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Figure 4.31: Wobbling bubble, Eo = 10 and M = 9.78 x 10~3. Time evolution of vortex shedding.
Iso-q = 5000.

Figure 4.32: Wobbling bubble, Eo = 10 and M = 9.78 x 10~3. Example of grid adaptation based
on the vorticity gradient.

set to Ap = 100. The following physical parameters were used: ¢ = 0.0034m, o = 0.01N/m,
pc = 1000kg /m>, uc = 0.0018Pa - s and g = 9.81m/s? in the -z-direction. The Eulerian domain

was set to (8¢ x 8¢ x 80¢ )m and six levels of refinement were used.

The pulsing behaviour of the bubble leads to the formation of Kelvin-Helmholtz instabilities
in a symmetric varicose mode (LESIEUR, 2008), which is rarely found in nature as well as in
numerical simulations. As these instabilities are transported downstream of the bubble, another

unstable mode can be identified in the azimuthal direction, as can be seen in Fig. (4.34), which
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Figure 4.33: Wobbling bubble, Eo = 10 and M = 9.78 x 103, Velocity field inside the bubble.
Planes warped by the velocity vector.
shows an iso-surface of the Q-criterion Q = 5000, coloured by the vorticity magnitude. These

instabilities give rise to the known hairpin instabilities as shown by the fourth ring downward of

the bubble.

Figure (4.35) shows the vortex shedding within a small time interval. The green surfaces
show toroidal vortices identified by the Q-criterion with Q = 5000, while blue and red surfaces
show counter-rotating longitudinal vortices with the z-component of the vorticity. In this case,
wz = +50 is shown. These counter rotating eddies are non linearly induced by azimuthal modes
of the Kelvin-Helmholtz instabilities. The bubble shape at the same time instants is shown at the
bottom of the same figure. The pulsing behaviour of this bubble movement is shown in this figure.
The varicose instabilities highlighted in the present work are attributed to these pulsations, since

they are extremely difficult to sustain experimentally.

The high level of physical details captured by the present simulations enhances the potential
of the AMR methodology implemented in the computational code of the present work. This kind
of result has a high scientific value for explaining and understanding the process of transition to

turbulence in the wakes generated by bubbles in two phase flows.

Figure (4.36) shows unstable modes also inside the bubble. It can be seen that these modes
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Figure 4.34: Wobbling. Eo = 3.6, M = 2.5 x 10~!!. Q-criterion = 5000 and streamlines. Colour
by vorticity.
are in phase with the modes shown in the Kelvin-Helmholtz instabilities shown in Fig. (4.38), as

well as with longitudinal, counter-rotating vortices shown in this same figure.

A comparative analysis between Figures (4.35) and (4.32) yields an interesting interpre-
tation: Notice that the bubble in Fig. (4.35) pulses, but it is not inclined with relation to the
z-direction. Figure (4.32), on the other hand, rotates around the y-axis (the axis orthogonal to the
cutting plane). As a result, the vortex shedding by the bubble in Fig. (4.35) occurs in the varicose
mode, which remains stable while the bubble path remains rectilinear. Fig. (4.32), on the other
hand, clearly shows a sinuous mode, instead of varicose, owing to the oscillating bubble path. This
kind of result is delivered by what is currently called numerical experimentation. Allied to the
laboratory experimentation, this methodology gradually leads to a better understanding of nature

and, as a consequence, to control and reproduce natural phenomena.
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Figure 4.35: Wobbling. Eo = 3.6, M = 2.5 x 10~ Top: Q-criterion Q = 5000 in green, z-
vorticity in red @z = +50 and blue wz = —50. Bottom: bubble shape at the respective time
instants.

4.2.5 Computational cost of the algorithm

In order to obtain an estimate of the computational cost of the present algorithm, the time
spent on each part of the computer code developed in this work was measured during the simulation
of the spiral path bubble presented previously. An amount of 5000 time steps were simulated in
an Intel Core™i7 PC, 2.4 GHz, with 16 GBRAM 1333MHz running openSUSE Linux 12.1. The
time consumption was measured with the Fortran intrinsic cpu_time (ADAMS et al., 2009) before

and after executing each task. On average, each time step required 121 s of simulation.
The tasks were divided into seven groups, described in Table (4.13).

