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1 Introduction and motivation

1.1 Scope of our work

The goal of this thesis is to find a way to present and propose some original techniques and
possibilities for interactive, real-time model of combustion processes, which will allow immediate,
interactive visualization. The solution should be as general as possible to allow also parts of our work
to be applicable and reusable in general fluid tasks and projects. The further text summarizes this
effort. In this and the next chapter, we are presenting the reader general introduction of basics of
modelling of fluids and some visualization methods as well.

1.2 The economical and ecological reasons

In recent years, the World’s attention has focused increasingly on our use of energy as well as
technologies for energy production available, and consequences of their use. By combustion, namely
of fossil fuels, we face major problems and questions of pollution and influence to the global
ecosystem. The energy resources are limited and therefore we should try not to waste them in both
industry and our homes.

Today’s coal power plants also cause pollution problems. The heart part inside the coal power
plant is combusting boiler. A common goal is to improve design of boilers to reduce pollution, find
optimal ways of preparing fuel, determine coal particle sizes and quantity, speed of combustion etc.
Not only the ecological reasons, but also economical reasons (effective combustion) are important for
boiler designers.

In engineering practice, it is very difficult to investigate the combustion processes of various
kinds of combustibles directly in the boiler. Modelling of fluid based physical processes such as coal
combustion processes is a very time consuming activity accompanied by immense financial costs. The
traditional approach is based on theoretical boiler design and verification of the design on the real
model of the boiler designed. The tests performed on the boiler are used for modification of the
design. This cycle (design-verification-modification) is repeated several times until the quality of
design reach some satisfactory level.

In last decades, this process has been accelerated considerably by using complex simulation
applications. They allow the designer to experiment extensively with the computer model of the boiler
designed without necessity to build a physical model of the boiler. These applications are widely used
and several program packages (e.g. FLUENT [FluentInc-WWW]) are available on the market. The use
of these systems led to increased quality of the design and their use has been widely adopted by
designers around the World. Efficient boiler design is based on simulation accompanied by optimal
visualization models.

1.3 Visualization and simulation of the problem

Firstly, simulation allows appropriate computation of most characteristics, that are the most
important for designers (such as global and local temperature, pressures, velocities of combustibles
and air, NOX concentrations [Magel95], problems with dry bottom ash [Carrea00], tendency to
corrosion, slagging, and fouling [Klasen00] etc. Some of them can be verified by special methods such
as Laser Doppler Velocimetry [Most00] and measurements in scale models [Sapede01], [Sayre99].
For that purpose, various modelling technology is being used [Eaton99]. It includes computation of the
flow air and coal, combustion processes and heat transfers.

Secondly, visualization can give synoptical and optimal view and presentation readable even by
non-experts. The visualization is probably the only general means of making the dynamic processes
inside the boilers understandable to a human. In an ideal case, the visualization of these processes
should be physically precise, interactive and real-time.




1.4 Interactive visualization and usability in education

The visualization of power engineering processes gives the students an opportunity to
understand better the nature of these processes. This approach solves one of the main problems in
power engineering education: the students usually have no chance to see various types of power plants
in practice. The existence of models and their corresponding visualization allows students to perform
experiments with various devices and in such a way acquire much deeper knowledge about the
subjects taught [Slavik99].

1.5 Goal of the thesis

The goal of the thesis is to design and implement techniques that together could be used to form
a solution allowing interactively visualize pulverized coal combustion processes in real time. Up to
now, we do not know about any projects (with exception of some early projects and attempts made by
undergraduate students at CTU for their master theses — their work is briefly discussed later in this
document) that would have the same goal. These techniques should be general enough to be suitable
for reusing in similar applications regarding real-time simulation and visualization of fluids. In
addition, these techniques and proposals should be independent on each other. Such generality would
eventually allow others to use our proposals in existing and new projects involved in simulation and
modelling of fluids. If one or more of our proposals (components) would be not properly applicable -
either by performance, desired precision, overall concept design or similar drawback to fulfil concrete
task, it should be relatively easy replaced by a new one with more desirable results.

On the other hand, the goal of the thesis, namely due to requirement of interactive, real-time
performance, is not to propose solutions, that would get closer to robustness, richness and precision
offered by professional CFD packages and numerical methods. Such demanding goal would be nearly
impossible to finish due to following reasons: 1) the fact, that current computers are not powerful
enough to run such solution in real-time and 2) computer science, visualization and software design
and engineering education specialization of the author. It would also limit the scale of the dissertation
thesis (due to the effort directed to investigation of these methods), which is to offer the whole
collection of techniques forming a complete solution, not only some very fine-tuned simulation
method. The goal of the thesis was not to implement a perfect, production quality system. Instead of
that, from the beginning, the intended purpose of the work was to create a solution, which could be
used for the purposes of education at the Department of Mechanical Engineering CTU in Prague.
These are not very demanding, especially considering the precision of physical model. There did not
exist any team of software developers for implementation of the system, with an exception of
implementation and testing of hardware, bicubic spline interpolation and IBFV visualization technique
made by Petr Kadlec. No other persons, except author were involved in implementing and testing all
techniques proposed in the thesis. The described goal of generality allowing to further enhance or
redesign the proposed techniques, forming a complete solution, was intended to allow eventual future
pioneers of interactive, real-time visualization of combustion processes, to carry on from the stage,
which this thesis reached.

1.6 Our effort and structure of the thesis

Traditional methods of visualization and simulation of combustion and general fluids, which
will be described in detail in Chapters 2 and 2.3, yield high-quality results. However, they usually
have major drawback — today’s common computer equipment does not offer computational power
sufficient for running solutions based on these methods in real-time performance. Therefore, we have
decided to propose some new solutions to attempt address this drawback.

