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SUMMARY

The present work deals with the numerical investigation of a collapsing bubble in a liquid—gas fluid,
which is modeled as a single compressible medium. The medium is characterized by the stiffened gas law
using different material parameters for the two phases. For the discretization of the stiffened gas model,
the approach of Saurel and Abgrall is employed where the flow equations, here the Euler equations, for
the conserved quantities are approximated by a finite volume scheme, and an upwind discretization is
used for the non-conservative transport equations of the pressure law coefficients. The original first-order
discretization is extended to higher order applying second-order ENO reconstruction to the primitive
variables. The derivation of the non-conservative upwind discretization for the phase indicator, here
the gas fraction, is presented for arbitrary unstructured grids. The efficiency of the numerical scheme
is significantly improved by employing local grid adaptation. For this purpose, multiscale-based grid
adaptation is used in combination with a multilevel time stepping strategy to avoid small time steps
for coarse cells. The resulting numerical scheme is then applied to the numerical investigation of the
2-D axisymmetric collapse of a gas bubble in a free flow field and near to a rigid wall. The numerical
investigation predicts physical features such as bubble collapse, bubble splitting and the formation of
a liquid jet that can be observed in experiments with laser-induced cavitation bubbles. Opposite to the
experiments, the computations reveal insight to the state inside the bubble clearly indicating that these
features are caused by the acceleration of the gas due to shock wave focusing and reflection as well as
wave interaction processes. While incompressible models have been used to provide useful predictions
on the change of the bubble shape of a collapsing bubble near a solid boundary, we wish to study the
effects of shock wave emissions into the ambient liquid on the bubble collapse, a phenomenon that may
not be captured using an incompressible fluid model. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The investigation of two-phase flows with bubbles is of special interest in different real-world
applications arising, for instance, in engineering [1—3], medical applications [4, 5] and biology
[5—7]. The processes taking place in the interior and exterior of a collapsing and oscillating bubble
are still subject of theoretical and experimental research, cf. [8]. However, small time and space
scales as well as the complicated dynamics make any theoretical and experimental approach a
challenge. Therefore, advanced numerical methods are needed to provide simulations that reveal
further information about the highly unsteady flow dynamics in the fluid.

The numerical simulation of multi-dimensional compressible two-phase fluid flows still exhibits
severe difficulties, in particular, when strong differences in the material parameters are present at
the phase boundary. Although several models and discretizations have been developed in the past,
this can still be considered a challenge.

Previous work on compressible two-phase fluids usually was performed for gas-filled bubbles
in a gaseous environment, cf. [9]. If the bubble is surrounded by a liquid, then frequently problems
with limited differences of the material parameters are discussed, cf. [10]. The main purpose of the
present work is to verify that by the stiffened gas approach of Saurel and Abgrall [11] (i) numerical
simulations of multi-dimensional compressible two-phase fluids can be performed for small bubbles
and realistic states and (ii) physical features observed in the context with experimental bubble
research, cf. [12—14], can be predicted. For this purpose, the stiffened gas approach has to be
embedded into an adaptive higher-order discretization. In the following we will give an overview
of existing mathematical models and numerical methods and their shortcomings.

Mathematical models: Here we will focus on the modeling and numerical simulation of the
collapse of a single gas bubble in a non-stationary, inviscid compressible two-phase flow. In the
case of spherical symmetry, this has been studied for an inert gas bubble in compressible liquid by
Westenberger [15]. There the Euler equations for inviscid compressible liquids (Tait’s equation of
state) and a homogenized bubbly fluid, respectively, have been considered. Investigations verified
that the fluid thermodynamic state inside the bubble does not stay homogeneous during the collapse.
Moreover, shock waves develop and propagate into the ambient liquid preferably just before the
bubble reaches its minimum volume. While incompressible models, e.g. the Rayleigh—Plesset
equation, have been used to provide useful predictions on the change of a collapsing bubble near a
solid boundary [16, 17], the effects of shock wave emissions into the ambient liquid on the bubble
collapse may not be captured using an incompressible fluid model. In order to validate the extreme
states that may occur due to focusing effects in the liquid as well as in the gas, an explicit finite
volume method for the spherical bubble collapse has been developed based on the Navier—Stokes
equations using different equations of thermodynamic change of state, e.g. van der Waals and
others, [18, 19]. It could be verified that the modeling of the thermodynamic state in the bubble
by a perfect gas is only valid for moderate changes in volume.

The numerical simulation of two-phase immiscible flows in compressible fluids is distinguished
in the literature between the Lagrangian and the Eulerian approach. In the Lagrangian framework,
the interface is typically tracked during the time evolution. There are mainly three types of tech-
niques: (i) particle methods, e.g. Smooth Particle Hydrodynamics, where the movement of particles
is simulated, cf. [20, 21], (ii) front tracking methods, where the underlying discretization undergoes
a deformation due to the movement of the interface, cf. [22—25], and (iii) Marker methods, e.g.
Marker and Cells [26], volume-of-fluid [27], where the discretization is fixed. Typically difficulties
arise if the interface changes topologically or becomes complicated. To overcome this difficulty,
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techniques have been developed based on an Eulerian formulation whereby the interface is captured.
To distinguish the two-fluid phases in this formulation, the underlying equations of motion are
supplemented with an additional scalar equation approximating the position of the interface, for
instance, a color function [28] or a level set function [29, 30]. For incompressible two-phase fluid
flow, this has been applied with great success, see [31, 32]. In the case of compressible two-phase
flow, difficulties arise at the phase boundary caused by pressure oscillations in the numerical
simulation. In order to suppress these pressure oscillations, different approaches have been consid-
ered in the literature. Abgrall et al. proposed a quasi-conservative formulation [9, 11, 33]. Another
approach, the ghost fluid method, has been developed by Fedkiw et al. [34,35]. A modification
of their ansatz has been introduced by Abgrall and Karni [9,36] based on a two-flux method.
Recently, Sussman [37] suggested a different strategy for computing growth and collapse of gas
bubbles where a level set method is coupled with a volume-of-fluid method. However, the liquid
is assumed to be incompressible. These methods turn out to give good results for wave processes
in flows of two immiscible compressible gases. For instance, in [38, 39] the two-flux method is
successfully applied in combination with a level set method to investigate wave interactions at
gas—gas interfaces. However, the aforementioned methods either cannot deal with compressible
liquids or they fail for compressible liquid—gas flow when a large jump of the acoustic impedance,
e.g. several orders of magnitude, is present across the phase interface. Only recently, the real ghost
fluid method [10] has been developed that seems to be useful also for this kind of flow problems.
In the Eulerian approach the material interface is captured rather than tracked. Therefore, the
two phases undergo a numerical phase transition due to the smearing of the material interface.
Since the pressure laws for liquids and gases typically are not valid in the same regime of phase
space, the numerical mixture of the phases leads to non-physical values in the numerical phase
transition regime. This typically causes a break-down of the computation. Among the aforemen-
tioned approaches, the stiffened gas approach of Saurel and Abgrall [11] is capable of dealing
with compressible liquid—gas flow.

Numerical methods: In addition to an adequate mathematical model, highly efficient numerical
algorithms are required that allow for a high resolution of the waves produced by the bubble
oscillation and their interaction and provide qualitative and quantitative results on the dynamics of
these waves. In recent years, a new adaptive concept for finite volume schemes has been developed
based on multiscale techniques. First work in this regard has been published by Harten [40, 41]
where by means of a multiscale sequence, the flux evaluation is performed. This results in a
hybrid scheme working on a uniform grid. Recently, a fully adaptive concept for multiscale finite
volume schemes has been developed and investigated [42,43]. This new concept turns out to be
highly efficient and reliable. By now, the new adaptive multi-resolution concept has been applied
with great success to different applications, e.g. 2-D/3-D-steady and unsteady computations of
compressible fluids about airfoils modeled by the Euler and Navier—Stokes equations, respectively,
on block-structured curvilinear grid patches [44], backward-facing step on 2-D triangulations
[45] and simulation of a flame ball modeled by reaction—diffusion equations on 3-D Cartesian
grids [46,47]. These applications have been performed for compressible single-phase fluids. More
recently, this concept has been extended to two-phase fluid flow of compressible gases, and applied
to the investigation of non-stationary shock—bubble interactions on 2-D Cartesian grids for the
Euler equations [38, 39].