The first measure taken was the overall time consumed on each task, taking into account the
whole simulation. The result is shown in Fig. (4.39). As expected, the most expensive groups

were those which are executed at every time step. Notice, however, that although the Eulerian
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Figure 4.36: Wobbling. Eo = 3.6, M = 2.5 x 107!, Iso surfaces of the z-component of the
vorticity. Red=+50, blue = -50.

Table 4.13: Tasks executed at each time step during the simulation, grouped according to the
purpose.
Task Description Frequency

pressure equation solver, pressure correction
equation and ghost filling operations
velocity equation solver, velocity update
equation and ghost filling operations
regriding operation, data transfer from the new
AMR grid hierarchy and projection of the velocity periodically
field in the new grid onto the divergence-free space
surface advection, volume recovery, TSUR3D, surface
Lagrangian  remesh, indicator function, data transfer between every time step
AMR3D and GTS data structures (in both directions)
Data writing using HDF5 and legacy-vtk

Pressure every time step

Velocity every time step

Post-Proc . . periodically
file formats for post processing operations
Restart Data Data writing for eventual restart of the case periodically
calculating the new time step, density and .
: e every time step
Others viscosity distribution

remesh occurs only periodically, it demands approximately the same amount of time as the group
related to the velocity solver. The output operations include writing files for post processing (ve-
locity, pressure, density and Lagrangian interface) and also for eventual restart of the case being

simulated. While the post processing files contain only data for the velocity, pressure, density and
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Figure 4.37: Time evolution of the vortex shedding behind the bubble, showing the varicose mode.
Left: Iso-surfaces of the vorticity magnitude. Center: Iso-surface of the Q-criterion. Right: bubble
shape.
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Figure 4.38: Time evolution of the vortex shedding behind the bubble, showing the varicose mode
(cont.).

Lagrangian interface at a given time step, the restart files are much more detailed. Data for the last

three time steps are written for all physical variables present in the algorithm: velocity, pressure,
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density, viscosity and the Lagrangian interface. In the present case, these data were written at every
50 time steps. Nevertheless, Fig. (4.39) shows that less than 0.1% of the total simulation time is

spent on these tasks.

amr

others

lag

e restart
6.296%

75.930% vel

pressure

Figure 4.39: Overall time cost of each task group, when taking into account the entire simula-
tion. Pressure: 75.930%; velocity: 6.296%; writing restart files: 0.006%; Lagrangian operations:
12.468%, AMR operations: 5.145%, writing output for post-processing:0.005%, others: 0.069%.

Figure (4.40) shows the time consumption only when the Eulerian remesh occurs. Notice
that, at these specific time steps, most part of the time is spent on AMR-related tasks. As shown in
Table (4.13), this group encompasses the tasks for regriding the Eulerian domain, transferring the
information from the old mesh to the new one and performing the projection of the velocity field
in order to make it solenoidal. Although not reported in the charts, the projection step consumes

99.9% of the time necessary for this task.

The Eulerian remesh is performed under two independent conditions:

1. The Lagrangian interface, which must be completely contained inside the finest level, is less

than three cells away from the boundary of this level.

2. The user specifies an interval measured in number of time steps at the end of which the
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Eulerian domain will be remeshed.

While the first condition is controlled only by the flow, the second one is specified by the

user. In this work, remeshing was forced at every 100 time steps.

amr

others
lag

restart
vel

17.191%

pressure

Figure 4.40: Time cost of each task group, when taking into account only the time steps in which
the Eulerian domain was remeshed. Pressure: 17.191%; velocity: 1.500%; writing restart files:
0.633%; Lagrangian operations: 2.933%, AMR operations: 77.692%, writing output for post-
processing:0.034%, others: 0.017%.

