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ABSTRACT

A new numerical scheme based on the particle method, namely the Moving Particle Pressure Mesh
(MPPM) method, has been previously developed by the authors to address the limitation of the
conventional Moving Particle Semi-implicit (MPS) method in simulating incompressible flow. In this
paper, we shall investigate on a more practical way to extend our MPPM method to handle complex
geometry, i.e. by employing an embedded unstructured mesh system to cope with an arbitrarily-complex
flow domain. No-slip boundary condition is modelled via placing a series of fixed particles at the wall
boundaries, negating the use of ghost particles which are difficult to generate. In order to verify our
numerical procedure, the vortex-shedding process behind a cylinder is computed and it is found the
numerical result is agreeable with the reference solution.
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INTRODUCTION

The original Moving Particle Semi-implicit (MPS) method was developed by Koshizuka
and Oka (1996) to simulate incompressible flow. One of the main advantages of MPS is that
the convective term (i.e. the non-linear term in Navier-Stokes equation) is discretised in the

Lagrangian manner which can circumvent the
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wave (Koshizuka et al. 1998; Lee et al. 2011), two-phase flow (Chen et al. 2010), mixing
problem (Ng et al. 2013; Ng & Ng 2013) and many others.

While realising the fact that the computational domain for practical fluid flow problem is
geometrically complex, we have notified that the original MPS scheme poses a few problems
while treating complex flow boundary. First, the information related to proper reinforcement
of a uniform initial particle number density (commonly denoted as 7n,) throughout the flow
field involving an arbitrarily complex flow boundary, is rather limited. Second, the current
treatment of no-slip wall boundary condition (e.g. mirror/ghost particles) on complex flow
boundary is cumbersome (Akomoto, 2013).

We have previously worked on a possible way to partially address the problems mentioned
above. In our previous work, namely the Moving Particle Pressure Mesh (MPPM) method
(Hwang 2011; Ng et al. 2014), we have made use of an embedded pressure mesh to resolve
the continuity equation, thereby negating the use of particle number density. However, owing
to the Cartesian nature of the embedded pressure mesh in MPPM, we are able to consider only
the simple flow problem (i.e. rectangular flow domain). In spite of this, we realise that this
problem can be resolved by employing a more robust pressure mesh system (e.g. unstructured
mesh) to cope with the complex domain.

In the current work, we shall report on our recent numerical results obtained based on the
unstructured pressure mesh. A typical flow past a cylindrical bluff body will be considered and
the numerical results will be validated with the well-established numerical results published
in the renowned Journal of Fluid Mechanics (Zovatto & Pedrizzetti, 2001).

MATHEMATICAL MODEL AND NUMERICAL METHODS

Governing Equation

The 2D incompressible flow equations, which consist of the continuity and momentum
equations, are solved in the current work:

Veii=0 (1]
Du R
p =P+ VA (i) 2]

Numerical Methods
Eqns. (1&2) are solved by using the fractional-step method. The velocity of a fluid particle i

at time level n+1 can be computed via:

i =i+ A vy - ver), (3]
IO'

1

and the new position of the particle i can be updated as:

}—;n+1 — }—ﬂ;n +Atl—{>in+l ) [4]

i
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Eqn. [4] is mainly adopted to address the convective effect of fluid flow in particle-based
method.

As seen from Eqn. [3], the viscous term and pressure gradient term are treated in an explicit
and implicit manner respectively. In order to ensure the divergence-free velocity condition
as enforced in Equation [1], the pressure term must be corrected accordingly via the Pressure
Poisson Equation (PPE):

-éivﬁﬂ“:VoﬁL. [5]
Pu

Here, the superscript * denotes the intermediate time level, a state where the fluid flow
velocity is obtained by considering only the viscous term (i.e. neglecting the effect of pressure
gradient term in Eqn. [3]). The subscript M indicates mesh level, indicating that Eqn. [5] is
solved on the mesh level (i.e. pressure mesh) instead, which is in contrast with Eqn. [3]. In
the current work, Eqn. [5] is discretised on an unstructured mesh system. Once the correct
pressure field is obtained at the mesh level, the particle’s velocity is corrected corresponding to
the pressure gradient. Meanwhile, the face velocities at the mesh level can be correspondingly
corrected to ensure divergence-free condition. It is worth to mention here that in MPPM, the
pressure and velocity are stored in a staggered mesh manner, following the philosophy of the
classical Marker and Cell (MAC) method. The numerical details of MPPM method can be
found in our previous work (Hwang, 2011).

