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ABSTRACT

A new method is proposed instead of the periodic boundary conditions in this study which treats
the inlet or outlet boundaries with wvirtual following particles in the Smoothed Particle
Hydrodynamics (SPH). The virtual following particles are those located outside the inlet or outlet
boundaries and their velocities and positions are updated according to the corresponding interior
particles. This method bases on the analysis of characteristics of laminar flow and is able to be
applied in low Reynolds number flow which is laminar flow in the inlet or/and outlet boundaries.
The Poiseuille flow and two-dimensional flow between two inclined plates are simulated,
respectively with the proposed method and the results are in good agreement with theoretical
values.

Key words: Virtual following particle, boundary treatment, laminar flow boundary, smoothed
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INTRODUCTION

Smoothed Particle Hydrodynamics (SPH) is a kind of particle-based meshless numerical
simulation method. Currently, it has been successfully applied to various fields such as astronomy,
continuum solid and hydromechanics, etc.

When SPH is applied to problems with a boundary, it deoes not only need to treat solid wall
boundary and/or free boundary but also needs to treat the inlet and outlet boundaries in case of
any. In studying the jet buckling problems, Rafiee et al. (2007) treated the jet cutlet by means of
supplementing particles with fixed velocity. In the numerical simulations for the fluid flow in
infinite long straight pipe or infinite long straight plate, the periodic boundary conditions were
adopted to treat the inlet and outlet boundaries in SPH (Liu and Liu, 2003), in another example,
in the research on flow around a circular cylinder, the inlet and outlet boundaries were also treated
by means of pericdic boundary conditions (Morris et al., 1997). However, for the flows of actual flow
fields, the inlet and outlet cannot apply to periodic boundary condition under many circumstances.
For instance, in case of circumstances such as inconsistence between the inlet and outlet of flow
field, other methods for treating the inlet and outlet boundaries must be sought. Based on Morns’
analysis on the two-dimensional flow field between two parallel plates, this study proposes a method
of treating the inlet or outlet of laminar flow boundaries under the circumstance of low Reynolds
number and verifies the wvalidness of this method through two test cases which shows that
numerical simulation results are in good agreement with theoretical values.
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TREATING INLET OR OUTLET BOUNDARIES WITH VIRTUAL FOLLOWING
PARTICLES

As mentioned above, the periodic boundary condition shall not apply any more in case of
inconsistence between the inlet and outlet of flow field. A method, in which the virtual following
particles are used to implement the laminar flow inlet or outlet boundary conditions, 1s proposed as
follows.

Assume the two-dimensional flow field between two parallel plates as shown in Fig. 1. For the
circumstance of laminar flow, the component of X axis of the velocity at a certain position at a
certain moment can be indicated as (Morris et @l., 1997) in Eq. 1 and 2:

LB Qn+)’r'y 1
Vx(y.,t)= 5o vy E:‘E (2 nr ) 1n[ (2n + 1) ]exp[— x t] (1)

For laminar flow, there always 1s:
Vy={t=0 (@)

where, v represents the coordinate variable of (Y) axis, (t) time, (F) body foree, (v) kinetic viscosity,
(L) height and (n) integer. For a certain flow field and fluid, F, v and L are constant. Equation 2
shows that during the flowing of fluid, the Y axis coordinate of the particle stays unchanged.
Equation 1 shows that the velocity of this particle at a certain position at a certain moment is only
related toits ¥ axis coordinate. At the same time, the two points with the same Y axis coordinate
will have the same horizontal veloaty. Based on Eq. 1 and 2, it 1s clear that for any two points with
the same Y axis coordinate in laminar flow, the relative velocity between them are always zero.
Therefore, the relative distance hetween them will always keep the relative distance at the original
moment and stay unchanged. So, a method that can be used to simulate the laminar flow inlet. or
outlet boundaries with the virtual following particles is proposed as follows,

The solid dots in Fig. 1 indicate the interior particles or boundary particles of fluid which is
discretized. Given the smoothing length of the particles h = ad,, where, (d.) is the initial particle
spacing and (a) 1s a certain constant determined in line with the problem. The particles located on
the upper and lower boundaries are boundary particles. Given AB line is the inlet boundary. If the
inlet boundary is not treated, it will be misunderstood as a free surface. To avoid this problem, at
the initial setting, some virtual particles with the evenly spacing of d, are arranged in parallel with
the interior particles on AB line, so as to ensure that the distance between the interior particles on
AB line and the outermost virtual particles 1s not less than 2th, where, 115 the scaling factor which
determines the spread of the specified smoothing function. In the diagram, the virtual particles are
indicated by hollow dots to simulate the fluid outside the inlet boundary and implement the
boundary condition of laminar flow inlet.

In the same line, the interior particles closest to virtual particles are referred to as the
corresponding interior particles to the virtual particles. These virtual particles are featured by:

¢ During the entire simulation, not only the ¥X axis distance between the virtual particles
{e.g., particle K in Fig. 1) which are closest to interior particles and the corresponding interior
particles stays at d, but also the X axis distance between any two adjacent virtual particles on
the same line also stays at d,. And the Y axis coordinate of the virtual particles on the same line
always equal to the Y axis coordinate of the corresponding interior particles
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Fig. 1: Diagram of virtual following particles

* Inthe entire simulation process, the mass, velocity and smoothing length of the virtual particles
are all the same with those of the corresponding interior particles. The calculation methods for
the density and dynamic pressure of the virtual particles are the same as that of interior
particles

+  The virtual particles also participate in the interactions with other particles (including virtual
particles and interior particles)

As these virtual particles move with the corresponding interior particles during simulation
process, they are referred to as virtual following particles.

