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Abstract. A new sharp interface method with the combination of Ghost Fluid Method
(GFM) and Cut Cell scheme is developed to study compressible multi-phase flows
with clear interfaces. Straight-line cutting is applied on the cells passed by the inter-
face. A new real-ghost mixing method is presented and applied around the cut cells to
deal with very small cut cells. A cut face reconstruction method similar to volume of
fluid is applied to deal with topological change problems. A high order Level Set (LS)
method is applied to evolve the free interface, with the Level Set velocities from exact
Riemann solver on the cut faces. Various 1D and 2D numerical examples are tested to
show the robustness and ability of the present method in wide flow variable domains.
This method benefits from cut cell on the sharp interface description, shows good con-
servation performance, and does not have the topological change difficulty of the full
cut cell method presented in Chang, Deng & Theofanous, J. Comput. Phys., 242 (2013),
pp. 946–990.
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1 Introduction

During the last decades, various numerical methods have been presented to study the dy-
namics of compressible multi-phase flows with clear material interfaces. In Lagrangian
framework, a free interface can be tracked by mesh faces so that it can be dealt with
sharply. But Lagrangian schemes have difficulty when the interface deforms strongly.
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In Eulerian framework, a free interface needs to be captured/tracked by special meth-
ods, including Volume of Fluid [1, 2], Level Set [3–6], Phase Field [7, 8] method, Front
Tracking [9, 10], Cut Cell [11, 12] et al..

In these numerical methods, how to deal with the jump conditions on the free in-
terface is the key of getting good results. As a simple but effective way, several Ghost
Fluid methods (GFMs) [13–19] have been presented. GFMs can be combined with differ-
ent interface capturing/tracking methods. However, due to the existence of ghost fluid
and ghost cells, the flow conservation may be not kept well near the interface, and the
discontinuity position may be not captured very accurately. Hu et al. [20] presented a
conservative interface method for compressible flows based on LS method, in which the
concept of cut cell is applied and a mixing procedure is used to deal with small cells.
Nourgaliev et al. [11] presented a cut cell method to deal with incompressible interfacial
instabilities. Chang et al. [12] presented a consistent, conservative, all-speed sharp in-
terfacial method, in which curved cut faces and unstructured mesh are generated by a
cut cell scheme, and a merging scheme is applied to eliminate very small cells. With the
realization of cut cell and curved cut faces, high accuracy is achieved, jump conditions
are fully satisfied, and high density/pressure/viscosity ratio, strong surface tension, and
strong acoustic-impedance mismatch can be handled naturally. However, topological
change cannot be dealt with yet in this scheme due to the difficulty of handling multi-cut
in one cell.

In this paper, we are considering the two-phase flow problems governed by the Euler
equations. A real-ghost mixing method is presented, which helps to deal with the small
cells cut by the cut faces, and makes the reconstruction and value update on the cells
passed by the interface uniformly with the regular cells. A cut face reconstruction similar
to volume of fluid is applied to solve the topological change difficulty of the full cut cell
method presented in Chang et al. [12]. Together with the straight-line cutting method,
high order LS method, and GFMs, a new sharp interface method is realized. Various
1D and 2D test cases show that this method can be widely applied in the compressible
multi-phase problems with or without topological change accurately and robustly.

The remainder of this paper is organized as follows. In Section 2, a detailed descrip-
tion of the numerical implementation of the method is given. In Section 3, a set of nu-
merical examples are presented to illustrate the feasibility and robustness of the proposed
method. Finally, concluding remarks are given in Section 4.

2 Numerical methods

2.1 Infrastructure

In this work, the background mesh is structured, and some numerical schemes for un-
structured mesh are applied near the material interface, around which cut cells and ghost
cells are generated. Finite volume method is applied, with AUSM+-up [21, 22] scheme
to calculate the fluxes on the regular faces, and exact Riemann solver [12, 22] on the cut
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faces. Time step is advanced by the four-stage Runge-Kutta method [23, 24].

