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Abstract: On the basis of multi-fluid volume fraction(VOF) and piecewise parabolic method (PPM), a
multi-fluid hydrodynamic program MFPPM(Multi-Fluid Piecewise Parabolic Method) was developed and per-
formed to study the Richtmyer-Meshkov instability of gas/liquid interface. The influences of initial perturba-
tions and grids on the fluid mixing zone(FMZ) were mainly researched when it is accelerated by shock waves,
and the FMZ width.bubble and spike height growing with time were presented simultaneously. By comparing
the computational results,it shows that the initial perturbations affect the FMZ growth rate extremely, espe-
cially at late times. The evolution of spike is similar to the FMZ, the bubble height increases linearly with time
basically,and influenced little by initial perturbations,but the configuration is quite different,and as the effect

of grid size is.
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1 Introduction

The instability of a material interface under an acceleration of an incident shock was predicted
theoretically by Richtmyer in 1960". Ten years later, Meshkov confirmed, experimentally,
Richtmyer’s prediction"”. Since then, this interfacial instability is known as the Richtmyer-Meshkov
(RM) instability. The RM instability is closely related to the Rayleigh-Taylor (RT) instability™®,
which is an interfacial instability between two fluids of different densities driven by an external force.
RM and RT instabilities share certain common features: the formation and growth of bubbles and
spikes. The bubble is the portion of light fluid penetrating into heavy fluid,and the spike is the portion
of heavy fluid penetrating into light fluid. Bubbles and spikes grow with time in opposite directions.
However,the dynamics of RM and RT instabilities are qualitatively different. The RT interface is un-
stable only when the external force acts from heavy fluid to light fluid, whereas the RM interface is al-
ways unstable whether the shock wave collides with the material interface from the heavy fluid phase
to the light fluid phase or vice versa. The presence of shock waves in the RM instability significantly
complicates theoretical,numerical,and experimental studies.

Richtmyer-Meshkov instability is of importance in fields ranging from astrophysics to combus-
tion. For example, RM instability is very important to studying of mixing and combustion in scramjet,

inertial confinement fusion(ICF) driven by laser. It can also be used to explain some phenomenon of

supernovae dynamics in astrophysics. Its later nonlinear evolvement is extremely significant to reveal
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the essence of compressible turbulence. In this study, we presented a detailed numerical study of the
gas/liquid RM instability®™ and finally gave some qualitative conclusions. In our simulations the gas
is air and the liquid is water. As far as know, the papers or reports published about the gas/liquid in-

terface instability were few up to now.

2 Numerical Method

On the basis of volume of fraction(VOF) model™ , we combined the Piecewise Parabolic Meth-
od"! (PPM) with the interface tracking to apply to hydrodynamic Euler equations,and it involved a
two-step Lagrange-Remapping algorithm to solve the multi-fluid hydrodynamic problems. The gover-

ning equations can be written as follows
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Here,i and j represent the three directions of x,y,z respectively,and the same i and j express sum-
mation,psu, (k=i, j),p are density,velocity and pressure of materials,E is the total energy of a unit
mass, N is the number of species of media, Y is the volume fraction of s™ species and satisfies
2Y® =1, Equation of states is the form of “stiffen gas”

p=(—Dpe—7rrn (2
for gas,7 is the ratio of specific heat,and #=0. For liquid and flexible close-grained media described by
impact Hugoniot curve, 7 is the fitting constant of material. = is the material constant with viscous
tensor dimension. Multidimensional problems can be simplified to several one-dimensional ones by di-
mension splitting method.

In order to capturing the material interface effectively, Two-step LLagrange-Remapping arithmetic
is used to solve the Eq. (1). The all calculations are divided into four steps:the first, piecewise parabol-
ic interpolation of physical quantities; the second, solving of approximation Riemann problems; the
third, marching solving of LLagrange equations;the fourth, mapping the physical quantities to stationa-
ry Euler grid. In the second step, bi-shock approximation method is used to resolve the Riemann prob-
lems. In Lagrange step,the physical quantities were achieved in Lagrange coordinates,and they must
be remapped to the stationary Euler grid by the fourth step at last. And the calculations for last two

steps were referred to Ref. [107].