Finally, Figure (4.41) shows, for the entire simulation, the time spent while executing the
Lagrangian operations. The three most expensive tasks in this group are remeshing, the calcuation
of the Indicator Function and the spread of the interface force on the Eulerian grid. The geometry
correction tools, VRA (Volume Recovery Algorithm) and TSUR-3D, demand little time to run,
especially VRA, which is executed only if a threshold tolerance is crossed. The task gts_amr3d
is responsible for transferring the GTS data to the AMR3D structure, using the C-Fortran inter-
face described in section B.2.1. This shows that the only significant overhead generated by such
approach is related to memory. Also, the process of assembling the lagrangian maps demands
an amount of time which is comparable to the advection of the Lagrangian mesh. However, the

elapsed time during the interpolation of the Eulerian velocity field, which is based on the La-



110

grangian maps, is negligible.

remesh

tsur3d

adv
gts_amr3d
Iag_map lag_force
vel_interp

cpt

Figure 4.41: Time cost of each task of the Lagrangian group, when taking into account the entire
simulation. Surface remesh: 39.986%, transferring information from IB-GTS to AMR3D:2.511;
Lagrangian maps: 7.214%, Velocity Interpolation: 0.000%, spreading the interface force on the
Eulerian grid: 18.110%, TSUR3D: 3.733%, volume recovery algorithm: 0.980%.



CHAPTER YV

Concluding remarks and perspectives

A fully adaptive front-tracking method was presented in this thesis, aiming at the simulation
of three-dimensional bubbly flows. The implementation was performed using an in-house built,
previously existing framework for the discretization and solution of the Navier-Stokes equations
allowing, therefore, that the main focus of this thesis was kept on the implementation of the sup-
porting tools for the Lagrangian framework. In this sense, the GTS library proved to be a very
useful tool, since it provided a complete data structure, along with supporting functions for data

access, remeshing tools and data output.

The use of an adaptive mesh refinement strategy for the solution of the Navier-Stokes equa-
tions enables local detailing of the flow, focusing the grid refinement where it is needed. In fact, a
serial algorithm based on uniform grids would be unfeasible if the same grid resolution should be
attainned. Although the characteristic length of the Lagrangian mesh must be kept constant, the
Lagrangian remesh can also be seen as a kind of adaptive strategy, since it sweeps the surface mesh

coarsening regions in which the mesh is too refined and refining regions which are too coarse.

Regarding the Lagrangian tools, the remeshing algorithm provided by the GTS library was
very useful, since it intrinsically preserves the geometry shape and dimensions, therefore preserv-
ing the geometry volume. However, since the interpolation function employed is non-conservative,

as demonstrated by the shear flow test, an additional volume recovery algorithm was necessary.
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Also, cases simulated during the sensitivity analysis showed the presence of non-physical undu-
lations, a phenomena also reported by other authors (ANNALAND; DEEN; KUIPERS, 2006),
(SOUSA et al., 2004). In this sense, the TSUR-3D algorithm yielded good results on preventing

such phenomena while still preserving the bubble shape.

As for the density ratio, it has shown little influence on the rise of bubbles at low Reynolds
numbers. However, as the Reynolds number increases, its influence grows and interferes on the

bubble path, even preventing the transition to an oscilating path in the case of wobbling bubbles.

Regarding the low Reynolds simulations, the terminal bubble shape and Reynolds number
were in good agreement when compared to the experimental references. The errors shown in cases

simulating skirted bubbles can be attributed to the skirt width at the terminal regime.

The initial bubble shape led to two different behaviours in low and high Re flows. While in
the first case all bubbles converged to the same terminal shape and Re number, flows at moderate
Re have shown to be very sensitive to the initial bubble shape, leading to toroidal bubbles as the

initial bubble aspect increased.

Finally, two cases were simulated for bubbles in the wobbling regime. In the first case,
the bubble initally described a zigzag path as reported in the reference work (STENE, 2010).
However, using a simulation time larger than the reference work enabled the bubble path to change
from zigzag to spiral and then achieve a steady state unther this trajectory. In the second case, the
bubble ascended describing an almost linear path. The bubble shape oscilated following a pulsatile

pattern, and the vortex shedding followed a varicose mode.

The computational framework implemented in the present work consists in the first step
for the development of a computational tool for performing numerical experimentation on bubbly
flows. While it provides invaluable tools for studying the rise of a single bubble in various flow
regimes, some cases still cannot be simulated, due to the lack of a tool providing support for bubble
fragmentation. At the present stage, the simulations must be halted when the bubble would start

the breakup process.