In the field of combustion, namely combustion of pulverized coal, we are focused on creating
interactive model and visualization methods. We are also focused on finding new methods and
concepts, which can be easily used and implemented. Our effort has resulted in finding various

techniques, covering multiple directions leading to an interactive model and real-time of combustion
processes.

Except of the implementation of high quality spline visualisation described in Chapter 1 and in
paper [Kadlec04] by Kadlec, and proposal of suitable existing combustion equations used in the
combustion model by Hrdlicka, all the presented results were proposed and implemented by the author
of this thesis, Gayer. This also applies to all the papers of authors, with an exception of paper
[Slavik03], which consists of parts that were invented and proposed by Gayer (covers approximately
all the second half of the paper) and parts invented by Slavik, Hrdlicka and Kubelka (covers
approximately all the first half of the paper).

1.7 The structure of the thesis

The structure of the thesis can be summarized as follows:

1. Find a new way for fast generation of combustion data, which can be visualized in real-

time:
e Isotherm free stream combined with air and coal particle system (Chapter 1, published in
paper [Gayer02a])
e Fast fluid simulation combined with virtual coal particle system (Chapter 1, [Gayer02b])

2. Special visualization data generators allowing real-time interpretation based on high

capacity disk drives
e Fast data generator using Fluid Simulator States (Chapter 1, [Gayer03a])
e Hierarchical data generators based on Fluid Simulator States (Chapter 1, [Gayer03b])
e Hierarchical data generators based on unsteady data sets (Chapter 1, [Gayer04a])

3. Interactive visualization methods and concepts
e Fast, high quality visualization method using programmable shaders of new graphics
accelerators (Chapter 1, [Kadlec04])
e Interactive model for education, allowing real-time visualization of characteristics and
statistics (Chapter 1, [Gayer03c])

The results of our effort are more described in the chapters of the thesis.

2 Existing simulation and visualization methods suitable for
fluids and combustion processes

2.1 The modelling of flow using CFD

Before visualization of physical processes, we must find a way for obtaining the numerical data,
which represent simulated situation in combustion boiler. For that purpose, we are seeking for a
mathematical model, which in some way approaches physical reality. By implementing and running
such a model on computers, we simulate these processes. An important and complex task for
simulation and visualization of the combustion processes is without doubt the modelling of flow
(usually the flows of the air and of the coal during the combustion process). This area is subject to
intensive research. The motion of fluids (gases, liquids) has been a topic of study for hundreds of
years. Nowadays, Computational Fluid Dynamics (CFD) is used in almost all fields of fluid dynamics.
CFD commonly represents broad family of numerical solutions and computational methods, which




solve governing equations describing fluid flow. CFD is thoroughly studied since *60s and is covered
by many papers, handbooks and practical applications. For a brief introduction, overview and future of
the CFD the reader could consult the paper [Gadelhak98]. For engineering practice, it is a good idea to
start with books on Computational Fluid Dynamics - The basics with the applications [Anderson95] or
Computational Fluid Dynamics: An Introduction for Engineers [Abbot89]. There are many others,
which can be used as a replacement of these mentioned..

2.2 Fluid Simulator and Solvers

The fluid simulators and solvers based on the Navier-Stokes equations are used for the various
practical computer graphics applications such as the animation of water and other liquids [Foster00],
[Foster01], gases [IhmO04], [Foster97] and smoke phenomena’s modelling [Rasmussen03],
[Fedkiw01], [Treuille03] (including smoke flow with obstacles — [Yoshida00]). Further, aerodynamics
simulation [Wejchert91], animation of the water surface [Chen97], [O’Brien95] and waves
[Enright02], fluid flows on smooth surfaces [Stam03a], and ocean [Liu03]. Many others are being
investigated. Currently, utilizing results as the data for visualization, the CFD methodology by using
these equations allows generation of very attractive pictures such are pictures of clouds [Stam99].

Some of them are even used for animations and special effects where the resulting pictures play
decisive role for the applications such as movies [Witting99], [Rasmussen04] and games are
[Stam03b]. Some of them are used for special effects such as melting [Carlson02], [Wei03] and
viscoelastic fluids [Goktekin04]. They are also used in special modelling software packages such as
Maya.

We can speak about two types of the Navier-Stokes based fluid simulators. Those such as
[Foster96] use unstable, time step dependent solutions of the Navier-Stokes equations. Others — such
as [Kass90] or [Stam99] — use stable fluid models that are able to determine the progress of flow
independently on length of the time steps, but at cost of increased computational speed of single
frames. In most cases, the solvers are built to meet requirements of particular applications, however
usually they may be modified and reused in either general or similar applications. Fluid simulator
proposed by [Stam99] can be implemented in just a few lines of code in the C language when using
Fast Fourier Transformation [StamO1].

2.3 Selected existing visualization methods for fluids modelling

2.4 Visualization of vector fields

The vector fields can be easily visualized in real-time [Gelder92]. The flows can be visualized
by arrow plots (sometimes called hedgehogs) or by simple lines (with various ending) that represent
the vectors. The arrows could be easily rendered using simple lines (for example by means of
OpenGL). However, when visualizing many values organized in grids, arrow plots representing all the
discrete values may become small, allowing only a limited amount of values to be displayed. Unlike
surface rendering methods, direct volume-rendering methods can be used to visualize 3D scalar data
without intermediate geometric primitives [Swann91], [Crawfis92], [Crawfis93].

We can use some enhancement and additions to these methods to visualize multiple data values.
For example, we can use a combination of discrete and continuous visual elements arranged in
multiple layers to represent visually the data. For example, [Kirby99] uses concepts of painting

inspired by the brush strokes the artists apply in layers to create an oil painting. With these techniques,
we are able to visualize several levels of information.