Outline: In the present work the focus is on the numerical investigation of a single collapsing
gas bubble in a compressible liquid. Here the two-phase fluid is modeled by a single compressible
medium. In the numerical analysis, a 2-D model problem in the cross-plane of an infinitely long
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cylindrical bubble with its axis parallel to a wall will be considered. For the two phases, we employ
the stiffened gas law with different material parameters for the two phases, see Section 2. In
Section 3 the stiffened gas model is discretized by the approach of Saurel and Abgrall [11] where
the flow equations for the conserved quantities are approximated by a finite volume scheme and an
upwind discretization is used for the non-conservative transport equations of the phase indicator
(gas fraction). The efficiency of the resulting scheme is improved by applying multiscale-based grid
adaptation techniques. Note that the discretization is presented in the multi-dimensional case on
arbitrary grids where we employ a higher-order reconstruction for the primitive variables. Owing
to the non-stationary behavior of the flow, time integration is performed explicitly. The Courant-
Friedrich-Levy (CFL) condition of the highest resolution level is locally relaxed by employing
the recent multilevel time stepping strategy, cf. [48—50]. The resulting numerical scheme is then
applied to the numerical investigation of the collapse of a single gas bubble, see Section 4. To
validate the numerical method we first consider a 1-D shock tube problem. The mathematical
model is then validated by the planar, cylindrical bubble collapse. Finally, we investigate the 2-D
axisymmetric collapse next to a rigid wall where we are interested in the prediction of physical
features that have been observed in the experimental bubble research.

2. MATHEMATICAL MODEL

Compressible fluid flow is characterized in continuum mechanics by the fields of density g, velocity
v, internal energy e and pressure p distributions. The balances of mass, momentum and energy
for inviscid flow lead to the Euler equations in conservation form

0, +div(ev) =0
(ov);+div(gv®@v+pl) =0 (1)
(0E);+div(ev(E+p/0)) =0

where E =e+0.5v? is the total energy. In order to take into account the two different fluids (a
gas and a liquid), we introduce a new unknown ¢ that we call the fraction of gas. We make the
convention that ¢ =0 and ¢ =1 correspond to pure liquid and pure gas, respectively. Because we
are interested in very high speed flows and very short observation intervals, we suppose that the
phase transition can be neglected so that there is no mass transfer between the two fluids, i.e. the
two phases are assumed to be immiscible and the gas is considered to be non-condensable. Thus
the fraction satisfies a homogeneous transport equation, i.e. its material derivative is vanishing,

@;+v-Vo=0 )
Using the mass conservation law, it can be written in an equivalent conservative form
(09); +div(epv) =0 3)

which expresses the mass conservation of the involved fluids.

It should be mentioned that we neglect the influence of gravity and surface tension. Ignoring
effects of gravity is justified by the assumption of a small diameter of the bubble. Surface tension
may become important when the bubble reaches its minimum size. To give account of neglecting it,
we will perform in Section 4.2 a comparison of results achieved with this modeling for a cylindrical
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bubble with results computed using the model of Hanke [19] where surface tension is taken into
account. Furthermore we neglect viscosity and heat conduction. This will only affect the states in
the instant of shock focusing in the bubble center according to Guderley’s similarity solution for
spherical compression waves, cf. [51], but it will have little effect on the bubble collapse as was
found in [19]. On the other hand, viscosity will be significant for the collapse of large bubbles
as has been verified by numerical studies in [52]. For the rebound, it is concluded that thermal
effects should also be taken into account.
In order to close the system, we have to provide a pressure law

p=p(o,e,®) “4)

In this work, we consider a relatively simple pressure law: the stiffened gas pressure law suggested
in [33, 53]. It reads

p(e, e, 0)=((p)—1)ge—y(@)n(p) )

Note that the fraction ¢ takes only the values 1 or O for >0 provided it holds true at the initial
time ¢ =0. Thus, there is no physical mixing in the continuous model and it would be sufficient
to provide the values of the pressure law coefficients y and © for ¢ =0 or ¢ =1. However, the
numerical model will introduce artificial mixture zones where O<@<1. Anyway, with a good
numerical approximation, the size of the mixture region will tend to zero with the size of the cells
in the mesh. But because of the numerical mixture effects, it is necessary to interpolate y and ©
for 0<p<1. An arbitrary choice of interpolation could lead to numerical instabilities studied in
many works [33, 54, 55], etc. Saurel and Abgrall [11] suggest that a good choice consists of a
linear interpolation of two special quantities §; and f3, defined by

b 142
= VZ -
b y—1 B
& 6)
ﬂzz—yn 71:—[?2

The pressure law in the numerical mixture zone is then constructed as follows. First, 7 and n
are deduced from measurements in the pure fluids. A possible procedure is explained in [53]. For
water and air, the material coefficients for the pure phases are listed in Table I. This gives y(0),
n(0) for the pure liquid and (1), (1) for the pure gas. We deduce then from (6) the quantities
p1(0), B(0), (1), B,(1), and by a linear interpolation

Br(®) = f(H)+(1—¢)f(0)
Ba(®) = @pfr(1)+(1—¢)f,(0)

The mixture pressure law coefficients y(¢) and m(¢) are then obtained from the reverse relation
in (6).

(7

Table 1. Material coefficients.

Units Liquid (water) Gas (air)
Y e 7.15 1.4
T Pa 3-e+8 0
cy J/kgK 201.1 717.5
Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:591-631
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To the stiffened gas pressure law (5) we can associate a temperature scale 7. The temperature
scale is compatible with thermodynamics if it is possible to find an entropy function s such that

Tds=de+pd(1/o) (®)

Several choices are possible. The simplest corresponds to

c,T=e-= 9)
0

where the constant ¢, is the specific heat at constant volume, cf. [56]. The temperature law has
no physical meaning in the artificial mixture region because our mixture pressure law has been
selected for numerical reasons and not from physical arguments. Since y=1+Z%/c, holds in the
pure phases, interpolated values for the heat capacity ¢, and the specific gas constant # in the
mixture region are computed by

c(0) o (H (1) =7(0))
v (0) (@) =7(0) +cu (D (1) = ()

(D) 20)(y(1) —y(@)) 4+ (0) Z(1) (y() —7(0))
cu(0)(P(@) —7(0) +cu (D (p(1) = (@)

These interpolated values have no clear physical meaning but will be used for a numerical study
of the temperature in the mixture region. They are motivated by Barberon and Helluy [56].

Finally, we remark that instead of (2) we might equivalently solve the evolution equations for
the material parameters p=(f;, ), which have vanishing material derivatives as they depend
only on ¢ according to Equation (7)

cy(p)=

R(p) =

B, +v-Vp=0 (10)

3. NUMERICAL DISCRETIZATION

The numerical discretization of compressible two-phase fluid flow is a challenge of its own. The
naive approach to apply a standard finite volume discretization to the coupled system in conservation
form (1) and (3) fails to work because of pressure oscillations at the material interface. Cures
have been proposed in recent years [11, 34, 57-59]. They are based on non-conservative schemes
and worked successfully for gas—gas interfaces. For liquid—gas interfaces the computations will
typically break-down after a few time steps. One typically observes severe pressure oscillations
at the phase interface due to the numerical diffusion of the density. For the stiffened gas model,
as summarized in Section 2, the approach of Saurel and Abgrall [11] also works robustly for
liquid—gas interfaces. The basic idea is to apply a finite volume scheme to the flow equations
(1) and to employ an upwind discretization of the non-conservative transport equations for the
pressure law coefficients (10). Here we summarize the discretization in the multi-dimensional case
on arbitrary grids where we employ a higher-order reconstruction for the conserved variables. The
efficiency of the resulting scheme is improved by applying recent multiscale-based grid adaptation
techniques and a multilevel time stepping strategy.

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:591-631
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3.1. Finite volume discretization of conserved variables

The Euler equations (1) are solved approximately by a finite volume method on an adaptive
grid fixed in space. For this purpose, the finite fluid domain QC R? is split into a finite set of
subdomains, the cells V;, such that all V; are disjoint at each instant of time and that their union
gives Q. Furthermore, let .4 (i) be the set of cells that have a common edge with the cell i, and for
JjeN () let I';;:=0V;NAV; be the interface between the cells i and j and n;; the outer normal of
I';; corresponding to cell i. The time interval is discretized by "1 ="+ At assuming a constant
time step size. On this particular discretization, the finite volume scheme can be written as

u =t Y T FQu, uf;, ) (11)

: Vil eT o

using an explicit time discretization to compute the approximated cell averages u?“ of the
conserved variables u=(g,0v,0E) on the new time level. Here the numerical flux function
F(u, w,n) is an approximation for the flux

Qv QVn
f(u,n):=| ov®v+pl | -n= v, V+pn (12)
ov(E+p/o) ovn (E+p/o)

in outer normal direction n;; on the edge I';;. Here v, =v -n is the normal velocity component.
The numerical flux is assumed to be consistent, i.e.