Similarly, the virtual following particles can also be set at the outlet boundaries to implement
the laminar flow boundary conditions, however, they are on the right of the interior particles.

TEST CASES

This study verifies the validness of the proposed method by means of two test cases of
incompressible flows (the liquid 18 water). One test case is the Poiseuille flow, the otheris a
two-dimensional flow between two inclined plates. The dynamic pressure is calculated by p =c%p
{c1s the artificial scund speed).

Poiseuille flow: In the model of Poiseuille flow {(Morris ef af., 1997), the liquid flows between
stationary two parallel and infinite plates located at vy = 0 and y = L, respectively.

In the Poiseuille flow, apart from the method of treating inlet and outlet by means of periodic
boundary conditions, taking a section of the plates and treating the inlet and outlet boundaries
with virtual following particles can also obtain the same simulation results. In the following case,
under the condition when other conditions are the same, treat the outlet and inlet boundaries by
means of the two methods, respectively, then compare whether the results obtained by the two
methods are identical. This 1s one of the effective methods to verify the validness of the proposed
method.
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Fig. 2: Comparison of the horizontal velocities obtained by two methods

Fig. 3: Model of two-dimensional flow between two inclined plates

Figure 2 provides the results obtained by the two methods under the condition that other
parameter conditions were the same. The body force of the liquid was F = 2x107* m sec™.
The diagram shows that the results from the proposed method were in good agreement with
those from the method of periodic boundary condition. Here, the Reynolds number was Re = 0.025.

Two-dimensional flow between two inclined plates:

+ Calculation model: As shown in Fig. 2, given « = 3.503° and give the boundaries are
stationary (solid boundary), the differential pressure between cross section B and C is given as

Ap =p,-p,
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Fig. 4: Diagram of initial setting for particles

To conduct SPH simulation for the flow field in Fig. 3, there are two problems need to be solved.
Firstly, since the sizes of the inlet and outlet are inconsistent, it's obvious that periedic boundary
condition cannot be applied, then how to treat the inlet and outlet boundaries becomes the first
problem. The second problem is, how to convert the differential pressure between the two ends of
the flow field into the body force of the particles. The second problem can be solved by the method
in literature (Liang ef af., 2012) and this study will focus on solving the first problem.

For the first problem, extension to both sides as shown in Fig. 3 can be considered, where
particles are set in AB section and the body force of the particles are the same as that of the
particles in cross section B. Particles are also set in CD section and the body force of the particles
are the same as that of the particles in cross section C. Virtual following particles are set in KA and
DF section.

*+  Simulation parameters and particle setting
Simulation parameters: Differential pressure p = 1.21665968x107° N/m?, dy. = 4 mm,
d;, = 0.5 mm. The quintic spline function shall be selected as the kernel function,
dt = 107* sec, h = d,, d, = 2.5x10° m, artificial sound velocity ¢ = 2.5x107* m sec ™.
Take AB = CD = EA =DF =7d,. The initial velocity and initial dynamic pressure of all particles
are zero. The initial particle arrangement is shown in Fig. 4. The mass and initial density of
the virtual particles on the stationary boundary (solid wall) are the same as that of the interior
particles and their positions stay unchanged during simulation, with the wvelocity of zero
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Fig. 5: Comparison of the horizontal velocities on X axis between the proposed methed and the

theoretical value

all the time, meanwhile, they apply short distance radiation repulsive force on the interior
particles to prevent the particles from penetrating the solid boundary (Monaghan, 1994). To
get higher precision, the Finite Particle Methed (FPM) which can overcome the uneven setting
of particles and the truncation of the boundary is selected (the second derivative of Taylor
expansion 18 retained in this method) (Lau et al., 2005)

*+  Simulation results: It reached a steady state after running for 4000 steps. Figure & shows

the fluid’s horzontal velocity at X axis in Fig. 4 when running for 4000 steps

For the flow field in Fig. 3, by referencing the derivation in literature (Lin et al., 2005), the
theoretical value of the fluid’s horizontal velocity can be obtained as follows (Liang ef al., 2012):

2
0= 7l[y2 _(d, +2xtan o)

x

{(d)’(d, + 2d, . tanory’ _Ap (3)

M 4 ]dac(d1 +d, + 2d,, tano)(d, + 2x tancx)

As seen from Fig. 5, the numerical solution was in good agreement with the theoretical value.
The Reynolds number here was about 0.01.

CONCLUSION

This study proposes a method of treating the inlet or cutlet boundaries of laminar flow with
virtual following particles under low Reynolds number. The Poiseuille flow and two-dimensional
flow between two inclined plates were simulated, respectively with the proposed method and the
results were in good agreement with thecretical values which verifies the validness of the proposed
method. This boundary treating method can be applied to low Reynolds number flow fields with a

laminar flow inlet or outlet.
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