2.2 Basic equations

In this work, Euler equations are applied in conservation form:

∂

∂t

∫

V
WdV+

∮

S
FdS=0, (2.1)

where

W=





ρ
ρv

ρE



, F=





ρUn

ρvUn+pn

ρEUn+(pn)·v



.

Un=v·n, v is the velocity of fluid, n is the unit outward normal vector, ρ is fluid density,
E = e+ 1

2 |v|
2 is the total specific energy, p is pressure, e is specific internal energy, T is

temperature. The equation of state applied here is the stiffened-gas model

p=
γ−1

γ
CpρT−P∞, e=

Cp

γ
T+

P∞

ρ
. (2.2)

2.3 Interface treatment

2.3.1 Level Set function

The free interface is evolved with the help of LS equation [3]

∂ϕ

∂t
+vϕ ·∇ϕ=0. (2.3)

Here, ϕ is LS function, which is originally defined as signed distance function to the
material interface, and the zero value position of ϕ is the interface position. vϕ is the
nearest interfacial velocity. The Eq. (2.3) is discretized by the HOUC3 format [25] and
advanced in time by four-stage Runge-Kutta method. Both ϕ and vϕ are defined on
the grid points. The value of vϕ in the vicinity of free interface is normally set to be
equal to the nearest interfacial velocity, which is calculated by exact two-phase Riemann
solver [12]. This is the way to keep signed distance property of the calculated LS values
near the interface [26]. Around the topological change position, to avoid the problem
coming from too close interfaces, it is equal to the velocity of local flow field. For the rest
of domain, vϕ is obtained by the advancing-front propagating function [12]. When the
re-initialization [27–29] is needed, the Eq. (2.4) is solved to steady state:

∂ϕ

∂τ
+S(ϕ0)(|∇ϕ|−1)=0. (2.4)
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Here, τ is pseudo time, and the speed function S(ϕ0) is defined as

S(ϕ0)=







−1, ϕ0<0,
0, ϕ0=0,
1, ϕ0>0.

(2.5)

In implementation, we use

S(ϕ0)=S(ϕ,ϕ0)=
ϕ

√

ϕ2+|Dϕ|2∆x2
|2H(ϕ0)−1|

from [30],

H(ϕ0)=















0, ϕ0<−ǫ,

1

2

[

1+
ϕ0

ǫ
+

1

π
sin

(πϕ0

ǫ

)]

, |ϕ0|≤ǫ,

1, ϕ0>ǫ.

(2.6)

Here ǫ is a small number, normally set to be 2.5∆x in our simulations. The method pre-
sented by Sussman et al. [28] is used to solve it.

2.3.2 Cut Cell computation

In cut cell method, when a mesh cell is passed across by a material interface, it can be
separated to smaller cells, which are called cut cells. The material interface is then rep-
resented by piecewise cut faces in this scheme. The intersection points of the mesh faces
and the material interface are called cut points. The resulted cut cells can be very small so
that the time step needs to be very small due to the limit of CFL condition. A real-ghost
mixing method is presented to solve this problem so that the time step is calculated only
based on the standard cell size. In this mixing method, a cut cell on one side of the cut
face is also a ghost cell of the other side, and the ghost fluid state is calculated by suitable
GFM.

Fig. 1 shows the basic structure of cut cell, cut face and ghost cell. When the fluid
state of standard cell (i, j) is required in the reconstruction scheme for Fluid1, the values
in CC1 and GC1 in (i, j) will be mixed by averaging weighted by volumes of cut cells.
When the cell (i+1, j) is required for Fluid1 calculation, simply the GC1 values in (i+1, j)
are used. In this way, the reconstruction scheme can be implemented uniformly.

