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Fast and Stable Surface Feature Simulation
for Particle-Based Fluids
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Abstract: In order to efficiently and realistically capture microscopic features of fluid surface, a fast and

stable surface feature simulation approach for particle-based fluids is presented in this paper. This

method employs a steady tension and adhesion model to construct surface features with the considera-

tion of the adsorption effect of fluid to solid. Molecular cohesion and surface area minimization are ap-

pended for surface tension, and adhesion is added to better show the microscopic characteristics of flu-

id surface. Besides, the model is integrated to an implicit incompressible smoothed particle hydrody-

namics (SPH) method to improve the efficiency and stability of simulation. The experimental results

demonstrate that the method can better simulates surface features in a variety of scenarios stably and

efficiently.
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With the increasing demands for details and
realistic effects of fluid simulation, the modeling
of surface feature is becoming more and more nec-
essary. Surface tension is one of the most com-
mon and important physical characteristics to re-
veal surface features of fluids, which is generated
by molecules cohesion. Because the density of
particles at the fluid-air interface is underestimated
due to lacking neighbor particles, which results in
negative pressure and particle clustering. Be-
sides, the surface feature simulation is usually
time-consuming, which has the problem of time
step restriction and numerical instability. There-
fore, using a particle-based method, for instance,
smoothed particle hydrodynamics (SPH) , simu-
lates surface feature realistically is still a challeng-

ing topic. To solve these problems, we propose a
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surface feature simulation method for particle-
based fluids to improve the computational efficien-
cy and stability with the good surface tension and
adsorption effect.

tension models are

Nowadays, surface

mainly classified into two categories: macro
model and micro model. The former is also

known as continuous surface force model

(CSF) . Tt is a kind of method based on color
field, the value of which jumps at two phase in-
terfacet'"*!, These methods usually first inter
polate particles’ color field using SPH formula.
Then, the normal vector of surface is calculated
according to color field gradient. Finally, surface
curvature and surface tension could be construc-
ted. But deviations always exist in calculating
the surface’ s normal vector, especially where
the surface has sharp corners and less particles.
This leads into a large computational error in
surface curvature mean while creates an asym-
metric force for fluid particles which could not
ensure momentum conservation.

The micro models construct surface tension

by particles” cohesion which is imitating molecu-
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V. Compared to the macro mod-

lar attraction"®
el, the micro model avoids the calculation of color
field” s second derivative and surface curvature
which are sensitive to particles’ derangement.
Moreover, micro model is simple to implement
and efficient. Nugent et al. ©° used van der Waals
equation of state to calculate the attraction pres-
sure, and expanded the attraction range to obtain
a stable droplet effect. Tartakovsky et al. [77 pres-
ented a molecular cohesion model to produce sur-
face tension for numerical simulation. They con-
trol particles’ attraction and repulsion by a cosine
function. Becker et al. ') employed SPH kernel
function instead of cosine function, making the
calculation of attraction in a specified range. In
fact, both the cohesion models have the traits of
repulsive force in short-range and attractive force
in long-range.

However, micro and macro models cannot
simulate both large surface tension and the surface
minimum curvature effect well at the same time,
and may cause problems such as particle cluste-

Akinci et al. '

dealt with the problems through the cohesion-re-

ring and momentum violation.

pulsion model, and added the adsorption force
model. Inspired by this, we proposed an im-
proved surface tension and adsorption force model
and combined it with the implicit incompressible
SPH method (IISPH), which can simulate the
fluid surface microscopic features better and en-

hance the numerical stability and computational

efficiency.