2.4.1 Highlighting places of interest and feature extraction techniques

In some cases, the common flow visualization methods could yield images which would be
either unclear, or would not give good overview of the visualized data, or in which it would be hard to
recognize a selected behaviour of the flow. We need to find ways to highlight important places in flow
fields. For that purpose, we use various methods. For example, a method for producing compact vector
field visualizations, as described in [Telea94], uses a hierarchical simplification of the vector data. The
simplification is based on the definition of the vector similarity function for visualization of different
aspects of the vector field. The method can visualize vector data at different levels of detail by
interactively choosing the simplification level. We can use various feature extraction concepts to focus
visualization on interactively selected parts or simplify complex and/or dense flow fields, such as
clustering methods for vector fields [Garcke00]. Others can be found in numerous papers, e.g.
[Post02], [Westermann00], [Theisel03], [Polthier00], [Sohn02], [Sadarjoen99].

2.4.2 Spot noise

Another method of vector field visualization is based on random selection of data points. Only
data in this subset are visualized. By combining all of these separate visualization methods, we can
obtain an image, which well describes structure of the vector field. We can then use this image as a
texture to visualize the flow field directly. These texture-based techniques differ in a way they
visualize the value in discrete points. Spot noise techniques [Wijk91], [deLeeuw95] draw spots of
random intensity on random places. Every spot is altered regarding the direction of value of vector
field in the corresponding point. On the picture, which is synthesized by drawing large amount of such
spots, the global structure of field and feature details can be found.

2.4.3 Line Integral Convolution (LIC)

The Line Integral Convolution technique (LIC, [Cabral93], [Forsell95]) is based on filtering the
white noise texture (usually with same resolution as vector field) in corresponding places of
streamlines found in visualized vector field. This technique is similar to spot noise [deLeeuw98].

Later, the LIC and spot noise methods have been improved and extended. OLIC
[Wegenkittl97a] uses less dense texture then LIC and asymmetric filtering, which gives effect of
colour drops inserted into the vector field. FROLIC does not use filtration of texture at all, which
allow increase visualization speed [Wegenkittl97b]. UFLIC [Shen97], [Shen98] and AUFLIC [Liu02]
optimizes LIC for unsteady flows animations. Other enhancements and extensions to this method can
be also found for example in [Forsell95], [Stalling95], [Shen96], [Bordoloi02a], and [Interrante97].
Other methods of flow visualization include visualization of unsteady vector fields using Lagrangian-
Eulerian Advection (LEA) scheme [Jobard02], and Advected Radial Basis Functions [Pighin04].
Further, Unsteady Flow Advection—Convolution (UFAC) [Weiskopf03], visualization of flows using
streamlines [Zockler96], [Wischgoll02], [Mattausch03] and streaklines [Sanna00], Markov Random
Field Texture Synthesis [Taponecco03], anisotropic nonlinear diffusion [Preusser99]. An interesting
approach for rendering animated streamlines using textures is proposed in [Fuhrmann98]. An attempt
to visualize pulsative flow using special particle pathlines called Particle Flurries has been described in
[Sobel04]. By combining flow visualization in 3D with light models, we can obtain even better results
[Stock02]. A possibility of utilizing streamarrows for streamsurfaces visualization is discussed in
[Loeffelmann97]. We recommend [Crawfis00], [Post02], [Post03], [Laramee04a] and [Laramee04b]
for comprehensive overview of Flow Visualization method.




2.4.4 Image Based Flow Visualization

IBFV (Image Based Flow Visualization) is a technique suitable for 2D flow visualization
[Wijk02] that gives visual results similar to previous described methods, even that the used algorithm
considerably differs. Visualization works directly with resulting bitmap, which is transformed in each
step according to values of vector field and mixed with filtered noise texture. The technique can be
easily implemented on graphical accelerators, because it uses their features of texture processing and
alpha blending. The visualization runs in real-time and has two steps. In the first, the image generated
by previous visualization step is divided by grid. Each cell of the grid is transformed and deformed by
values in its corners and modified cell is drawn over the original image.

In the second step, the image is blended with one of the prepared image of noise textures,
created during initialization. The resulted image is then drawn and saved for next animation step.

In process of visualization, we can modify many parameters, which determine the visualization
result, such as coefficient of transparency of noise texture, size and scale of noise texture etc.. By
altering these parameters, we can get results similar to spot noise, OLIC etc. The method offers great
performance on current graphical hardware. It has been also extended to 3D [Telea03]. Together with
[Lefer04], this technique can be used for animation of steady vector fields.

2.4.5 Realistic visualization of fire and flames

Current models, which deal with simulation and visualization of behaviour of flames, are more
concentrated on the visualization part of the combustion process. They use several other approaches
such as cellular automata [Takai95] (which is also used for other physical simulation purposes — e.g.
excellent clouds modelling in [Dobashi99], [Dobashi00]), diffusion processes [Stam95], Lattice-
Boltzman model [Zhao03], [Wei02] and tomographic method for reconstructing a volumetric model
from multiple images fire [Thrke04]. [Nguyen02] presented a physically based method for modelling
and animating of burning of either solid or gas fuels. This method uses the incompressible Navier-
Stokes equations to model independently both vaporized fuel and hot gaseous products.

Models of this type are more concentrated on the visualization part of the combustion process.
The resulting pictures can be used in applications where the quality of visual effect plays decisive role
(e.g. movies, computer games etc.).

Remarkable research is being done by the Combustion Group of Utah [Smith-WWW]. Using
special software CSAFE [C-Safe-WWW] on supercomputers equipped by hundreds of processors,
they are able to study various types of fuels and bring the detailed and precise visualization and
statistics of various fuels (especially jet-fuel fires). Of course, these and similar applications are very
computationally expensive even on the today’s specialized hardware (e.g. 30 seconds per animation
frame in [Nguyen02]).

2.4.6 Particle systems

The particle systems have been introduced by Reeves [Reeves83]. He described a particle
system as a collection of many small particles that together represent the visualized object(s). Over a
period of time particles are inserted into a system, they move and change within the system, and are
eventually removed from the system, depending on specified conditions. Each particle has assigned its
individual attributes.