3 Computational Model and Conditions

The computational model is described

as Fig. 1. The zone width of high pres-
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sure gas He is 250 mm,the zone width of

water is also 250 mm, the width of air

zone between He and water is 500 mm.
The right of model is connected with at- l“zso mm P>« 500 mm » k 250 mm"

mosphere. The initial conditions are in the Fig. 1 Computational model
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table 1. The interface is impacted by high pressure He gas,and the gravity is negligible.

Table 1 Initial conditions

Material Pressure/(MPa) Density/ (kg/m®) Velocity/(m/s) Y 7 /(MPa)
He 0. 25 0.304 2 0.0 1. 667 0.0
Air 0. 10 1.292 8 0.0 1.4 0.0

Water 0. 10 1 000. 0 0.0 7.0 387.5

In the calculations,we set four kinds of initial perturbations at the interface of air and water, and
the computational domain was divided into 26 zones for parallel calculations (using 26 CPUs), the
mesh is square for 100 X 68 and 200 X 136 for each zone,the sizes of grids A are 0. 5 mm (coarse grid)
and 0. 25 mm(fine grid) respectively. Perturbation 1 is a random perturbation;perturbation 2 is a natu-
ral perturbation(The interface is a concave surface from left to right) , perturbation 3 is a point pertur-
bation which is a small semicircle penetrating into water in the middle of the interface;perturbation 4
is a combined perturbation which is a small semicircle penetrating into water in the middle of the in-
terface and a cosine beside the semicircle. For the initial perturbations,the amplitude and radius of the

semicircle are 2 mm for coarse grid and 1 mm for fine grid respectively.

4 Simulations and Discussion

We studied the RM gas/liquid (Air/Water) interface instability numerically by this instance, the
main purpose is researching developing of the FMZ, bubbles and spikes with time,and the effects of
different perturbations and grids on the FMZ growth rate and width of bubbles and spikes. When the
incident shock collides with the material interface from gas phase(light fluids phase) to liquid phase
(heavy fluids phase) ,it bifurcates into a transmitted shock and a reflected shock. For this case,the left
and right boundary are all inflow/outflow conditions, therefore the shock only acts on the interface
once. Fig. 2(a) ~Fig. 2(1) present a sequence of density images showing the development of interface
for perturbation 1 and fine grid. The initial random perturbation can be considered as a superposition
of waves with an independent Fourier wavelength. According to the linear theory,the Fourier models
of short wavelength grow faster than long wavelength. When entering nonlinear stage, the interface
develops bubbles and spikes for nonlinearity(see Fig. 2(d)). And the bubbles will become more blun-
ter,the spikes will become more peaked. The larger bubbles advance faster than smaller ones, finally
overtake adjacent smaller neighbors and become more larger(Fig. 2(e) ~Fig. 2(1)). This phenomenon

is called bubble mergert!.
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Fig. 2 A sequence of density images showing the development of interface,time interval is 2 ms

(The dark part is air and the light part is water)
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The air/water interface of different initial perturbations and grid size A at one time are presented
in Fig. 3. It can be seen clearly that the configurations of FMZ is affected extremely by initial perturba-
tions and grid size,and are quite different for each other;the same as the bubbles and spikes. The per-
turbation 2 and perturbation 3 can be considered as single models. The bubble may be single (Fig. 3(c¢)
and Fig. 3(e)) ,or several and bubble merger can occur(Fig. 3(d)). The larger bubbles or spikes grow
faster,the reason is that they have a smaller ratio of area to displaced fluid volume,and therefore less
drag per unit mass according to Newton's law. The perturbation 1 and perturbation 4 are multi-models
with different wavelength,the unstable interface can develop into bubbles and spikes with different si-
zes, the bubble merger must occur, and the wavelength plays a key role in the evolution of

perturbations.

