A two-way ISPH-FVM coupling for two-phase flows
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ABSTRACT
A new Smoothed Particle Hydrodynamics (SPH) - Finite Vol-

ume (FV) coupling is proposed to describe the global dynamics
of multi-scale liquid-gas flows with a controlled level of fidelity
and computational cost on unstructured meshes. This approach
combines the advantages of a Lagrangian methodology to dis-
cretize and follow the strong liquid dynamics and of an Eulerian
one to efficiently simulate the dynamics of the gas phase on a
coarser grid.

I. INTRODUCTION
Liquid-gas flows with dynamic multi-scale interfaces are fre-

quently encountered in various engineering applications such as
gearboxes and fuel injection systems. Their accurate simulations
involve taking into account major topological changes of the
interface and its interaction with turbulence. Although traditional
Eulerian methods are very efficient for simulating large regions
with smooth properties, they require complex procedures to deal
with moving interfaces. In contrast, meshless particle methods
directly track the interface from the particle distribution but
involve a higher computational cost.

In recent years, these two approaches have been combined
in different ways to get the best out of both. Liu et al. [1]
proposed a hybrid method in which one phase is described
by the Moving Particle Semi-implicit method (MPS) and the
other is defined on a stationary mesh. After solving the flow
on the grid, the particles interpolate the velocity and correct
their position. Ishii et al. [2] coupled the MPS method with
the grid-based Cubic Interpolated Propagation (CIP) approach
without employing a tight coupling between the two. Liu et
al. [3], [4] proposed to combine particle-based methods with
the finite volume method (FVM) by distributing particles only
near the interface. In addition, the SPH-FVM coupling was also
developed for free surface flows [5]-[7]]. The computational
domain is then partitioned into FVM and SPH regions, the
SPH approximation being advantageous where the free-surface
deformations occur.

The present work proposes a two-way coupling of the ISPH
approach [8]] with the FVM on unstructured meshes [9]. The
Lagrangian representation of the liquid phase allows one to
solve its dynamics and follow the deformations of the interface
accurately with a resolution given by the computational particles
while avoiding local refinement of the Eulerian grid. Comple-
mentarily, the Eulerian description of the gas phase is used to
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efficiently simulate the strong dynamics of the large turbulent
scales on a coarser grid.

II. MATHEMATICAL MODELS
Each fluid is supposed to be incompressible and all its properties
are considered to be constant. No phase change is taken into
account.

A. Two-fluid formulation

Following the work of Drew [10]] and Hirt and Nichols [11]],
the two-fluid system of equations can be derived. Assuming a
sharp representation of the interface, for each phase k,
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where o is the volume fraction, p the density, P the pressure
and T the viscous stress tensor.

From this formulation, the Eulerian equations and the La-
grangian equations are derived.

B. Eulerian Governing equations

As in [12], a unified mean velocity field is introduced

u = ogPHuPH 4 XUy (2)

with ~ZSP H the projected liquid particle properties. It gives rise to
a unique system of equations describing both the gas and liquid
phases on the grid:
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The resulting set of equations is similar to the pure gas equations
except for the additional transport terms.
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C. Lagrangian Governing equations

On the other hand, the liquid SPH equations are obtained
directly from Eq. [T} considering that the liquid volume fraction
at a SPH particle is equal to 1:
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The main challenge then lies in modeling the exchange terms
that represent the pressure and viscosity contributions at the
interface.

D. Coupling methodology

The model is based on two conservative exchange terms
between the phases.

It first assumes the velocity equilibrium at the interface and
introduces a velocity relaxation process:
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where 1 is a relaxation time parameter and x a masking term
equal to 1 near the interface and O elsewhere.

In addition, the immiscibility of the two phases o™H+o, = 1
is ensured by a conservative non-penetration force:
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where du is the velocity correction solution to the following
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Assuming du is derived from a potential, du = V¢ with ¢ a
scalar, it comes to solving the following Poisson equation on
the grid:

+ V- 16u=0. )

(a5 + ) 1

8
~ ®)

Ad =

E. Numerical framework

The particle positions are first updated using a Runge-
Kutta scheme, while incompressibility is ensured by solving
a Poisson equation through a conjugate gradient method. The
liquid SPH velocity field is projected and the liquid volume
fraction is reconstructed on the grid using an integral conserving
method [[14]. The gas flow is then solved on the grid. The
relaxation force is implicitly imposed during the prediction and
the correction step. A central 4th-order finite volume scheme is
used for spatial discretization and a 4th-order TFV4A scheme, a
Runge—Kutta like scheme, for the time integration. The Poisson
equation is solved with a deflated pre-conditioned conjugate
gradient. At the end of the iteration, the relaxation force accumu-
lated as the gas advanced is interpolated by the particles. Finally,
the non-penetration force is computed and imposed during the
Lagrangian and Eulerian prediction step of the next iteration.

ITI. RESULTS

The methodology, implemented in the low-Mach number plat-
form YALES2 [9], is applied to a 2D Rayleigh-Taylor instability
as in . In the initial state, the heavier fluid p; = 3 kg/ m?
is placed upon a lighter one p; = 1 kg/m? in a channel of
size L, = 1 m and L, = 2 m. The first one is represented by
the SPH particles with the resolution ASPH = (0.01 m while the
second one is computed on the Cartesian grid with the resolution
ASRID — Ag’RID = 0.02 m. Both fluids have the same kinematic
viscosity 1 = vy = 0.01 m? /s and the surface tension is not
considered. Gravity is set at 10 m/s?. A sinusoidal perturbation,
y = 1+ Ag cos(2mx) with the amplitude Ag = 0.06 m is applied
at the interface. The boundaries are treated as solid walls. The
time step is set to At = 5.0 x 10~* s. As shown in Fig. [1| under
the action of gravity, the disturbance grows when the spike of
the heavier fluid is moving downward into the lighter one. To
validate the model’s ability to represent the interface dynamics,
Fig. [2] compares the position of the lowest point of the interface
with the results obtained in and an Eulerian approach based
on Accurate Conservative Level-set (ACLS) method taking
AR = ASCES = (.02 m. The results obtained with the
proposed strategy are in good agreement with the two reference
solutions considered here.

(a)t=04s (b) t=08s

c)t=12s

Fig. 1. Evolution of the interface of the Rayleigh-Taylor instability using the
SPH-FVM coupling in comparison with the ACLS method results (white lines).
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Fig. 2. Comparison of the evolution of the lowest point on the interface

IV. CONCLUSION

A first step towards a two-way SPH-FVM coupling for lig-
uid/gas flows has been proposed. Although it is difficult to
compete in accuracy with the SPH method using two populations
of particles or with the Eulerian ones already present in the lit-
erature, this work could be of interest for industrial applications
such as lubrication or fuel injection. For these applications, on
the one hand these classical approaches are too costly and in the
other hand one-population SPH would be preferred but currently
lacks some gas phase retroaction onto the liquid. In these cases,
the proposed method is an interesting alternative. To evaluate
the potential of this method, this work aims to consider surface
tension and to move towards more complex configurations to
validate the methodology.
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