Such tools are not out of sight at all. The Boolean support supplied by GTS has shown to be

a viable tool, even if not the most efficient one, in order to develop such functionality. Also, besides
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the embryonic algorithm presented in section A, GTS also provides function for triangulating an
iso-surface. Since the indicator function supplies a distance field, it can be used in order to track
the breakup site based on the idea that the interpolation and spreading functions require a compact
support. The grid spacing is known and also is the minimum number of cells which must be
inside the bubble at a given location so that interpolation operations can be done. Therefore, by
specifying an iso-value equal to the delta support, the iso-surface triangulation algorithm turns into

an automatic tool for finding the breakup site.

Obviously, providing a fragmentation tool automatically requires the ability to handle mul-
tiple bubbles, and also the companion ability to perform bubble coalescence. While the algorithm
provided in section A can be used, an approach similar to the one proposed for fragmentation also
is possible. However, it must be noted that geometrically speaking, both phenomena could be

equivalent if a single scalar field were used for more than one bubble.

The simulation of multiple bubbles is possible at the current stage of the computational code,
as long as the flow regime prevents the bubble from coalescing. This case is shown in Fig (C.1),
which illustrates a simulation replicating the results obtained by Unverdi and Tryggvason (1992).
Two bubbles with different diameters are released. The larger bubble is initially below the smaller
one, but it is accelerated toward it by its superior buoyancy force. The small bubble is then pushed

asside by the larger bubble while both rise without touching each other.

Another crucial step for the long term perspective is the need for a parallel framework in
order to implement the above mentioned tools. In this sense, a parallel version of the AMR3D
code is under development as part of a Ph.D. thesis in this research group. As for the Lagrangian
tools, a parallel natively parallel framework is under development in cooperation with Imperial
College London, which at its current stage provides the complete data structure for representing
a surface via a triangular mesh. The library, called MFTL (for MultiFlow Triangulation Library)
and created by prof. Berend van Wachem, has support for accessing any entity of the mesh and its

neighbours, whether they are located at the same processor or not.
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APPENDIX A - Computational Geometry tools

This section presents some preliminary studies about using GTS tools to implement ad hoc
coalescence and fragmentation algorithms. The studies were carried out in a preliminary stage of
this project, in order to assess the ability of the GTS library on providing all the necessary tools

for the geometry support of the front-tracking algorithm.

A.1 Coalescence

A coalescence algorithm was developed using the tools provided by GTS for performing
boolean operations like intersection, union and difference between surfaces. The algorithm is
based on the idea of forcing the intersection between two surfaces and then moving them back to
their original positions, creating an intersection. This intersection generates new vertices, edges
and elements in the region Then, both surfaces are taken back to their original position, but the
vertices generated by the intersection operation do not move. This generates a connection between
both surfaces, performing therefore the coalescence between them. Notice, however, that the mesh
in this new region is anything but good, and a remeshing operation is necessary. Algorithm (3) and

Fig. (A.1) illustrates it graphically.

Besides physical criteria required for the coalescence to occur, it is necessary to monitor the
distance between surfaces. This is done using the kd-tree structure provided by GTS, which yields
an efficient, hierarchical way of computing the minimal distance between the two surfaces. An
example of the coupling between these two algorithms is shown in Figs. (A.2) and (A.3). Figure
(A.2) shows a sphere approaching a dimpled hemisphere and stopping when the surfaces touch
each other. The merging algorithm is then applied and the result is shown in Fig. (A.3). These

figures show the result of the merging operation, before the application of the remeshing algorithm.



120

Algorithm 3 Surface coalescence by forced intersection
Input:

*Two surfaces S| and S,

*d distance between S; and S5.

1.Find P, € §1, P, € S5, at the smaller distance line between S; and S»
2.Compute v = P P».
3.Compute vi =0.5%xv+ o and vp = —vy, o0 > 0.
4.Move S according to vy and S according to v;, forcing intersection
5.Find the nodes located along the intersection line of S; and S5.

6.Move S1 and S back to their initial position, all nodes but those located at the intersection
line.

7.Perform the Boolean union of S§; and S;




121

1
<

Figure A.1: The coalescence algorithm applied to two spheres. The main sequence of the algorithm
is explained in the second row of the figure: the intersection between the two spheres is forced
(left), then the irrelevant part of the intersection is dismissed (center) and the surfaces are taken
back to their original positions, except for the vertices generated by the intersection process (right).
The image on the bottom shows the necking region created by the process, overlapped with the
initial stage of the algorithm.

