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1 
In

trod
u

ction
 an

d
 m

otivation
  

1.1 
S

cop
e of ou

r w
ork

 

T
he goal of this thesis is to find a w

ay to present and propose som
e original techniques and 

possibilities for interactive, real-tim
e m

odel of com
bustion processes, w

hich w
ill allow

 im
m

ediate, 
interactive visualization. T

he solution should be as general as possible to allow
 also parts of our w

ork 
to be applicable and reusable in general fluid tasks and projects. T

he further text sum
m

arizes this 
effort. In this and the next chapter, w

e are presenting the reader general introduction of basics of 
m

odelling of fluids and som
e visualization m

ethods as w
ell. 

1.2 
T

h
e econ

om
ical an

d
 ecological reason

s  

In recent years, the W
orld�s attention has focused increasingly on our use of energy as w

ell as 
technologies for energy production available, and consequences of their use. B

y com
bustion, nam

ely 
of fossil fuels, w

e face m
ajor problem

s and questions of pollution and influence to the global 
ecosystem

. T
he energy resources are lim

ited and therefore w
e should try not to w

aste them
 in both 

industry and our hom
es. 

T
oday�s coal pow

er plants also cause pollution problem
s. T

he heart part inside the coal pow
er 

plant is com
busting boiler. A

 com
m

on goal is to im
prove design of boilers to reduce pollution, find 

optim
al w

ays of preparing fuel, determ
ine coal particle sizes and quantity, speed of com

bustion etc. 
N

ot only the ecological reasons, but also econom
ical reasons (effective com

bustion) are im
portant for 

boiler designers.  
In engineering practice, it is very difficult to investigate the com

bustion processes of various 
kinds of com

bustibles directly in the boiler. M
odelling of fluid based physical processes such as coal 

com
bustion processes is a very tim

e consum
ing activity accom

panied by im
m

ense financial costs. T
he 

traditional approach is based on theoretical boiler design and verification of the design on the real 
m

odel of the boiler designed. T
he tests perform

ed on the boiler are used for m
odification of the 

design. T
his cycle (design-verification-m

odification) is repeated several tim
es until the quality of 

design reach som
e satisfactory level.  

In last decades, this process has been accelerated considerably by using com
plex sim

ulation 
applications. T

hey allow
 the designer to experim

ent extensively w
ith the com

puter m
odel of the boiler 

designed w
ithout necessity to build a physical m

odel of the boiler. T
hese applications are w

idely used 
and several program

 packages (e.g. F
L

U
E

N
T

 [F
luentInc-W

W
W

]) are available on the m
arket. T

he use 
of these system

s led to increased quality of the design and their use has been w
idely adopted by 

designers around the W
orld. E

fficient boiler design is based on sim
ulation accom

panied by optim
al 

visualization m
odels.  

1.3 
V

isu
alization

 an
d

 sim
u

lation
 of th

e p
rob

lem
  

F
irstly, sim

ulation allow
s appropriate com

putation of m
ost characteristics, that are the m

ost 
im

portant for designers (such as global and local tem
perature, pressures, velocities of com

bustibles 
and air, N

O
X

 concentrations [M
agel95], problem

s w
ith dry bottom

 ash [C
arrea00], tendency to 

corrosion, slagging, and fouling [K
lasen00] etc. S

om
e of them

 can be verified by special m
ethods such 

as L
aser D

oppler V
elocim

etry [M
ost00] and m

easurem
ents in scale m

odels [S
apede01], [S

ayre99]. 
F

or that purpose, various m
odelling technology is being used [E

aton99]. It includes com
putation of the 

flow
 air and coal, com

bustion processes and heat transfers.  
S

econdly, visualization can give synoptical and optim
al view

 and presentation readable even by 
non-experts. T

he visualization is probably the only general m
eans of m

aking the dynam
ic processes 

inside the boilers understandable to a hum
an. In an ideal case, the visualization of these processes 

should be physically precise, interactive and real-tim
e. 
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1.4 
In

teractive visu
alization

 an
d

 u
sab

ility in
 ed

u
cation

 

T
he 

visualization 
of 

pow
er 

engineering 
processes 

gives 
the 

students 
an 

opportunity 
to 

understand better the nature of these processes. T
his approach solves one of the m

ain problem
s in 

pow
er engineering education: the students usually have no chance to see various types of pow

er plants 
in practice. T

he existence of m
odels and their corresponding visualization allow

s students to perform
 

experim
ents w

ith various devices and in such a w
ay acquire m

uch deeper know
ledge about the 

subjects taught [S
lavik99]. 

1.5 
G

oal of th
e th

esis 

T
he goal of the thesis is to design and im

plem
ent techniques that together could be used to form

 
a solution allow

ing interactively visualize pulverized coal com
bustion processes in real tim

e. U
p to 

now
, w

e do not know
 about any projects (w

ith exception of som
e early projects and attem

pts m
ade by 

undergraduate students at C
T

U
 for their m

aster theses � their w
ork is briefly discussed later in this 

docum
ent) that w

ould have the sam
e goal. T

hese techniques should be general enough to be suitable 
for reusing in sim

ilar applications regarding real-tim
e sim

ulation and visualization of fluids. In 
addition, these techniques and proposals should be independent on each other. S

uch generality w
ould 

eventually allow
 others to use our proposals in existing and new

 projects involved in sim
ulation and 

m
odelling of fluids. If one or m

ore of our proposals (com
ponents) w

ould be not properly applicable - 
either by perform

ance, desired precision, overall concept design or sim
ilar draw

back to fulfil concrete 
task, it should be relatively easy replaced by a new

 one w
ith m

ore desirable results.  
O

n the other hand, the goal of the thesis, nam
ely due to requirem

ent of interactive, real-tim
e 

perform
ance, is not to propose solutions, that w

ould get closer to robustness, richness and precision 
offered by professional C

F
D

 packages and num
erical m

ethods. S
uch dem

anding goal w
ould be nearly 

im
possible to finish due to follow

ing reasons: 1) the fact, that current com
puters are not pow

erful 
enough to run such solution in real-tim

e and 2) com
puter science, visualization and softw

are design 
and engineering education specialization of the author. It w

ould also lim
it the scale of the dissertation 

thesis (due to the effort directed to investigation of these m
ethods), w

hich is to offer the w
hole 

collection of techniques form
ing a com

plete solution, not only som
e very fine-tuned sim

ulation 
m

ethod. T
he goal of the thesis w

as not to im
plem

ent a perfect, production quality system
. Instead of 

that, from
 the beginning, the intended purpose of the w

ork w
as to create a solution, w

hich could be 
used for the purposes of education at the D

epartm
ent of M

echanical E
ngineering C

T
U

 in P
rague. 

T
hese are not very dem

anding, especially considering the precision of physical m
odel. T

here did not 
exist any team

 of softw
are developers for im

plem
entation of the system

, w
ith an exception of 

im
plem

entation and testing of hardw
are, bicubic spline interpolation and IB

F
V

 visualization technique 
m

ade by P
etr K

adlec. N
o other persons, except author w

ere involved in im
plem

enting and testing all 
techniques proposed in the thesis. T

he described goal of generality allow
ing to further enhance or 

redesign the proposed techniques, form
ing a com

plete solution, w
as intended to allow

 eventual future 
pioneers of interactive, real-tim

e visualization of com
bustion processes, to carry on from

 the stage, 
w

hich this thesis reached. 

1.6 
O

u
r effort an

d
 stru

ctu
re of th

e th
esis 

T
raditional m

ethods of visualization and sim
ulation of com

bustion and general fluids, w
hich 

w
ill be described in detail in C

hapters 2 and 2.3, yield high-quality results. H
ow

ever, they usually 
have m

ajor draw
back � today�s com

m
on com

puter equipm
ent does not offer com

putational pow
er 

sufficient for running solutions based on these m
ethods in real-tim

e perform
ance. T

herefore, w
e have 

decided to propose som
e new

 solutions to attem
pt address this draw

back. 
In the field of com

bustion, nam
ely com

bustion of pulverized coal, w
e are focused on creating 

interactive m
odel and visualization m

ethods. W
e are also focused on finding new

 m
ethods and 

concepts, w
hich can be easily used and im

plem
ented. O

ur effort has resulted in finding various 
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techniques, covering m
ultiple directions leading to an interactive m

odel and real-tim
e of com

bustion 
processes.  