F(u,u,n):=f(u,n) (13)

In (11) ufj and u’}i are higher-order reconstructions of the value of flow variable u in cells i

and j either side of the interface I';;. This higher-order reconstruction results in u:’;rl depending
on a larger stencil than just its immediate neighbors. Furthermore, the pressure law is applied
when computing the numerical flux. Therefore, it also depends on the vector of pressure law
coefficients p associated with the states u; and u’},.

Since a reasonable numerical method should at least be able to maintain a constant flow field,
ie. if u(x,?)=uy for all (x,7), we require that the numerical solution fulfills u} =u, for all
index pairs (i,n), too. From the consistency of the numerical fluxes (13) and the discretizations
(11), we then obtain for each cell V; the geometric consistency condition

> Tijn;j=0 (14)
JEN()

In order to specify the numerical flux, we have to choose the Riemann solver and the recon-
struction method. To avoid pressure oscillations at the material interface Saurel and Abgrall [11]
suggested in the 1-D case to use solvers that preserve a moving contact discontinuity. In higher
dimensions, we therefore require that the condition

v?:v:eonst, p[’:p:const - V?+1=V, p,“l:p (15)

holds for all cells i in the computational domain, i.e. constant pressure and velocity fields are
preserved. Note that this condition characterizes a contact discontinuity only in 1-D. In higher
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dimensions, the scheme does not necessarily preserve the normal velocity if there is a jump in the
tangential component of the velocity.

For this purpose, in our computations the Riemann problem at the cell interface is solved exactly
by the Riemann solver of Colella and Glaz [60] originally developed for real gases. Here we apply
it to stiffened gases for which we modify the implementation of the solver as described in [61].

Furthermore, we use a higher-order reconstruction that is applied component-wise to the prim-
itive variables (g, v, p,B). The alternative reconstruction of conserved variables or characteristic
variables violates the consistency condition (15) and would cause oscillations at the material
interface.

In our computations the underlying discretization is always a hierarchy of Cartesian grids.
Therefore, we employ a quasi 1-D second-order Essentially Non-oscillatory (ENO) reconstruction
and Taylor expansion according to [62] to improve both the spatial and temporal accuracy. See
also [61] for details of the implementation.

3.2. Upwind discretization of non-conservative transport equations for pressure law coefficients

Using (11) the conserved quantities can be evolved in time. In addition, we also have to update
the fractions before we can proceed with the next time step. However, discretizing the evolution
equations (2) or (3) will lead to oscillations at the material interface and spoils the numerical
efficiency and stability of the computation. Therefore, Saurel and Abgrall in [11] suggested using
an upwind discretization of the non-conservative transport equations (10) for the vector of pressure
law coefficients. This is motivated by the requirement that the scheme has to preserve a contact
wave for which the tangential component of the velocity is continuous in the sense of (15). A
detailed derivation of the discretization in 1-D can be found in [63]. We now extend this approach
to the multi-dimensional case on arbitrary grids. For this purpose, we assume that

vi=v and pl=p (16)
holds for all cells i. Since the reconstruction is performed on the primitive variables, we obtain
p?j:p?i =p and V?jzv’}i =v 17

whereas the reconstruction of the density ¢ and the material parameters § may jump across the cell
%nterface,.i.e. Q?j + Q’}-i and li,’-‘j * ﬁ’}i. Then the numerical flux computed by the exact Riemann solver
is determined by

0ijUn,ij
F(ul;, ), mij) =]  0;jUnijV+pni; (18)
0i;0n.ij(Eij+p/2;;)

where ¢;;, Un,ij and E; ; are the density, normal velocity and total energy computed by the Riemann
solver. Since the underlying velocity field is homogeneous

Vp,ij =V-Njj (19)
holds. The material parameters jump only across the material interface, i.e.
U, ijPB;; =B max (v, ij, 0)+B; min(vy.i;,0) (20)
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We now insert the flux from Equation (18) into Equation (11). Then we obtain for the discrete
continuity equation

At _
o =} - > ATij10:;0n.ij (2D
Wil ja Y
The discrete momentum equation reads
(V)" = (o) — > Tij1(Q;;0n,ijv+ pmij) (22)
Vil je¥

Owing to the geometric consistency condition (14) the pressure term vanishes. In the remaining
part of Equation (22) we now apply the assumption (16) and use the discrete continuity equation
(21), i.e.

At -
VI = (vt = ol - > ATj10i Onij | v=0ty
Vil jeva
and, hence,
vitl=v (23)
Finally, the discrete energy equation reads
(QE)T = o1 2 [0 (Eij + p/2;p) (24)
Vil jeFa

Again, the pressure term vanishes because of the the normal velocity (19) and the geometric
consistency condition (14). Since E =e+0.5v2, the remaining equation can be split into two parts
for the internal energy and the kinetic energy. Owing to the discrete continuity equations (21) and
(23), the latter cancels out and we obtain

(0e) ! =(ge)! -

t -
> Tijlaijvn,ijei (25)
Vil jeva
According to the pressure law (5), we can rewrite the internal energy as

1 YT
y—1p+1——y_ﬂ1p+ﬂ2

ge=

and, hence, the discrete energy (25) reads

B PI  B)IT =B P4 (B — > IT512;0n.ii (B Pij + (Boif)

[Vil jeN @)

Together with assumptions (16) and (17) we then conclude that pf"H = p holds provided that the
pressure law coefficients satisfy the discrete evolution equations

. Ar T B
B! =g — Vil /'e;(‘) Ui 10,1 By -
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These are sufficient but not necessary conditions. Note that (26) is a non-conservative upwind
discretization for the evolution equations (10) of the material parameters because in,ij[iij #~
—Up, jiﬁ jie Furthermore, we remark that (26) coincides with the 1-D discretization in [11, 63]. To
see this we rewrite the sum in (26) by means of (14) and (19), (20) as

> TivniiBiy= X Tij[vnij (B —B}) (27)

jeNG) jeN @)
Finally, we obtain the upwind discretization of the pressure law coefficients

A _
R SR VTR ) (28)

prtl=pr —
' Lol jeN @)

where the velocity of the material interface in normal direction v, ;; is generally not given by
(19), but results from the solution of the respective Riemann problem.

Then the numerical discretization of the two-phase fluid model consists of the following proce-
dures in each time step:

(1) compute the reconstruction of the primitive variables,

(2) solve the Riemann problem for each cell interface,

(3) evolve density, momentum and energy in time by (11) where the numerical fluxes at the
cell interfaces are determined by (12) with u the solution of the Riemann problem,

(4) evolve the pressure law coefficients in time by (28) where the transport velocities at each
cell interface are determined by the velocities of the Riemann solution.

Since the transport scheme (26) and (28), respectively, is linear in ¢ and due to the linear
interpolation (7) of B, it is equivalent to solve the evolution equation for the fraction ¢, i.e.

At _ At _
— 2 i@ =0 —— > Tijl0nij(@;j— @) (29)
Vil jer ey Vil jed )

n+l__ n
0, =¢; —

3.3. Multiscale-based grid adaptation

The numerical simulation of collapsing bubbles is a high-dynamic process governed by compression
and rarefaction waves and their interaction with the material boundary and solid walls, cf. [38].
In order to catch properly all these effects, high resolution discretizations are needed. However,
uniform discretizations cannot be afforded due to extremely high computational costs both in
terms of CPU time and memory. Therefore, highly efficient schemes are needed that adapt the
grid to the flow solution such that a high resolution is only used locally where strong variations
in the flow field occur. In order to improve the efficiency of the numerical scheme presented in
Sections 3.1 and 3.2, we employ recent multiscale-based grid adaptation techniques, cf. [42, 43].
These have been proven to be very efficient and reliable for many applications, cf. [44]. Here we
briefly summarize the basic conceptual ideas. For technical details we refer the reader to [42].
Step 1: Multiscale analysis. The fundamental idea is to present the cell averages Gz, representing
the discretized flow field at fixed time level " on a given uniform highest level of resolution
I =L (reference mesh) associated with a given finite volume discretization (reference scheme) as
cell averages on some coarsest level /=0 where the fine scale information is encoded in arrays
of detail coefficients d;, 1=0,..., L —1, of ascending resolution, see Figure 1. For this purpose,
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I=0 I=1 =2

Figure 1. Sequence of nested grids.

