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1. Introduction

This work began as an applied mathematics research project of the Priority
R&D Group for Mathematical Modelling, Numerical Simulation and Computer
Vizualization (the R&D Simulations Group, for short) at Narvik University Col-
lege, of which both authors are members. Our industrial partner in this joint
research project was the R&D Department of LKAB (www.lkab.com), an in-
ternational high-tech iron ore processing company seated in Kiruna in northern
Sweden. The pelletizing process at the processing plants of LKAB has two
main consecutive parts: “the cold part” (discussed here only very briefly) and
“the warm part” (a thermo-chemical process of drying, preheating and heat-
ing up to 1400 degrees (centigrade) in the so-called Grate, induration process
in the so-called Kiln, and cooling). Our task in this research project was to
develop methods and software for animated 4D space-time visualization of the
“warm part” of the iron-pellets production process, as modelled in LKAB’s
own simulator developed in the course of the last 27 years, BedSim. The vol-
ume of the 64-parameter data sets output by BedSim increases very fast over
time, especially if local or global refinement in space and/or time is needed to
recover important details. Moreover, the BedSim model contains both non-
smooth and very smooth components. Due to this, data compression is a very
important issue and represents considerable challenge. The compression as-
pects of the research project were addressed in [11], [1] and [7]. To compute
intersections for level manifolds in 3D, 4D and higher dimensional subspaces
of the 64-dimensional data set, we introduced a “marching simplex” algorithm
(see [8]), replacing the less efficient “marching cube” algorithms. Rather than
using parallel computing architecture to boost up the computational perfor-
mance, we resorted to the cheaper alternative of GPU-programming. (that is,
programming the graphics card (graphic processing unit) of a PC to perform
computational tasks in parallel with the CPUs (central processing unit) of the
PC). The first positive result in this direction was the pixel-based surface in-
tersection algorithm developed in [10]; however, our ultimate purpose was to
develop a GPU-computable pixel-based analogue of the vertex-based march-
ing simplex algorithm which would similarly compute intersection manifolds of
variable dimension in higher dimensional space. For this purpose, in [2] and
[7] we developed an algorithm (based on orthonormal (multi)wavelets) for iso-
metric immersion of smooth n-variate m-dimensional vector fields onto fractal
curves and surfaces, m = 3, 4, . . . , n = 3, 4, . . . . In the present article we give a
brief overview of the physical process modelled, and its simulation in BedSim as
a time-dependent dynamical system described by a large system of non-linear
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ordinary differential equations (ODEs). The main part of the article discusses
the generation of the multidimensional time-dependent geometric data sets and
model results of their scientific visualization using our software applications.
These software applications are based on .NET2005 (C++), OpenGL, together
with our in-house libraries GM Lib (for geometric modelling) and GM Waves
(for wavelet processing), and Trolltech Qt for the user interface. The GPU-
programming uses OpenGL shading language. This research is also part of
the joint strategic research project “Graphics hardware as a high-end compu-
tational resource”, funded by the Norwegian Research Council, in which our
R&D group collaborates with SINTEF, CMA (The Centre of Mathematics for
Applications), Oslo University, University of Bergen, Simula Research Labora-
tory and the Interventional Centre at Rikshospitalet University Hospital, Oslo.
The development of the wavelet library GM Waves is a joint project between
Narvik University College and SINTEF, and was partially funded at the early
stages by the European program MINGLE.

In the concluding section of the present article we discuss the limitations of
the present ODE-system-based testbed version of BedSim and the necessity to
upgrade it to a PDE-based testbed version in the future. Certain mathemat-
ical and visualization aspects of this upgrade are considered in the follow-up
sequence of articles [3], [4], [5] and [6].

2. Background

The patent of how to make pellets from iron ore fines is Swedish and was
discovered in 1911 by A. G. Andersson. Today the majority of iron ore sold
on the world market is in pellets form. Pellets offer some great advantages
compared to bulk material and fines. Probably the most important ones are
that it gives the possibility to affect the composition of the slag and to keep
a high and steady contents of iron. Easier handling and a reduction of dust
losses are also advantages worth to mention. The latter is desirable also from
an environmental point of view, in particular, for the local environment nearby
the production plant and areas where the pellets are transported or handled.

Crushed pellets (which always will be present in some degree) are highly
undesirable for the iron mill as they complicate the processing. The amount
of such material is thus required to be at a minimum. It also represents an
unacceptable economic loss for the pellets manufacturer, as it is not suitable to
recycle this material into an earlier stage of the process, due to contamination
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from the fuel, and therefore has to be delivered as a low quality product. The
handling and transportation of pellets will always be a source of crushed pel-
lets. In the production phase the high content of moisture in the green pellets
before they enter the drying, preheating and induration process will also be a
significant source of crushed pellets. If the moisture content is too high or the
pellets dry too fast, some moisture will remain in the kernel. This will result in
the pellets exploding when entering the induration zone where the temperature
can be above 1250◦C.