E
xcept of the im

plem
entation of high quality spline visualisation described in C

hapter 1 and in 
paper [K

adlec04] by K
adlec, and proposal of suitable existing com

bustion equations used in the 
com

bustion m
odel by H

rdlicka, all the presented results w
ere proposed and im

plem
ented by the author 

of this thesis, G
ayer. T

his also applies to all the papers of authors, w
ith an exception of paper 

[S
lavik03], w

hich consists of parts that w
ere invented and proposed by G

ayer (covers approxim
ately 

all the second half of the paper) and parts invented by S
lavik, H

rdlicka and K
ubelka (covers 

approxim
ately all the first half of the paper). 

1.7 
T

h
e stru

ctu
re of th

e th
esis 

T
he structure of the thesis can be sum

m
arized as follow

s: 

1. 
F

in
d

 a n
ew

 w
ay for fast gen

eration
 of com

b
u

stion
 d

ata, w
h

ich
 can

 b
e visu

alized
 in

 real-

tim
e: 

• 
Isotherm

 free stream
 com

bined w
ith air and coal particle system

 (C
hapter 1, published in 

paper [G
ayer02a]) 

• 
F

ast fluid sim
ulation com

bined w
ith virtual coal particle system

 (C
hapter 1, [G

ayer02b]) 

2. 
S

p
ecial visu

alization
 d

ata gen
erators allow

in
g real-tim

e in
terp

retation
 b

ased
 on

 h
igh

 

cap
acity d

isk
 d

rives 
• 

F
ast data generator using Fluid S

im
ulator S

tates (C
hapter 1, [G

ayer03a]) 
• 

H
ierarchical data generators based on F

luid S
im

ulator S
tates (C

hapter 1, [G
ayer03b]) 

• 
H

ierarchical data generators based on unsteady data sets (C
hapter 1, [G

ayer04a]) 

3. 
In

teractive visu
alization

 m
eth

od
s an

d
 con

cep
ts 

• 
F

ast, 
high 

quality 
visualization 

m
ethod 

using program
m

able 
shaders 

of 
new

 
graphics 

accelerators (C
hapter 1, [K

adlec04]) 
• 

Interactive m
odel for education, allow

ing real-tim
e visualization of characteristics and 

statistics (C
hapter 1, [G

ayer03c]) 
 T

he results of our effort are m
ore described in the chapters of the thesis. 

 

2 
E

xistin
g 

sim
u

lation
 

an
d

 
visu

alization
 

m
eth

od
s 

su
itab

le 
for 

flu
id

s an
d

 com
b

ustion
 p

rocesses  

2.1 
T

h
e m

od
ellin

g of flow
 u

sin
g C

F
D

  

B
efore visualization of physical processes, w

e m
ust find a w

ay for obtaining the num
erical data, 

w
hich represent sim

ulated situation in com
bustion boiler. F

or that purpose, w
e are seeking for a 

m
athem

atical m
odel, w

hich in som
e w

ay approaches physical reality. B
y im

plem
enting and running 

such a m
odel on com

puters, w
e sim

ulate these processes. A
n im

portant and com
plex task for 

sim
ulation and visualization of the com

bustion processes is w
ithout doubt the m

odelling of flow
 

(usually the flow
s of the air and of the coal during the com

bustion process). T
his area is subject to 

intensive research. T
he m

otion of fluids (gases, liquids) has been a topic of study for hundreds of 
years. N

ow
adays, C

om
putational F

luid D
ynam

ics (C
F

D
) is used in alm

ost all fields of fluid dynam
ics. 

C
F

D
 com

m
only represents broad fam

ily of num
erical solutions and com

putational m
ethods, w

hich 
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solve governing equations describing fluid flow
. C

F
D

 is thoroughly studied since �60s and is covered 
by m

any papers, handbooks and practical applications. F
or a brief introduction, overview

 and future of 
the C

F
D

 the reader could consult the paper [G
adelhak98]. F

or engineering practice, it is a good idea to 
start w

ith books on C
om

putational F
luid D

ynam
ics - T

he basics w
ith the applications [A

nderson95] or 
C

om
putational F

luid D
ynam

ics: A
n Introduction for E

ngineers [A
bbot89]. T

here are m
any others, 

w
hich can be used as a replacem

ent of these m
entioned..  

2.2 
F

lu
id

 S
im

u
lator an

d
 S

olvers 

T
he fluid sim

ulators and solvers based on the N
avier-S

tokes equations are used for the various 
practical com

puter graphics applications such as the anim
ation of w

ater and other liquids [F
oster00], 

[F
oster01], 

gases 
[Ihm

04], 
[F

oster97] 
and 

sm
oke 

phenom
ena�s 

m
odelling 

[R
asm

ussen03], 
[F

edkiw
01], [T

reuille03] (including sm
oke flow

 w
ith obstacles � [Y

oshida00]). F
urther, aerodynam

ics 
sim

ulation 
[W

ejchert91], 
anim

ation 
of 

the 
w

ater 
surface 

[C
hen97], 

[O
�B

rien95] 
and 

w
aves 

[E
nright02], fluid flow

s on sm
ooth surfaces [S

tam
03a], and ocean [L

iu03]. M
any others are being 

investigated. C
urrently, utilizing results as the data for visualization, the C

F
D

 m
ethodology by using 

these equations allow
s generation of very attractive pictures such are pictures of clouds [S

tam
99].  

S
om

e of them
 are even used for anim

ations and special effects w
here the resulting pictures play 

decisive 
role 

for 
the 

applications 
such 

as 
m

ovies 
[W

itting99], 
[R

asm
ussen04] 

and 
gam

es 
are 

[S
tam

03b]. S
om

e of them
 are used for special effects such as m

elting [C
arlson02], [W

ei03] and 
viscoelastic fluids [G

oktekin04]. T
hey are also used in special m

odelling softw
are packages such as 

M
aya. W

e can speak about tw
o types of the N

avier-S
tokes based fluid sim

ulators. T
hose such as 

[F
oster96] use unstable, tim

e step dependent solutions of the N
avier-S

tokes equations. O
thers � such 

as [K
ass90] or [S

tam
99] � use stable fluid m

odels that are able to determ
ine the progress of flow

 
independently on length of the tim

e steps, but at cost of increased com
putational speed of single 

fram
es. In m

ost cases, the solvers are built to m
eet requirem

ents of particular applications, how
ever 

usually they m
ay be m

odified and reused in either general or sim
ilar applications. F

luid sim
ulator 

proposed by [S
tam

99] can be im
plem

ented in just a few
 lines of code in the C

 language w
hen using 

F
ast F

ourier T
ransform

ation [S
tam

01]. 

2.3 
S

elected
 existin

g visu
alization

 m
eth

od
s for flu

id
s m

od
ellin

g 

2.4 
V

isu
alization

 of vector field
s 

T
he vector fields can be easily visualized in real-tim

e [G
elder92]. T

he flow
s can be visualized 

by arrow
 plots (som

etim
es called hedgehogs) or by sim

ple lines (w
ith various ending) that represent 

the vectors. T
he arrow

s could be easily rendered using sim
ple lines (for exam

ple by m
eans of 

O
penG

L
). H

ow
ever, w

hen visualizing m
any values organized in grids, arrow

 plots representing all the 
discrete values m

ay becom
e sm

all, allow
ing only a lim

ited am
ount of values to be displayed. U

nlike 
surface rendering m

ethods, direct volum
e-rendering m

ethods can be used to visualize 3D
 scalar data 

w
ithout interm

ediate geom
etric prim

itives [S
w

ann91], [C
raw

fis92], [C
raw

fis93].  
W

e can use som
e enhancem

ent and additions to these m
ethods to visualize m

ultiple data values. 
F

or exam
ple, w

e can use a com
bination of discrete and continuous visual elem

ents arranged in 
m

ultiple layers to represent visually the data. F
or exam

ple, [K
irby99] uses concepts of painting 
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inspired by the brush strokes the artists apply in layers to create an oil painting. W
ith these techniques, 

w
e are able to visualize several levels of inform

ation.  