The level set function ϕ is defined at the cell vertices, and the cut points can be iden-
tified by the level set values. For example, if the cell vertices (xi,j,yi,j) and (xi+1,j,yi,j) have
opposite sign level set values ϕi,j (> 0) and ϕi+1,j (< 0), then the cut point coordinate
can be given by a simple linear interpolation, which is ((|ϕi,j|xi+1,j+|ϕi+1,j|xi,j)/(|ϕi,j|+
|ϕi+1,j|),yi,j). Then the geometrical quantities (such as volume, centroid, unit normal
vector) of a cut cell or a cut face are calculated by the analytic geometry method. The
state of a cut cell is evolved in time, and the state on either side of a cut face is obtained
by the least-square reconstruction method. Besides, the volume fraction on a cut cell is
calculated with a direct geometry calculation.
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Figure 1: Diagram of cell, cut cell, cut face, cut point and ghost cell. All smaller cells cut from the mother
whole cells are called cut cells; the red faces are called cut faces. Ghost cells are constructed on cut cells and
the whole cells near the interface. ”CC” means ”cut cell”, ”GC” means ”ghost cell”, and the numbers after
them are fluid index.

The state of ghost fluid is obtained by the OGFM [13] for gas-gas, and the GWGFM [14,
15] for air-water cases. Due to the existence of cut face, it is quite convenient to calculate
interfacial normal vector, which are important for the implementation of the GFMs.

When a cell is passed by the interface for more than once, the topological change
is about to occur. The concept of Volume of Fluid method is applied to reconstruct a
cut face to keep the volume fraction to be same, and the normal vector of the new cut
face is simply determined by Youngs’ finite-difference method [31, 32]. For example, the
cell (i, j) in Fig. 2 is cut twice and Fluid1 in this cell is separated into two parts by the
material interface, the volume fraction(α) of Fluid1 in every cell is known and the normal
vector of the new cut face is estimated as a gradient, n=−∇α/|∇α|. Here, n=(nx,ny)=
(Nx/

√

Nx ·Nx+Ny ·Ny,Ny/
√

Nx ·Nx+Ny ·Ny), and

Nx =−1/8(αi+1,j+1+2αi+1,j+αi+1,j−1−αi−1,j+1−2αi−1,j−αi−1,j−1), (2.7a)

Ny =−1/8(αi+1,j+1+2αi,j+1+αi−1,j+1−αi+1,j−1−2αi,j−1−αi−1,j−1). (2.7b)

In this way, the merging and separation of the interface is simply treated.

2.3.3 Cut Cell update

In each time step, after the computation of the state and geometrical quantities of cut cells
and ghost cells, the fluid state quantities of a cut cell in the next time step are updated
as follows. For simplicity, here the process is illustrated by only considering Fluid1, and
it is similar for Fluid2. First, a mixing state quantity for Fluid1 is obtained by com-
bining the cut cell and corresponding ghost fluid state, as shown in Fig. 3, the mixing
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Figure 2: Diagram of volume fraction of Fluid1 and multiple cuts. The α is volume fraction of Fluid1, and the
two red lines represent the material interfaces. Here, a cell is cut twice and the αi,j is total volume fraction of

Fluid1 in the cell (i, j).

state Wmix
i,j = αi,jW

CC1
i,j +(1−αi,j)W

GC1
i,j . Then the mesh interface states are calculated by

MUSCL scheme. For example, the mesh interface state quantities F1R
i,j and F1L

i+1,j are re-

constructed with the three cell states (Wi−1,j,W
mix
i,j ,WGC1

i+1,j). And the mesh interface fluxes

are obtained by the AUSM+-up scheme [22]. At last, the cell state Wn+1
i,j in the next time

step is obtained in the explicit finite volume way, and is given to the new cut cell from

updated Level Set values, as WCC1,n+1
i,j . In this way, the cut cell state for each fluid is

updated. We call the real and ghost cut cells arrangement, the mixing process for recon-
struction and the cut cell state update process together the real-ghost mixing method,
which helps to calculate cut cell state values without very small time step problem from
very small cut cells.