I.I._[,"—"u_[, L+ - -o—o-ul-o—o-un
Nau NN N,

Figure 2. Multiscale transformation.

one might use Harten’s discrete concept of reconstruction and prediction, cf. [64], or biorthogonal
wavelets, cf. [65].

The multiscale decomposition is performed on a hierarchy of nested grids %; with increasing
resolution /=0, ..., L, see Figure 2. In our computations presented here we confine attention to
structured curvilinear grids though the general framework is not restricted to this configuration,
but can also be applied to unstructured grids and irregular grid refinements in arbitrary space
dimensions.

Step 2: Thresholding. It can be shown that the detail coefficients become small with increasing
refinement level when the underlying function is locally smooth. In order to compress the original
data, this motivates us to discard all detail coefficients d; ; whose absolute values fall below a level-
dependent threshold value &, =2/"L¢. Let 7] . be the set of significant details. The ideal strategy
would be to determine the threshold value ¢ such that the discretization error of the reference
scheme, i.e. difference between exact solution and reference scheme, and the perturbation error,
i.e. the difference between the reference scheme and the adaptive scheme, is balanced, see [43].

Step 3: Prediction and grading. Since the flow field evolves in time, grid adaptation is performed
after each evolution step to provide the adaptive grid at the new time level. In order to guarantee
the adaptive scheme to be reliable in the sense that no significant future feature of the solution is
missed, we have to predict all significant details at the new time level n+ 1 by means of the details

~ n+1
at the old time level n. Let ,@’,1:: 392’ 8U§J’Ff; be the prediction set. The prediction strategy is
detailed in [43]. In view of the grid adaptation step, this set is additionally inflated such that it
corresponds to a graded tree.

Step 4: Grid adaptation: By means of the set @T;l a locally refined grid is determined. For
this purpose, we recursively check in the preceding level, from coarse to fine, whether there exists
a significant detail to a cell. If there is one, then we refine the respective cell. We finally obtain
the locally refined grid with hanging nodes represented by the index set %, .. This procedure is
graphically sketched in Figure 3. To each shaded cell there is at least one significant detail. These
cells are removed and replaced by their children on the next higher level. This results in a grid
with hanging nodes.
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Figure 3. Grid adaptation: refinement tree (left) and corresponding adaptive grid (right).

Since the concept of multiscale-based grid adaptation has been presented and discussed in
detail in previous publications, we omit the technical details needed to realize it. However, we
comment on some aspects that were not addressed in single-phase computations. Note that the
grid adaptation concept has been developed and investigated originally for finite volume schemes.
Here the numerical discretization is a hybrid scheme where the conserved variables u of mass,
momentum and energy are discretized by a finite volume scheme (11) and the pressure law
coefficients p by an upwind discretization (28) in non-conservative form. Nevertheless, we can
apply the grid adaptation to the conserved and non-conserved variables although two changes
have to be made to account for the extension to two-phase fluid flow and the non-conservative
discretization of the pressure law coefficients. These concern the threshold process and the flux
computation at hanging nodes.

Threshold process: Since the physical states in liquid and gas differ extremely in scale, it turned
out in our computations that we had to modify slightly the threshold process. In previous single-
phase computations, cf. [44], the details for each physical quantity were scaled by its maximum
in the entire computational domain. This has been useful to adjust the scales of the different
quantities; otherwise, different threshold values ¢ have to be used for different quantities that
usually differ by several orders of magnitude. In the present two-phase computations, this turned
out to be inadequate. Owing to the huge values in the liquid, the maximum for each quantity is
large and scaling by it would make the details corresponding to the gas phase very small and they
would be discarded in the threshold process. Hence, waves in the gas phase would not be properly
resolved. Therefore, we had to replace the global maximum by a local maximum where only the
cells in the stencil of the detail are taken into account.

Flux computation at hanging nodes: Another issue that had to be adjusted concerns the compu-
tation of the gradients in (28) at interfaces with hanging nodes. For the numerical fluxes in (11)
the strategy was unchanged. First, the numerical fluxes on the higher scale are computed by values
on the same refinement level. In case the neighboring cells correspond to higher or lower scales
the data are projected to the respective level by means of the multi-scale transformation. Then the
numerical flux on the coarser scale is the sum of all fluxes on higher scale by which the coarse
interface is composed. This is shown in Figure 4. This procedure is motivated by applying the
multiscale decomposition to the evolution equations (11). Then by the conservation property the
fluxes corresponding to internal fluxes cancel and only the fine-grid fluxes contribute to the edges
of the coarse-grid cells, see Figure 5. Similarly, we proceed with the evolution equations (28).
However, due to the non-conservative discretization, the gradients at the internal interfaces do not
cancel. Thus, neglecting these terms will introduce some additional error to the threshold error
resulting from higher refinement levels. Nevertheless, to add the fine-grid gradients corresponding
to a coarse-grid edge gives satisfactory results and the non-conservation error does not spoil the
overall accuracy of the computation.
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Figure 4. Flux evaluation at interface with hanging node: adaptive grid (left), virtually refined grid (right).

Figure 5. Flux computation: fine grid (left), cancellation due to conservation (middle), coarse grid (right).
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Figure 6. Synchronized time evolution on space—time grid.

3.4. Multilevel time stepping

Since the reference scheme (11) is assumed to use an explicit time discretization, the time step size
is bounded due to the CFL condition by the smallest cell in the grid. Hence, At is determined by the
highest refinement level L, i.e. At =1;. However, for cells on the coarser scales /=0, ..., L —1 we
may use Ar=1;=2L"1; to satisfy locally the CFL condition. In [48] a multilevel time stepping
strategy has been incorporated recently to the adaptive multiscale finite volume scheme that has been
extended to multi-dimensional problems in [49, 50]. Here ideas similar to the predictor—corrector
scheme [66] and the Adaptive Mesh Refinement technique [67,68] are used. The differences
between the classical approaches and the multilevel strategy are discussed in detail in [48].

The basic idea is to save flux evaluations where the local CFL condition allows a large time
step. The precise time evolution algorithm is schematically described by Figure 6: In a global
time stepping, i.e. using Az =1 for all cells, each vertical line section appearing in Figure 6 (left)
represents a flux evaluation and each horizontal line (dashed or solid) represents a cell update of u
due to the fluxes. In the multilevel time stepping, a flux evaluation is only performed at vertical line
sections that emanate from a point where at least one solid horizontal line section emanates from.
If a vertical line section emanates from a point, where two dashed horizontal sections emanate
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from, then we do not recompute the flux, but keep the flux value from the preceding vertical line
section. Hence fluxes are only computed for the vertical edges in Figure 6 (right).

Note that on each intermediate time level (horizontal lines) u is updated for all cells and that
grid adaptation is performed at each even intermediate time level, i.e. at t" + k1 for k even. Hence
it is possible to track, for instance, a shock movement on the intermediate time levels instead of
a priori refining the whole range of influence, see Figure 6 (right).

However, the update of u for the conserved quantities and the material coefficients makes it
necessary to modify the computation of the fluxes corresponding to a coarse cell at grid interface
points, i.e. a dashed and a drawn horizontal line emanate from this point. Here the non-conservative
fluxes for the material coefficients are not updated to account for the consistency condition (15),
whereas the conservative fluxes for the conserved quantities are updated by the new values on the
intermediate time level.

4. NUMERICAL RESULTS

We are interested in the numerical investigation of the collapse of a single gas bubble first far
away from and second next to a rigid wall, see Figure 7. The mathematical model is based on the
stiffened gas approach of Section 2 where the liquid phase is characterized by a stiffened gas law
and the gas phase by a perfect gas law, which can both be written in the form (5). The material
coefficients for the pure phases are listed in Table I.

The governing equations are the Euler equations (1) and the non-conservative transport equations
(10) for the pressure law coefficients. These are discretized by the finite volume scheme (11) and
the non-conservative upwind discretization (28). The efficiency of the numerical discretization is
significantly improved by the multiscale-based grid adaptation employing multilevel time stepping
as summarized in Section 3.3.

Before tackling the aforementioned collapse problems first some important aspects of the numer-
ical modeling are investigated, namely, accuracy, efficiency, reliability and robustness. Then we
consider the collapse of a gas-filled cylindrical bubble surrounded by water (2-D) to validate the
mathematical model and the collapse of a gas-filled cylindrical bubble next to a rigid wall (2-D)

Water

R_bubble

Rigid Wall

Figure 7. Bubble away (left) and next (right) to a rigid wall.

Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:591-631
DOI: 10.1002/fid



NUMERICAL SIMULATION OF A SINGLE BUBBLE 605
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Figure 8. Shock tube problem: initial configuration (left) and solution at some later instant (right).

Table II. Shock tube problem: initial and intermediate states.

State L State L* State R* State R
Units Liquid Liquid Gas Gas

0 kg/m3 1000 978.672 0.028728 0.026077
Ux m/s 0 32.998 32.998 0
p Pa 5e+4-07 2425.7 2425.7 2118
oc kg/m2 S 1.58193e+-06 1.44889¢ 406 9.87723 8.79338
T m3/kg 0.001 0.00102179 34.8092 38.348
Ma — 0 0.022288994 0.095975086 0
T K 283 247.86 294.2 283

where we are interested in the prediction of physical features that have been observed in the
experimental bubble research.

All computations have been performed using the code QuadConcept where we employ
multiscale-based grid adaptation. This solver is based on the implementation of the adaptive finite
volume solver originally developed for compressible single-phase fluids, cf. [42]. It has been
extended by the upwind discretization of the pressure law coefficients, see Section 3.2.

4.1. Two-phase Riemann problem

We consider a 1-D shock tube problem in a tube of infinite length where initially two states
corresponding to pure liquid (left) and gas (right) are separated by a diaphragm shown in Figure 8
(left).

The initial data corresponding to state L and R taken from [19, p. 41] are listed in Table II.
They are characterized by high pressure and density values in the liquid and low pressure and
density values in the gas where the temperature is chosen to be in equilibrium. These are, e.g.
characteristic for injection nozzles of diesel engines, cf. [69].

On instantaneously removing the membrane a fast expansion wave runs into the liquid phase
and a shock wave moves into the gas phase followed by the material interface, see Figure 8 (right).
The constant intermediate states are given in Table II. The velocities of the three waves are listed
in Table III. We note that the shock speed is only about 25 % of the velocity of the rarefaction
wave.

For this simple configuration we performed several computations. The purpose of these compu-
tations is twofold, namely, (i) to validate the implementation and the numerical discretization with
respect to accuracy, robustness and reliability and (ii) to investigate the effect of higher-order
reconstruction, grid adaptation and multilevel time stepping on the numerical results.
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Table III. Shock tube problem: wave speeds.

Ve =VR— —CR— vEw =VR+ —CR+ vew vSW
—1581.93 —1447.46 32.998 357.588

The computational domain is Q=[—2,0.5] and the final time is r=1.001984 x 1073s. The
coarse grid discretization consists of Ng=250 cells. The number of refinement levels is always
L =8. From this we infer that the (uniform) reference grid on level L is composed of Ny =12800
cells. We use a fixed time step size Ar=3.1312x 10735 for all time steps. It has been chosen
such that the CFL condition holds for CFL number 0.25 with respect to the initial data. Hence,
we perform n=32000 time steps. If not stated, otherwise, the threshold value is ¢ =0.0001 and
we use the second-order reconstruction of the primitive variables ¢, v and p. The computations
are performed employing multilevel time stepping.

Validation: In Figure 9 the numerical results and the exact solution are shown for the final time.
The exact solution of the Riemann problem was computed by the iterative solver of Colella and
Glaz [60]. We note that the numerical results are in good agreement with the exact solution except
for the temperature at the material interface. The problem on the temperature has already been
reported in [70].

Nevertheless, there are some deficiencies that become visible only if one zooms into the solution.
First consider the solution in the vicinity of the contact discontinuity shown in Figure 10. We
observe that the numerical discretization of the pressure law coefficients leads to a smearing of the
mass and volume fraction, see Figure 10(d) and (h), though the underlying mathematical model
in Section 2 is based on the assumption of immiscibility. This numerical mass diffusion causes an
overheating in the liquid and gas phase next to the material interface, see Figure 10(c). In addition,
we observe some effect due to the numerical mass diffusion on the Mach number in the gas phase,
see Figure 10(g).

Another deficiency can be observed in the liquid phase of Figure 12. In particular, consider
the pressure of Figure 12(a). For the second-order accurate scheme, we see an over-expansion
of the liquid with pressure falling below the analytical solution. In contrast, with the first-order
accurate scheme, the excessive numerical dissipation results in poor resolution of the position of
the contact.

Furthermore, we note that the position of the material interface, see Figure 10, and the position of
the shock wave, see Figure 11, differ slightly between the numerical results and the exact solution.
Most significant is the difference for the specific volume at the material interface displayed in
Figure 10(b). This is caused by the non-conservative discretization of the transport equations for
the pressure law coefficients. In return, we note that pressure and velocity are constant across the
material interface and no oscillations are introduced according to the construction of the upwind
discretization (28), see Figure 10(a) and (f).

Although there are some deficiencies, we want to emphasize that these effects are local and can
only be observed on very small scales.

Influence of thresholding, time stepping and reconstruction: Next we investigate the influence of
the higher-order reconstruction on the numerical results. For this purpose we performed computa-
tions using first-order and second-order reconstruction, respectively, and compared these with the
exact solution. As we may conclude from Figure 11 the shock wave is much sharper resolved for
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Figure 11. Solution of two-pase Riemann problem at time #=1.001984 x 103 s: shock. (a) pressure; (b)
specific volume; (c) temperature; (d) density; (e) velocity; and (f) Mach number.

second-order reconstruction. For first-order reconstruction it is significantly smeared. This is impor-
tant to note because we want particularly to investigate the behavior of a collapsing gas bubble.
For this purpose, it is important to accurately resolve the dynamics inside the bubble. For the
rarefaction wave in the liquid, the influence of the higher-order reconstruction is in general not as
severe as for the shock wave in the gas phase, see Figure 12. There are slight improvements at the
edges of the rarefaction fan. As already discussed above, the second-order reconstruction strongly
improves the solution between the rarefaction wave and the material interface, see Figure 12(a).
Furthermore, we note that the higher-order reconstruction also improves the solution at the material

interface, see Figure 10. Here again this does not hold true for the pressure, see Figure 10(a).
Owing to the strong smearing for the first-order scheme, the efficiency of the adaptive scheme is
significantly reduced. To show this we performed several computations for first- and second-order
Copyright © 2009 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2010; 62:591-631
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Table IV. Parameter study w.r.t. threshold value and reconstruction order in case of multilevel time stepping.

# cells adapt. grid/# cells ref. grid CPU adapt. scheme/CPU ref. scheme
£ First order Second order First order Second order
102 0.030 0.024 0.008 0.060
1073 0.056 0.032 0.002 0.013
10~4 0.098 0.047 0.054 0.020
1075 0.133 0.072 0.075 0.034
106 0.119 0.090 0.081 0.043

Table V. Parameter study w.r.t. threshold value and reconstruction order in case of global time stepping.

# cells adapt. grid/# cells ref. grid CPU adapt. scheme/CPU ref. scheme
& First order Second order First order Second order
1072 0.036 0.026 0.031 0.025
103 0.067 0.033 0.057 0.031
10~4 0.111 0.044 0.085 0.057
10=5 0.140 0.055 0.103 0.047
106 0.166 0.078 0.114 0.059

in which we vary the threshold value ¢. From Tables IV and V we conclude that the number of
cells is always higher for the first-order computation. With smaller threshold value ¢, the number of
grid cells is increasing but less rapidly for the second-order scheme. Therefore, the computational
times are always lower for these computations.

These observations hold true for global and multilevel time stepping. However, comparing the
results in Tables IV and V we note that the CPU time is always less for multilevel time stepping.
As has been observed in previous investigations, cf. [48], less numerical diffusion is introduced
because the number of time steps is reduced for the cells on coarser scales. In addition, thresholding
is performed less frequently on all scales reducing the threshold error introduced in each grid
adaptation step.

From the above discussion we finally conclude that grid adaptation, multilevel time stepping and
higher-order reconstruction significantly improve the efficiency and the accuracy of the solution.

4.2. Planar bubble collapse

Now we investigate the collapse of a gas-filled cylindrical bubble of infinite length embedded
in an infinite domain of liquid, see Figure 7 (left). Thus, we may consider a 2-D configuration
corresponding to a cross-section of the radial collapse of the cylindrical bubble of infinite length.
The initial states for the pure phases are the same as for the shock tube problem, see Table II. The
radius of the bubble is R =0.001 m. The center of the bubble is located in the origin x= (0, 0) of
the coordinate system.