2.4.1 
H

igh
ligh

tin
g p

laces of in
terest an

d
 featu

re extraction
 tech

n
iq

u
es 

In som
e cases, the com

m
on flow

 visualization m
ethods could yield im

ages w
hich w

ould be 
either unclear, or w

ould not give good overview
 of the visualized data, or in w

hich it w
ould be hard to 

recognize a selected behaviour of the flow
. W

e need to find w
ays to highlight im

portant places in flow
 

fields. F
or that purpose, w

e use various m
ethods. F

or exam
ple, a m

ethod for producing com
pact vector 

field visualizations, as described in [T
elea94], uses a hierarchical sim

plification of the vector data. T
he 

sim
plification is based on the definition of the vector sim

ilarity function for visualization of different 
aspects of the vector field. T

he m
ethod can visualize vector data at different levels of detail by 

interactively choosing the sim
plification level. W

e can use various feature extraction concepts to focus 
visualization on interactively selected parts or sim

plify com
plex and/or dense flow

 fields, such as 
clustering m

ethods for vector fields [G
arcke00]. O

thers can be found in num
erous papers, e.g. 

[P
ost02], [W

esterm
ann00], [T

heisel03], [P
olthier00], [S

ohn02], [S
adarjoen99]. 

2.4.2 
S

p
ot n

oise  

A
nother m

ethod of vector field visualization is based on random
 selection of data points. O

nly 
data in this subset are visualized. B

y com
bining all of these separate visualization m

ethods, w
e can 

obtain an im
age, w

hich w
ell describes structure of the vector field. W

e can then use this im
age as a 

texture to visualize the flow
 field directly. T

hese texture-based techniques differ in a w
ay they 

visualize the value in discrete points. S
pot noise techniques [W

ijk91], [deL
eeuw

95] draw
 spots of 

random
 intensity on random

 places. E
very spot is altered regarding the direction of value of vector 

field in the corresponding point. O
n the picture, w

hich is synthesized by draw
ing large am

ount of such 
spots, the global structure of field and feature details can be found.  

2.4.3 
L

in
e In

tegral C
on

volu
tion

 (L
IC

)  

T
he L

ine Integral C
onvolution technique (L

IC
, [C

abral93], [F
orsell95]) is based on filtering the 

w
hite 

noise 
texture 

(usually 
w

ith 
sam

e 
resolution 

as 
vector 

field) 
in 

corresponding 
places 

of 
stream

lines found in visualized vector field. T
his technique is sim

ilar to spot noise [deL
eeuw

98]. 
L

ater, 
the 

L
IC

 
and 

spot 
noise 

m
ethods 

have 
been 

im
proved 

and 
extended. 

O
L

IC
 

[W
egenkittl97a] uses less dense texture then L

IC
 and asym

m
etric filtering, w

hich gives effect of 
colour drops inserted into the vector field. F

R
O

L
IC

 does not use filtration of texture at all, w
hich 

allow
 increase visualization speed [W

egenkittl97b]. U
F

L
IC

 [S
hen97], [S

hen98] and A
U

F
L

IC
 [L

iu02] 
optim

izes L
IC

 for unsteady flow
s anim

ations. O
ther enhancem

ents and extensions to this m
ethod can 

be also found for exam
ple in [F

orsell95], [S
talling95], [S

hen96], [B
ordoloi02a], and [Interrante97].  

O
ther m

ethods of flow
 visualization include visualization of unsteady vector fields using L

agrangian-
E

ulerian A
dvection (L

E
A

) schem
e [Jobard02], and A

dvected R
adial B

asis F
unctions [P

ighin04]. 
F

urther, U
nsteady Flow

 A
dvection�C

onvolution (U
F

A
C

) [W
eiskopf03], visualization of flow

s using 
stream

lines [Z
ockler96], [W

ischgoll02], [M
attausch03] and streaklines [S

anna00], M
arkov R

andom
 

F
ield T

exture S
ynthesis [T

aponecco03], anisotropic nonlinear diffusion [P
reusser99]. A

n interesting 
approach for rendering anim

ated stream
lines using textures is proposed in [F

uhrm
ann98]. A

n attem
pt 

to visualize pulsative flow
 using special particle pathlines called P

article F
lurries has been described in 

[S
obel04]. B

y com
bining flow

 visualization in 3D
 w

ith light m
odels, w

e can obtain even better results 
[S

tock02]. A
 possibility of utilizing stream

arrow
s for stream

surfaces visualization is discussed in 
[L

oeffelm
ann97]. W

e recom
m

end [C
raw

fis00], [Post02], [P
ost03], [L

aram
ee04a] and [L

aram
ee04b] 

for com
prehensive overview

 of F
low

 V
isualization m

ethod. 
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2.4.4 
Im

age B
ased

 F
low

 V
isu

alization 

IB
F

V
 (Im

age B
ased F

low
 V

isualization) is a technique suitable for 2D
 flow

 visualization 
[W

ijk02] that gives visual results sim
ilar to previous described m

ethods, even that the used algorithm
 

considerably differs. V
isualization w

orks directly w
ith resulting bitm

ap, w
hich is transform

ed in each 
step according to values of vector field and m

ixed w
ith filtered noise texture. T

he technique can be 
easily im

plem
ented on graphical accelerators, because it uses their features of texture processing and 

alpha blending.  T
he visualization runs in real-tim

e and has tw
o steps. In the first, the im

age generated 
by previous visualization step is divided by grid. E

ach cell of the grid is transform
ed and deform

ed by 
values in its corners and m

odified cell is draw
n over the original im

age.  
In the second step, the im

age is blended w
ith one of the prepared im

age of noise textures, 
created during initialization. T

he resulted im
age is then draw

n and saved for next anim
ation step. 

In process of visualization, w
e can m

odify m
any param

eters, w
hich determ

ine the visualization 
result, such as coefficient of transparency of noise texture, size and scale of noise texture etc.. B

y 
altering these param

eters, w
e can get results sim

ilar to spot noise, O
L

IC
 etc. T

he m
ethod offers great 

perform
ance on current graphical hardw

are. It has been also extended to 3D
 [T

elea03]. T
ogether w

ith 
[L

efer04], this technique can be used for anim
ation of steady vector fields. 

2.4.5 
R

ealistic visu
alization of fire an

d flam
es  

C
urrent m

odels, w
hich deal w

ith sim
ulation and visualization of behaviour of flam

es, are m
ore 

concentrated on the visualization part of the com
bustion process. T

hey use several other approaches 
such as cellular autom

ata [T
akai95] (w

hich is also used for other physical sim
ulation purposes � e.g. 

excellent clouds m
odelling in [D

obashi99], [D
obashi00]), diffusion processes [S

tam
95], L

attice-
B

oltzm
an m

odel [Z
hao03], [W

ei02] and tom
ographic m

ethod for reconstructing a volum
etric m

odel 
from

 m
ultiple im

ages fire [Ihrke04]. [N
guyen02] presented a physically based m

ethod for m
odelling 

and anim
ating of burning of either solid or gas fuels. T

his m
ethod uses the incom

pressible N
avier-

S
tokes equations to m

odel independently both vaporized fuel and hot gaseous products. 
M

odels of this type are m
ore concentrated on the visualization part of the com

bustion process. 
T

he resulting pictures can be used in applications w
here the quality of visual effect plays decisive role 

(e.g. m
ovies, com

puter gam
es etc.).  

R
em

arkable research is being done by the C
om

bustion G
roup of U

tah [S
m

ith-W
W

W
]. U

sing 
special softw

are C
S

A
F

E
 [C

-S
afe-W

W
W

] on supercom
puters 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). O

f course, these and sim
ilar applications are very 

com
putationally expensive even on the today�s specialized hardw

are (e.g. 30 seconds per anim
ation 

fram
e in [N

guyen02]).  

2.4.6 
P

article system
s 

T
he particle system

s have been introduced by R
eeves [R

eeves83]. H
e described a particle 

system
 as a collection of m

any sm
all particles that together represent the visualized object(s). O

ver a 
period of tim

e particles are inserted into a system
, they m

ove and change w
ithin the system

, and are 
eventually rem

oved from
 the system

, depending on specified conditions. E
ach particle has assigned its 

individual attributes. 
V

isualization of particles provides intuitive and efficient m
eans for the exploration and analysis 

of com
plex flow

 fields. W
ith m

any particles sim
ulated and visualized, it is possible to gain w

ell-
arranged overview

 of flow
.  

