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ABSTRACT

In particle methods, each particle represents a finite region over which there is a distribution
of the field quantity of interest. The field value at any point is calculated by summing the distribu-
tion functions for all the particles. This summation procedure does not require the use of any con-
nectivities to generate continuous fields. Various AVS modules and networks have been
developed that enable us to visualize the results from particle methods. This will be demonstrated
by visualizing a numerical simulation of a rising, chaotic bubble. In this fluid dynamics simula-
tion, each particle represents a region with a specified vorticity distribution.

INTRODUCTION

La_angian, vorticity-based methods are a subclass of Lagrangian particle methods which can
be used to simulate complex flows. Vortex methods are a class of computational fluid dynamics
(CFD) techniques that have distinct advantages over traditional techniques such as finite differ-
ence and finite element methods. Some advantages of vortex methods are:

• A grid is not required in the fluid volume. Only boundaries need be discretized.

• Large errors associated with discrete approximations to nonlinear convective terms in trans-
port equations are avoided. Some vorticity formulations do not require any approximations
to spatial derivatives.

• Numerical algorithms for vortex methods are simple compared to implementations of finite
element or finite difference methods. This reduces the time for development and mainte-
nance.

• Execution times can be much faster for vortex methods than for other approaches.

• Much higher spatial resolution of flow fields can be obtained since resolution is naturally fo-
cused on the areas of interest.
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At a particular time, a solution field from Lagrangian particle methods is represented by a col-
lection of particles in which each particle has various field variables associated with it along with
its spatial position. The number of particles does not have to be constant and their position will
change during the course of a simulation. Because the particles often have no connectivity or or-
dering, traditional visualization tools such as those applied to grid based finite difference or finite
element analysis are not applicable. In this paper we present our experience using A¥S to visual-
ize the results of a gridless vorticity-based simulation.

A BUBBLE PROBLEM

Consider the evolution of an initially circular (two-dimensional) bubble of light fluid within
an infinite domain of heavier fluid, with gravity present (see Figure 1). The bubble of lower densi-
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Figure 1 Two-dimensional, circular bubble of fluid within an infinite domain of
higher density fluid.

ty fluid will rise due to buoyant forces, and as it rises, the bubble interface changes from a simple
round shape to a geometrically complex shape. The bubble is sufficiently large that surface ten-
sion effects are negligible. At later times in the evolution, two notable features of the bubble are
the "cap" at the top of the bubble, and the highly mixed region beneath the "cap."

Although the evolution from a simple circular shape to the complex shape is complex and
nonlinear, an understanding of the phenomena can be gained by considering the flow in terms of
its vorticity. The bubble evolution is driven entirely by a vortex sheet that lies on the bubble inter-
face, which includes the swirled region below the "cap." All the vorticity is generated baroclini-
cally and all the vorticity remains on the bubble interface, assuming that diffusive transport is
negligibly small. Thus, in the context of a vortex method, the bubble interface location is deter-
mined with no additional effort. This fortuitous coincidence occurs because vorticity convects at
the local fluid velocity, and the bubble interface also convects at the local fluid velocity, according
to the definition of a fluid interface. These features make vortex methods particularly convenient
for considering bubble problems.
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Figure 2 Vortex blob representation of the vortex sheet on the bubble interface.

A vortex model of the bubble consists of representing the vortex sheet on the bubble interface
with a collection of vortex blobs. The simulation consists of calculating the time evolution of the
circulation of each vortex due to baroclinic generation of vorticity, and the motion of each vortex
due to the velocity field induced by all the other vortices. The vortex blob representation of a typ-
ical portion of the interface A_ is shown in Figure 2.

The Boussinesq form of the Navier-Stokes equations is used to describe the bubble evolution,
and are:

Op+ _ • Vp 0 (I)at

Po + _*V_ = -VP+ (p-po)_ (2)

Equation (1) describes the space and time evolution of the density field p, and equation (2)
describes the evolution of the velocity field _, which is driven by the variations in the density
field. The essence of the Boussinesq approximation is that the difference between the local density
and a reference density Po determines the buoyancy force, and the term Po_ is included in the
pressure gradient VP. This formulation is accurate only if p- Po <_Po' The equivalent _ortex
model formulation of equations (1) and (2) is (e.g., [1])

dFi_dt= -( (P- P°) _)A_ipo " (3)

N xrj :
_ ('_i) = Z (4)
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Equation (3) determines the circulation 1-'i of the i-th vortex, and is based on the density dif-

ference p - po between the fluid inside the bubble and the fluid outside the bubble, the fluid den-

sity inside the bubble Po' the gravity vector _, and the orientation of the arc length of the
interface, AS. Equation (4) is a discrete form of the Biot-Savart Law which describes the velocity

of each vortex, _ (:_i) ' that is induced by the N vortices at locations _i" Equation (4) can also be
used to calculate the velocity at arbitrary locations in the domain. Equation (5) describes the

translation of each vortex at the location fluid velocity. Equation (6) defines the circulation and

equation (7) describes the vorticity distribution for each vortex blob where the subscript i denotes

a particular vortex blob, )ti is the center of the i-th vortex blob, 1-"i is the circulation of the i-th
vortex blob, and c is the core radius.