For the numerical simulation we employ rotational symmetry and perform the computation only
in the domain Q=[0, 0.01] x [0, 0.01]. The coarse grid discretization consists of Ny=25 x 25 cells.
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Figure 13. Solution of planar bubble collapse at time #=7.26 x 10~%s: (a) Mach number; (b) pressure
(zoom); (c) density (zoom); (d) gas mass fraction; (e) temperature (zoom); and (f) Mach number (zoom).

The number of refinement levels is L =8. From this we infer that the (uniform) reference grid
on level L is composed of Ny =6400x 6400 cells. The time step size is determined after each
time step such that the CFL condition holds with CFL number 0.5. Performing n =230 macro
time steps with the coarse mesh time-step to=2%1;, this corresponds to a final time of about
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t=7.26x10"%s. The threshold value is ¢ =0.001 and we use the second-order reconstruction of
the primitive variables ¢, v and p. The computational domain is chosen 10 times larger than the
bubble radius to avoid unphysical reflections from the artificial boundary of the computational
domain. Since we are not interested in the expansion wave in the water phase, we do not perform
grid adaptation outside a domain of radius larger than 0.002 m, which is twice the value of the
initial radius of the bubble. This significantly reduces the number of cells in the far field without
spoiling the accuracy of the wave processes inside the gas bubble and interactions with the liquid
phase. The computations are performed employing multilevel time stepping. The CPU time was
about 22.22 h on a PC with an AMD processor Opteron 250.

The wave structure emanating at the phase boundary is the same as for the shock tube problem,
see Section 4.1, i.e. a very fast rarefaction wave runs into the water and a slower shock wave runs
into the gas, respectively. The phase boundary follows the shock wave first at low speed that leads
to a shrinking of the gas bubble. At the same time the shrinking is continuously accelerated and
causes compression waves in the bubble. To illustrate the dynamic behavior of the bubble collapse,
we extract for each macro time step the data along the x-axis and store them in one file. From this
we then visualize the flow along this axis in time, see Figure 13.

The shock wave focuses in the bubble center at time 2.65x 10~%s where it is reflected. The
average speed of the shock wave is about 377m/s. This is almost the sound speed corresponding
to the initial gas data, i.e. there has been no significant heating of the gas by the first inward
running shock, but during the shrinking process temperature increases.

The reflected shock wave runs toward the phase boundary. At time 4.27 x 10~%s, the shock wave
interacts with the phase boundary at radial position » =0.0006 m. From this we deduce an average
shock speed of 373m/s. Owing to the high difference in the acoustic impedance, see Table II
state L* and R, a weak shock is transmitted into the water phase whereas a stronger shock wave
is reflected and runs back again toward the bubble center, cf. [71, 72]. The bubble still continues
shrinking.

The processes of shock focusing and reflecting in the bubble center and the interaction of
the reflected shock wave with the phase boundary is repeating at least four times. Owing to the
shrinking process and compression by the shock waves, the gas is significantly heated. Finally
at time 6.67 x 10~%s the bubble reaches its minimal radius of about Rmin=23.93 x 10> m. Note
that due to the finite resolution of the discretization, not all effects can be resolved in detail. The
number of shock focusing processes depends on the initial bubble radius and the exterior pressure
in the liquid.

In Figure 13(a) the temporal variation of the Mach number distribution is shown. We note that
the phase boundary is accelerated from subsonic speed Ma=0.01, see Table II, to supersonic
speed Ma=1.22, i.e. vgas>555m/s. As can be deduced from the zoom in Figure 13, another shock
forms at the bubble in the instant of the largest acceleration and runs into the liquid. According to
Hanke, see [19, p. 41], this shock wave is caused by the strong acceleration of the phase boundary
that comes to rest when the bubble reaches its smallest radius and becomes accelerated later on
in the outward direction.

In Table VI we summarize the extremal data of certain physical quantities at the instant of
the bubble collapse. In many publications concerning bubbly liquids, the liquid is assumed to be
incompressible. At the instant of the bubble collapse we find that the pressure in the liquid is
1.09 x 10°Pa. At these high values the incompressibility assumption is no longer justified.

Since in our model the two phases are characterized by the volume and mass fraction, the
phases are not strictly separated. Owing to the numerical dissipation introduced by the underlying
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Table VI. Quasi-1-D bubble collapse: final states after collapse inside gas bubble.

Units Gas (2-D code) Gas (BUB)
Minimal radius Rmin m 3.93x107° 7.85x 1070
Maximal pressure Pmax Pa 1.09 x 10° 1.64x 10°
Maximal density Omax kg/m? 2.32x103 4.17x 10%
Maximal temperature Tax K 8.27x 103 1.36 x 103
Maximal velocity Umax m/s 2000 1012
Maximal Mach number Ma — 1.22 0.83

of bubble contour

finite volume discretization, the phases non-physically mix near the phase boundary causing some
numerical phase transition. As can be depicted from Figure 13(d), the numerical phase transition
zone is small in the bubble collapse process. However, when the bubble starts growing again, a
significant phase transition layer starts forming. This does not occur in the results by Hanke due
to the fitting of the phase boundary.

We emphasize that the above observations and conclusions are in agreement with the results
reported in [19] for the same configuration. However, there are differences in the mathematical
modeling and the numerical discretization. Hanke developed the finite volume code BUB for
spherical and cylindrical bubble collapse based on the Navier—Stokes equations using different
equations of state for the gas phase, e.g. perfect gas, van der Waals and others, [18, 19]. The
material interface separating the liquid and gas phase is fitted. Surface tension is taken into account.
In each subdomain the fluid equations are solved with viscosity and heat conduction taken into
account in the gas phase, but neglected in the liquid. The material interface is numerically treated
according to [73] using front tracking. Thereby mixing of the phases near the phase boundary is
suppressed. Note that the BUB code has been validated by the Gilmore equation in case of the
spherical bubble collapse. Therefore, it is reasonable to expect that this code also provides good
results for the cylindrical bubble collapse.

To validate the 2-D computations, we have performed computations with the quasi-1-D code
BUB using 200 cells in the gas and 800 cells in the liquid neglecting dissipative effects as well as
surface tension. In Figure 14 we compare the Mach number distribution for both computations. The
wave pattern is identical. However, the bubble collapse is faster in our 2-D computation due to the
higher acceleration of the interface after the first interaction with the shock wave, cf. Mapx=1.2
(2-D) and Mapmax=0.8 (BUB). This is due to the higher resolution of the gas phase by BUB,
which is fixed because the grid in the two phases is attached to the interface and the grid points
are redistributed after each time step. For our 2-D computation, the number of cells is significantly
reduced with shrinking bubble radius. Taking this into account, the results can be considered in a
qualitatively good agreement.

The lack of viscosity and heat conduction in the present paper may significantly affect the states
in the instant of shock focusing in the bubble center. According to the similarity solution derived
by Guderley [51] for spherical compression waves where viscosity is neglected, the pressure might
increase asymptotically to infinity. Owing to the finite resolution in the discretization, the pressure
will be bounded in the computation but it will further increase with higher resolution. Taking into
account viscosity, the pressure will stay bounded even with increasing resolution. This has been
confirmed numerically in [19].
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Figure 14. Solution of planar bubble collapse at time r=7.26 x 10~®s. Contour plot of the Mach number
(left: BUB, right: 2-D code). Dashed line: bubble center, s: shock wave, if: interface.

Since BUB is restricted to quasi-1-D problems, we cannot perform calculations for a bubble
next to a wall that is to be investigated next.

4.3. Planar bubble collapse next to a rigid wall

Finally we investigate the bubble collapse for initial conditions as in Section 4.2, see Table II, but
next to a rigid plane wall, see Figure 7 (right), i.e. the axis of the cylindrical bubble is parallel to
the rigid wall and again it is possible to consider a plane problem. The bubble radius is R=0.001m
and the bubble center is located at x=(3R/2, 0), i.e. the distance of the bubble center to the planar
wall (x=0) is d=3R/2.

The computational domain is determined by Q=[0,0.1] x[—0.05,0.05]. The coarse grid
discretization consists of Ny=25 x 25 cells. The number of refinement levels is L =8. From this
we infer that the (uniform) reference grid on level L is composed of Ny =6400 x 6400 cells.
The time step size is determined after each time step such that the CFL condition holds with
CFL number 0.5. Performing » =60 macro time steps with the coarse mesh time-step 7o, this
corresponds to a final time of about r=1.81x 107>s. The threshold value is ¢=0.001 and we
use the second-order reconstruction of the primitive variables ¢, v and p. To avoid unphysical
reflections from the boundary of the computational domain, it is set at a distance 100 times the
bubble radius away. Since we are not interested in the flow field far away from the wall, we do
not perform grid adaptation outside a radius larger than 0.002 m around the initial bubble center.
The CPU time was about 11.5h on a PC with an AMD processor Opteron 250.