1 Related Work

Since the surface tension has important
effects on the details of the fluid simulation, many
studies have been conducted to suit for fluid mod-
eling. In the particle-based fluid simulation cate-
gory, previous research minimized the surface
surface tension

curvature to achieve the

effect™? 7,

ods, surface curvature is very sensitive to particle

However, when using these meth-

disorder, the external force is asymmetrical and

does not keep the momentum conservation. To e-

liminate these problems, researchers used adja-
cent fluid particles cohesion at the molecular level
to improve the early surface tension models™® 7',
Nevertheless, only using cohesion cannot imple-
ment surface area minimization and large surface
tension would cause unreal flow. Clavet et al. ¥
produced surface tension by the gravitational
force. The proposed double density relaxation
model can produce a better surface tension effect,
but it isn’ t suitable for simulating low viscous liq-
uids. Yu et al. "' proposed a SPH-based surface
tension method in which the curvature is esti-
mated on the surface mesh and surface tension is
applied to the adjacent fluid particles surrounded
by the grid. But its surface tracking method may
not be able to detect isolated fluid blocks so that
the surface tension effect cannot be exhibited in
these areas, which also depends on the resolution
of the tracking grid. Akinci et al. '*J created sur-
face tension by constructing inter-particle interac-
tions, handling large surface tension while main-
taining momentum conservation, and repelling re-
pulsive particles at too close distances, prevented
the free surface of the particle cluster problem
without applying additional operation.

The adsorption force reflects the effects of
fluids attracted by other substances, which is also
a way to show surface feature. Steele et al. ['!’
proposed a Lagrangian simulation method for vis-
cous fluids that achieves the adsorption effect.
They used distance-dependent forces to define the
adsorption properties of different types of sub-
stances, but the using of linear density cores with
strict ant-penetration constraints limits the ability
to simulate highly viscous fluids. Then, Clavet et
al. I simulated the viscoelastic SPH fluids adhe-
sion through a distance-based attraction term.
Schechter and Bridson"'*’ realized adhesion by cal-
culating ghost velocity at solid particles that using
the velocity of the solid itself and the tangential
component of the velocity of the nearest fluid par-
ticle. In the method of He et al. '**7, the adhesion
effect is achieved through the edge effect of differ-

ent slip conditions created by velocity constraints.
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Akinci et al. "*'realized a physically reasonable flu-
id-solid adhesion without additional treatments
(e. g. ghost SPH), while ensured the momen-

tum conservation.
2 Fluid Simulation and Interface
Conditions

2.1 SPH framework

In the Lagrangian description, flow con-
trolled partial differential equations of Navier-

Stokes for fluids can be expressed as

doi
ds p,v V; (1 )

Dy,
i D‘;:—V p,+p,g+/N2v, (2)

where v; is velocity, p; is density, p; is pressure,
p s viscosity coefficient and g represents the ex-
ternal force field. Eq. (1) is mass conservation e~
quation and Eq. (2) is momentum conservation e-
quation.

The theory of SPH is to utilize the form of
discrete particles to characterize the successive
fields and use integration to approximate the
fields. For particle ¢ at location x;,

<A(x;)>:Zm,&W(x,-—x,,h) (3)
7 i
where m; and p; represent particle mass and densi-
ty respectively, W (x; — x;, h) is the smoothing
kernel and A is the smoothing radius.
Applying Eq. (3) to the density of particle ¢

at location x,, it yields
o= >.m;W(x;—x;.h) (4)

Therefore forces between particles including

pressure f/ and viscous force f can be represen-

ted as
P, P
,‘PZ* i :I+T/VW,']' 5
f Zm](‘of P}> (3
fi=p D) m, 2N w, (6)
i Oj

We employ Tait equationt®™ to calculate the pres-
2 y

sure, that is p, =2 ( (€2} — 1), wh =

sure ati1s p y <<po> ) where oo

1 000 is the rest density of fluid, y=7 is stiffness

parameters and c, is velocity of sound.

2. 2 Fluid interface conditions
Fluid interface conditions refer to the con-
straint conditions of the fluid on the interface of
fluid and other material. In contrast, the continu-
ity equation (1) (incompressible fluid) and N-S
equation (2) are the constraint equations inside
the fluid. Fluid interfaces can be roughly divided
into fluid and air Cor vacuum) interface which is
also called free surface, and the interface of fluid
and solid, which is also called fluid-solid inter-
face, fluid and fluid interface. Fig. 1 shows the
free surface, the fluid on the interface need to be
met as
[pl=e 7
where [ p]= p;— p. is the difference of the pres-
sures of fluid and air on the free surface, ¥ is the
tension coefficient (liquid water is 0. 073), « is

the mean curvature;

b
SRR (8)

Among them, R, and R, are two main curva-

ture radius at the free surface, given for the im-

-~ L, 11
plicit surface $(x) =0, R, +R2 is the mean cur-
vature. We can have the following equation

1 1 vV ¢

—+ = T 9

ROOR Y (TV6T) e

where ||V ¢ is norm.