Figure A.2: Identifying the collision of two surfaces. Only a cut of the dimpled hemisphere is
showed.
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A.2 Fragmentation

A naive fragmentation algorithm was also developed for the specific situation of bubble
pintching, as illustrated in Fig. (A.4). The algorithm searches fore the smallest cross section
in the surface and then splits the geometry into two surfaces at this region. The search for the
smallest cross section is based on the underlying Eulerian grid. Since the front-tracking algorithm
introduces a numerical thickness for the interface in order to mitigate the discontinuity effects,
the minimum number of Eulerian cells which must be inside the surface is known. Therefore,
the breakup site will be the region in which this constraint is not respected. This procedure is

summarized in the algorithm 4, which is illustrated in Fig. (A.5).

nitrogen gas
(internal fluid)

corn syrup
(external fluid)

Nozzle

Figure A.4: An example of bubble necking in an experimental setup used for launching bubbles
inside a tank filled with liquid (BURTON; WALDREP; TABOREK, 2005).
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Algorithm 4 Surface breakup
Input:

*S7: surface under breakup
*[x1,¥1,21], [x2,)2,22]: Bounding box of the Eulerian mesh covering S}

*dx: characteristic length of the Eulerian mesh

1.Identify the patches in the finest level surrounding S

2.Build a connectivity relationship for the grid points of patches identified in 1
3.Find the regions where Eulerian points have the smallest number of neighbours
4 Find the triangles located at these regions

5.Identify the free vertices of these elements

6.Split these vertices into two groups, G| and G,

7.Calculate the centroid of each group, C; and C;

8.n = C|(C; defines the intersection plane.

9.Calculate the intersection between n and S;

& "'

l.!!l...

Figure A.5: Breakup algorithm. The necking region (top left) is identified by number of Eulerian
cells inside the surface (top center) and the respective surface elements are identified (top right).
The centroid of the open ends of this region (bottom left) are used for computing the normal
defining the cutting plane (bottom center) and the surface is then split (bottom right).
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APPENDIX B - Computational Aspects

B.1 GTS - GNU Triangulated Library

GNU Triangulated Library, or GTS, is a computational library which provides a complete
data structure for representing a surface geometry with non-structured, triangulated meshes. The
library provides support functions for iterating over the geometric entities (vertices, edges and
faces), as well as remeshing functionalities, boolean operations and object location with kd-trees

and binary trees.

The implementation is made in C and the data structure resembles an object oriented frame-
work. Its design is based on the GTK+ architecture and Glib provides all supporting containers
which are not strictly geometry-related, such as linked lists, hash tables etc. In order to keep the
library as generic as possible, no special attribute, such as colour, temperature, etc., is included.
However, the inheritance structure implemented allows the user to create new data types to meet

specific needs and which are still fully integrated with GTS (POPINET, 2000).

There are seven fundamental data types in GTS: GtsPoint, GtsSegment, GtsTriangle,
GtsVertex, GtsEdge, GtsFace and GtsSurface. Figure (B.1) shows the three basic types, named
geometric types, which are related to the geometric representation of the object. Figure (B.2)
shows the types used for defining the mesh and storing information about connectivity and Fig.
(B.3) shows the definition of GtsSurface. The most fundamental structure is GtsPoint, which
just stores the coordinates of each point in the mesh. The remaining structures are all linked in

some way.

There is an equivalence between the geometric and topology structures. GtsPoint and

GtsVertex represent a point, GtsSegment and GtsEdge represent an edge and GtsTriangle
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typedef struct { typedef struct { typedef struct {
GtsObject object; GtsObject object; GtsObject object;
gdouble x,y,z; GtsVertex *vi; GtsEdge *el;
}GtsPoint; GtsVertex *v2; GtsEdge *e2;
}GtsSegment ; GtsEdge *e3;
}GtsTriangle;

Figure B.1: Geometric data types in GTS.

typedef struct { typedef struct { typedef struct {
GtsPoint p; GtsSegment segment; GtsTriangle triangle;
GSList *segments; GSList *triangles; GSList *surfaces;
}GtsVertex; }GtsEdge; }GtsFace;

Figure B.2: Mesh-related data types in GTS.