Visualization of particles provides intuitive and efficient means for the exploration and analysis
of complex flow fields. With many particles simulated and visualized, it is possible to gain well-
arranged overview of flow.

By using large number of particles with suitable distribution we can use them for visualization
of flow volumes [Guthe02]. Particle systems can be used for modelling of turbulent flows — e.g.
[Gamito95].

Bruckshen at al. [Bruckschen01], [Kuester01] developed a method enabling to visualize up to

60000 particles into a flow field while maintaining an interactive frame rate. Their method was based
on the pre-calculated particle trajectories stored in a scheme optimized for selection of sub-grids. They
used high-capacity disk system (Redundant Array of Inexpensive Disk) for this application. They used
data sets were for a classical problem: simulating the flow of a fluid around a spherical object.

An example of successful usage of particle system can be found in [Hrdlicka96], [Hrdlicka04].
They used a particle system as a solution for modelling the situation in gas cleanup filters. High
precision simulation had been gained as well as the possibility to study in details the behaviour of
these filters, and the possibility to perform large number of experiments in short time, thus proposing
optimal cleanup filter design.

Particle systems by their nature offer an easy way for display particle tracks and easy construct
streamlines. In CFD, particle tracing allows the visualization of vector fields resulting from simulation
[Lane97], [Sadarjoen98].

2.4.7 Hardware acceleration for scientific visualization

Nowadays, real-time visualization of various unsteady data is more often maintained by using
techniques and approaches regarding to new programmable abilities of current graphical accelerators,
such as described in [Heidrich99], [Weiskopf01], [Telea03] and [WeiskopfO4a]. Bordoloi and Shen
introduced hardware accelerated visualization of dense 2D vector fields with flexible level of detail
control [Bordoloi02b], [Shen04]. Hjertager [Hjertager0O] introduced new approach for accurate
shading model of lightning models with multitexturing for volume rendering. Other projects aim
toward acceleration of various phases of volume rendering process [Roettger03]. Abilities of current
graphics hardware may be utilized even for raytracing [Weiskopf04b] simulation purposes, performed
directly on the graphics hardware as described in [Wu04], [Harris02], including simulation of fluids
using Lattice Boltzman method [Wei04], [Li03], Navier-Stokes [Liu04] and Euler equations
[Harris03].

3 Summary and contribution of the thesis

3.1 Fast fluid simulation combined with virtual coal particles

In the beginning of our effort, we used a modelling based on the Isotherm-Free concept,
described in Chapter 1 of the thesis. However, this approach had considerable limitations and was
suitable only very simple boiler configurations. We had faced serious problems when using complex
setup and changing the boiler configuration during the simulation.

As described in Chapter 1 of the thesis, our coal combustion system is currently based on a fast
fluid simulator core. The fluid simulator allows real-time computation of the airflow. It utilizes Euler
Equation and The Continuity Equation. The simulator is very easy to implement and thus can be
reusable in various computer graphics and simulation tasks related to the airflow simulation and
visualization.

The high speed of the fluid simulator and combustion system allows real-time visualization of
the results (using the OpenGL graphics interface). The system has been implemented in a 2D
structured cell grid (see Figure 1) with variable depth — z-axis, and considering the methodology used,
it could be relatively easily to extended to 3D grid cell, namely due to easily adaptation of
computational model, however the implementation would be demanding in terms of development time
and computation requirements. The unique concept of the virtual coal particles, based on the
interaction of the air mass inside the cell with the coal mass (see Figure 2), allows us to both speed up
the combustion simulation and also gives us a possibility of easy tracking the flow of the
combustibles. Virtual coal particles also allow visualizing dynamics of the combustion process.

We have tested our system by modelling a boiler of real dimensions, characteristics and
parameters. The behaviour and quantitative features predicted by our system were comparable with
those of a real boiler as well as with the results gained from the professional CFD software package




FLUENT 5.5. However, we had to use manual tuning, that are dependent on concrete solved tasks, to
approach to these results.

On the other hand, our fluid simulator is conditionally stable, thus it needs to setup fix time step
dependent on grid size (increasing with grids that are more precise) as similar existing methods. In
addition, when requesting precise results, the professional CFD packages and software, or even
possibly some other fluid simulators and solvers based on more precise mathematical and physical
model could give better results, but at the cost of the computation speed. Our fluid simulator is made
as a component, which could be possibly replaced by such another fluid simulators or solvers.

For cases, where more precise computations are used (by e.g. increasing size of computational
grid in our fluid simulator), resulting in computational demands, which would disallow real-time
visualization, we proposed further described approaches based on interpretation of generated data
stored on disk drives. Our fluid simulator was used as source of such data in those cases.

Figure 1: Division of the boiler area to 2D grid cells. The cell values in the next time step are
computed from nearest neighbours only.
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Figure 2: Example interaction of coal particles during the combustion process for the time dt in a
selected cell

3.2 Fluid Simulator States (FSS)

As described in Chapter 6 of the thesis, the simulation with pre-calculated fluid simulator states
extension is compound of partial computation with synchronous utilization of pre-calculated fluid
simulator states stored on disk device, see Figure 3. This concept can drastically improve the
simulation and subsequent visualization speed of wide spectrum of computer graphics applications
based on fluid simulator while keeping the precision of computation unchanged. Pre-calculating states
of the fluid simulator rather than storing complete unsteady data sets of simulation results in much less
disk space requirements, with virtually unchanged acceleration. In visualization part, all interactive
actions and features such as changing the visualization parameters and visualization of arbitrary
characteristics are kept. Even simple and not performance-optimized applications based on 2D or 3D
fluid simulators (even non-real-time) can benefit from our concept. In other words, pre-calculated
fluid simulators extension can help to overcome performance bottleneck of time-consuming fluid
simulator codes, namely when using high-resolution grids or more precise, complex computation
methods. Our concept could be utilized by either replacing our simulator in our system, with another,
more precise one, or adapting and incorporating described ideas to already designed system.