The dynamics of the waves that develop in the fluid and their interaction with the wall
and the bubble interface can be deduced from the plots of the density gradient magnitude, see
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Figures 15 and 16. Owing to the different scales involved in the liquid and in the gas, these have to
be scaled logarithmically to show them simultaneously in one picture, i.e. we present log(1+|Vg|)
where the density gradient magnitude is shifted by one to account for vanishing gradients. Owing to
the waves and their interactions, the fluid is accelerated. This highly dynamic process is visualized
by integral curves of the velocity, i.e. snap shots of the particle path at one time instant where
the velocity vector is tangent to the curve, shown in Figures 16(a)—(r) corresponding to the same
times as for the density gradient magnitude. The figures for both quantities are superposed with
contour lines of the gas fraction to see how the phase interface is affected by the wave interaction
process.

First of all, we focus on the waves in the liquid, see Figure 15. In the early stage of the
computation the wave structure developing at the phase boundary is the same as for the bubble
collapse, see Section 4.2. An expansion wave R1 is running into the liquid, see Figure 15(a). Since
the bubble is located next to a rigid wall, the expansion wave R1 is reflected as an expansion wave
R2 at the wall, see Figure 15(b). Owing to the strong expansion of the liquid behind the wave R2,
the pressure drops below zero, i.e. a cavitation region forms. The reflected expansion wave R2
again is reflected at the phase boundary, see Figure 15(c). Owing to the low acoustic impedance
in the gas and the high acoustic impedance in the liquid, see [71,72], the reflected wave is a
compression wave, i.e. the phase is inverted. This procedure of reflection at the wall and at the
phase boundary is continued, see Figure 15(d)—(f), where the phase is maintained at the wall but
is inverted at the bubble.

To see the effect of the reflected expansion and compression waves on the gas phase inside
the bubble, we zoom into the gas bubble, see Figures 16(a)—(r). In the beginning, there is only a
shock wave S running toward the bubble center, see Figure 16(a). When the reflected expansion
wave R2 is interacting with the phase boundary, see Figure 16 (b), then it is partially reflected
into the liquid as discussed before and partially transmitted into the gas phase, see R3 and
T1 in Figure 16(c). We note that the waves are running faster in the liquid than in the gas
due to the higher sound speed in the liquid. Owing to the curvature of the bubble contour, the
transmitted waves in the gas are defracted, see Figures 16(c)—(e). Therefore the transmitted waves,
see for instance T1 in Figures 16(c)—(g), have the shape of a convex lens fixed at the phase
boundary, see Figure 16(c). With increasing time, the curvature of the lens becomes stronger, see
Figures 16(d) and (e), and, finally, the lens closes to a circle, see Figure 16(f). Then the circular
wave focuses inside the bubble at the symmetry line and is reflected, see Figure 16(g). Note
that by the transmitted waves the distribution inside the bubble becomes strongly heterogeneous
resulting in a pressure gradient of low pressure left to the bubble center and high pressure to the
right.

Simultaneously, the shock wave S is focusing in the bubble center, see Figure 16(d), and is
reflected there. The reflected shock wave RS1 is running in outward direction toward the bubble
interface, see Figures 16(e)—(g). The shock wave is interacting with the transmitted waves. Since
in the gas the difference of the acoustic impedance is small, these waves are transmitting without
causing reflection waves. Owing to the defraction of the expansion and compression waves, the
initially circular shock front flattens at the top and the bottom side and becomes wavy, see
Figure 16(g). The reflected shock wave RS1 is interacting with the bubble interface. Owing to
the high difference in the acoustic impedance in the two phases, it is being reflected there and
running inward again, see RS2 in Figure 16(h). This shock wave focuses and is reflected again
as shock wave RS3, see Figure 16(i). This process of shock focusing and shock reflection at the
phase boundary is continued. The details of this process cannot be presented here.
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Owing to the wave processes in the liquid and in the gas, the flow field is accelerated. The
dynamics of the acceleration can be depicted from the integral curves of the velocity presented in
Figure 16(a)—(r). Starting from a flow at rest, the flow field is accelerated toward the bubble center
when the expansion wave R1 and the shock wave S pass, see Figure 16(a). The velocity field is
rotational symmetric as long as the expansion wave R1 has not been reflected at the wall. The
reflection of wave R1 leads to a distortion of the symmetry. Behind the reflected expansion wave
R2, a low pressure regime develops that extends with increasing time into the far field. Therefore,
the liquid is accelerated in the direction of the symmetry line and near the wall it is moving almost
parallel to the wall. At the symmetry line the liquid is then deflected and directed toward the
gas bubble, see Figure 16(b)—(m). While the flow is deflected near the wall, the flow away from
the wall is directed toward the bubble center, see Figure 16(b) and (c). Inside the bubble the gas
is no longer moving toward the bubble center when the transmitted waves, see for instance T1,
pass but is deflected toward the symmetry line. When the shock wave S focuses in the bubble
center, see Figure 16(d), it is reflected there and the flow behind the reflected shock wave RS1 is
now accelerated in the outward direction, see Figure 16(e)—(g). However, this acceleration is not
sufficient to revert the flow direction due to the underlying velocity field caused by the inward
running shock S and due to the pressure gradient caused by the transmitted expansion waves as
discussed above. Therefore, the gas in the right part of the bubble is still moving inward. On the
other hand, behind the transmitted waves, see for instance T1, the gas is accelerated toward the
bubble center, see Figure 16(d). Owing to the strong acceleration of the gas behind the reflected
shock wave RS1, the gas behind the transmitted waves is repelled, see Figure 16(e)—(g). A front
is forming where the gas from both sides is deflected toward the symmetry line where the integral
curves of the velocity coincide in a stagnation point. Since the gas is more rapidly accelerated at
the right side of the deflection front than at the left side, the stagnation point is moving toward the
wall, see Figure 16(h)—(k). Owing to the ongoing process of shock wave focusing in the bubble
and shock reflection at the phase boundary, the underlying flow field is further accelerated without
changing the overall flow direction in the regions left and right from the deflection front. However,
the flow attached to this front changes its direction. In the beginning, the attached flow is directed
toward the stagnation point, see Figure 16(f)—(j), whereas it is moving away from the stagnation
point in the outward direction at some later time, see Figure 16(k). This phenomenon could be
associated with the so-called counter jet sometimes observed in experiments. Since the gas is more
rapidly accelerated to the right of the deflection front than to the left, a velocity gradient develops
across the front. Owing to this velocity gradient, two vortices are forming inside the gas bubble
above and below the symmetry line, rotating clockwise and counter-clockwise, respectively, see
Figure 16(j)—(m). The rotation of the vortices causes the gas to concentrate in the center of the
vortices. This results in a high compression of the gas. In the core of the vortices, we compute a
pressure of about 300 bar, a density of about 250kg/m> and a temperature of about 600 K. When
the gas mass is concentrating in the core of the vortices, the gas bubble splits into two parts
and a liquid jet is forming, see Figure 16(m) and (n). This jet is directed toward the wall due to
the clockwise and counter-clockwise rotation of the vortices above and below the symmetry line,
respectively, see Figure 16(m). The two gas bubbles cause a bottleneck for the liquid due to the
high density of the gas. Therefore, the liquid is accelerated toward the wall through this orifice, see
Figure 17. The maximal speed of about 900m/s is reached at time £ =9.07 x 10~%5s, see Figure 17(b),
at the symmetry line between the two vortices. This value corresponds to a Mach number of 1.6. At
this instant, the gas is at rest in the center of the vortices whereas the velocity is about 300 m/s directed
away from the wall at the furthest point of the bubble contours from the symmetry line.
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(b) 1=9.07x107s; and (c) =9.33x 1075
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When the liquid is accelerated through the orifice, the pressure is increasing before the bottleneck
resulting in a high pressure region of about 2400 bar, see Figure 17(a). Since the liquid is expanding
behind the orifice, the high pressure region is squeezed through this bottleneck and shot like a
projectile toward the wall where it hits at high pressure, about 5 times that of the undisturbed
liquid, see Figure 17(a)—(c). The impact of the high pressure might be the cause of material damage
as has been observed in experiments, cf. [3, 6, 7].