and GtsFace represent an area element. Using two GtsVertex objects to store its coordinates
grants a GtsSegment object easy access to its neighbours. The same applies to the definition of
GtsTriangle. Instead of storing its vertices, GtsTriangle stores the edges that define it. The
edges are defined in the GtsEdge data structure and, similarly to GtsVertex, GtsEdge stores the
list of GtsTriangle objects that share a given edge. This information is especially useful for
determining whether a surface is open or closed, since in open surfaces the edges on the surface
boundaries will be referenced by only one triangle. Finally, a GtsFace object is composed by a
GtsTriangle object and a list of GtsSurface object that share it, while the struct GtsSurface

stores the entire surface by storing its faces. Figure (B.4) shows these relationships graphically.

typedef struct {
GtsObject object;
#ifdef USE_SURFACE_BTREE
GTree *faces;
#else
GHashTable *faces;
#endif
GtsFaceClass *face_class;
GtsEdgeClass *edge_class;
GtsVertexClass *vertex_class;
gboolean keep_faces;
}GtsSurface;

Figure B.3: The GtsSurface data type in GTS.

The struct GtsSurface plays the role of a connectivity matrix, which may be stored in a

hash-table or in a kd-tree, as depicted in Fig. (B.3). As pointed out earlier, these supporting data
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structures are provided by GLib. Access to the mesh components is provided by a series of function

which resembles the use of iterators in C++.

GtsPoint GtsSegment GtsTriangle

GtsVertex GtsEdge GtsFace
GtsSurface

Figure B.4: Relationship between the data types defined in the GTS library.

B.1.1 GTS Functions

GTS functions are grouped according to the kind of object used as input and named accord-
ingly. For example: functions designed to work with GtsPoint objects have names that start with
gts_point_. The same apply for functions named gts_edge_x*, gts_triangle_* and so on.

Regarding the kind of functionality provided, GTS functions may be divided into four groups:

1.geometric functions: area, volume, centre of mass, distance.

2.location functions: point is inside a surface, point belongs to a plane, which is the closest

point to some triangle.
3.mesh-related functions: mesh refinement, mesh coarsening, boundary edges and vertices

4.iterator-like functions: provide access to the mesh components (vertices, edges and faces).

B.2 Coupling GTS and AMR3D codes

This section describes the computational code developed for coupling two parts of the same

software: AMR3D, developed for the Eulerian framework, implemented using Fortran (90 and
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2003), and IB-GTS, developed in C using the GTS library for the Lagrangian framework. The
term interface, in this section, refers to the computational interface between AMR3D and IB-GTS.

The physical fluid-fluid interface will be called surface.

AMR3D was originally developed by (NOS, 2007) during his doctoral research about the
use of phase field formulations and SAMR for modelling and simulating multiphase flows. This
code was further adapted according to the requirements of the current project by Ph.D. Millena
Martins Villar and currently provides a complete data structure for solving the Navier-Stokes equa-

tions based on a one-fluid formulation.

IB-GTS was developed using the GTS library in order to provide the necessary tools for the
computational models of the Lagrangian framework for Immersed Boundary-like models, includ-
ing front-tracking. Its main functionalities are:

evolume- and shape- conservative remeshing
evolume-conservative surface smoothing
*volume recovery by normal expansion of the surface
egeneration of a signed distance field based on the Closest Point Transform (CPT)
einterfacial tension force calculation
*mesh quality report
edata conversion between GTS and AMR3D
The interface provides AMR3D with access to the Lagrangian surface data, as well as IB-

GTS functions that should be called from the Eulerian framework. Implementation was performed

using the Fortran module iso_c_binding, described in the next section.

B.2.1 C-Fortran interoperability

Fortran 2003 provides a module named iso_c_binding, which establishes a generic in-

terface for interoperability of data and procedures between C and Fortran. Adams et al. (2009)
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provide a detailed description about the rules of interoperability. In a nutshell, a C data type is in-
teroperable with a Fortran data type if there is a corresponding data type in Fortran which requires
the same amount of memory and their representation have a similar meaning. Therefore, features

like union in C or allocatable in Fortran are not interoperable.

Table (B.1) shows some common data types in C and their Fortran corresponding type as

defined by the module iso_c_binding.

C data type Fortran equivalent data type

int integer(c_int)
size_t integer(c_size_t)
double real (c_double)

char character(1,c_char)

Table B.1: Some data types in C and their equivalent types in Fortran, as provided by the module
iso_c_binding (ADAMS et al., 2009).

