Force

Before discussing the combined surface tension force, we will dis-
cuss another important particle deficiency related issue in SPH. For
the fluids in reality, attractions between fluid molecules occur at a
microscopic scale, where each molecule interacts with many other
molecules. In SPH, however, particles represent macroscopic vol-
umes of the fluid. If we consider the simple example of two neigh-
boring particles, the net attraction force that affects each particle is
smaller than in a configuration of three neighboring particles, which
makes the two particles separate easier than the three particles in the
case of external forces. If those macroscopic particles would have
been sampled with real water molecules, there would not be such a
difference. This error in SPH manifests itself as too many isolated
particles, since particles with smaller neighborhood get isolated
easier than the rest of the fluid. There exist techniques to address
this issue, such as corrected SPH (e.g. [Belytschko et al. 1998])
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Figure 4: The shape of our adhesion function inside the SPH sup-
port radius h = 1.

and adaptive SPH [Shapiro et al. 1996]. However, these works add
too much computational overhead to basic SPH. Although [Mon-
aghan 2000] (also used in [Macklin and Mueller 2013]) implicitly
addresses this issue by generating a spurious surface tension, such
an approach is not desirable for our purposes since it would inter-
fere with our refined surface tension model. We provide an explicit
solution to this problem by creating the following symmetrized cor-
rection factor:
_ _2po
pi+p;’

where pg is the rest density of the fluid, and p; and p; are the den-
sities of the neighboring fluid particles. As we do not correct the
fluid particle densities, a fluid particle with less than full neighbor-
hood has K;; > 1, and a fluid particle with full neighborhood has
Ki; =~ 1. Therefore, K;; amplifies forces for the particles with
neighborhood deficiency, while the forces remain the same for the
particles with appropriate neighborhood. The final surface tension
force can be written as:

@

Kij

st cohesion curvature
Fii; = Kij (Fiej +Fi ) . Q)

Note that the terms in (5) are fully symmetrized, and the total force
is applied to the particle pairs. This is, however, not the case in
previous surface area minimization techniques (e.g. [Morris 1999;
Miiller et al. 2003; Yu et al. 2012]), as they apply the forces to the
particles as external forces. The effect of combining both terms can
be seen in Figure 2c. Note the large surface tension possible with
our approach. Although we used larger cohesion forces for both
[Tartakovsky and Meakin 2005] and [Becker and Teschner 2007],
they failed to generate the large surface tension that we wanted to
achieve. We also observed that using larger surface tension forces
with the cohesion-only models does not further improve the quality
of the generated surface tension behavior, but only results in stiffer
fluids with similar spurious structures.

3 Adhesion Model

Different from cohesion, adhesion occurs as a result of molecular
interaction of dissimilar materials. In our work, we focus on two-
way fluid-solid adhesion in SPH simulations.

For boundary handling and two-way fluid-solid coupling, we use
[Akinci et al. 2012b], where solid surfaces are sampled using
boundary particles. In this approach, the volume of a boundary
particle is approximated as V;, = ﬁ, where Jp; is the number

density of a boundary particle compuied according to the neigh-
boring boundary particles. The contribution of a boundary parti-
cle to a fluid particle (and vice versa) is based on the volume of a
boundary particle and written as Wy, (po) = poVs,, where Wy, is



used in place of the mass of a boundary particle when computing
fluid density, pressure forces and viscosity forces. Therefore, the
approach addresses the sticking problem of SPH near solid bound-
aries, and allows two-way fluid-solid coupling with different slip
conditions. Adhesion effects, however, are not addressed in [Ak-
inci et al. 2012b].

In our work, we compute adhesion forces between the fluid and the
boundary particles as:

adhesion Xi — Xk

FiE5 ™ = —Bm Wy, A (1xi — xx]) (6)

xi — xx|’

where k denotes boundary particles, x denotes position of the re-
spective particle, 8 is the adhesion coefficient and A is a spline
function that we created for a 3D SPH simulation as:

4 4r2
A(T)_o.om{,/h +6r—2n w>hAr<h o

h325 g otherwise

Similar to our cohesion force, the term h>2° in the denominator of

(7) is a normalization factor to make the force result in the same ac-
celeration for different support radii. The scalar term in front of (7)
is used to be able to select 8 values in the similar range of y values,
where 8 ~ ~ models a moderate hydrophilic behavior. Since the
boundary forces used in [Akinci et al. 2012b] already prevent clus-
tering near the solid boundaries, we designed our adhesion force to
only attract particles with distances between h/2 and h. Further-
more, we tried to make our attraction force large in this interval,
while keeping the force continuous (see Figure 4). Initially, we
started with a Gaussian-like shape for the adhesion force. How-
ever, such a force was causing most of the fluid (except the closest
fluid layer) to unrealistically detach from the solid, regardless of
the magnitude of the adhesion force. Finally, we came up with such
a steep parabolic function, which generates strong attractions for
most of the neighboring fluid particles.