B
y using large num

ber of particles w
ith suitable distribution w

e can use them
 for visualization 

of flow
 volum

es [G
uthe02]. P

article system
s can be used for m

odelling of turbulent flow
s � e.g. 

[G
am

ito95]. 
B

ruckshen at al. [B
ruckschen01], [K

uester01] developed a m
ethod enabling to visualize up to 
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60000 particles into a flow
 field w

hile m
aintaining an interactive fram

e rate. T
heir m

ethod w
as based 

on the pre-calculated particle trajectories stored in a schem
e optim

ized for selection of sub-grids. T
hey 

used high-capacity disk system
 (R

edundant A
rray of Inexpensive D

isk) for this application. T
hey used 

data sets w
ere for a classical problem

: sim
ulating the flow

 of a fluid around a spherical object.  
A

n exam
ple of successful usage of particle system

 can be found in [H
rdlicka96], [H

rdlicka04]. 
T

hey used a particle system
 as a solution for m

odelling the situation in gas cleanup filters. H
igh 

precision sim
ulation had been gained as w

ell as the possibility to study in details the behaviour of 
these filters, and the possibility to perform

 large num
ber of experim

ents in short tim
e, thus proposing 

optim
al cleanup filter design.  
P

article system
s by their nature offer an easy w

ay for display particle tracks and easy construct 
stream

lines. In C
F

D
, particle tracing allow

s the visualization of vector fields resulting from
 sim

ulation 
[L

ane97], [S
adarjoen98].  

2.4.7 
H

ard
w

are acceleration
 for scien

tific visu
alization

 

N
ow

adays, real-tim
e visualization of various unsteady data is m

ore often m
aintained by using 

techniques and approaches regarding to new
 program

m
able abilities of current graphical accelerators, 

such as described in [H
eidrich99], [W

eiskopf01], [T
elea03] and [W

eiskopf04a]. B
ordoloi and S

hen 
introduced hardw

are accelerated visualization of dense 2D
 vector fields w

ith flexible level of detail 
control 

[B
ordoloi02b], 

[S
hen04]. 

H
jertager 

[H
jertager00] 

introduced 
new

 
approach 

for 
accurate 

shading m
odel of lightning m

odels w
ith m

ultitexturing for volum
e rendering. O

ther projects aim
 

tow
ard acceleration of various phases of volum

e rendering process [R
oettger03]. A

bilities of current 
graphics hardw

are m
ay be utilized even for raytracing [W

eiskopf04b] sim
ulation purposes, perform

ed 
directly on the graphics hardw

are as described in [W
u04], [H

arris02], including sim
ulation of fluids 

using 
L

attice 
B

oltzm
an 

m
ethod 

[W
ei04], 

[L
i03], 

N
avier-S

tokes 
[L

iu04] 
and 

E
uler 

equations 
[H

arris03]. 

3 
S

u
m

m
ary an

d
 con

trib
u

tion
 of th

e th
esis 

3.1 
F

ast flu
id

 sim
u

lation
 com

b
in

ed
 w

ith
 virtu

al coal p
articles 

In the beginning of our effort, w
e used a m

odelling based on the Isotherm
-F

ree concept, 
described in C

hapter 1 of the thesis. H
ow

ever, this approach had considerable lim
itations and w

as 
suitable only very sim

ple boiler configurations. W
e had faced serious problem

s w
hen using com

plex 
setup and changing the boiler configuration during the sim

ulation.  
A

s described in C
hapter 1 of the thesis, our coal com

bustion system
 is currently based on a fast 

fluid sim
ulator core. T

he fluid sim
ulator allow

s real-tim
e com

putation of the airflow
. It utilizes E

uler 
E

quation and T
he C

ontinuity E
quation. T

he sim
ulator is very easy to im

plem
ent and thus can be 

reusable in various com
puter graphics and sim

ulation tasks related to the airflow
 sim

ulation and 
visualization.  

T
he high speed of the fluid sim

ulator and com
bustion system

 allow
s real-tim

e visualization of 
the results (using the O

penG
L

 graphics interface). T
he system

 has been im
plem

ented in a 2D
 

structured cell grid (see F
igure 1) w

ith variable depth � z-axis, and considering the m
ethodology used, 

it 
could 

be 
relatively 

easily 
to 

extended 
to 

3D
 

grid 
cell, 

nam
ely 

due 
to 

easily 
adaptation 

of 
com

putational m
odel, how

ever the im
plem

entation w
ould be dem

anding in term
s of developm

ent tim
e 

and 
com

putation 
requirem

ents. 
T

he 
unique 

concept 
of 

the 
virtual 

coal 
particles, 

based 
on 

the 
interaction of the air m

ass inside the cell w
ith the coal m

ass (see F
igure 2), allow

s us to both speed up 
the 

com
bustion 

sim
ulation 

and 
also 

gives 
us 

a 
possibility 

of 
easy 

tracking 
the 

flow
 

of 
the 

com
bustibles. V

irtual coal particles also allow
 visualizing dynam

ics of the com
bustion process.   

W
e have tested our system

 by m
odelling a boiler of real dim

ensions, characteristics and 
param

eters. T
he behaviour and quantitative features predicted by our system

 w
ere com

parable w
ith 

those of a real boiler as w
ell as w

ith the results gained from
 the professional C

F
D

 softw
are package 
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F
L

U
E

N
T

 5.5. H
ow

ever, w
e had to use m

anual tuning, that are dependent on concrete solved tasks, to 
approach to these results.  

O
n the other hand, our fluid sim

ulator is conditionally stable, thus it needs to setup fix tim
e step 

dependent on grid size (increasing w
ith grids that are m

ore precise) as sim
ilar existing m

ethods. In 
addition, w

hen requesting precise results, the professional C
F

D
 packages and softw

are, or even 
possibly som

e other fluid sim
ulators and solvers based on m

ore precise m
athem

atical and physical 
m

odel could give better results, but at the cost of the com
putation speed. O

ur fluid sim
ulator is m

ade 
as a com

ponent, w
hich could be possibly replaced by such another fluid sim

ulators or solvers.  
F

or cases, w
here m

ore precise com
putations are used (by e.g. increasing size of com

putational 
grid in our fluid sim

ulator), resulting in com
putational dem

ands, w
hich w

ould disallow
 real-tim

e 
visualization, w

e proposed further described approaches based on interpretation of generated data 
stored on disk drives. O

ur fluid sim
ulator w

as used as source of such data in those cases. 

  

F
igure 1: D

ivision of the boiler area to 2D
 grid cells. T

he cell values in the next tim
e step are 

com
puted from

 nearest neighbours only. 

t =
 0 seco

n
d

s:

T
=

 303
oC

(ab
o

ve 
ig

n
itio

n
)

O
2

 co
n

cen
tratio

n
=

 60%
 

C
oal p

article

P
artially b

urne
d particle

C

C

C

t =
 0.01 seco

n
d

s:

T
=

 305
oC

 (in
c

reas
ed

)

O
2

co
n

cen
tratio

n
=

 57%
 

P
artially b

urne
d

coal particles

C
oal particle transform

ed to 
burned gas particle

C

B

C

C

C

BEFOREAFTER

 

F
igure 2: E

xam
ple interaction of coal particles during the com

bustion process for the tim
e dt in a 

selected cell  
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3.2 
F

lu
id

 S
im

u
lator States (F

S
S

) 

A
s described in C

hapter 6 of the thesis, the sim
ulation w

ith pre-calculated fluid sim
ulator states 

extension is com
pound of partial com

putation w
ith synchronous utilization of pre-calculated fluid 

sim
ulator states stored on disk device, see F

igure 3. T
his concept can drastically im

prove the 
sim

ulation and subsequent visualization speed of w
ide spectrum

 of com
puter graphics applications 

based on fluid sim
ulator w

hile keeping the precision of com
putation unchanged. P

re-calculating states 
of the fluid sim

ulator rather than storing com
plete unsteady data sets of sim

ulation results in m
uch less 

disk space requirem
ents, w

ith virtually unchanged acceleration. In visualization part, all interactive 
actions and features such as changing the visualization param

eters and visualization of arbitrary 
characteristics are kept. E

ven sim
ple and not perform

ance-optim
ized applications based on 2D

 or 3D
 

fluid sim
ulators (even non-real-tim

e) can benefit from
 our concept. In other w

ords, pre-calculated 
fluid sim

ulators extension can help to overcom
e perform

ance bottleneck of tim
e-consum

ing fluid 
sim

ulator codes, nam
ely w

hen using high-resolution grids or m
ore precise, com

plex com
putation 

m
ethods. O

ur concept could be utilized by either replacing our sim
ulator in our system

, w
ith another, 

m
ore precise one, or adapting and incorporating described ideas to already designed system

. 