extension

Combustion &
heat transfer
engine

Particle
system

Store Full
Data Sets

Visualization

Figure 3: Schematic architecture of our interactive simulation and visualization system

We have performed tests of the architecture on our coal combustion simulation and
visualization system based on fluid simulator and particle system. We have demonstrated that with this
concept considerable acceleration of simulation and subsequential visualization can be gained, while
requesting only small fraction of the disk space requirements (see Table 1). Such space would be
needed for storing whole frames either as movie files (with total loss of interactivity) or complete
unsteady data sets with much higher disk demands, while keeping the acceleration virtually either
unchanged or better (in case of fluid simulator more demanding then the rest codes, which was the
case of our application). The limitation of this method is namely in loosing the interactive possibilities,
namely changing the simulated configuration and boundary conditions during replaying the stored data
and impossibility to change the playback speed with the possibility to skip selected frames. We
address these issues in data generators based on tree structures. We are also somehow limited by the
disk drive storage requirements, but the demands are considerably less, then it would be needed for
storing corresponding Unsteady Data Sets.

10




Store method / FULL/ FULL
Grid size y 20 x 40 50 x 100 50%100
Interactivity Partial Partial Partial Partial
Seek & change speed | No Yes No Yes
ability

Generation time 1214s 1230s 5128s 5133s
Write [MB/s] 0.16 8.0 0.3 3.7
Replay time 627s 603s 816s 864s
Read [MB/s] 0.31 14.6 1.9 21.95
AVG Fps 19.1 19.9 16.3 15.4
Disk space GB 0.2 9.4 1.6 19.1
Total Acceleration x1.9 x2.0 X 6.2 x5.9

Table 1: Results gained using pre-calculated fluid simulator state engine and full data set

3.3 Fluid Simulator States Tree

As described in Chapter 7 of the thesis, we have designed and implemented hierarchical tree
structures built from pre-calculated fluid simulator states, which allow incremental, progressive and
easy construction of various configurations of the boiler with high speed, interactive visualization and
the playback of results (see Figure 4 and Figure 5). The modifications of simulation boundary
conditions are available in every node of the FSS tree (see Figure 6). Thus, every interactively selected
path in the FSS tree corresponds to one modified simulation solution.

The original concept of a Pre-calculated Fluid Simulator States Tree can be easily utilized in
various applications based on fluid simulators and solvers as well. However, the impossibility to
change the playback of interpreted data or store only selected simulation frames remains. We address
these drawbacks in UDS Tree.
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First frame (complete state)

Second Frame

Collection of cascading
FSS states for
accelerated
datasets generation.

Frame N -1

Last frame (complete state)

Figure 4: Stored frames in a node of FSS tree. First and last frames contain complete frames, while
between them are frames containing only data for acceleration of datasets generation allowing to
compute all simulation frames between the first and last frame
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Figure 5: Hierarchical tree of pre-calculated fluid simulator states. Each node of the tree represents one
file with saved FSS. The current selected path of simulation with configurations modifications, which
can be replayed, is being highlighted. The nodes that contain — or + sign marks nodes that contain
another subtrees.
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Figure 6: Illustration of interactive change of parameters of simulation in different FSS sub-trees. In
the left sub-tree (4/2) — the inlet is kept in its original position; in the right sub-tree (4/3) — the position
and spread angle of the inlet has been changed. The FSS accelerated simulation continues with
changed configuration.

3.4 Unsteady Datasets Tree

As described in Chapter 8 of the thesis, we have proposed, implemented and tested the concept
of hierarchical datasets tree structures in combustion processes simulation and visualization powered
by the unstable fluid simulator. Choosing unsteady dataset helps us to avoid the common drawback of
slow simulation of unstable fluid simulators, due to small timesteps.

Our concept overcomes the common drawback of the commonly used unsteady datasets, which
results in loosing of interactivity on the simulation side. Proposed solution of hierarchical structures
consisting of simulation results datasets over classical datasets allow incremental, progressive and
easy construction and playback of various simulation configurations with interactive visualization of
the results. The modifications of simulation boundary conditions are available in every node of the
dataset tree. Every interactively selected path in the datasets tree corresponds to one modified
simulation solution. We have proved that we can even use up to hundred thousand of particles without
much worry about performance bottlenecks of the current commodity disk drives.

Our results can be easily utilized in general simulation and modelling applications, which use
unsteady datasets for storage of the results. The users of simulation and visualization applications can
extend the prepared and pre-calculated simulation results with their own modifications with possibility
to use the results of previous solutions stored in tree while keeping a high speed of replaying, because
of the utilization of unsteady datasets.

This method is limited by the speed of the disk drive, which should be enough to allow transfer
large amounts of data into system memory, otherwise the acceleration could be considerably lower.
However, we have demonstrated that on properly configured common Ultra ATA and Serial ATA
drives, there is no problem with acceleration performance. In cases, that disk drive capacity storage is
limited, we can still use the FSS and FSS Tree methods described earlier.
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Store method / SIM / uDT SIM UDT

Grid size 20%%40 20%x%40 50%*100 50%*100
Simulation time 1089s 1103s 4617s 4665s
Write [MB/s] N/A 0.7 N/A 0.4
Replay time 1062s 49s 4659s 68s
Read [MB/s] N/A 15.9 N/A 26.4
Drawing speed [FPS] 9.4 22.5 2.1 14.7
Disk space [GB] N/A 0.78 N/A 1.8
Total acceleration N/A X 24 N/A x 70

Table 2: Results gained using direct simulation (SIM) and unsteady datasets tree (UDT)

3.5 Hardware accelerated interpolation techniques

After having proposed methods for fast data generation based on fast simulation, and
accelerated hierarchical storage, a question remains - how to visualize these data in optimal
performance and quality. As we described in Chapter 9 of the thesis, our method achieves real-time
rendering of grid-structured data using pre-calculated texture. We interpolate the data using spline
interpolation that runs directly on the graphics accelerator, therefore leaving the CPU to compute the
simulation in parallel. The texture used may be changed dynamically, which results in a possibility of
interactive adjustments of visualization parameters. The method allows us to display isolines of the
displayed data with no additional performance requirements. The isoline displaying may be enabled or
disabled by simply choosing the texture, see Figure 8.

