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ABSTRACT
A new reaction force model of particle collision is built,
which is based on the conservation of momentum and the
conservation of energy. Combined with weakly compressible
smoothed
particle
hydrodynamics
and
the
artificial
compressibility, the new model and a conventional reaction
force model of Lennard-Jones is used to simulate the
phenomenon of shear driven cavity and the flow around a
square cylinder, respectively. For verifying the accuracy of
the new model, the DNS method is also used to simulate the
flow phenomenon. By comparing and analyzing the
calculating results, it can be concluded that: The new
reaction force model can effectively prevent particles from
unphysically penetrating through the boundary, and the
variation of velocity and tangential stress near the boundary
can be relatively accurate calculated. The new model helps to
enhance the calculation accuracy of smooth particle
hydrodynamics (SPH) for the whole flow field, and it has
relatively good stability.
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1. Introduction
With the development of calculation methods, the meshfree method has heightened people’s
interest as a new generation of method. The method is viewed as next generation computational
techniques [1], it is better than the conventional methods of finite difference method and finite
element method in many applications. The smoothed particle hydrodynamics (SPH) are a
meshfree method, it was first proposed to study the three –dimensional open space of
astrophysics by Lucy [2] and Gingold [3]. Through decades of development, the SPH has
broadened and been applied to ocean engineering, medical, solid mechanics, multiphase flow,
flow through porous media and so on [4–11]. Especially in the last few years, some
investigations of the large eddy simulation and the direct numerical simulation of turbulent flows
has been recently done using the SPH method [12,13].
The SPH is a Lagrangian particle method for modeling fluid flows, can be considered as a
particle meshfree method. A series of particles are used to describe the state of fluid systems, and
some physical quantities of density, pressure, velocity, internal energy and so on are all included
in the particle. The particle has no fixed space position, its motion complies with conservation
equation.
The core idea of the SPH is interpolation theory, namely the value of arbitrary function at a
particle can be expressed as an integral form in support domain of the particle. But when a
particle near or on the boundary, its integral can be truncated by the boundary. So the whole flow
region cannot completely use the SPH, and the treatment of its boundary condition is more
difficult than other number methods. For proper handling the particle on the boundary would
have an important effect on the accuracy and stability of the SPH, and it's become a key problem
to confine the development of the smoothed particle hydrodynamics [13].
At present, the most remarkable of two boundary methods are repulsive force method and mirror
particle method. The most classic of the repulsive force method is based on the molecular force
equation of Lennard-Jones [14]. Subsequently, some new algorithms of repulsive force are
obtained by Liu G. R. [15], Han. Y. W. [16] and so on. During the repulsive force method, the
particles are divided into dummy particles and real particles. The dummy particles are fixed on
the boundary, and the fluid medium is discretized into real particles. When the real particle close
to the dummy particle, a repulsive force will be applied along the centerline of these two
particles, and it can prevent the real particle penetrate through the boundary. The repulsive force
method is less affected by the boundary shape, and it is easy realized by using program code.
However, for the different flow problems, some different empirical parameters need to be
determined in the repulsion force model, and the accuracy of the model will be instability. In
addition, the repulsive force generally is artificial force, so it easily results in the momentum
nonconservation. However, sometimes the repulsive force is relatively small, and the real particle
cannot be effectively prevented penetrate through the boundary. So the mirror particle method is
introduced which can be useful to maintain good conservativeness of the boundary [17]. In each
evolutionary step, for a real particle near the boundary, a corresponding dummy particle will be
placed symmetrically on the outside of the boundary. And the dummy particle has the same
density and pressure as the corresponding real particle, but opposite velocity. However, the
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mirror particles method is not suitable to model complex shape such as porous medium. Besides,
Dalrympl [18] propose that the boundary can be simulated by double rows of particles. The
difference between this method and the mirror particles is that the dummy particle is fixed, and it
is involved in calculation with real particle. The thickness of the wall can be seen as increased by
the dummy particle. This method has proven to have good conservativeness, and it is easier to
specify boundary condition.
For internal flow system, the fluid medium offers some force to the wall. According to the idea
of SPH, near the boundary, the fluid particle has an impact and collision with the wall, and the
wall is the reaction force on the fluid particle. Therefore, in the present study, a new reaction
force model of particle-wall collision is built, which is based on the conservation of momentum
and the conservation of energy.
In the following, first the SPH method and the governing equations are given. Then the new
model of boundary conditions is discussed. At last, the results and discussions including two
cases for verification of the new boundary model are presented.