2.4 Time integration and solution procedure

First, with space discretization, Eq. (2.1) becomes:

∂

∂t
(WV)+∑

m

(FiSi)=0. (2.8)

Here, V is the volume of a cell, m is the total number of faces of the cell, which is 4 for a
2D regular cell. Then we use the four-stage Runge-Kutta method to advance the solution
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Figure 3: State quantities update of cut cell. (A) shows the mixing state (Wmix
i,j ) of cut cell (WCC1

i,j ) and

corresponding ghost cell (WGC1
i,j ), and the mesh interface state (F1R

i,j,F1
L
i+1,j), the volume fraction of cut cell

for Fluid1 αi,j. Besides, the whole cell state and whole ghost cell state are given by Wi−1,j, W
GC1
i+1,j, respectively.

(B) shows the update of cut cell. CutFace
n and CutFace

n+1 denote the cut face at n-time and (n+1)-time,

respectively. W
n+1
i,j denotes the updated mixing state of Fluid1, and W

CC1,n+1
i,j is the new cut cell state of

Fluid1.

in time,

W(1)V(1)=WnVn−ω1∆t∑
m

(Fn
i Sn

i ), (2.9a)

W(2)V(2)=WnVn−ω2∆t∑
m

(F
(1)
i S

(1)
i ), (2.9b)

W(3)V(3)=WnVn−ω3∆t∑
m

(F
(2)
i S

(2)
i ), (2.9c)

Wn+1Vn+1=WnVn−ω4∆t∑
m

(F
(3)
i S

(3)
i ), (2.9d)

where (ω1,ω2,ω3,ω4)=(1/4,1/3,1/2,1).
The general procedure of the current method can be summarized as follows:

1. Initially calculate the LS values of cells and vertices. From the LS values of vertices,
get cut points, cut faces and cut cells, compute the geometrical quantities of cut cells
and cut faces, and volume fractions of cells. Give the state quantities of cells, cut
cells and vertices.

2. Reconstruct the states on cut faces, calculate the normal velocities and pressures on
cut faces with the exact Riemann solver.
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3. Calculate the states of ghost cells.

4. Reconstruct the states of regular faces, then obtain the numerical fluxes at these
faces by the approximate Riemann solver AUSM+-up.

5. Calculate velocities vϕ at vertices in the vicinity of interface and propagate them to
all the other vertices.

6. Update the LS values on vertices by HOUC3 method, re-initialize the LS values if
needed.

7. Update cut cells and cut faces, calculate the geometrical quantities, and obtain the
new volume fractions of cells.

8. Update the state quantities of cells, cut cells, and calculate the state quantities on
vertices.

9. go to 2 for the next step.

3 Numerical examples

In this section, numerical examples are presented to demonstrate the performance of the
proposed method. For the 1D examples, the computational domain is 10m × 1m, space
resolution is 100 grids/m; the upper and lower boundaries are imposed with symmet-
rical boundary condition, and the left and right boundaries imposed with inflow and
outflow boundary conditions. In 2D cases, boundary conditions are different and given
for each case. All the computations are carried out with the CFL number of 0.4 or 0.2.

3.1 1D shock tube problems

Case A (gas-gas): As the first numerical test, we consider a well known air-helium shock
tube problem [19, 20] in rectangular domain [-5m,5m]×[0m,1m], and the interface is lo-
cated at x=0m. the state parameters are: γAir=1.4, Cp,Air=1004.85J/(kg· K); γHelium=1.63,
Cp,Helium=5353.65J/(kg· K). The initial conditions are as follows:

(ρ,p,u,T)Air =(2.282g/l,2.56bar,246.6m/s,390.4K), (3.1a)

(ρ,p,u,T)Helium =(0.167g/l,1.01bar,0m/s,293.15K). (3.1b)

The analytical solution for this problem consists of the transmitted shock moving to the
right, and the rarefaction wave moving to the left, as shown in Fig. 4. This result is after
2000 time steps, at t= 2.29ms. The numerical results agree with the exact solution very
well. A sharp density jump can be seen at material interface in the density plot due to the
cut cell method used in this paper.
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Figure 4: Air-Helium test case: comparison between numerical solution and analytical solution. ∆x = 0.01,
t=2.29ms.