V
isu

alizatio
n

V
isu

alizatio
n

In
teractio

n
In

teractio
n

S
to

re F
u

ll
D

ata S
ets

S
to

re F
u

ll
D

ata S
ets

F
lu

id
 sim

u
lato

r
F

lu
id

 sim
u

lato
r

C
o

m
b

u
s

tio
n

 &
h

eat tran
sfer 

en
g

in
e

C
o

m
b

u
stio

n
 &

h
eat tran

sfer 
en

g
in

e
P

article
s

ys
te

m

P
article

s
yste

m
G

rid
 cells

G
rid

 cells

S
to

re F
S

S
exten

sio
n

S
to

re F
S

S
exten

sio
n

 

F
igure 3: S

chem
atic architecture of our interactive sim

ulation and visualization system
  

W
e 

have 
perform

ed 
tests 

of 
the 

architecture 
on 

our 
coal 

com
bustion 

sim
ulation 

and 
visualization system

 based on fluid sim
ulator and particle system

. W
e have dem

onstrated that w
ith this 

concept considerable acceleration of sim
ulation and subsequential visualization can be gained, w

hile 
requesting only sm

all fraction of the disk space requirem
ents (see T

able 1). S
uch space w

ould be 
needed for storing w

hole fram
es either as m

ovie files (w
ith total loss of interactivity) or com

plete 
unsteady data sets w

ith m
uch higher disk dem

ands, w
hile keeping the acceleration virtually either 

unchanged or better (in case of fluid sim
ulator m

ore dem
anding then the rest codes, w

hich w
as the 

case of our application). T
he lim

itation of this m
ethod is nam

ely in loosing the interactive possibilities, 
nam

ely changing the sim
ulated configuration and boundary conditions during replaying the stored data 

and im
possibility to change the playback speed w

ith the possibility to skip selected fram
es. W

e 
address these issues in data generators based on tree structures. W

e are also som
ehow

 lim
ited by the 

disk drive storage requirem
ents, but the dem

ands are considerably less, then it w
ould be needed for 

storing corresponding U
nsteady D

ata S
ets. 
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S
tore m

eth
od

 / 

G
rid

 size 

F
S

S
 / 

20 ×
40 

F
U

L
L

/ 

20 ×
 40 

F
S

S
 

/ 

50 ×
 100 

F
U

L
L

 
/ 

50×
100 

Interactivity 
P

artial 
P

artial 
P

artial 
P

artial 

S
eek &

 change speed 

ability 

N
o 

Y
es 

N
o 

Y
es 

G
eneration tim

e 
1214s 

1230s 
5128s 

5133s 

W
rite [M

B
/s] 

0.16 
8.0 

0.3 
3.7 

R
eplay tim

e 
627s 

603s 
816s 

864s 

R
ead [M

B
/s] 

0.31 
14.6 

1.9 
21.95 

A
V

G
 F

p
s 

19.1 
19.9 

16.3 
15.4 

D
isk

 sp
ace G

B
 

0.2 
9.4 

1.6 
19.1 

T
otal A

cceleration
 

x 1.9 
x 2.0 

x 6.2 
x 5.9 

T
able 1: R

esults gained using pre-calculated fluid sim
ulator state engine and full data set 

3.3 
F

lu
id

 S
im

u
lator States T

ree 

A
s described in C

hapter 7 of the thesis, w
e have designed and im

plem
ented hierarchical tree 

structures built from
 pre-calculated fluid sim

ulator states, w
hich allow

 increm
ental, progressive and 

easy construction of various configurations of the boiler w
ith high speed, interactive visualization and 

the playback of results (see F
igure 4 and F

igure 5). T
he m

odifications of sim
ulation boundary 

conditions are available in every node of the F
S

S
 tree (see F

igure 6). T
hus, every interactively selected 

path in the F
S

S
 tree corresponds to one m

odified sim
ulation solution. 

T
he original concept of a P

re-calculated F
luid S

im
ulator S

tates T
ree can be easily utilized in 

various applications based on fluid sim
ulators and solvers as w

ell. H
ow

ever, the im
possibility to 

change the playback of interpreted data or store only selected sim
ulation fram

es rem
ains. W

e address 
these draw

backs in U
D

S
 T

ree. 
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F
irst fram

e (co
m

p
lete

 state)

S
eco

n
d

 F
ram

e
..

C
o

llectio
n

 o
f cascad

in
g

F
S

S
 states fo

r 
accelerated

d
atasets g

en
eratio

n
.

..
F

ram
e N

 -
1

L
as

t fra
m

e (c
o

m
p

le
te state)

 

F
igure 4:  S

tored fram
es in a node of F

SS
 tree. F

irst and last fram
es contain com

plete fram
es, w

hile 
betw

een them
 are fram

es containing only data for acceleration of datasets generation allow
ing to 

com
pute all sim

ulation fram
es betw

een the first and last fram
e 

 

F
igure 5: H

ierarchical tree of pre-calculated fluid sim
ulator states. E

ach node of the tree represents one 
file w

ith saved F
S

S
. T

he current selected path of sim
ulation w

ith configurations m
odifications, w

hich 
can be replayed, is being highlighted. T

he nodes that contain � or +
 sign m

arks nodes that contain 
another subtrees. 
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F
igure 6: Illustration of interactive change of param

eters of sim
ulation in different F

S
S

 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. T
he F

S
S

 accelerated sim
ulation continues w

ith 
changed configuration. 

3.4 
U

n
stead

y D
atasets T

ree 

A
s described in C

hapter 8 of the thesis, w
e have proposed, im

plem
ented and tested the concept 

of hierarchical datasets tree structures in com
bustion processes sim

ulation and visualization pow
ered 

by the unstable fluid sim
ulator. C

hoosing unsteady dataset helps us to avoid the com
m

on draw
back of 

slow
 sim

ulation of unstable fluid sim
ulators, due to sm

all tim
esteps.  

O
ur concept overcom

es the com
m

on draw
back of the com

m
only used unsteady datasets, w

hich 
results in loosing of interactivity on the sim

ulation side. P
roposed solution of hierarchical structures 

consisting of sim
ulation results datasets over classical datasets allow

 increm
ental, progressive and 

easy construction and playback of various sim
ulation configurations w

ith interactive visualization of 
the results. T

he m
odifications of sim

ulation boundary conditions are available in every node of the 
dataset tree. E

very interactively selected path in the datasets tree corresponds to one m
odified 

sim
ulation solution. W

e have proved that w
e can even use up to hundred thousand of particles w

ithout 
m

uch w
orry about perform

ance bottlenecks of the current com
m

odity disk drives. 
O

ur results can be easily utilized in general sim
ulation and m

odelling applications, w
hich use 

unsteady datasets for storage of the results. T
he users of sim

ulation and visualization applications can 
extend the prepared and pre-calculated sim

ulation results w
ith their ow

n m
odifications w

ith possibility 
to use the results of previous solutions stored in tree w

hile keeping a high speed of replaying, because 
of the utilization of unsteady datasets.  