2. Fundamental equations of SPH
The construction method of SPH equations is comprised of integration representation and
particle approximation. The integration representation is the most critical first step. The integral
representation of function f ( x) can be approximated by summing up the values of the nearest
neighbor particles.
The integral representation of function f ( x) can be defined as:
f ( x)   f ( x) ( x  x)dx


(1)

where f is a function of space vector X ,  ( x  x) is the Dirac delta function,  is the volume
of the integral that contains, namely support domain.
The Dirac delta function  is replaced by smoothing kernel function w( x  x, h) , then the kernel
function f ( x) can be approximate expressed as [19]:

f ( x)   f ( x) w( x  x, h)dx


(2)

where h is the smoothing length, which is used to define the influence area of the s smoothing
kernel function w . The angle bracket
is approximation operators of the kernel.
By summing up the values of all particles in the support domain, the Eq. 2 can be written in the
following form of discretized.
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where V j is the volume of particle j ,  j , m j is density and mass of particle j , respectively.
By using the divergence theorem, the particle approximation of the spatial derivative of the
function f ( x) as follows.
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(6)

where rij is the distance between the particle i and particle j.
The definition of kernel function is important to the stability of meshless methods [20,21]. In the
present study, a quintic interpolating splines is used for smoothing kernel function w( x  x, h) .
The function is proposed by Morris [22], and it is more approximate to Gaussian kernel function.
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,
for the 1D, 2D and 3D, respectively. R is the relative
2
h 478 h 359 h3
xi  x j
distance between the particle i and particle j, R 
.
h
where  d is

3. The governing equations
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Conservation of mass:

d
    v
dt

(8)

Conservation of momentum:

dv
1
1
  p      F
dt



(9)

Conservation of energy:

du
p
1
    v   v
dt



(10)

where  is the fluid density, v  (vx , v y , vz ) is velocity vector, p is pressure, F is body force for
unit mass, u is internal energy of fluid element, The viscous stress  is proportional to the strain
rate  , the proportional coefficient is kinetic viscosity  :

 ij   ij   (

v j
xi



vi 2
 (  v) ij ) (i, j  x, y, z )
x j 3

(11)

By using above the SPH method, SPH equations of the governing equations are obtained as
follows:
N
d i
  m j ( vi  v j ) iWij
dt
j 1

(12)

N
p
dv i
p
  m j ( 2i  2j )iWij
dt
i  j
j 1

(13)

p
dui 1 N
p
  m j ( 2i  2j )( vi  v j ) iWij
dt 2 j 1
i  j

(14)

dx i
 vi
dt

(15)

The momentum Eq. 9 shows the coupling relationship between the pressure and the velocity. For
the compressible fluid, the motion of particle is driven by pressure gradients. And the pressure
change of particle is obtained by density and internal energy through the equation of state
equation. However, for the incompressible fluid, the solution of pressure is limited by practical
state equation. Therefore, the idea of artificial compressibility is introduced in classical SPH, and
the new sate equation is proposed by Monaghan [14], Lee [21], Morris [22] and so on.
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0 c 2  
p
(( )  1)

0

(16)

p   c2

(17)

where  is a constant coefficient which can be 7,  0 is reference density. c is sound velocity, but
it is not the real velocity of sound, or else the time step will be too little. c is normally taken 10
times higher than the maximum fluid velocity [13]. Generally, the Eq. 16 be used to simulate the
free surface flow, and the Eq. 17 be used in non-free surface flow.

4. Boundary conditions
As described in the introduction, some new methods are proposed to deal with boundary by the
broad masses of scientists, but still have their shortcomings. In the present study, in order to
overcome the weakness of empirical parameters determination and momentum nonconservation
for the conventional reaction force method, a new reaction force model of particle-wall collision
will be built.

4.1. The idea of support domain
The Eq. 1 shows that the value of the function f ( x) at point xi  ( xi , yi , zi ) is decided by support
domain. That is, the information at the point x i is decided by the information for all the points
inside this domain. The geometry of support domain is shown in figure 1. Circle with center
point x i , and radius r   h . The distance between x j and x i inside the domain rij  xi  x j must
less than radius r . where the  is a constant coefficient, and the value is 2 in the paper.