The next test is about Air-SF6 shock tube problem. The reason we choose this case
is that it makes a two-shock propagation. The state parameters are: γAir = 1.4, Cp,Air =
1004.85J/(kg· K); γSF6

=1.093, Cp,SF6
=669.48J/(kg· K). And the initial conditions are:

(ρ,p,u,T)Air =(1.59g/l,1.51bar,104.89m/s,330.67K), (3.2a)

(ρ,p,u,T)SF6
=(5.99g/l,1.0bar,0m/s,293.15K). (3.2b)

Other conditions are the same with the above Air-Helium case. After 2000 time steps, at
t = 8.525ms, the numerical results are shown in Fig. 5. For this problem, there are two
shock waves moving to the left in air and to the right in SF6. As shown in Fig. 5, the
numerical results agree with the analytical solution very well.

Case B (Air-Water): The gas-liquid shock tube problem is introduced by Saurel and
Abgrall [33]. The equation of state for water is stiffen-gas equation of state. The state
parameters are: γAir=1.4, Cp,Air=1004.85 J/(kg· K), P∞=0.0 Pa for air; γWater=2.788103,
Cp,Water=4190.00J/(kg· K), P∞=7.862511×108Pa for water. The initial conditions are:

(ρ,p,u,T)Water =(1499.77g/l,2.0GPa,818.52m/s,691.35K), (3.3a)

(ρ,p,u,T)Air =(1.224g/l,1.03bar,0m/s,293.15K). (3.3b)
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Figure 5: Air-SF6 test case: comparison between numerical solution and analytical solution. ∆x = 0.01, t=
8.525ms.

Other conditions are same with the above gas-gas cases. After 3500 time steps, at t =
2.167ms, the numerical results are shown in Fig. 6. Fig. 6 shows good agreement between
the numerical results and the analytical solution.

The 1D test cases show that current method can effectively deal with the shock tube
problems including gas-gas and gas-liquid cases. In a wide range of density ratio and
shock strength, this method gives good results. In the next subsection, some 2D cases are
tested.

3.2 Single-mode Richtmyer-Meshkov instability in 2D

The Richtmyer-Meshkov instability (RMI) was originally presented by Richtmyer [34]
and Meshkov [35,36]. Holmes [37,38]) and Ullah et al. [39] presented some good numer-
ical results using Front-Tracking methods. In our previous work, this problem has been
considered with MuSiC+ code based on the full cut cell method [12], but that is hard to
deal with topological changes. Here two cases of RMI are tested. One is Air-SF6; the other
is the Air-Helium that contains phase reversal phenomenon. The Air-SF6 case is set in the
computational domain [0m, 5m]× [0m, 1m], and the boundary conditions are symmetric
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Figure 6: Water-Air test case: comparison between numerical solution and analytical solution. ∆x = 0.01,
t=2.167ms.

in y-direction and inflow and outflow in x-direction. The initial interface is described as

x= xI+ǫcos
(2π

λ
y
)

, (3.4)

where xI =1.1m is the location of unperturbed interface, ǫ=0.1m is the amplitude of the
imposed perturbation, λ= 1m is the wavelength. The state parameters are the same as
those in the 1D Air-SF6 shock tube case. A planar Msh=1.24 shock wave is placed in the
air at x=0.8m, with pre- and post-shock conditions:

(ρ,p,u,v)Preshock =(1.20g/l,1.01bar,0m/s,0m/s), (3.5a)

(ρ,p,u,v)Postshock=(1.698g/l,1.65bar,124.0m/s,0m/s). (3.5b)