We used implementation of this technique to improve quality of visualization in our coal
combustion and visualization system, see Figure 7. The success of the implementation proves the
significant contribution of this hardware-accelerated technique for maintaining real-time, high-quality
visualization of the cell characteristics. This concept can be used in similar applications regarding
scientific, isocontour based visualization of computed or simulated data. Although, the new method is
currently about 10 times slower than common raw OpenGL visualization using linear interpolated
quads, it is still suitable for real-time visualization, with dramatic enhancement of the visual quality. In
applications, which need to visualize 2D grids with up to 10.000 cells we can expect real-time
performance on today’s commodity graphics hardware. With more precise grids, we can still use
mentioned simple OpenGL visualization.
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Figure 7: Original visualization of combustible masses inside the boiler area. Right: Visualization of
the mass using the spline interpolation method

Figure 8: Left: Using the pre-calculated texture palette concept, we can easily visualize isolines, with
no additional performance cost over the basic spline interpolation. Right: Visualization of isolines
together with particle system

3.6 Educational System of Pulverized Coal Combustion

As we described, in Chapter 1 of the thesis, our educational system My Pulverized Coal
Combustion for pulverized coal combustion is based on a simple fluid simulator and virtual coal
particle system. The fluid simulator allows real-time computation of the air flowing inside the boiler.
We selected particle systems for maintaining visualization of combustion process dynamics. By their
nature, they can even be utilized in the simulation and computation part.

The high speed of the fluid simulator and combustion powered by the virtual coal particle
system and simplified combustion engine allows real-time visualization of the resulting characteristics
and dynamics using hardware accelerated contour visualization, Image Based Flow Visualization
(IBFV) and particle system (using OpenGL graphics interface). The system has been implemented in
2D grid cell space, with variable depth — z-axis. The system is suitable for educational purposes,
where clarity, real-time interactivity and universality of computation if important.

The most powerful and new feature of our system is the simulation and visualization
interactivity, which is available during real-time computation of the combustion process, without
needing to stop or restart the system. Tens of input parameters, including coal inlets setup can be
modified on the fly.
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Our results make it possible to get a good preview of the dynamics of combustion processes in a
boiler. Based on this concept, the students and eventually designers of boilers, making use of the fast,
preview based design and approach, could now test many configurations and modifications of the
pulverized coal boilers interactively. The system by itself can in an interactive, efficient and attractive
form, give an overview of how powerplant boilers work, with an overview of fundamental boiler
parameters. The system optionally supports above described hierarchical tree storage and playback
based on the pre-calculated Fluid Simulator States Trees and Unsteady Data Sets trees.

The interactive modelling can bring the student basic knowledge and fundamentals of
constructing performance and efficient boiler solutions and more. We can recommend it as an
introductory application for combustion processes overview in power plants. With this technique, we
can get a good preview of the dynamics of combustion processes in a boiler. The stable version of the
system, resulting from the work during PhD studies, will be used in the educational process in the
Faculty of Mechanical Engineering at the CTU Prague. Quality and simulation precision is sufficient
for these purposes.

Currently, our system is implemented in Microsoft Visual C++ and runs at interactive frame
rates even on a commodity PC equipped with only AMD Athlon 1333 MHz and nVidia GeForce2 MX
based graphics card. See the following Figure 9, Figure 10, Figure 11 and Figure 12 for the
visualization outputs from the system.

Figure 9: Visualization of flow in the boiler using IBFV. Left: Flow in boiler with grid 50 x 100 cells,
Middle: Flow in boiler with grid 20 x 40, Right: Detail of flow with grid 20 x 40
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Figure 10: Visualization of thousands of virtual coal particles characteristics together with selected
cell grid characteristic (drawn on the background).

15 00:06:
A 007

Figure 12: Tracking and monitoring of the characteristics of the selected particle and sample statistics
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3.7 Particle and volume statistics

Another way of presenting the computed values is utilizing statistics feature offered by our
system. The inputs for statistics are either values of any selected cell grids characteristics or values of
any described characteristics of the particles. We can measure and visualize the values distribution in
the grid cells and particles for all the above-described characteristics. The sample visualization output
is shown on .

3.8 Interactive simulation

During the simulation, we can interactively modify any of about 45 simulation parameters. On
the fly, we can for example increase the number of generated particles (improving the simulation
precision at certain cost of visualization and simulation speed, see the ) or change the mass of average
coal particles flowing from the inlets of the boiler.

4 Conclusion

In this work, we have described effort during the PhD study and described possibilities useful
for next possible research. We have described commonly used methods usable for the simulation and
visualization of the fluids and combustion processes. We have presented existing visualization features
and methods usable for the visualization of the general fluids and for combustion processes.

We have designed our fluid simulator and virtual coal particle concepts for both the simulation
and visualization of the combustion processes. We use these components as data generators for storage
techniques and visualization methods. For the simulation and visualization of a combustion system,
our current investigation brings an interesting alternative to the classical CFD applications.

Major part of our work is concerned in using the speeding up the simulation using Fluid
Simulator States. We extended this concept with tree structures allowing incremental and interactive
concept of solution of fluid tasks including combustion. The hierarchical concept of computed data
storage can be also well used for storing general unsteady datasets.