4.2. The reaction force model of lennard-jones
Figure 1 shows the interaction relationship of real particle and dummy particle. As described in
the introduction, the fluid medium is discretized into a series of real particles, and the dummy
particles are fixed on the boundary. When a particle is close to the boundary, its support domain
maybe contains some dummy particles. And a repulsive force will be applied to the real particle,
it can prevent the real particle penetrate through the boundary.
Based on the molecular force equation of Lennard-Jones, a repulsive force method is proposed by Monaghan as
follows.
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(18)
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where n1 , n2 are empirical parameters which usually taken as 12 and 4, respectively. D is
another empirical parameter, but the value should be chosen to be in the same scale as the square
of the largest velocity [13]. r0 is cutoff distance, and the value is usually approximately equal the
initial distance of the particle.
real particles

dummy particles

r
vi

fi

xi

vi

r

r

xi

Fig. 1. The interactive relationship of real particle and dummy particle.

The Eq. 18 indicates that not all dummy particles have force on real particle inside the support
domain. Only if rij  r0 , the dummy particle have reaction force to real particle.
As the classical model of reaction force, the equation of Lennard-Jones has been widely used.
However, if the value of empirical parameter is not inappropriate, the boundary can be
unphysically penetrated by real particle. In additional, different empirical parameter setting
maybe all could effectively prevent particles from unphysically penetrating through the
boundary. But a bigger error in the calculation accuracy will be produced. At the same time, the
repulsive force is artificial force, and it easily results in the momentum nonconservation. In order
to circumvent those problems, a new repulsive force model is built as follows.

4.3. The reaction force model of particle collision
The new model is similar to the reaction force model of Lennard-Jones. For a support domain of
particle i, only if rij  r0 , the dummy particle have reaction force to real particle. But the reaction
force is produced by the collision of particle i and particle j, and the collision motion is not
considered in the process of SPH calculation.
It is assumed that a real particle i collide with a dummy particle j. Before the collision, the initial
momentum and initial angular momentum of real particle i and dummy particle j are labelled as
K i , J i , K j , J j , respectively.
The geometry site of two particles at the moment of collision:
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r0 =ri + ei =r j + e j

(19)

where r0 is position of collision point.  ,  are the coordinate values of collision point, which is
based on the coordinate system with the origin at the mass center of particle i and particle j,
respectively. e is basis vector.
The origin of coordinates is moved to the collision point r0 , and then the Eq. 19 gives the
following form:

ri =   ei 

r j    e j 

(20)

After the collision, the new momentum and initial angular momentum of particle i and particle j
are labelled as K i , J i , K j , J j , respectively. Based on the conservation of momentum, the Eq.
(21) can be got:

K i =K i  K ij 

K j =K j  K ij 

(21)

where K is transfer momentum between the two particles at the moment of collision.
According to the conservation of angular momentum, the following equation can be obtained:

Ji  J i   ei  K ij 

Jj  J j   e j  K ij 

(22)

By using the conservation of energy, and combining Eq. 22 give the following form:
2
2
2
2
K i2 K j J i2 J j (K i  K ij ) (K j  K ij )





2 m 2 m 2I c 2 I c
2m
2m

+

(J i   ei  K ij ) 2
2I c



(J j   e j  K ij ) 2
2I c

(23)

where the first term and the second term in the left of equal is the kinetic energy of particle, that
is:
2
2
K i2 K j
1 2 1 2 1 (mvi )2 1 (mv j )
mvi  mv j 



2
2
2 m
2 m
2m 2m

and the third term and the fourth term in the left of equal is the angular kinetic energy of particle,
that is:
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I ci  I c j 



2
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2I c 2I c

where m , I c are the mass and moment of inertia of particle, and the  i is angular velocity of
particle.
Eq. 23 can be rewritten as:

K ij  (

Ki  K j
m



J i   ei  J j   e j
Ic

)  K ij2 (

1 2  2

)
m
2I c

A

(24)

where the  in Eq. 24 is velocity difference of two particles before the collision at the collision
point, and denoted by u ij .
It is assumed the K ij and u ij with the same direction, and then Eq. (24) can be rewritten as:

K ij  

uij
1 2  2

m
2I c

(25)

1
md p2 ,
10
where d p is diameter of particle, it is approximately equal to smoothing length in the paper.
In present study, dummy particle j is fixed in boundary, so the   0 . And the I c 

Based on the conservation of momentum, the vector sum of external force on fluid system is
equal to the change rate of momentum of fluid systems. So the reaction force to real particle i
can be expressed as:

fi  K ij / dt

(26)

where dt is time step in SPH calculation. And the acceleration complies with Newton’s second
law:
a

fi
mi

(27)

where mi is the mass of particle i .