Resultant force
generated pressure

Fig. 1  Free surface(the blue one is liquid, the

surrounding is air)

Fig. 2 shows the fluid-solid interface, the flu-

id on the interface needs to be met as
v.n>0 (10)
where v, = v; — v, is the relative velocity between
fluid and solid at the interface, and n is a normal
vector of the interface. The physical meaning of
the formula is that the fluid in the flow should not

penetrate the fluid-solid interface.
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Fluid velocity vector

Interfacial normal

Solid velocity vector

Fig. 2

Fluid and solid interface( Tan represents solid, blue

represents fluid)

3  Surface Feature Model

3. 1 Surface tension
the

surface tension model usually adopts the method

In the particle-based fluid simulation,

based on color field, any particle i is assigned a
color field value ¢;, the same fluid particles have
the same color of the field value. Take ¢; into the
SPH interpolation formula and we can get the col-

or field interpolation formula as
;= E %W”

i P

The normal vector of surface calculated by

(11)

n=V ¢, can make the normal vector of the surface
points to the interior of the fluid. And the surface
curvature can be measured by the divergence of
the normal vector. Its form is expressed as
v,

In|

P

(12)

The surface tension of fluid can be structured

by the normal vector and the surface curvature as

Fr=mn=—0sVic
In|

Although the model achieves the effect of

(13)

surface tension through the color field easily, it
has some shortcomings. First, less neighbor par-
Be-

sides, the calculation of the second derivative is

ticles can cause a calculation error of —V %¢.

sensitive to the particlé disorder.

Eqg. (11) and Eq. (12) only consider the co-
hesion, can neither show the effect of surface ten-
sion truly nor guarantee the minimum of surface
area. Therefore, this section uses the surface ten-
sion model, which is similar to the method pro-
posed by Akinci et al. *°, considering molecular

poly-repulsion as well as the minimum of surface

60

area.

First, the cohesion force model considers the
effect of attraction and repulsion, similar to the
intermolecular forces, making the particles attract
each other when they are far away, or repelling
each other when they are too close. This avoids
force becoming too rigid, and it avoids the unsta-

ble problem as well. Its form is expressed as

Fi=—am, Z m](xi*xj)d(‘xi*xﬂ)
j

(14)
where j is the neighbor particle of i, m is the par-
ticle’ s quality, x is the particle’ s position, a is
the surface tension coefficient, d is the spline
function.

It is obvious that the spline function d deter-
mines the nature of the surface tension F¢, its ac-
tion is similar to the kernel function. Becker et
al. %

surface tension, whose effect is not similar to the

use a SPH nuclear function to construct the

intermolecular force. So if we use Eq. (9) to cal-
culate the surface tension, we need to construct a
spline function d to show molecular inter-atomic
forces.

For the smooth kernel function, we can construct
the smooth function by modifying the process of conti-
nuity of the particles. Assuming that we only relate
the smooth function to the polynomial of the relative
distance between particles, the smooth function can be
formed as a polynomial, if the influence width A is in
the support of the domain

Wx—2 W =W(QR)=a,+a,R+a,R*+++a,R"
(15

In some cases, it would be good to choose
piecewise smooth functions. Because the shape of
the piecewise smooth functions can be well adjus-
ted by changing the number of segments and the
location of the connection point. If the smooth
function is divided into two segments, the general

form is shown as

Wi (R), O0<R<R,
W(R):JWZ(R), R, <<R<R, (16)
0, R,<R

Equation itself, its first derivative and second
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derivative at the connection point must be continu-
ous. And considering the connection point condi-
tions and the compact support condition, the form

of the smooth function may be

b (Ri—R)"+b, (R, —R)", 0<<R<R,
WER)=1b, (R,—R)", R <<R<R,
0, R, <R
an

We can adopt a similar way to structure the
spline function d of Eq. (9). The surface tension
produces repulsion, if the distance of particle is
less than a certain threshold, or produces attrac-
tion within the scope of the neighbor particles, if
the distance of particle is greater than a certain
threshold. For comparison, this paper chooses the

spline function from the method proposed by Akin-

ci et al. ¥, the form is
(h—r)'r 2 <r<n
_ 32 6
Ol(r)irrh9 2 (h—r)sra—hf, O<r<£(18)
64 2
0, other