T
his m

ethod is lim
ited by the speed of the disk drive, w

hich should be enough to allow
 transfer 

large am
ounts of data into system

 m
em

ory, otherw
ise the acceleration could be considerably low

er. 
H

ow
ever, w

e have dem
onstrated that on properly configured com

m
on U

ltra A
T

A
 and S

erial A
T

A
 

drives, there is no problem
 w

ith acceleration perform
ance. In cases, that disk drive capacity storage is 

lim
ited, w

e can still use the F
S

S
 and F

S
S

 T
ree m

ethods described earlier. 
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S
tore m

eth
od

 / 

G
rid

 size 

S
IM

 / 

20×
*40 

U
D

T
 

/ 

20×
*40 

S
IM

 
/ 

50×
*100 

U
D

T
 

/ 

50×
*100 

S
im

ulation tim
e 

1089s 
1103s 

4617s 
4665s 

W
rite [M

B
/s] 

N
/A

 
0.7 

N
/A

 
0.4 

R
eplay tim

e 
1062s 

49s 
4659s 

68s 

R
ead [M

B
/s] 

N
/A

 
15.9 

N
/A

 
26.4 

D
raw

in
g sp

eed
 [F

P
S

] 
9.4 

22.5 
2.1 

14.7 

D
isk

 sp
ace [G

B
] 

N
/A

 
0.78 

N
/A

 
1.8 

T
otal acceleration

 
N

/A
 

x  24 
N

/A
 

x 70 

T
able 2: R

esults gained using direct sim
ulation (S

IM
) and unsteady datasets tree (U

D
T

) 

3.5 
H

ard
w

are accelerated
 in

terp
olation

 tech
n

iq
u

es 

A
fter 

having 
proposed 

m
ethods 

for 
fast 

data 
generation 

based 
on 

fast 
sim

ulation, 
and 

accelerated 
hierarchical 

storage, 
a 

question 
rem

ains 
- 

how
 

to 
visualize 

these 
data 

in 
optim

al 
perform

ance and quality. A
s w

e described in C
hapter 9 of the thesis, our m

ethod achieves real-tim
e 

rendering of grid-structured data using pre-calculated texture. W
e interpolate the data using spline 

interpolation that runs directly on the graphics accelerator, therefore leaving the C
P

U
 to com

pute the 
sim

ulation in parallel. T
he texture used m

ay be changed dynam
ically, w

hich results in a possibility of 
interactive adjustm

ents of visualization param
eters. T

he m
ethod allow

s us to display isolines of the 
displayed data w

ith no additional perform
ance requirem

ents. T
he isoline displaying m

ay be enabled or 
disabled by sim

ply choosing the texture, see F
igure 8. 

W
e used im

plem
entation of this technique to im

prove quality of visualization in our coal 
com

bustion and visualization system
, see F

igure 7. T
he success of the im

plem
entation proves the 

significant contribution of this hardw
are-accelerated technique for m

aintaining real-tim
e, high-quality 

visualization of the cell characteristics. T
his concept can be used in sim

ilar applications regarding 
scientific, isocontour based visualization of com

puted or sim
ulated data. A

lthough, the new
 m

ethod is 
currently about 10 tim

es slow
er than com

m
on raw

 O
penG

L
 visualization using linear interpolated 

quads, it is still suitable for real-tim
e visualization, w

ith dram
atic enhancem

ent of the visual quality. In 
applications, w

hich need to visualize 2D
 grids w

ith up to 10.000 cells w
e can expect real-tim

e 
perform

ance on today�s com
m

odity graphics hardw
are. W

ith m
ore precise grids, w

e can still use 
m

entioned sim
ple O

penG
L

 visualization. 
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F
igure 7: O

riginal visualization of com
bustible m

asses inside the boiler area. R
ight: V

isualization of 
the m

ass using the spline interpolation m
ethod 

 
 

F
igure 8: L

eft: U
sing the pre-calculated texture palette concept, w

e can easily visualize isolines, w
ith 

no additional perform
ance cost over the basic spline interpolation. R

ight: V
isualization of isolines 

together w
ith particle system

 

3.6 
E

d
u

cation
al S

ystem
 of P

u
lverized

 C
oal C

om
b

u
stion

 

A
s w

e described, in C
hapter 1 of the thesis, our educational system

 M
y P

ulverized C
oal 

C
om

bustion for pulverized coal com
bustion is based on a sim

ple fluid sim
ulator and virtual coal 

particle system
. T

he fluid sim
ulator allow

s real-tim
e com

putation of the air flow
ing inside the boiler. 

W
e selected particle system

s for m
aintaining visualization of com

bustion process dynam
ics. B

y their 
nature, they can even be utilized in the sim

ulation and com
putation part. 

T
he high speed of the fluid sim

ulator and com
bustion pow

ered by the virtual coal particle 
system

 and sim
plified com

bustion engine allow
s real-tim

e visualization of the resulting characteristics 
and dynam

ics using hardw
are accelerated contour visualization, Im

age B
ased F

low
 V

isualization 
(IB

F
V

) and particle system
 (using O

penG
L

 graphics interface). T
he system

 has been im
plem

ented in 
2D

 grid cell space, w
ith variable depth � z-axis. T

he system
 is suitable for educational purposes, 

w
here clarity, real-tim

e interactivity and universality of com
putation if im

portant.  
T

he 
m

ost 
pow

erful 
and 

new
 

feature 
of 

our 
system

 
is 

the 
sim

ulation 
and 

visualization 
interactivity, w

hich is available during real-tim
e com

putation of the com
bustion process, w

ithout 
needing to stop or restart the system

. T
ens of input param

eters, including coal inlets setup can be 
m

odified on the fly. 
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O
ur results m

ake it possible to get a good preview
 of the dynam

ics of com
bustion processes in a 

boiler. B
ased on this concept, the students and eventually designers of boilers, m

aking use of the fast, 
preview

 based design and approach, could now
 test m

any configurations and m
odifications of the 

pulverized coal boilers interactively. T
he system

 by itself can in an interactive, efficient and attractive 
form

, give an overview
 of how

 pow
erplant boilers w

ork, w
ith an overview

 of fundam
ental boiler 

param
eters. T

he system
 optionally supports above described hierarchical tree storage and playback 

based on the pre-calculated F
luid S

im
ulator S

tates T
rees and U

nsteady D
ata S

ets trees. 
T

he 
interactive 

m
odelling 

can 
bring 

the 
student 

basic 
know

ledge 
and 

fundam
entals 

of 
constructing perform

ance and efficient boiler solutions and m
ore. W

e can recom
m

end it as an 
introductory application for com

bustion processes overview
 in pow

er plants. W
ith this technique, w

e 
can get a good preview

 of the dynam
ics of com

bustion processes in a boiler. T
he stable version of the 

system
, resulting from

 the w
ork during P

hD
 studies, w

ill be used in the educational process in the 
F

aculty of M
echanical E

ngineering at the C
T

U
 P

rague. Q
uality and sim

ulation precision is sufficient 
for these purposes.  

C
urrently, our system

 is im
plem

ented in M
icrosoft V

isual C
+

+
 and runs at interactive fram

e 
rates even on a com

m
odity P

C
 equipped w

ith only A
M

D
 A

thlon 1333 M
H

z and nV
idia G

eF
orce2 M

X
 

based graphics card. S
ee the follow

ing F
igure 9, F

igure 10, F
igure 11 and F

igure 12 for the 
visualization outputs from

 the system
. 

 
 

 

F
igure 9: V

isualization of flow
 in the boiler using IB

FV
. L

eft: F
low

 in boiler w
ith grid 50 x 100 cells, 

M
iddle: F

low
 in boiler w

ith grid 20 x 40, R
ight: D

etail of flow
 w

ith grid 20 x 40 
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F
igure 10: V

isualization of thousands of virtual coal particles characteristics together w
ith selected 

cell grid characteristic (draw
n on the background).  

 
 

F
igure 11: V

isualization of virtual coal particles using point sprites, resulting in better picture quality  

F
igure 12: T

racking and m
onitoring of the characteristics of the selected particle and sam

ple statistics  
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3.7 
P

article an
d

 volu
m

e statistics 

A
nother w

ay of presenting the com
puted values is utilizing statistics feature offered by our 

system
. T

he inputs for statistics are either values of any selected cell grids characteristics or values of 
any described characteristics of the particles. W

e can m
easure and visualize the values distribution in 

the grid cells and particles for all the above-described characteristics. T
he sam

ple visualization output 
is show

n on . 