We had also worked on visualization of combustion processes and general fluids. Using the
concept of virtual coal particles, we had created an attractive visualization allowing us to investigate
the dynamics of the combustion process. We had used the features of the last generation graphics
cards to propose and implement real-time and high quality visualization of flow fields by using
hardware accelerated bicubic spline interpolation and IBFV.

The mentioned parts has been integrated and implemented into and tested in an application My
Pulverized Coal Combustion that has been developed with demands of interactive enabled education
being kept in mind. The system can be used for educational purposes in order to give students idea
about the behaviour of boilers under various conditions. This application allows this with many
interactive features. All of the presented techniques are independent and loosely bind together and thus
parts of them, including concepts and ideas could be reused in other research projects or replaced by
their more advanced versions.

We hope that some of the presented results would be used in either next research projects or
practical projects trying to keep the environment we are living in clean. If we really still have to burn
fossil fuels, at least let us try to do it effectively and ecologically.

18




5 Awards

The real-time pulverized coal combustion system and its portions formed by techniques
presented at previous chapters of this thesis received the following awards:

e 2003, CTU FEE at Prague, Czech Republic

Award of Dean of the Faculty of Electrical Engineering of the Czech Technical University in Prague
for work Simulation and Visualization of Combustion Powered by Fluid Simulator, presented at
conference CTU Poster 2003

e 2003, Brno University of Technology, Faculty of Electrical Engineering and Communication
(BUT FEEC), Czech Republic

Award of Dean for the best work in the International Competition of student creative projects Student

EEICT 2003

e 2003, CTU in Prague, Czech Republic
Price of the rector for placing between the best projects of PhD students, that were solved within the
scope of CTU internal grants and that were presented on conference CTU Workshop 2003
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8 Abstract

Nowadays, complex simulation programs are used for modelling of combustion processes in power plant
boilers. They allow designers to experiment extensively with the computer models of the boilers without
necessity to build their physical models. These simulation methods are widely used and several program
packages (e.g. FLUENT) are available on the market. The use of these systems led to increased quality of the
design and their use has been widely adopted by designers around the world. General disadvantage of these
simulation programs is the complexity of simulation, which results in very time-consuming calculations. This
situation does not allow quickly investigate various conditions in the boiler and the results of parameter changes
during the combustion process and study in the real-time the dynamics of the combustion process.

We present techniques, which together form a solution allowing real-time simulation and visualization of
these processes. We propose simplified fluid flow and combustion process computation. We use structured cell
representation of the combustion space. We use fast fluid simulation, based on Euler equation and continuity
equation. Thus, for the specified time step, we compute changes of the mass flow pressure, velocity and other
characteristics inside each cell. The changes of the cell characteristic are also based on the characteristics of the
nearest neighbours of the cell. The results of the flow simulation are immediately used for the other parts of the
computation.

The concept of the virtual coal particles, based on the interaction of the air mass inside the cell with the
coal particles, allows fast combustion simulation. It also gives possibility of easy tracking of the flow of
combustibles and thus visualizing dynamics of the entire combustion process.

We also describe our concept of pre-calculated Fluid Simulator States. It is an extension for structured
fluid simulators and solvers, which are used widely in computer graphics and simulation applications. It is based
on storing pre-calculated fluid simulator states (FSS). The simulation using our extension is based on partial
computation with synchronous utilization of pre-calculated fluid simulator states stored on high-capacity disk
drives. The disk space requirements are less demanding by several orders than the ones needed for saving
corresponding unsteady data sets. This allows better scalability and storing and replaying results of complex
tasks with large grids and/or ten thousands of particles.

We organize pre-calculated Fluid Simulator States (FSS) in hierarchical tree structures allowing
incremental solving, interactive replaying and modifications of the simulated tasks. Thus, the parameters and
boundary conditions of the simulation can be modified in real-time during replaying. We proposed hierarchical
tree structures with Unsteady (time-varying) Datasets, which brings interesting interactive features to
applications using these datasets.

We have also proposed, designed and implemented visualization of the results from our fluid simulator.
We use the OpenGL graphics library for fast and portable visualization of our results, including fast visualization
of virtual coal particle system and high quality and grid cell visualization using interpolation using bicubic
splines. For that purpose, we developed hardware-accelerated visualization using the current generation of
graphics accelerators. The presented method offers real-time rendering of grid-structured data. The method uses
bicubic spline interpolation running on common current graphics hardware to map numeric values to a texture. It
allows us also to render isolines of the visualized data and dynamically change the visualization parameters. We
have compared the visual quality of produced images with the commonly used linear interpolation visualization
methods.

The implementation of the above-described techniques has been used to develop the application My
Pulverized Coal Combustion, which allows real-time interaction with the boiler model — e.g. changing up the
inlet characteristic, such as mass flow of the air and coal, velocity of the flow, positions without need to restart
the simulation. A low-cost hardware is used to perform all computations and render the visualization. The
overall solution allows real-time, immediate interaction of the user during simulation and visualization — e.g.
changing coal inlets, combustible properties and other input parameters during simulation. The solution allows
real-time monitoring of about 50 basic cell volumes characteristics and statistics inside the boiler, and about 10
pulverized coal particle characteristics. All these features are available immediately, without need to wait hours
for complex calculations to finish. Our solution is especially suitable for education purposes in power
engineering.

The concept of our fluid simulator and the other techniques are implemented in 2D. They may be used in
general fluids computation and modelling, thus not only for the combustion applications. The components have
been designed as independent blocks reusable in other projects.