When the liquid jet hits the wall, another stage in the bubble collapse begins. The water
supplied by the jet is deflected to both sides of the symmetry axis due to the resistance of the
wall. Since this liquid is moving at higher speed than the liquid supplied from the undisturbed
flow, it represses the latter, see Figure 16(n). Because of this process the two vortices and,
attached to them, the gas bubbles start to move toward the wall where they are deflected in
the upward and downward direction, see Figure 16(o)—(r). If the high temperature gas bubbles
came into contact to the wall, it may cause some material damage. However, in our computations
the gas bubbles are surrounded by a phase transition zone where the temperature is decreasing
significantly.

We conclude the numerical investigation by some comments on the phase interface. Owing
to the stiffened gas model, the phase boundary is not necessarily a sharp discontinuity but may
become diffusive. In the beginning, the interface is slightly accelerated by the shock wave S
resulting in a slow shrinking process of the gas bubble, see Figure 16(a)—(g). When the shock
wave RS2 is reflected at the phase interface, the phase boundary is significantly accelerated, see
Figure 16(h) and (i). Owing to the inertia of the liquid, a phase transition zone develops filled
with a mixture of gas and liquid, see Figure 16(j)—(r). By the vortices forming inside the gas
bubble, the pure gas is transported to the core of these vortices. In Figure 16(k) and (1) we see that
the gas fraction contour corresponding to pure gas starts bulging and is finally penetrated by the
gas—liquid mixture, see Figure 16(m). In the end, only two bubbles filled with pure gas remain, see
Figure 16(n)—(1).

Finally, we discuss the simulation setup and the numerical results in the context of experimental
bubble research with laser-produced cavitation bubbles, cf. [12—14], because the results display
several phenomena discussed in these papers. However, note that a direct comparison with the
experimental results is not possible, because (i) initial data of the gas state just after forming
of the cavitation bubble by the laser pulse can be hardly measured and (ii) the computations
are performed for a cylindrical bubble instead of a spherical bubble usually investigated in the
experiments.

The experimental results are typically classified by means of the dimensionless param-
eter Y=d/R where d is the distance of the bubble center to the wall and R the maximum
bubble radius, cf. [12]. In [13] it has been found experimentally for y>1.5 that the liquid
jet does not reach the solid wall and shock waves are assumed to contribute the bulk of the
damage to the wall. For 7<1.5, the jet does reach the wall and, in addition, contributes to the
damage.

For the configuration at hand it turns out that 7=1.5. Therefore, the simulation lies in the
uncertain grey area between these regions of the parameter. The results suggest that the liquid jet
does indeed reach the wall, but the reason for this happening is not entirely clear. The assumptions,
in particular neglecting gravity, may affect whether the jet reaches the wall or not.

Another phenomenon associated with 1<y<3 is the counter jet, cf. [12, 14]. The numerical
results show some outward directed flow, see Figure 16(k) onward that might be related to this
physical feature.
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5. CONCLUSION

The stiffened gas model of Saurel and Abgrall [11] has been successfully extended to a higher-
order scheme on locally refined grids. Multiscale-based grid adaptation techniques [42,43] have
been employed to improve the efficiency of the scheme. This allows for a locally high resolution
that is needed to resolve accurately the local physical effects in the bubble collapse process. Since
this process is highly dynamical, the time discretization is explicit. Therefore, the CFL condition
is very restrictive because of the small cells used in the high refinement levels. For the cells on the
coarser discretization levels, we use a multilevel time stepping strategy that allows for larger time
steps on coarser scales. This has been recently developed in combination with the multiscale-grid
adaptation, cf. [48—50]. This strategy had to be modified taking into account the non-conservative
upwind discretization of the evolution equations for the material parameters.

The accuracy and the efficiency of the resulting adaptive scheme has been validated by means
of a two-phase Riemann problem. It turned out that the accuracy is significantly improved by the
second-order reconstruction in comparison with the original scheme of Saurel and Abgrall that is
of first order only. In addition, the CPU time as well as the memory resources are tremendously
reduced because of the grid adaptation and the multilevel time stepping strategy. However, the non-
conservative discretization of the evolution equations for the material parameters results in some
slight deviation of the shock position from the exact position. Moreover, an additional temperature
jump can be observed in the numerically smeared contact discontinuity. For inviscid computations,
this has no effect on the computation, but for computations including viscosity it might become
significant if the viscosity coefficient is temperature dependent.

The scheme has then been applied to investigate the collapse of a free planar gas bubble at low
pressure and density surrounded by water at high density and pressure. A shock wave runs inside
the gas bubble between bubble center and phase boundary where it is focused and reflected several
times. By this process the gas undergoes a strong compression resulting in a significant heating. The
phase boundary is accelerated toward the bubble center where it collapses and reaches a minimal
radius that is about 25 times smaller than the original bubble radius. In the instant of the collapse a
shock wave runs into the water that results in a significant compression of the liquid. At these high
values the incompressibility assumption is no longer justified. Owing to the compression inside
the bubble, density, pressure and temperature increase by several orders of magnitude. For more
realistic values, the gas should be modeled by a real gas equation of state rather than the perfect
gas law. We emphasize that these observations and conclusions are in agreement with the results
reported in [18, 19] for the same configuration but performing quasi-1-D computations exploiting
spherical symmetry.

Finally we investigated the bubble collapse next to a rigid wall. The dynamics of the resulting
flow field can be separated into three stages. In a first stage, a low pressure regime is developing
between the wall and the gas bubble. This is caused by expansion and compression waves running
between the wall and the bubble where they are reflected. Owing to the low acoustic impedance
in the gas and the high acoustic impedance in the liquid, the phase is inverted when the wave is
reflected at the bubble contour, but it remains unchanged when it is reflected at the wall. At the same
time, a shock wave runs inside the bubble toward the bubble center. Owing to transmitted expansion
and compression waves at the interface, the pressure distribution also becomes asymmetric inside
the bubble. When the shock wave focuses in the bubble center, a second stage starts where a
liquid jet forms that penetrates the bubble at the symmetry line and is directed toward the wall.
This process is caused by the formation of two vortices inside the gas bubble, which cause the
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gas to concentrate in two almost rotational symmetric gas bubbles above and below the symmetry
axis. The small distance between the two vortices causes a bottleneck for the liquid that acts as a
nozzle in which the liquid is significantly accelerated. In front of this bottleneck, a high pressure
zone forms in the liquid where the pressure is about 5 times higher than in the undisturbed liquid.
This high pressure liquid is then squeezed through the bottleneck and directed toward the wall
where it hits with high pressure. The impact of the high pressure might be the cause of material
damage, but an analysis of this would require solution of a coupled fluid—structure problem with
appropriate modeling of elastic—plastic stress waves in the solid wall, see [25, 74]. In experiments
[13] it has been found that the jet impact contributes to the damage. In case the jet does not reach
the wall, shock waves contribute the bulk of the damage to the wall. However, for the investigated
configuration choosing 7=1.5, it is not clear whether the jet should reach the wall or not. When
the jet hits the wall, the third stage of the flow process starts. The liquid supplied by the jet is
deflected at the wall on both sides of the symmetry axis and pushes away the water supplied from
the free stream from above and below. In the wake of the jet, the system of the split bubbles and
the vortices start moving toward the wall where they are deflected up and down the symmetry
axis.

The numerical investigation clearly indicates that the bubble splitting and the formation of
the liquid jet is essentially caused by the acceleration of the gas inside the bubble due to the
shock wave focusing in the center and its reflection at the phase interface as well as its inter-
action with the transmitted compression and expansion waves. Therefore, the frequently made
assumption of a homogeneous state inside the gas bubble can no longer be considered to be
admissible.

So far viscosity and heat conduction as well as surface tension have not been taken into account.
These might affect the processes of bubble collapse, jet formation and bubble splitting. Furthermore,
the phase boundary is diffusive due to the modeling of the two-phase fluid by a single compressible
medium. It would be interesting to compare the results with sharp interface model using level set
methods, cf. [75]. This, in particular, would allow us to use different models for the gas and the
liquid, respectively. For this purpose, we currently are performing numerical investigations of the
laser-induced cavitation bubbles by means of 1-D rotational symmetric flows where we compare
the stiffened gas approach with the real ghost fluid method [10].

The ultimate goal of our future work will be the investigation of the fully 3-D bubble collapse.
As can be observed in experiments with laser-induced cavitation bubbles [12—14], the flow field can
be assumed to be rotationally symmetric in the first bubble collapse. However, in the rebound the
bubble shape becomes asymmetric due to instabilities. Therefore, rotationally symmetric compu-
tations can only be an intermediate step. Finally, there must be fully 3-D computations that require
a parallelized implementation of the numerical methods.
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