The support for C pointers is one of the most useful features of iso_c_binding. However,
there are two fundamental differences between C pointers and Fortran pointers that have direct

impact on the degree of interoperability:

*A pointer in Fortran has the same type as its target. C pointers do not.

*A pointer to an array in Fortran stores information about its shape and index limits, which
makes this representation physically incompatible with the plain memory address represen-

tation of C pointers.

The physical differences between C pointers and Fortran pointers make it impossible declar-
ing a dynamic variable in one language and allocating it in the other (ADAMS et al., 2009). How-
ever, after allocated they become interoperable as long as the data types allocated dynamically are

also interoperable.

B.2.2 Module gts_amr3d_interface

Since GTS data structure is not directly interoperable with Fortran, a set of data structures

and function interfaces was implemented so that the relevant data stored in IB-GTS could be passed
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to AMR3D routines, eventually modified and then passed back to IB-GTS, which would use the

processed data to update the GtsSurface object.

In order to give AMR3D access to the surface geometry, some wrapper data types were
developed. Figure (B.5) shows the definition of the types lag _vertex and lag_face. Notice that

the order of the definition of the members within the type must be the same.

type lag_vertex struct lag_vertex
{
double precision:: x, y, z double x,y,z;
double precision:: ul, vl, wl double ul,vl,wl;
double precision:: rho double rho;
type (c_ptr)::v GtsVertex *v;
type(level_componentsl) ,pointer: :lagmap level_componentsl *lagmap;
end type lag_vertex }
type lag_face struct lag_face
{
double precision, dimension(3):: centroid double centroid[3];
double precision:: fx, fy, fz double fx, fy, fz;
double precision:: ulf, vlf, wlf double ulf,vlf,wlf;
double precision, dimension(3):: & double
f_el, f_e2, f_e3 f_el1[3], f_e2[3], f_e3[3];
type (c_ptr)::cell GtsFace *cell;
type(level_componentsl), pointer::lagmap level_componentsl *lagmap;
end type lag_vertex }

Figure B.5: Wrapper data types as defined inside AMR3D (left) and IB-GTS (right) for granting
AMR3D access to the geometric data of the surface.

The module gts_amr3d_interface establishes the interface for function call and data trans-
fer between the two parts of the code. These functions are responsible for the interface remesh-
ing, computing the indicator function, updating the interface position and applying the geometric
correction tools described in section 3.3.2. Figure (B.6) shows the C declaration of two sample

functions and Fig. (B.7) shows the respective sample code extracted from gts_amr3d_interface.

void surface_remesh(GtsSurface **s, int *remesh_flag,
double *edge_threshold, double *angle_threshold,
double *max_aspect_ratio, int *mesh_status);

void cpt_face_distance(GtsFace **face, SignedDistance **cpt,
double *f, int *f_size);

Figure B.6: A snapshot of the headers of the functions used for surface remeshing and calculating
the indicator function.
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module gts_amr3d_interface
use data_front_tracking
use data_types

interface
subroutine surface_remesh(s, remesh_flag, &
edge_threshold, angle_threshold, &
max_aspect_ratio, remesh_status) &
bind(c,name="surface_remesh")
use iso_c_binding
implicit none
type(c_ptr)::s
integer(c_int)::remesh_flag
real(c_double) : :edge_threshold
real(c_double): :angle_threshold
real(c_double) : :max_aspect_ratio
integer(c_int)::remesh_status
end subroutine surface_remesh
end interface

interface
subroutine cpt_face_distance(face, cpt, f, f_size) &
bind(c,name="cpt_face_distance")
use iso_c_binding
implicit none
type(c_ptr)::face, cpt
integer(c_int)::f_size
real (c_double) ,dimension(f_size)::f
end subroutine cpt_face_distance
end interface

end module gts_amr3d_interface

Figure B.7: A snapshot of the module gts_amr3d_interface showing the interface for calling
functions for surface remeshing and calculating the indicator function.
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APPENDIX C - Two non-coalescing rising bubbles
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Figure C.1: The rise of two bubbles with different diameter. Temporal sequence is: left column,
bottom to top; right column, bottom to top. Case based on (UNVERDI; TRYGGVASON, 1992).