Eq. (14) can make the surface tension force
calculation Eq. (18) generate attraction and re-
pulsion according to the size of the distance be-
tween particles. At a distance of h/2, the attrac-
tion achieves its maximum. And it will smoothly
tend to zero as the distance gradually increases to
h.
3. 2 Improved surface tension
To better simulate the microscopic surface
feature and show the area minimizing effect, we
need to add the correction term to the above ten-
sion model. In order to avoid computing the sur-
face curvature in an explicit way, the normal vec
tor is expressed as follows, which is similar to the
normal vector calculation method according to the
color field:

m
n=a >, N W(|lx—x|) (19)
j J
where ¢ is the zoom factor.
The surface tension tends to reduce the cur

vature, and make different discrete sampling

61

the

curvature is proportional to the normal difference,

points have a consistent direction. Besides,

so the modifications are expressed as
f— — _
F/ = Bm,Z(n, n;)
j

where 8 is the correction coefficient. The correc

(20)

tion term increases with the curvature. Its value
is 0 at the flat areas and the interior. It avoids the
standardization of the normal n; and the explicit
calculation of curvature.
Above all, the revised surface tension can be
expressed as
FY =y, (F:+FD) (21)

where y; is the surface tension control coefficient,
200
oi o
surface of the {luid, and y; =1 inside the {luid.

3. 3 Adhesion between fluid and solid

this section makes it y; = 7; > 1 near the

As previously mentioned, adsorption is gen-
erated by molecular interactions of different mate-
rial. In this section, adsorption is mainly aimed at
the effect between fluid and solid. In this paper,
we process the fluid-solid coupling simulation in
the following steps. Firstly, we sample the rigid
body surface as boundary particles. Then, we use
the boundary treatment proposed by Akinci et
al. [ to calculate the fluid density, where the
boundary particles are considered. At last, the
force formula can be derived. Hence, in this sec-
tion we use a adsorption force model that can be

applied to the fluid-solid coupling directly'®.
Fi=—pn, >, v, (xi—x) y([x;—x: )

k
(22)
where % is the boundary particle, x is the position
of particle, 7 is the adsorption parameter, w, is
the volume of boundary particle. y is the spline
function, similar to Eq. (22), an approach to

construct y is

0.01

h
i <
()= ! 2<r\h

other
(23)

Using the boundary treatment methods can
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solve the adhesion and clustering effect in border
of fluid particle effectively, the above type just
imposed the adsorption effect on the particles
from h/2 to h to attract each other. You can see
that the adsorption is symmetrical, namely F§{ =

— Fj.

4 Surface Feature Simulation Based

on IISPH

Our surface feature model can minimize the
surface area, prevent clustering, and realize the
surface tension and adsorption effect. However,
when the tension or adhesion is the main force,
the time step will be limited. PCISPH and adap-
tive time step''®’ have been used to make the
problem easy to solve, but there are still numeri-
cal instability and low efficiency issues. To im-
prove the numerical stability and computational
efficiency of the surface feature simulation, this
section presents the surface feature simulation al-
gorithm based on IISPH.

The framework of SPH fluid simulation has
two categories. One is based on the equation of
state, such as WCSPH, PCISPH""* etc. Another
is
ISPH™ 7,

lowing steps.

based on the pressure projection, such as
The thought of ISPH contains the fol-

First, we use the force except pres-
sure to predicts the intermediate velocity of parti-
cle. Then, we solve the pressure Poisson equa-
tion. Finally, we use the pressure to obtain other
physical quantities. However this kind of methods
are usually time-consuming. Therefore, Thmsen et
al. " proposed IISPH method that combined the
continuity equation discretized by SPH and the
symmetric SPH pressure to get the pressure Pois-
son equation (PPE). Then use relaxation Jacobi it-
eration to get the pressure. IISPH can use a large
time step and make the density deviation less than
0. 01% so that it improves the efficiency and stabil-
ity of the simulation significantly.