5. Numerical examples
In order to verify the accuracy of the reaction force model of particle-wall collision, this model is
explained and practically verified in two flow phenomenon: shear driven cavity and the flow
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around a square cylinder. At the same time, the classical reaction force model of Lennard-Jones
and DNS method are used to compare with the new model.

5.1. The shear driven
The structure of the classic shear driven cavity is shown in figure 2. The square cavity is
comprised of square vessel, and it is side length is 2.5  105 m . The fluid medium is water, the
kinematic coefficient of viscosity and the density are   106 m2 / s and   103 kg / m3 ,
respectively. It is assumed that the velocity on the topside of square cavity is v  10 3 m / s , and
other sides keep stationary.
v

L

L

fluid medium: water

L

Fig. 2. The structure of classic shear driven cavity.
real particles
dummy particles

1.0

0.8

y/L

0.6

0.4

0.2

0.0
0.0

0.2

0.4

0.6

0.8

x/L

Fig. 3. The initial particle distribution.
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The initial particle distribution is shown in figure 3. Comply with the idea of SPH, the water is
discretized into 1600 real particles in the square cavity. The initial distance of particles and the
smoothing length are 2.5  10 m. The dummy particles are fixed in the boundary, the initial distance
is 2.5  10 m, and the number is 160. In the whole computing process, a constant time step of 5  10
s is used, and it takes approximately 3000 steps to reach a steady state.
5

5

5

2

y /L

1

0

-1

-2
-2

-1

0

1

2

3

x /L

Fig. 4. Particle distributions for no boundary conditions.
1.0
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y/L

0.6

0.4

0.2

0.0
0.0

0.2

0.4

0.6

0.8

1.0

x/L

Fig. 5. Particle distributions for new boundary model.

It is effective to prevent real particles from unphysically penetrating through the boundary is a
main purpose for appropriate to resolve boundary conditions in SPH. In order to examine the
effect of new methods to the boundary, two different conditions are considered in program codes:
no dummy particles are fixed in boundary, and the new boundary model is used in the boundary.
The particle distribution is shown in figure 4 and figure 5, respectively. It is can be known that,
the real particles are free motion comply with conservation law, and its position has exceeded the
geometric range of square cavity. However, if the reaction force model of particle-wall collision
is used in the boundary, the real particles are limited to inside the square cavity. So, in the present
study, the new boundary method can effectively to prevent real particles from unphysically
penetrating through the boundary.
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Figure 6 shows the velocity vector and streamline of shear driven cavity at steady state. Compare
with result of DNS method (as shown in figure 6(c)), a backflow phenomenon are all realized by
SPH for the two boundary methods. By using the size of radius vector, it is can conclude that the
velocity of particles in the bottom of square cavity is very small. But the vortex is occurred in the
corner of square cavity, it is as shown in figure 6(c). That's because in rapidly varied flow, the
vortex is formed by the collision of fluid particles. However, the results of SPH methods are
shown that the vortexes are not formed in the corner of square cavities, and it is shifted along the
clockwise in the square cavity. It is maybe because the real particles in the corner of square
cavities, and two side walls could have a reaction force to the real particles at the same time. So
the acceleration may be increased too large, and the real particles move from the corner. In
addition, classical weakly compressible smoothed particle hydrodynamics method is used to
study the water in this paper. Although the method have been verified that it could be used to
study the incompressible, but the error of particle displacement still exists, even a phenomenon
of particle gathering could occur. So, all of these reasons, the motion of real particles are easy
chaotic, and the vortex is moving with the flow of fluid.
The vertical velocities of real particles along the horizontal centerline are shown in figure 7. The
result is shown that the variable curve of the reaction force model of particle-wall collision is
more corresponding to the DNS method. But an error exists in both sides of the square cavity. It
is because that the smoothing length is used to decide the diameter of particles in Eq. (23). When
the distance rij is less than the smoothing length, the reaction force to the real particle i will be
bigger. It needs to further improve in the following study. However, for the reaction force model
of Lennard-Jones, although it can be effected to prevent real particles from unphysically
penetrating through the boundary. But the calculation result is bigger than the result of DNS
method, and the error is more obvious. Figure 8 shows the variable curves of horizontal
velocities along the vertical centerline. Similarly, the variable curve of the new model has also
been more corresponding to the DNS method, and bigger errors exist in the center of square
cavity for the reaction force model of Lennard-Jones.

(a) The velocity vector and streamline of real particles in square cavity (the reaction force model of
particle-wall collision).
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(b) The velocity vector and streamline of real particles in square cavity (the reaction force model of
Lennard-Jones).