VISUALIZING DISCRETE FIELD VARIABLES

AVS's scatter field data format lends itself well to visualizing particle data. The output from
the Lagrangian vortex code is a modified version of Sandia's ExoduslI finite element database [3].

The Exodus II database format was used because: (1) it already exists; (2) it is built upon NetCDF
[2] so it is portable across machine architectures; (3) it supports transient data; and, (4) an AVS

module for reading Exodus II databases exists which could be easily modified for particle data. To

use the finite element database format for particle data, one can think of a one-to-one mapping of

each particle to a node in the database. At each time step, the database has a global variable spec-

ifying the number of particles that are present at that particular time step. The nodal data for each

time step is associated with the particle data. At present, the nodal data contains the particle's: (1)
spatial location; (2) an ID number that is unique to that particle throughout the simulation; (3) ve-

locity components; (4) circulation; (5) rate of change of circulation; (6) core radius; and, (7)

length. At this time, the arc length of the bubble interface is also stored as a global variable at each

time step. The AVS reader for accessing the database extracts each particle's spatial location and

constructs a scatter field with the other nodal data as scalar data except for the particle IDs. The

particle IDs are only used by the reader when interpolating particle positions at intermediate time

values. The reader's interface is shown in Figure 3. The reader also has various controls for ac-

cessing transient data and also can extract variable vs. time or variable vs. variable data for graph

plotting.
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Figure 3 Control panel for the modifiedExodusII reader.
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An example AVS network for visualizing the resulting scatter field is shown in Figure 4. The
righthand branch of the network extracts each particle's core radius and allows the user the option
of scaling the radius for visual purposes. The leflhand branch extracts other scalar data and maps
a color value to each particle depending upon its data value. The color values and radius values
are then recombined into a scatter field and fed into the scatter dots module to generate colored
spheres which are then viewed by the geometry viewer. Other than the reader module, two other
new modules are in the network - snl colorizer and snl legend, snl colorizer is similar to the AVS
colorizer module in that it converts a field of data to color values. However, it has the capability
of overriding the data's minimum and maximum values so the data-to-color mapping can remain
constant with transient data. The module also outputs the minimum and maximum values which
are used by snl legend to create a color-to-data mapping legend for the geometry viewer, snl leg-
end is similar to the AVS color legend module but displays the actual data values on the legend
and can display the labels in either decimal or scientific notation.

Figure 5 shows the three visualization techniques possible with the network shown in Figure
(4) that can be readily used on the bubble problem. In Figure (5a), the scatter dots module is used
to connect the particles with a line. This technique allows the analyst to examine the shape of the
bubble interface. For high quality output, the AVS CLI command geom_save_postscript is used to
create a postscript file. To get a better feel of where the lighter fluid is, the output from the
geom_save_postscript command can be easily filtered to produce a filled region as shown in Fig-
ure 5b. The same result has been achieved from within AVS by using a modified version of the
scatter dots module to create the filled region. And lastly, a colormapped representation with a
time stamp and legend can be created as shown in Figure (5c).

VISUALIZING CONTINUOUS FIELD VARIABLES

In the simulation, each vortex blob is assumed to have a Gaussian vorticity distribution as
shown by equation (6). The actual vorticity field is obtained by superposing the Gaussian fields of
the individual vortices by,

_e (8)
_(},t) = Z /1;(y2

i=1

If the vorticity field is to be calculated for a grid superimposed on the domain, then,

= e (9)
i=1

An AVS module has been written to perform this calculation. For each grid point, the summa-
tion in equation (9) must be evaluated. For a high resolution grid and a large number of particles,
this can be very computationally intensive. Because this module can be so computationally inten-
sive, two features have been implemented in the module to make it more interactive. First, the
grid resolution can be specified in the module control panel so low resolution images can be
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Figure 4 Sample network for visualizing particle data from a La_angian vortex code.
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Figure 5 Three visualization techniques for the bubble problem.
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Figure 6 Vorticity field calculated with various grid resolutions.

quickly viewed to allow the analyst to get a quick feel of what the simulation results look like be-
fore using a higher resolution grid for more indepth analysis. Secondly, the module has been mul-
tithreaded using Sun Microsystems's Solaris threads. This allows the module to be remotely
executed on our department's six processor Spare Center 2000. The number of threads is also se-

lectable from the module's control panel. Multithreading shows an almost linear speedup as the
number of threads is increased. Figure 6 shows the results for different grid resolutions. The field
can also be transformed into a 3D representation with the AVS field to mesh module. The actual
quantity visualized in Figures 6 is,

¢jk(Xjk,t) = [COjk t) O.2 (10)
COmax
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