IISPH method discretizes the fluid continuity

equation IQ)?: — v into
(Oi(l‘_’_Ai)t*pi(t): Z ij:v,(H—At)*

J
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v, (A0 N W, (D 24)

The speed difference v; (¢ +A) —v; (t+ Af) in

Eq. (24) depends on the pressure force F” (¢) at

time ¢, the pressure force is dependent on the pres-
sure p(1).

Using the semi implicit Euler integral upda-

ting speed, we can express the speed in Eq. (24) as

F:(O)+F! ()

;

v, (t+ AL =v, (1) + At (25)

where F? (t) means the forces in addition to the
pressure force, including surface tension, adsorp-
tion force, viscous force, gravity, etc.

According to F?(t), we forecast the interme-
diate speeds of fluid particles are

F”(t)

v (t+AD)=v, () +At —— (26)

According to the form of Eq. (24) , the inter-
mediate speeds can deduce intermediate densities of
fluid particles, which are as follows

pf (t+AD) :p;(1)+At E m; v (t+Ar) —

v, +ADN W,
Make p; (¢4 A1)
o (t+ At) instead of p; (1).
Eq. (24), so Eq. (24) can be expressed as

o —pi (L AD
At

@27
= o0 » use the intermediate density

Then take them into

2 m; v (t+A0)—

v G+ADN W, (@) (28)
After decreasing, the difference of the density
is

F! ()

AZ2 2 m}(F,P(l)

m;
J ! 4

)V W, () =p,—

o (t+An) (29)

Next, we need to solve the above formula and

get the pressure value in a certain range of density
fluctuations. Taking the pressure term into the a-
bove formula can get the following system of linear

equations

Eaiipfzpoipl* (t+AD) (30)

It can be seen that only pressure values are
unknown in this system.
Eq. (30) can be solved by the relaxation Jacobi

iteration, namely
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Pf‘ '=(1—wpitw %[[00 *‘ofk (t+A) —

Zami] (31

Vi
where [ is the number of iterations, w is the coeffi-
cient of relaxation.

In order to calculate Eq.(31), a; and

E a;ph need to be determined. So the displace-

JjFi
ment of pressure is expressed as

AL? F'p(t):*Az‘z E m,(%“‘%)V W, =

m; i P

J

(—Aﬁ ES?QW W@)p;%}j(-—AﬁZ%V Wg)p,=

7o 7 0 ’
d.p.+ E d;p; (32)
i

where d”' - 7At2 E ’;L;V WU vd,'j - 7At2 %V W,‘j .

Substitute Eq. (32) into Eq. (29) and % identi-
fies neighbor of j

oo —pi GHAD=p. D) m;(di—d; V W+
2 m,( E dip,—d;p,— Z djhpl:)v W,
J J ki
(33)

a; and p'"! can be expressed as

ai — 2 7”-7(d“_d11 )v Wz_/ (34)
P = (=) plto (o —p FA0—

Z mj( E d;p;,—d;p;— Z djkf)i>v Wij)

j i
(35)

Combining the above IISPH with the previous
surface feature model, an efficient and stable algo-

rithm is shown as follows.

Algorithm 1  Surface feature simulation based on IISPH

: while animating do
for each particle 7 do

search neighbor particles of 7, get N, (1)

1

2

3

4. for each particle i do
5 calculate the density 0i ()
6

calculate the resultant force in addition to the pressure force

F (1)
7: calculate intermediate speed v
8: calculate dj;

9.:for each particle i do

10, calculate intermediate density o (D
11 set the initial value p?=0. 5p; (t— AL)
12. calculate a;

13:/=0

14 : while g% =7 or [<<2 do

15 for each particle 7 do

16: calculate E d;pt
J

17 . for each particle 7 do
18. calculate p{“

19: calculate pi*!