3.8 
In

teractive sim
u

lation
 

D
uring the sim

ulation, w
e can interactively m

odify any of about 45 sim
ulation param

eters. O
n 

the fly, w
e can for exam

ple increase the num
ber of generated particles (im

proving the sim
ulation 

precision at certain cost of visualization and sim
ulation speed, see the ) or change the m

ass of average 
coal particles flow

ing from
 the inlets of the boiler. 

4 
C

on
clu

sion
 

In this w
ork, w

e have described effort during the P
hD

 study and described possibilities useful 
for next possible research. W

e have described com
m

only used m
ethods usable for the sim

ulation and 
visualization of the fluids and com

bustion processes. W
e have presented existing visualization features 

and m
ethods usable for the visualization of the general fluids and for com

bustion processes.  
W

e have designed our fluid sim
ulator and virtual coal particle concepts for both the sim

ulation 
and visualization of the com

bustion processes. W
e use these com

ponents as data generators for storage 
techniques and visualization m

ethods. F
or the sim

ulation and visualization of a com
bustion system

, 
our current investigation brings an interesting alternative to the classical C

F
D

 applications.  
M

ajor part of our w
ork is concerned in using the speeding up the sim

ulation using F
luid 

S
im

ulator S
tates. W

e extended this concept w
ith tree structures allow

ing increm
ental and interactive 

concept of solution of fluid tasks including com
bustion. T

he hierarchical concept of com
puted data 

storage can be also w
ell used for storing general unsteady datasets. 

W
e had also w

orked on visualization of com
bustion processes and general fluids. U

sing the 
concept of virtual coal particles, w

e had created an attractive visualization allow
ing us to investigate 

the dynam
ics of the com

bustion process. W
e had used the features of the last generation graphics 

cards to propose and im
plem

ent real-tim
e and high quality visualization of flow

 fields by using 
hardw

are accelerated bicubic spline interpolation and IB
F

V
. 

T
he m

entioned parts has been integrated and im
plem

ented into and tested in an application M
y 

P
ulverized C

oal C
om

bustion that has been developed w
ith dem

ands of interactive enabled education 
being kept in m

ind. T
he system

 can be used for educational purposes in order to give students idea 
about the behaviour of boilers under various conditions. T

his application allow
s this w

ith m
any 

interactive features. A
ll 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 m
ore advanced versions. 

W
e hope that som

e of the presented results w
ould be used in either next research projects or 

practical projects trying to keep the environm
ent w

e are living in clean. If w
e really still have to burn 

fossil fuels, at least let us try to do it effectively and ecologically. 
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5 
A

w
ard

s 

T
he 

real-tim
e 

pulverized 
coal 

com
bustion 

system
 

and 
its 

portions 
form

ed 
by 

techniques 
presented at previous chapters of this thesis received the follow

ing aw
ards: 

 
• 

2003, C
T

U
 F

E
E

 at P
ragu

e, C
zech

 R
ep

u
b

lic 
A

w
ard of D

ean of the F
aculty of E

lectrical E
ngineering of the C

zech T
echnical U

niversity in P
rague 

for w
ork S

im
ulation and V

isualization of C
om

bustion P
ow

ered by F
luid S

im
ulator, presented at 

conference C
T

U
 P

oster 2003  
 

• 
2003, B

rn
o U

n
iversity of T

ech
n

ology, F
acu

lty of E
lectrical E

n
gin

eerin
g an

d
 C

om
m

u
n

ication
 

(B
U

T
 F

E
E

C
), C

zech
 R

ep
u

b
lic 

A
w

ard of D
ean for the best w

ork in the International C
om

petition of student creative projects S
tudent 

E
E

IC
T

 2003  
 

• 
2003, C

T
U

 in
 P

ragu
e, C

zech
 R

ep
u

b
lic 

P
rice of the rector for placing betw

een the best projects of P
hD

 students, that w
ere solved w

ithin the 
scope of C

T
U

 internal grants and that w
ere presented on conference C

T
U

 W
orkshop 2003 
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8 
A

b
stract 

N
ow

adays, com
plex sim

ulation program
s are used for m

odelling of com
bustion processes in pow

er plant 
boilers. T

hey allow
 designers to experim

ent extensively w
ith the com

puter m
odels of the boilers w

ithout 
necessity to build their physical m

odels. T
hese sim

ulation m
ethods are w

idely used and several program
 

packages (e.g. F
L

U
E

N
T

) are available on the m
arket. T

he use of these system
s led to increased quality of the 

design and their use has been w
idely adopted by designers around the w

orld. G
eneral disadvantage of these 

sim
ulation program

s is the com
plexity of sim

ulation, w
hich results in very tim

e-consum
ing calculations. T

his 
situation does not allow

 quickly investigate various conditions in the boiler and the results of param
eter changes 

during the com
bustion process and study in the real-tim

e the dynam
ics of the com

bustion process. 
W

e present techniques, w
hich together form

 a solution allow
ing real-tim

e sim
ulation and visualization of 

these processes. W
e propose sim

plified fluid flow
 and com

bustion process com
putation. W

e use structured cell 
representation of the com

bustion space. W
e use fast fluid sim

ulation, based on E
uler equation and continuity 

equation. T
hus, for the specified tim

e step, w
e com

pute changes of the m
ass flow

 pressure, velocity and other 
characteristics inside each cell. T

he changes of the cell characteristic are also based on the characteristics of the 
nearest neighbours of the cell. T

he results of the flow
 sim

ulation are im
m

ediately used for the other parts of the 
com

putation.  
T

he concept of the virtual coal particles, based on the interaction of the air m
ass inside the cell w

ith the 
coal particles, allow

s fast com
bustion sim

ulation. It also gives possibility of easy tracking of the flow
 of 

com
bustibles and thus visualizing dynam

ics of the entire com
bustion process.  

W
e also describe our concept of pre-calculated F

luid S
im

ulator S
tates. It is an extension for structured 

fluid sim
ulators and solvers, w

hich are used w
idely in com

puter graphics and sim
ulation applications. It is based 

on storing pre-calculated fluid sim
ulator states (F

S
S). T

he sim
ulation using our extension is based on partial 

com
putation w

ith synchronous utilization of pre-calculated fluid sim
ulator states stored on high-capacity disk 

drives. T
he disk space requirem

ents are less dem
anding by several orders than the ones needed for saving 

corresponding unsteady data sets. T
his allow

s better scalability and storing and replaying results of com
plex 

tasks w
ith large grids and/or ten thousands of particles. 
W

e 
organize 

pre-calculated 
F

luid 
S

im
ulator 

S
tates 

(F
S

S
) 

in 
hierarchical 

tree 
structures 

allow
ing 

increm
ental solving, interactive replaying and m

odifications of the sim
ulated tasks. T

hus, the param
eters and 

boundary conditions of the sim
ulation can be m

odified in real-tim
e during replaying. W

e proposed hierarchical 
tree 

structures 
w

ith 
U

nsteady 
(tim

e-varying) 
D

atasets, 
w

hich 
brings 

interesting 
interactive 

features 
to 

applications using these datasets. 
W

e have also proposed, designed and im
plem

ented visualization of the results from
 our fluid sim

ulator. 
W

e use the O
penG

L
 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, w
e developed hardw

are-accelerated visualization using the current generation of 
graphics accelerators. T

he presented m
ethod offers real-tim

e rendering of grid-structured data. T
he m

ethod uses 
bicubic spline interpolation running on com

m
on current graphics hardw

are to m
ap num

eric values to a texture. It 
allow

s us also to render isolines of the visualized data and dynam
ically change the visualization param

eters. W
e 

have com
pared the visual quality of produced im

ages w
ith the com

m
only used linear interpolation visualization 

m
ethods. 