(c) The velocity vector and streamline of real particles in square cavity (the DNS method).
Fig. 6. the velocity vector and streamline of real particles in square cavity.
0.20
particles collision model
Lennard-Jones model
DNS
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0.05

vy / v

58

0.00
-0.05
-0.10
-0.15
-0.20
0.0

0.2

0.4

0.6

0.8

1.0

x/L

Fig. 7. the variable curves of vertical velocities along the horizontal centerline.
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particles collision model
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Fig. 8. The variable curves of horizontal velocities along the vertical centerline.

At the same time, the expression of standard error as follows:



1 n
( xi  x)2

n i 1

(28)

where the n is the number of samples. xi is sample data, x is average of sample data.
Table 1
The standard errors of vertical velocities and horizontal velocities.
Simulation method

standard error v y / v

standard error vx / v

The model of particle collision

0.013927

0.018719

The model of Lennard-Jones

0.014272

0.033759

With the velocity value of the DNS in figure 7 and figure 8 as standard, the standard errors of
vertical velocities and horizontal velocities of SPH for two boundary methods are shown in Table
1. The results are shown that the standard error of the new method is obviously less than the
method of Lennard-Jones’s. So, in the present study, the reaction force model of particle-wall
collision can help to improve the calculation accuracy of the SPH in some extent.

5.2. Flow around a square cylinder
The fluid flow around a square cylinder is a common phenomenon in nature and engineering. It
includes the transition of shear layer, the vortex shedding of periodicity, the formation and
development of wake, and so on. Because of the complexity of flow phenomenon, it is usually
used as standard examples to test the number simulation of flow. A structure of flow around a
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square cylinder is shown in Figure 9. The side length of square cylinder is L, the length of the
whole space is 20L. The fluid medium is water, and it is located in the front of space, the area is
5L×5L.

fluid medium: water

v

L
L

5L

2.5L

11.5L

Fig. 9. The structure of flow around a square cylinder.

The water is discretized into 1600 real particles, the initial distance of particles and the
smoothing length are 2.5  105 m. The dummy particles are fixed in upper, lower and left side of
the wall. The periodic boundary condition is used in the right side of the wall. The initial distance
of dummy particles is 2.5  105 m, and the number is 785. The test example is investigated by the
reaction force model of particle-wall collision, the reaction force model of Lennard-Jones and
DNS method, respectively. The flow at Reynolds 150, it is based on the characteristic length of
the square cylinder and the inlet velocity. In the whole computing process, a constant time step of
5
5  10 s is used. And the simulation time is 8s, it takes 160000 steps.
The real particles distributions for the new boundary model and the classical model of LennardJones at 8s are shown in figure 10(a) and figure 10(b), respectively. It is can be found that the
two methods are all successful to prevent real particles from unphysically penetrating through
the boundary. The real particles flow around the square cylinder is formed, and the rear
stagnation region is occurring behind the square cylinder. It is shown as the blue zone in the
figure 10.

(a) Particles distributions for the new boundary model.
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(b) Particles distributions for the boundary model of Lennard-Jones.
Fig. 10. Particles distributions at t=8s.

(a) The reaction force model of particle-wall collision.

(b) The reaction force model of Lennard-Jones.
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(c) DNS method.
Fig. 11. comparison diagram of velocity contour at t=8s for the different methods.

The velocity contour behind the square cylinder at t=8s are shown in figure 11. The value of
velocity gradually reduces to 0 before the fluid reaches the square cylinder. It is as shown the
point A in figure, and the point is forward stagnation point. For the result of classic LennardJones model as shown in figure 11(b), it is compared with the result of DNS method (Figure
11(c)), it is can be found that the position of forward stagnation point is far away from square
cylinder, and it is located in the bottom of square cylinder. However, for the result of the new
boundary model as shown in figure 11(a), the position of forward stagnation point is good
agreement with the result of DNS. After the fluid flow through the forward stagnation point, it is
along the side of a square cylinder to flow. The velocity first increases gradually, and then the
fluid flow into the rear stagnation region. As can be known from the figure 11(c), the low
velocity area ( v v  0.03175 ) is bigger than the results of SPH for the two boundary methods. It
is because the DNS method is based on the continuity of fluid, and the tangential stress is a main
influencing factor in the velocity variation of laminar fluid near the boundary. But in the SPH
calculation, in addition to considering the tangential stress, the wall has a reaction force to the
particles is existed. It has increased the momentum exchange, and the velocity gradient is bigger
near the boundary.
At the same time, the figure 11(a) and the figure 11(b) reveals that a big velocity gradient is
exited near the boundary for the SPH method, that is, the tangential stress will be bigger. A
variation curves of tangential stress along the vertical centerline x/L=12 are shown in figure 12.
It is can be known that the tangential stress near the boundary is bigger than fully developed
regional. But the tangential stress is calculated by the classic Lennard-Jones model, which is
almost 5 times of the result of DNS method. Although an error exists in the calculation result of
the new boundary method, but it is relatively smaller. It demonstrates that the reaction force is
obtained by using the new boundary model is more reasonable.
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Fig. 12. the variation curves of tangential stress along the vertical centerline x/L=12.