20.  pi(r)=pit!

i1

21: calculate pf™ =™ —po

; e — 1
22: calculate pif " 2 of
23 [=I1+1

24 :for each particle i do

Fr (o

m;

25: vi(ittHAD =vF + At

26 x; (t+AD=x;(0)+Aw; (t+AD

S Implement and Results

This section verifies the effectiveness of our
method. The platform is the Intel Xeon E5-
2687W v4 (eight nuclear, 3. 0 GHz, 20 MB
Cache) with 72 GB memory. The surface con-
struction algorithm and simulation algorithm are
implemented in C + + language using mul-
tithreading technology that uses space background
grid hash lookup to search neighbor particles. We
employed the OpenGL 3D graphics library to a-
chieve the real-time display simulation, and used
Blender to implement offline rendering. All ex-
perimental scenario” s parameters in this section

are shown in Tab. 1.

Tab. 1 Setting and statistics of simulation

Ttem Value

8§mX8mX8m

Simulation domain size

Fluid density 1000 kg/m?
Smooth and kernel {function Cubic spline function
Smooth radius 0. 2m

Width of the fluid particles 0. 1m

Fig. 3 shows the experiment of a square wa-
ter flow on the tablet. At the beginning, the fall-

ing water contacts with flat gradually, then the
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fluid tiles along the flat gradually. Because of sur-
face tension and the function of adsorption force,
fluid tends to become static and forming single-
Fig. 3a is IISPH method

without surface tension and adsorption. It can be

layer fluid on tablet.

seen that if we ignore the function of surface ten-
sion and adsorption force, particles are in a rela-
tively decentralized state, and the microscopic
characteristics of the fluid are worse than the lat-
ter two columns.

Fig. 3b shows the results of Akinci et al. %7,
Fig. 3¢ shows our result. It can be found that un-
der the same condition, if particles collide violent-

ly, our method is more stable than the method of

Akinci et al. [,

can be seen from the last two lines in Fig. 3).

and constringe much faster (It

This shows that when dealing with the bigger and
more violent scenes, our simulating model will be
more stable and faster. In addition, the shape of
the fluid under a steady state is mainly determined
by the surface tension and the adsorption force,
which makes the curvature of different direction
become consistent, and minimizes the surface are-
a. It can be seen in Fig. 3 that our method is bet-
ter than the method proposed by Akinci et al.
The effect of minimizing the surface is better, and

the whole simulation process is more stable.

(a) No surface tension and adsorption

Fig. 3

(b) Akinci’s method

64

(¢) Our method

Square water flow on the tablet
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Tab. 2 shows the comparison of spilled water
on board. It can be seen that our method can
shorten the operation time of simulation and im-
prove efficiency obviously under the same scene

parameters.

Tab. 2 Statistics of spilled water on board

Method Number of particles Comp time/s
Akinci” s method 32751 794
Our method 32571 442

Fig. 4 shows the experiment of the water im~
pacting the plate. This method can realize the
effect of water flow by adding the single layer flu-

id at different time points, and does not show the

(a) No surface tension and adsorption

Fig. 4
6 Conclusion

A surface feature model based on IISPH is

(b) Akinci’s method

65

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Similar to the previous two
da
with Figs. 4b and 4c to show that the microscopic

experimental time.

experiments, the experiment compares Fig.

characteristics of the fluid surface are more realis-
tic when the surface tension and adsorption force
of the fluid are added. Compared with method
proposed by Akinci et al. , the fluid stability is
better and the fluid splash effect is not intense
(the last two figures of the second row and the
third line). In addition, it can also be further ver-
ified by the last two graphs of the fourth row that

the fluid region minimization effect is better and

has a greater fluid adhesion area.

(¢) Our method

Spilled water on board

proposed for fluid simulation. This method im-
proves Akinci’ s surface tension model by combi-

ning it with IISPH. It simulates fluid surface ten-

http://www.cnki.net
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sion and attraction realistically, and improves the
numerical stability and computational efficiency.
The experimental results demonstrate that the
method can simulate the surface tension and the
adsorption well in a variety of scenarios. Com-
pared with previous methods, our method has
high efficiency and stability, and realizes better
micro characteristics, such as minimizing the fluid

surface. In addition, the surface tension and ad-

sorption can keep a good performance in larger

and more intense scenes.
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