Keywords: Combustion, Visualization, Particle systems, Simulation, Unsteady datasets, Hardware
acceleration, Education

32




Abstrakt

V soucasné dobé se pro modelovani spalovacich procest v elektrarenskych kotlich pouzivaji komplexni
simulaéni programy. Ty umoziuji navrhaitim provadét experimenty s pocitaovymi modely kotlii bez nutnosti
konstrukce jejich modeld. Tyto simulaéni metody jsou §iroce pouzivané a rizné programové baliky (jako napf.
FLUENT) jsou dostupné na trhu. PouZiti t&chto systémi vedlo ke zvySeni kvality designu a jejich pouzivani
bylo Siroce piijato navrhaii kotld po celém svété. Obecnou nevyhodou téchto simula¢nich programii je slozitost
simulace, ktera ma za nasledek velmi ¢asové naroéné vypocty. Tato situace nedovoluje rychle vySetfovat riizné
podminky v kotli a vysledky zmén parametrti béhem spalovaciho procesu, ani studovat v realném ¢ase dynamiky
spalovacich procest.

V této disertaci predstavujeme techniky , které spoleéné vytvareji feSeni umoziujici v realném Case
simulovat a vizualizovat tyto procesy. Navrhujeme feSeni zalozené na vypoctech zjednoduseného fluidniho
proudéni a spalovacich procest. Pouzivame strukturovanou reprezentaci bunék miizky spalovaciho prostoru.
Pouzivame rychlou fluidni simulaci, zaloZzenou na ruletové rovnici a rovnici kontinuity. Takto, ve specifickém
¢asovém kroku, pocitame u proudici hmoty zménu tlaku, rychlosti a dalSich charakteristik uvnit buiiky. Zmény
charakteristik buiiky jsou také odvozeny od charakteristik nejblizsich sousedd dané buinky. Vysledky fluidni
simulace jsou ihned pouzity v dalsich ¢astech vypoctu.

Koncept virtualnich ¢astic, zalozenych na interakci vzduchu uvniti buiky s ¢asticemi uhli, umoziuje
rychly vypocet spalovani. To umoziiuje moznost snadno sledovat proudéni spalin a umoziuje vizualizaci
dynamiky celého spalovaciho procesu.

Také popisujeme na§ koncept predpocitanych stavi fluidniho simulatoru (FSS). Jde o extensi pro
strukturované fluidni simulatory a feSice, které jsou Siroce pouzivany v pocitacové grafice a simulaénich
aplikacich. Zakladem je ukladani predpocitanych stavii fluidniho simulatoru. Simulace s pouzitim nasi extenze je
zaloZena na Caste¢ném vypoctu se soucasnym vyuzitim predpocitanych stavii ulozenych na vysoce kapacitnich
discich. Naroky na diskovy prostor jsou fadové mensi nez naroky potiebné pro ulozeni odpovidajicich datovych
souborll pro ¢asové proménnou simulaci. To umoziuje lepsi Skalovatelnost a ukladani a ptehravani vysledki
slozitych uloh s rozsdhlymi miizkami a/nebo desitkami tisic ¢astic.

Piepocitané stavy uspofadavame do hierarchickych stromovych struktur umoziujici postupné feseni,
interaktivni pfehravani a zménu simulovanych uloh. Takto, parametry a hrani¢ni podminky simulace mohou byt
meénény v realném cCase béhem piehravani. Navrhli jsme také hierarchické stromové struktury s casové
proménnymi datovymi soubory, které pfinasSeji zajimavé interaktivni moznosti do aplikaci, které pouzivaji tyto
datasety.

Navrhli jsme a implementovali vizualizaci vypoc¢itanych vysledki znaseho fluidniho simulatoru.
Pouzivame grafickou knihovnu OpenGL pro rychlou a pfenosnou vizualizaci naSich vysledkd, véetné rychlé
vizualizace virtualnich uhelnych &astic a velmi kvalitni vizualizaci miizky bunék s pouzitim interpolace pomoci
bikubickych kiivek. Pro tento Gcel jsme vyvinuli hardwarové akcelerovanou vizualizaci s pouzitim soucasné
generace grafickych akceleratorti. Pfedlozend metoda nabizi renderovani miizky strukturovanych dat v redlném
Case. Metoda pouziva interpolace pomoci bikubickych kiivek, a vyuziva moznosti grafického hardwaru mapovat
numerické hodnoty do textury. To nam také umoziiuje renderovat iso¢ary vizualizovanych dat a dynamicky
ménit vizualizani parametry. Porovnali jsme vizualni kvalitu vytvofenych obrazkd sbézné¢ pouzivanymi
metodami linearni interpolace.

Implementace vySe popsanych technik byla pouzita pro vyvoj aplikace My Pulverized Coal Combustion,
ktera umoZiuje v redlném Case interakci s modelem kotle — napf. umoziiuje zménit parametry vstupt do kotle,
jako je mnozstvi vzduchu a uhli, rychlosti proudéni, umisténi vstupli bez nutnosti provést restart simulace.
Bé&zny, laciny hardware byl pouzit pro provedeni vypoétii a vizualizaci. ReSeni umoZiiuje v realném Gase,
okamzitou interakci uzivatele s modelem béhem simulace a vizualizace — napt. zménu vstupt uhli, spalovacich
parametrii a dal$ich vstupnich parametréi béhem simulace. Reseni nabizi v realném &ase monitorovat zhruba 50
zakladnich objemovych bunék a statistik uvnitt kotle a zhruba 10 charakteristik drceného praskového uhli,
Vsechny tyto moznosti jsou dostupné ihned, bez nutnosti ¢ekat hodiny na dokonceni slozitych vypocti. Nase
feSeni je zvlasté vhodné pro vyukové ucely v oborech energetika.

Koncept naseho fluidniho simulatoru a ostatni techniky byly implementovany ve 2D. Mohou byt pouzity
pro obecné fluidni vypocty a modelovani, tedy nejen pro spalovaci aplikace. Komponenty byly navrzeny jako
samostatné bloky,

Klicova slo
akcelerace, Vyuka

: Spalovani, Vizualizace, Cisti¢ové systémy, Simulace, Datasety, Hardwarova
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