Space resolution is 200 grids per λ. The density distribution at different time is shown
in Fig. 7. When the incident shock hit the interface, a transmitted shock in SF6 and a
reflected shock in air appear, and the interface moves to the right, forming a bubble of
air injected into SF6 and a spike of SF6 injected into air. Due to the initial perturbation
of interface, there is a misalignment of pressure and density gradients which generates
vorticity and then mushroom shape is formed, as seen in Fig. 7 at time t = 203µs. The
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Figure 7: Air-SF6 Richtmyer-Meshkov instability: dynamics of the interface and density field for numerical
results at different times. Time from upper to lower is 0µs, 68µs, 136µs, 203µs, 270µs.

mushroom shape will separate and mix because of the effect of vorticity at time t=270µs.
Current method treats the merging and separation process of material interface naturally.

Next, the interfacial instability of Air-Helium is tested in the computational domain [-
10m, 30m]×[0m, 4m]. The boundary conditions are the same as those in the Air-SF6 case.
The initial interface is also described by the Eq. (3.4), and xI = 0.0m, ǫ = 0.2m, λ = 4m.
The state parameters are the same as those in the 1D shock tube case of Air-Helium. A
planar Msh =1.5 shock wave is placed in the air at x=−1.0m, with pre- and post-shock
conditions:

(ρ,p,u,v)Preshock=(1.20g/l,1.01bar,0m/s,0m/s), (3.6a)

(ρ,p,u,v)Postshock=(2.28g/l,2.56bar,246.6m/s,0m/s). (3.6b)

Space resolution is 200 grids per λ(wavelength). The density distribution at different
time is provided in Fig. 8.

The mechanism is similar to Air-SF6 case, but the phase will reverse due to the re-
versed density gradient. The interface moves from heavy to light gas, the bubble in air
will become spike and the spike in helium will become bubble. The mushroom shape
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Figure 8: Air-Helium Richtmyer-Meshkov instability: dynamics of the interface and density field for numerical
results at different times. Time from upper to lower is 0µs, 198µs, 395µs, 585µs, 782µs.

appears as shown in Fig. 8 at time t=585µs, similarly the interface will break up due to
the effect of vorticity at time t=782µs. The evolution of interfacial shape is similar to the
previous works [25, 39, 40].

3.3 Shock-bubble interaction

In this section, two famous cases of the shock-bubble interaction presented by Hass and
Sturtevant [41] on experiments will be tested. The experiments were carried out in a
horizontally placed shock tube with square section filled with air. A cylindrical bubble
with diameter 5 cm was placed in the middle of the shock tube, filled with helium in
the first experiment and R22 in the second one. A vertical planar weak shock with Mach
number 1.22 is produced to the right of the bubbles, and moves towards the bubble. The
set-up of the experiments is just as shown in Fig. 9, and the experimental parameters are
presented in Table 1. Symmetric boundary conditions are used in y-direction, and inflow
and outflow conditions are set in x-direction.

Next, the density contours of the Air-Helium and Air-R22 are considered at different
times, and these results are also compared with experiment results in [41], and numerical
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Figure 9: Initial set-up for shock-bubble interaction problems.

results presented by [42] and [43].

Fig. 10 shows that the present numerical results basically agree with the experi-
ments [41] and other numerical results presented by [42] and [43]. The grid resolution
in this case is 1000/8.9 grids per bubble dimater, same as that used in [43]. Some subtle
difference may be observed at time 427µs or later, due to the evolution of interfacial in-
stability. Vortices are then generated on the surface of helium bubble as shown in Fig. 10
at time 674µs, which is also observed in [43].

Air-R22 interaction is then tested. The set-up has been given above. The numerical
results are also compared with experiments [41] and other numerical results [43, 44].

Fig. 11 shows that the numerical results with current method agree with the exper-
iment results, and the numerical results in [44] and [43]. The vorticies called ”Vortex

Table 1: Air-Helium/R22 bubble parameters [43].