Note that similar to our surface tension force, our adhesion force is
also fully symmetric, where Fgdhesion — _aedhesion  Qyr adhe-
sion force allows simulating interesting scenarios, such as different
wetting conditions and two-way adhesion.

4 Implementation

We use [Solenthaler and Pajarola 2009] for computing SPH pres-
sures. However, our surface tension and adhesion forces can be
integrated into any SPH solver (e.g. [Becker and Teschner 2007;
Bodin et al. 2011; Macklin and Mueller 2013; Ihmsen et al. 2013])
since the forces are computed from the particles and are directly
applied to the neighboring pairs. Furthermore, we do not apply
pressure forces that arise from negative pressures. For time-step se-
lection, we use the adaptive scheme in [lhmsen et al. 2010]. For
boundary handling and two-way solid-fluid coupling, we employ
[Akinci et al. 2012b] and simulate dynamic objects using Bullet
[Coumans 2011]. We use the artificial viscosity model described in
[Monaghan 2005] both for fluid-fluid and fluid-solid interactions as
done in [Akinci et al. 2012b]. Because of the particle deficiency re-
lated reason highlighted in Section 2.3, we also multiply viscosity
forces with (4). We use the cubic spline kernel function [Monaghan
2005] for our SPH simulations. For SPH neighborhood search,
we use the compact hashing technique explained in [Ihmsen et al.
2011b].

If not stated otherwise, we used v = 1 for all experiments to mimic
the surface tension of water. Furthermore, we used 3 = -y to model
moderate hydrophilic interactions. In all of our simulations, we
kept fluid compressibility below 0.1%. Depending on the scale of

Figure 5: Comparison of a selected frame from the water crown
experiment using [Becker and Teschner 2007 (left) and our surface
tension model (right). Note the spurious surface tension and bumpy
Sfluid surface in the left image. Such effects are avoided with our
approach as the fluid surface area is properly minimized.

the simulated setting, we used different particle radii r, where the
particle spacings and support radii were 2r and 4r respectively. We
used very low artificial viscosity for the simulated fluids (~ 0.01)
to mimic the viscosity of water. If not stated otherwise, all solids in
our experiments also have the same viscosity to model a moderate
slip condition when interacting with the fluids. We reconstructed
the fluid surfaces using the efficient implementation explained in
[Akinci et al. 2012a]. The renderings were performed using men-
tal ray [NVIDIA ARC 2011]. All simulations and renderings were
run on an Intel Xeon X5690 with 16 GB RAM. For the presented
scenes, the average simulation time per frame was between 0.1 to
15 seconds, depending on the complexity of the scene, where sev-
eral simulations steps were computed for each frame.

5 Results

In this section, we demonstrate the versatility of our surface tension
and adhesion models in different simulation scenarios. Our exper-
iments show plausible fluid-fluid and fluid-solid interactions, even
at the scale of a single droplet.

To show that our approach can handle realistic fluid-fluid interac-
tions, we dropped a 6.5 cm® fluid droplet into a 15 x 4 x 15 cm?®
container filled with 1M fluid particles (Figure 1). After the fluid
droplet hits the main fluid body in the container, a realistic water
crown emerged. Also note how the splashes form spherical droplets
with various sizes, which is a phenomenon observed in reality. Note
both the thin features around the crown and the smooth fingerings
that emerge at its top. Later in the simulation, a vertical finger oc-
curred, which is an effect that occurs after a water crown collapses.
With the previous surface tension models that are only based on co-
hesion, the experiment reveals many spurious fluid structures (see
Figure 5).

Our next experiment shows that, by using our surface tension and
adhesion models, it is possible to simulate the impact of a large fluid
droplet on a solid object in a realistic way. A 0.5 m® water volume
consisting of 100K fluid particles was dropped ona 1.5x0.12x 1.5
m?® solid (Figure 6). The adhesion of solid was chosen as § = 0.6
to model a reduced hydrophilic behavior. Because of the surface
tension, sheets of fluid broke into fingers, which then transformed
into spherical droplets (Figure 6 middle-left). The adhesion of the
table resulted in sliding droplets dripping from the side of the table
(Figure 6 middle-right). Furthermore, the adhesion prevented the
fluid to completely merge to a single water body at the end (Figure
6 right).