(a) Perturbation 1, A=0.5 mm .-

(b) Perturbation 1, A=0.25 mm

.
i

(c) Perturbation 2, A=0.5 mm

(d) Perturbation 2, A=0.25 mm

(e) Perturbation 3, A=0.5 mm

(f) Perturbation 3, A=0.25 mm

(g) Perturbation 4, A=0.5 mm

(h) Perturbation 4, A=0.25 mm

Fig. 3 Configuration of Air/Water interface of different initial perturbations and grid size A at one time

In Fig. 4,1t gives the width of FMZ vs. time for different initial perturbations(Fig. 4(a) for coarse
grid A=0.5 mm,Fig. 4(b) for fine grid A=0. 25 mm). The width of FMZ is increasing with time. It is
influenced little at early times, but severely at late times by initial perturbations,for the linearity main-
ly operates in linear stage,the deformation of interface is less,the perturbation is developing slowly. In
the nonlinear stage,the nonlinearity of flow enhances gradually and mainly operates,and the bubbles
and spikes grow faster for different wavelength with different velocities. The widths of bubbles and
spikes vs. time for different initial perturbations is presented in Fig. 5 and Fig. 6 respectively(Fig. 5(a)
and Fig. 6(a) for coarse grid A=0.5 mm,Fig. 5(b) and Fig. 6(b) for fine grid A=0. 25 mm). In the
process of developing of the FMZ, the width of bubbles is increasing linearly with time basically,and is
influenced little by initial perturbations. Whereas the developing of spikes is too different with bub-
bles,and similar to FMZ. The width of spikes is influenced little at early times, but extremely at late
times by initial perturbations. The FMZ width is the summation of the bubble width and spike width,
the spike width is increasing more faster than bubble width with time. The widths of FMZ,bubble,and

spike are affected little by grid size,but the configurations are much too different.
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Fig. 4 FMZ width vs. time for different initial perturbations
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Fig. 5 Width of bubble vs. time for different initial perturbations
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Fig. 6 Width of spike vs. time for different initial perturbations

Here,we defined a proportionality factor A which is the ratio of the difference of the largest width

and smallest width of FMZ,or bubble,or spike to the length of computational model. Table 2 shows



%3 M WANG Tao,et al: Two-Dimensional Numerical Simulation of Gas/Liquid Interface Instability 303

the values of A. By comparing A, we can also conclude that the widths of FMZ and spike are affected ex-
tremely,and the width of bubble is affected little by initial perturbations,they are all affected little by
grid size. The FMZ width vs. time for different grid sizes are presented in Fig. 7. It reveals that the

FMZ width is influenced little relatively by grid, whereas the configuration is greatly different as

above.
Table 2 The values of A
FMZ Spike Bubble FMZ Spike Bubble
Coarse grid 10.85% 8.14% 0.41% Fine grid 11.55% 7.50% 0.86%
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Fig. 7 FMZ width vs. time for different grid sizes A

S Summary

Two-dimensional numerical simulation was performed in order to investigate the RM gas/liquid
interface instability,the effects of initial perturbations and grid size on the FMZ by using the multi-flu-
id PPM method. We can conclude:

(1) The evolution of FMZ is affected extremely by initial perturbations,especially,at late times,
but the FMZ width is influenced little at early times. It is similar to the FMZ for the developing of
spikes affected by initial perturbations.

(2) The bubbles width is increasing linearly with time basically, and is affected little by initial
perturbations.

(3) The widths of FMZ, bubble, spike are affected little by grid size, but the configurations are
greatly different each other.

Here,it should be noted that,the viscosity was not considered in our simulations. The instability
will result in happening of turbulence mixing ultimately,and the viscosity is of importance and should
be considered when studying turbulence. So how and what the viscosity influences the TMZ(Turbulent

Mixing Zone) is the future work.
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