Through above analysis, it is can be known that the appropriate empirical parameters can help
the model of Lennard-Jones to successfully to prevent real particles from unphysically
penetrating through the boundary, but a bigger error is exit near the boundary. And the reaction
force model of particle-wall collision can help to improve the calculation accuracy.
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Fig. 13. the velocity variation and fitting curve along the horizontal centerline y/L=2.5.
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The velocity recovery is a problem, which is always exit in the number simulation of the flow
around a square cylinder. The curves of velocity variation along the horizontal centerline y/L=2.5
are shown in figure 13. It is can be known that the trend of velocity for SPH method is similar
with the result of DNS method, but the fluctuation of velocity variation is larger. Because of the
meshfree technology is used in SPH, the data are obtained by according the trajectory of a
particle, and it is not by using the mesh nodes. The number of particles is a limited quantity in
this example, so the curve of velocity variation is larger. So, by using the nonlinear fitting, the
discrete points are fitted to functional Eq. 29 and Eq. 30 for the new boundary model and the
classical Lennard-Jones model, respectively.
v
x
 0.03351  0.00476 ln(  8.49912)
v
L

(29)

v
x
 0.03031  0.00666 ln(  8.48941)
v
L

(30)

Table 2
The error value of nonlinear fitting.
Simulation Method

Adjusted R-Square

Mean Square Error

Residual

The model of particle collision

0.93721

7.1032×10-6

1.06548×10-4

The model of Lennard-Jones

0.85914

1.86126×10-5

2.60577×10-4

The adjusted R-Square, the mean square error and the residual of fitting results are shown in
table 2. Because the adjusted R-Square for the two methods are all approximate equal 1, and the
mean square error and the residual are all quite small, so the fitting equations have better
reliability. The fitting curves are shown in Figure 13. Because of a big velocity gradient is exited
behind the square cylinder for the SPH method, so the velocity is recovering quickly, and it is
shown in the fitting curves. However, it is different from the result of DNS method. The
calculation result of the SPH method has a good agreement with the result of DNS in x/L>13.
But the result of Lennard-Jones model is shown that the curve of velocity is still growing in
x/L>18, and the error gradually increasing. On the contrary, the result of new model still has a
good agreement with the result of DNS in x/L>13.
Table 3
The standard errors of velocity recovery.
Simulation Method

The model of particle-wall collision

The model of Lennard-Jones

Standard Error

0.000273

0.000522

With the velocity value of DNS as standard, by using the Eq. 25, the standard errors of velocity
recovery of SPH for two boundary methods in x/L>13 are shown in Table 3. The standard error
of the new boundary model is also less than the method of Lennard-Jones’s.
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So, for the boundary conditions are treated properly, and it has an important influence on the
calculation results of SPH. In the present study, the reaction force model of particle-wall
collision has relatively high accuracy. But because of classical weakly compressible smoothed
particle hydrodynamics method in this paper, so some errors still exist in the calculation results.

6. Conclusion
In the present study, it is based on the classic of weakly compressible smoothed particle
hydrodynamics method, and by using the conservation of momentum and conservation of
energy, the new reaction force model is built. The new model and the classic reaction force
model of Lennard-Jones are used in the shear driven cavity and the flow around a square
cylinder. With the result of DNS as standard, by comparing and analyzing the calculating results,
it can be concluded that:
(1) The more reasonable of reaction force can be obtained by using the new boundary model.
And the reaction force can effectively prevent particles from unphysically penetrating through
the boundary.
(2) The variation of particle velocity and the tangential stress can be calculated by using the new
boundary model. It helps to improve the calculation accuracy of the SPH in some extent.
(3) The new boundary model can be sustained long time steps to run by program, and it has a
good stability.
(4) The reaction force model of particle-wall collision can overcome the weakness of empirical
parameters determination and momentum nonconservation for the classical reaction force model
of Lennard-Jones.
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