In the next experiment, we show how the combination of our sur-
face tension and adhesion forces can be used to simulate a scenario
where a vertical water stream realistically flows over a sphere with
diameter 5 cm (Figure 7). There were up to S0K fluid particles in
the scene. We are able to simulate such vertical flows with solid



Figure 6: A spherical water volume collides with a planar solid object. The interplay of our surface tension and adhesion forces allows
realistic interactions in such scenarios.

)

Figure 7: Pouring water on a sphere. Our forces allow simulating a realistic stream flowing over a sphere without using ghost SPH.

Figure 8: Combination of our surface tension and adhesion forces allows simulating different wetting effects, from no wetting (left), interme-
diate wetting (middle), up to perfect wetting (right), in the same simulation scale.

Figure 9: A droplet in an adhesive box is split into two with an object with zero adhesion. Note how the fluid sticks to the box but maintains
a much smaller contact area with the splitting object because of the wetting difference.

Figure 10: Using the right balance of surface tension, adhesion, and fluid-solid viscosity forces allows us to simulate rolling water droplets.
In this scene, ragdolls with different adhesion properties interact differently with the droplet.



adhesion realistically without requiring ghost SPH.

In another experiment we show that by using different adhesion and
surface tension constants (where 1 > -, 8 > 0.001) , we were able
to simulate different wetting conditions in the same simulation scale
between no wetting up to perfect wetting for a 1 cm® fluid droplet
consisting of 750 particles (see Figure 8).

We created our next experiment to demonstrate how fluids react
differently to two solid objects with different adhesion in the same
environment (Figure 9). In this scene, a 1 cm® water droplet con-
sisting of 4K particles was resting in a highly hydrophilic box with
[ = 2. Afterwards, another object with zero adhesion split the
droplet into two parts. Note how the droplet sticks to the box, while
its contact area with the splitting object remains small.

In our final experiment, we show how two-way adhesion force can
be used to create interesting scenarios (Figure 10). In this scene,
we dropped a 27 cm® fluid droplet consisting of 14K particles with
~ = 3, on an inclined plane. The plane had 8 = 1.2 to make the
droplet create a large contact angle with the plane. Additionally, we
set the viscosity of the inclined plane to 1 (which was 0.01 in the
other experiments). Such a large viscosity makes the droplet roll on
the surface, instead of slide. In this experiment, we also dropped
ragdolls on the fluid droplet with a density two times larger than
the fluid density. This experiment also shows that large surface
tension forces prevent the solid to penetrate into the fluid, which
is a phenomenon observed in nature. Furthermore, pink ragdolls
(with 8 = 1) stick to the droplet, whereas the green ragdolls (with
B = 0) bounce and slip from the droplet.

6 Discussion and Future Work

In the presented experiments, when the surface tension is the domi-
nant force acting on a particle, time steps are limited by the surface
tension. This was the case for some of our experiments that were
performed in droplet scales. However, for most of the larger scale
experiments, the pressure force was the dominant force. However,
as we used the adaptive time stepping scheme explained in [Thmsen
et al. 2010] that also takes the total force on a particle into account,
we did not run into stability issues when performing our experi-
ments.

In reality, surface tension arises because of cohesion forces between
fluid molecules of the same fluid phase, independent of what is be-
yond the free surface (e.g. air, another liquid or vacuum). There-
fore, modeling surface tension does not require an explicit second
fluid phase. One ubiquitous effect that arises in reality because of
multi-phase interactions is air bubbles inside fluids. Since simulat-
ing density ratios in the order of pwater/pair Wwould require consid-
erably more computational effort, there exist alternative air bubble
generation techniques to avoid multi-phase simulations (e.g. [Hong
et al. 2008; Ihmsen et al. 2011a; Busaryev et al. 2012]). We believe
that the realism of our results can be further improved by using such
a method.

Recently, [Yu et al. 2012] demonstrated that sub-particle scale cap-
illary waves that are directly simulated on the fluid surface mesh
can add a significant amount of detail to an existing simulation. We
believe that our results would further improve by using their surface
tracking and capillary wave simulation approach.

7 Conclusion

We presented a new surface tension force and a new fluid-solid ad-
hesion force to improve the handling of fluid-air and fluid-solid in-
terfaces in SPH simulations. Our surface tension force allows simu-
lating large surface tension, minimizes surface curvature, addresses

the particle-clustering problem in SPH, and conserves momentum,
all at the same time. Our adhesion force allows physically plausi-
ble fluid-solid adhesion effects, including symmetric adhesion, and
can be used to model different surface wettings. Furthermore, our
forces can be easily added to an existing SPH solver. Combining
both forces allowed us to simulate a variety of interesting scenarios
that have not been shown in the graphics literature yet.
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