RESULT

The method has been applied to solve the incompressible flow pass through a non-rectangular
body. A cylindrical bluff body of diameter D = 0.2m is considered in this case, whereby it
is contained in a flow channel of length L = 10.5m. The distance apart between the top and
bottom walls (i.e. width of the channel W) is 1.0m. The inflow x-velocity profile is assumed
to be parabolic (which yields an averaged inflow velocity U= 1.0m/s). For this particular flow
case where the origin is placed at the lower left corner of the flow domain (refer to Figure 1),
the inflow x-velocity profile is:

u(y)=6(y-y*), [6]

while the inflow y-velocity is zero. Mass balance is ensured via specifying the same velocity
profile at the outlet.

= QO >

Figure 1. Schematic diagram of the problem involving flow passing through a cylinder (of diameter
D =0.2m) placed in the middle of the flow channel of length L = 10.5m and = 1.0m. The distance
between the inlet and the cylinder centre is 3.0m
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The flow Reynolds number is defined as Re = U. W/v, where v is the kinematic viscosity of
the fluid. An unstructured quadrilateral mesh consisting of 16704 elements is used to discretise
the flow domain, while the flow particles (necessary to solve the momentum equation, see Eqn.
(3)) are placed at the centroid of the quad-mesh initially. In order to model the no-slip boundary
condition at the wall, fluid particles with fixed velocity (i.e. u=v=0.0) are placed along the
wall segment, without the necessity to employ the ghost/mirror particles. The implementation
of boundary condition without introducing ghost particles have been discussed in Ng et al.
(2015). Figure 2 shows the initial layout for the unstructured pressure mesh and fluid particles
of this flow problem.
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Figure 2. The pressure mesh in the vicinity of the cylinder body. Fixed wall particles (solid black
circles) are placed along the cylinder body without the necessity of employing ghost/mirror particles
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In order to initiate the flow instability, a skewed inflow x-velocity profile is introduced
within a short time frame 0 <7< 0.1 s, defined as:

15 y<05
05 y=05

This skewed inflow velocity profile is crucial to hasten the occurrence of vortex shedding
behind the cylinder, if any. For this unsteady simulation, we have adopted a Courant number
of 0.5.

Two flow cases (Re = 240 and Re = 1000) have been considered in the current work. For
the case of Re = 240, a relatively mild vortex shedding process behind the cylinder can be
observed from the vorticity plot reported in Figure 3(a). The y-velocity plot is shown in Figure

u(y) = [7]

4, indicating that the shedding is intensified while the Reynolds number is increased to 1000.
Figure 5 reports the spatial distribution of static pressure at 7=80s. It is interesting to note the
smoothness of the static pressure field computed from our particle method, which is hardly
attainable by employing the conventional MPS methods.

In order to validate the shedding frequencies of the flow cases, the y-velocity values
at point located at 1.0m downstream from the cylinder centroid are numerically measured.
Results are shown in Figure 6. It is found that the period (7)) is 0.844s and 0.679s for Re = 240
and Re = 1000, respectively. Our numerical results are very close to that reported in Zovatto
and Pedrizzetti (2001), i.e. 0.85s (for Re = 240) and 0.67s (for Re = 1000). As observed from
Figure 6, as Re increases, the shedding frequency increases (decrease of 7).
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(b)

Figure 3. Vorticity [s™] plot for (a) Re = 240 and (b) Re = 1000. Negative vorticity values are marked
with dashed lines. ¢ = 80s
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Figure 4. y-velocity [m.s'] plot for (a) Re =240 and (b) Re = 1000. ¢ = 80s. The velocity vectors are
positioned at the centroid of the flow particles
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Figure 5. Static pressure [Pa] plot for (a) Re = 240 and (b) Re = 1000. ¢ = 80s
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Figure 6. Time evolution of y-velocity at point located 1.0 m downstream from the cylinder centroid
at different Reynolds number

CONCLUSION

In the current work, we have implemented an unstructured pressure mesh system as a solution
to extend our previous MPPM particle method to solve an incompressible fluid flow problem
in a non-rectangular flow domain. Although data structure is relatively complex compared with
that of our original MPPM solver which employed a Cartesian mesh to resolve the continuity
equation, we find that our current method is robust and it has a great potential to resolve
industrial flow problems involving very complex flow domains. Combined with the inherited
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benefits of moving particles used to resolve the convective term, we foresee that this method
is accurate in computing flow at high Re (convection-dominated flow).

A few interesting problems have been observed during the course of our study. Generally,
the total execution time of most of the particle methods (including our current one) is relatively
longer compared with the conventional Eulerian scheme, mainly due to the CPU time spent
to process the scattered moving particles. Also, the order of accuracy of the discretisation
method of the diffusion (or viscous) term is highly dependent on the instantaneous locations
of the fluid particles, which may diminish the overall accuracy of the flow solver. As such,
we are currently considering ways to shorten the overall execution time of the flow solver by
parallelisation (via OPENMP and GPU). A more proper way to discretise the viscous term
must be sought as well.
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