T
he im

plem
entation of the above-described techniques has been used to develop the application M

y 
P

ulverized C
oal C

om
bustion, w

hich allow
s real-tim

e interaction w
ith the boiler m

odel � e.g. changing up the 
inlet characteristic, such as m

ass flow
 of the air and coal, velocity of the flow

, positions w
ithout need to restart 

the sim
ulation. A

 low
-cost hardw

are is used to perform
 all com

putations and render the visualization. T
he 

overall solution allow
s real-tim

e, im
m

ediate interaction of the user during sim
ulation and visualization � e.g. 

changing coal inlets, com
bustible properties and other input param

eters during sim
ulation. T

he solution allow
s 

real-tim
e m

onitoring of about 50 basic cell volum
es characteristics and statistics inside the boiler, and about 10 

pulverized coal particle characteristics. A
ll these features are available im

m
ediately, w

ithout need to w
ait hours 

for 
com

plex 
calculations 

to 
finish. 

O
ur 

solution 
is 

especially 
suitable 

for 
education 

purposes 
in 

pow
er 

engineering. 
T

he concept of our fluid sim
ulator and the other techniques are im

plem
ented in 2D

. T
hey m

ay be used in 
general fluids com

putation and m
odelling, thus not only for the com

bustion applications. T
he com

ponents have 
been designed as independent blocks reusable in other projects.  

  K
eyw

ord
s: 

C
om

bustion, 
V

isualization, 
P

article 
system

s, 
S

im
ulation, 

U
nsteady 

datasets, 
H

ardw
are 

acceleration, E
ducation 
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A
b

strak
t 

V
 současné době se pro m

odelování spalovacích procesů v elektrárenských kotlích pou�ívají kom
plexní 

sim
ulační program

y. T
y um

o�ňují návrhářům
 provádět experim

enty s počítačovým
i m

odely kotlů bez nutnosti 
konstrukce jejich m

odelů. T
yto sim

ulační m
etody jsou �iroce pou�ívané a různé program

ové balíky (jako např. 
F

L
U

E
N

T
)  jsou dostupné na trhu. P

ou�ití těchto systém
ů vedlo ke zvý�ení kvality designu a jejich pou�ívání 

bylo �iroce přijato návrháři kotlů po celém
 světě. O

becnou nevýhodou těchto sim
ulačních program

ů je slo�itost 
sim

ulace, která m
á za následek velm

i časové náročné výpočty. T
ato situace nedovoluje rychle vy�etřovat různé 

podm
ínky v kotli a výsledky zm

ěn param
etrů během

 spalovacího procesu, ani studovat v reálném
 čase dynam

iky 
spalovacích procesů. 

V
 této disertaci představujem

e techniky , které společně vytvářejí ře�ení um
o�ňující v reálném

 čase 
sim

ulovat a vizualizovat tyto procesy. N
avrhujem

e ře�ení zalo�ené na výpočtech zjednodu�eného fluidního 
proudění a spalovacích procesů. P

ou�ívám
e strukturovanou reprezentaci buněk m

ří�ky spalovacího prostoru. 
P

ou�ívám
e rychlou fluidní sim

ulaci, zalo�enou na ruletově rovnici a rovnici kontinuity. T
akto, ve specifickém

 
časovém

 kroku, počítám
e u proudící hm

oty zm
ěnu tlaku, rychlosti a dal�ích charakteristik uvnitř buňky. Z

m
ěny 

charakteristik buňky jsou také odvozeny od charakteristik nejbli��ích sousedů dané buňky. V
ýsledky fluidní 

sim
ulace jsou ihned pou�ity v dal�ích částech výpočtu. 

K
oncept virtuálních částic, zalo�ených na interakci vzduchu uvnitř buňky s částicem

i uhlí, um
o�ňuje 

rychlý výpočet spalování. T
o um

o�ňuje m
o�nost snadno sledovat proudění spalin a um

o�ňuje vizualizaci 
dynam

iky celého spalovacího procesu. 
T

aké popisujem
e ná� koncept předpočítaných stavů fluidního sim

ulátoru (F
S

S). Jde o extensi pro 
strukturované fluidní sim

ulátory a ře�iče, které jsou �iroce pou�ívány v počítačové grafice a sim
ulačních 

aplikacích. Z
ákladem

 je ukládání předpočítaných stavů fluidního sim
ulátoru. S

im
ulace s pou�itím

 na�í extenze je 
zalo�ena na částečném

 výpočtu se současným
 vyu�itím

 předpočítaných stavů ulo�ených na vysoce kapacitních 
discích. N

ároky na diskový prostor jsou řádově m
en�í ne� nároky potřebné pro ulo�ení odpovídajících datových 

souborů pro časově prom
ěnnou sim

ulaci. T
o um

o�ňuje lep�í �kálovatelnost a ukládání a přehrávání výsledků 
slo�itých úloh s rozsáhlým

i m
ří�kam

i a/nebo desítkam
i tisíc částic. 

P
řepočítané stavy uspořádávám

e do hierarchických strom
ových struktur um

o�ňující postupné ře�ení, 
interaktivní přehrávání a zm

ěnu sim
ulovaných úloh. T

akto, param
etry a hraniční podm

ínky sim
ulace m

ohou být 
m
ěněny 

v reálném
 
čase 

během
 

přehrávání. 
N

avrhli 
jsm

e 
také 

hierarchické 
strom

ové 
struktury 

s časově 
prom

ěnným
i datovým

i soubory, které přiná�ejí zajím
avé interaktivní m

o�nosti do aplikací, které pou�ívají tyto 
datasety. 

N
avrhli 

jsm
e 

a 
im

plem
entovali 

vizualizaci 
vypočítaných 

výsledků 
z na�eho 

fluidního 
sim

ulátoru. 
Pou�ívám

e grafickou knihovnu O
penG

L
 pro rychlou a přenosnou vizualizaci na�ich výsledků, včetně rychlé 

vizualizace virtuálních uhelných částic a velm
i kvalitní vizualizaci m

ří�ky buněk s pou�itím
 interpolace pom

ocí 
bikubických křivek. P

ro tento účel jsm
e vyvinuli hardw

arově akcelerovanou vizualizaci s pou�itím
 současné 

generace grafických akcelerátorů. P
ředlo�ená m

etoda nabízí renderování m
ří�ky strukturovaných dat v reálném

 
čase. M

etoda pou�ívá interpolace pom
ocí bikubických křivek, a vyu�ívá m

o�nosti grafického hardw
aru m

apovat 
num

erické hodnoty do textury. T
o nám

 také um
o�ňuje renderovat isočáry vizualizovaných dat a dynam

icky 
m
ěnit 

vizualizační 
param

etry. 
P

orovnali 
jsm

e 
vizuální 

kvalitu 
vytvořených 

obrázků 
s bě�ně 

pou�ívaným
i 

m
etodam

i lineární interpolace. 
Im

plem
entace vý�e popsaných technik byla pou�ita pro vývoj aplikace M

y P
ulverized C

oal C
om

bustion, 
která um

o�ňuje v reálném
 čase interakci s m

odelem
 kotle � např. um

o�ňuje zm
ěnit param

etry vstupů do kotle, 
jako je m

no�ství vzduchu a uhlí, rychlosti proudění, um
ístění vstupů bez nutnosti provést restart sim

ulace. 
B
ě�ný, laciný hardw

are byl pou�it pro provedení výpočtů a vizualizaci. Ř
e�ení um

o�ňuje v reálném
 čase, 

okam
�itou interakci u�ivatele s m

odelem
 během

 sim
ulace a vizualizace � např. zm

ěnu vstupů uhlí, spalovacích 
param

etrů a dal�ích vstupních param
etrů během

 sim
ulace. Ř

e�ení nabízí v reálném
 čase m

onitorovat zhruba 50 
základních objem

ových buněk a statistik uvnitř kotle a zhruba 10 charakteristik drceného prá�kového uhlí, 
V

�echny tyto m
o�nosti jsou dostupné ihned, bez nutnosti čekat hodiny na dokončení slo�itých výpočtů. N

a�e 
ře�ení je zvlá�tě vhodné pro výukové účely v oborech energetika. 

K
oncept na�eho fluidního sim

ulátoru a ostatní techniky byly im
plem

entovány ve 2D
. M

ohou být pou�ity 
pro obecné fluidní výpočty a m

odelování, tedy nejen pro spalovací aplikace. K
om

ponenty byly navr�eny jako 
sam

ostatné bloky, 
 K

líčová slova: S
palování, V

izualizace, Č
ističové systém

y, S
im

ulace, D
atasety, H

ardw
arová 

akcelerace, V
ýuka 
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