Quantity Units Symbol Value
Air-Helium

Radius of helium bubble cm rbubble 2.5
initial density g/l ρair 1.225

- g/l ρhelium 0.2228
Initial pressure bar P 1.01325
Shock strength Mach number M 1.22

Ratio of specific heats - γair 1.4
- - γhelium 1.648

Air-R22
Radius of R22 bubble cm rbubble 2.5

initial density g/l ρair 1.225
- g/l ρR22 3.8635

Initial pressure bar P 1.01325
Shock strength Mach number M 1.22

Ratio of specific heats - γair 1.4
- - γR22 1.249
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Figure 10: Air-Helium bubble interaction: comparison among experiments shadowgraphs (Haas & Sturtevant
1987 [41]) (left column), numerical schlieren images (Quirk et al. 1996 [42]) (left center column), numerical
density contours (Ullah et al. 2013 [43]) (right center column), and the numerical results by current method
(right column) at times: 102µs, 245µs, 427µs, 674µs, from top to bottom. Simulation times are corrected
following [43].

head” can be seen at time 417µs and later. Due to Richtmyer-Meshkov (RM) and Kelvin-
Helmholtz (KH) instabilities, the interface significantly deforms, sequentially breaks up
into small pieces.

There are some differences among the three numerical simulations, especially at later
times, which may be due to the numerical dissipations of different methods.

3.4 Collapse of 2D gas bubble under strong shock in water

The case of air bubble collapse induced by a strong shock in water has been simulated
by many numerical methods including Front-Tracking methods [45, 46], Level Set meth-
ods [19, 30], and Volume of Fluid [47]. In this subsection, the experiments carried out
by Bourne and Field [48] are considered. The set-ups are: a cylindrical air bubble with
diameter 6mm is immersed in water. The center of bubble is located at xc=(6mm , 6mm)
in computational domain of size 12 × 12mm2. A planar incident Msh =1.72 shock wave
is initially located at 3.6mm to the left of the air bubble center. The grid resolution is
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Figure 11: Air-R22 bubble interaction: comparison among experiments shadowgraphs (Haas & Sturtevant
1987 [41]) (left column), numerical density contours (Shyue et al. 2006 [44] (left center column), Ullah et
al. 2013 [43] (right center column) and current results (right column)) at times: 55µs, 115µs, 135µs, 187µs,
247µs, 318µs, 342µs, 417µs and 1020µs, from top to bottom.

200 computational nodes per initial bubble’s diameter. The parameters are: γ = 4.4,
P∞ = 6.0×108Pa for water and γ = 1.4, P∞ = 0.0Pa for air. Initial state: pre-shock: ve-
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Figure 12: Evolution of the density field of underwater air bubble collapse case. Effective grid resolution is 200
cells per initial bubble diameter.

locity u = (0,0)m/s, P = 1.03×105Pa, ρwater = 998.23g/l and ρair = 1.22g/l; post-shock:
u=(685.86,0)m/s, P= 1.915GPa, ρwater = 1322.47g/l. The left boundary condition is in-
flow and others are outflow.

For the present case, the initial time is set to be 0.64µs in the previous cases [30,47,49].
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Figure 13: Mass conservation in the bubble collapse case. Black line is present result for 200/D, red line
(200/D) and blue line (800/D) are from [30].

Fig. 12 shows that after hitting the bubble, a reflected rarefaction wave are generated in
water and an incident shock transmits into bubble. A water jet is generated at about
2.3µs, and hits the other side of air bubble with velocity 2837m/s at about 3.7µs. Then
the bubble breaks up into two pieces, and a blast wave appears at about 3.8µs. The
second jets appear due to the interaction between the blast wave and the two lobes at
about 4.1µs and later, and at about 4.5µs the maximum temperature is about 25000K in
air bubble. Current results are consistent with those of the previous works.

Most LS methods do not keep mass conservation, so is this method. But it still shows
good conservation behavior. Fig. 13 shows that the mass loss of current method is quite
lower than that of the LS method applied in [30]. In this method, the interface is obtained
by cut cell method, which can separate respective fluids sharply and explicitly. This is
why this method shows better conservation than [30], even with much coarser grids, as
shown in Fig. 13.

3.5 Underwater explosion

Underwater explosion problem has been considered in [22, 30, 49–52]. Two points are
focused in this test: one is the interaction between the bubble and material interface of
ambient water and air; the other is mixing between the air bubble and ambient air. Initial
condition: an air bubble with high pressure (1.0GPa) and density (1250g/l) is located
at (2.0m, 1.2m) in domain [0m, 4m]×[0m, 4m]; the bubble diameter is 0.24m and the
material interface is located at y=1.5m. The normal temperature and pressure is applied
in the ambient water and air and the parameter values are same as those in Section 3.4.
Symmetric boundary condition is set at y=0m, and outflow conditions are used for other
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Figure 14: Density schlieren for underwater explosion test case. The first and third rows are present results,
second and fourth rows are from Shukla [49]. Current results are obtained with 400×400 cells, and Shukla’s
results were obtained with 1200×1200 cells.

boundaries.

At the beginning, a high pressure and density bubble interacts with the surrounding
water, a circular shock move radially outwards and a rarefaction wave converges to the
bubble center. When the shock in water interacts with the ambient water-air interface, a
weak shock is formed in ambient air. Figs. 14 and 15 show the evolution of the bubble and
the ambient water-air interface, and the present results of density schlieren are compared
with Shukla’s ones [49] in Fig. 14. The two results are consistent and the interfaces are
even clearer in current results, although its grid resolution is much coarser than that
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Figure 15: The shape of bubble and interface, after 1.9ms.

in [49], which shows the benefit of sharp interface method.

Fig. 15 shows the shape of bubble and interface after 1.9ms. Present method can cap-
ture easily the thin liquid structure between bubble and ambient air until 2.47ms. After
that the thin layer will be disconnected and the air bubble will be connected with the am-
bient air. With this method, not only the fine fluid can be captured (at time 1.90ms, 2.14ms
and 2.47ms), but also the disconnection and connection can be treated easily (2.76ms).
The density profiles are shown along x = 2m at different time in Fig. 16 and compared
with Hu et al. [50]. Present results are consistent with their results, with only a small
difference at bubble center at time 0.2 ms.

4 Summary and conclusions

In this paper, a new sharp interface method for compressible multi-phase flows is devel-
oped, based on the Cut Cell, Level Set and Ghost Fluid method. With LS function, cut
points, cut faces and cut cells are calculated, and the velocity of interface is obtained by
the exact Riemann solver. The cut cells and nearby regular cells are marked as ghost cells
and the states of ghost cells are obtained by the OGFM for gas-gas cases and the GWGFM
for air-water cases, so that each of them has both real state of one fluid and ghost state
of the other fluid. The states of cell faces are reconstructed by MUSCL scheme and the
fluxes are obtained by the AUSM+-up approximate Riemann solver. The conservative
quantities on regular cells are updated with a standard finite volume method. The states
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Figure 16: Density profiles of underwater explosion problem along x= 2m at time 0.2 and 1.2ms. Compared
with Hu et al. [50].

of a cell cut by the interface and the related cut cells are calculated and updated by a
real-ghost mixing method, which helps to deal with very small cut cells and make the
state reconstruction and update uniformly. A cut face reconstruction method similar to
volume of fluid is used to reconstruct cut faces in the cells of multiple cuts to deal with
topological change.

Various 1D and 2D compressible multi-phase problems are tested to show the ability,
accuracy and robustness of current method. It also shows good mass conservation be-
havior, comparing to some earlier LS method. This method benefits from cut cell in the
sharp interface description, and can handle topological change naturally.
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