Another dangerous situation is when the moisture and the temperature are
too high at the same time. Then it may happen that a backward condensation
may occur, causing the green pellets to “melt” into a big solid piece. This
situation will cause big damages to the pelletizing plant.

Obviously, situations as the ones described above are highly undesirable. It
is therefore very important that the process engineers have a very good knowl-
edge and understanding how to control the process. LKAB’s own process sim-
ulator software, BedSim, is an important tool helping in the understanding and
developing of the process. Unfortunately, the numerical results from BedSim
are quite hard to analyze and not very well fitted for the purpose of training of
the process engineers. Our software application for scientific visualization not
only makes this training process much easier, but it also provides the experi-
enced process engineers at LKAB with a tool for “real-time” monitoring of the
pelletization process, with the purpose of early detection and timely avertion
of the undesirable extreme phenomena described above.

3. Short Description of the Pelletizing Process

Before the iron ore enters the pelletizing plant, it is necessary to refine the
crude ore into a more concentrated form (fines). This is done by grinding it
into a fine powder in several stages, and then removing undesirable components
by a magnetic separator. About 85% of the particles should be less than 44
µm. The concentrate is mixed with water to form slurry and then pumped to
the pelletizing plant. The processes inside the pelletizing plant are customarily
divided into two main parts, the cold and the warm part, as described in more
detail below.
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3.1. The Cold Part

The cold part of the pelletizing process consists of all the steps from the slurry
entering the plant to the green pellets and their transportation to the drying
and sintering part of the plant.

First the slurry is dewatered in large filters, and then mixed with binders and
additives, depending on the type of pellets to be produced. Olivine, quartzite,
limestone and dolomite are examples of additives. Then the mixture is fed
into gigantic balling drums and rolled into green pellets. A varying size of the
pellets will affect the permeability in the blast furnace, so it is important that
the outputs of the drums have as small variation in the size of the pellets as
possible. To achieve this the pellets are screened. If the pellets are too small
they are fed back into the drum, or if they are too big they are crushed and
fed back into an earlier stage of the process. This problem is addressed in [12].
The final product of this stage – green pellets – is then transported to the warm
part of the process, which is the object of our present study.

3.2. The Warm Part

In the warm part there exist two main processes for producing the final-product
iron ore pellets: the Grate-Kiln system and the Straight-Grate system. The
first system has several advantages to the second, such as independent speed
control of the grate, kiln and cooler, providing full flexibility to changes in the
concentrate feed, more efficient energy consumption (due to only one burner and
lower maintenance costs). (LKAB use Grate-Kiln systems in their pelletizing
plants in Kiruna and Svappavaara, and Straight-Grate systems in the pelletizing
plants in Malmberget.)

The Grate-Kiln system is divided into three parts, see Figure 1. The first
part is the grate, where a traveling grate is used to dry and preheat the pellets
before the pellets enter the rotary kiln where the induration process of the
pellets takes place. The rotary kiln provides a constant mixing of the pellets,
bringing all the pellets to the same temperature, which will yield pellets with
less variation in the compression strength and, therefore, less fines. In the end,
the pellets enter the cooler where they are gradually cooled down before being
transported to the customer.

In this system there are several feedbacks, as shown in Figure 1. The hot air
from the cooler is used as additional energy in the up- and down-draft drying
(UDD and DDD) zone and the tempered preheat (TPH) zone. The preheat
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Figure 1: The “warm” part of the pelletizing process.

(PH) zone is getting additional energy from the Kiln and the burner inside it.

4. Generation of 3D and 4D Geometric Data Sets

4.1. BedSim

BedSim can simulate most types of pelletizing processes such as Grate-Kiln,
Straight-Grate and Steel-Belt processes. The model simulates the thermochem-
ical processes which take place in the pelletizing process as well as heat and
mass transfer among gasses and beds, see Figure 2.

The pelletized process includes a number of exothermic (heat-producing)
and a number of endothermic (heat-consuming) phenomena. For instance, heat
is produced when the magnetite is oxidized to hematite while evaporation of
water requires consumption of heat, and so does the calcination of the lime
and dolomite additives. During these processes intensive interactions between
gas and bed take place, and chemical equilibria for these reactions are very
sensitive to changes of temperature, which results in mathematically stiff control
problems.
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Figure 2: Illustrates a cross-section of the bed of pellets in the pelletizing
process with the bulk density B and the gas flow G.

The model in BedSim uses a high-dimensional system of (generally, non-
linear) ODE, or, in other words, the pelletizing system is treated as a time-
dependent dynamical system with 64 state parameters describing its develop-
ment over time. To maximize the use of old values of the derivatives and to min-
imize the calculation time while preserving the stability of the finite-difference
approximation, a multi-step predictor-corrector method with a predictor (1)
and two correctors (2, 3) is used.

Yn+1 =
n

∑

i=2

Yn−i · ai,1 + ∆tn−3 ·

n
∑

i=0

dYn−i

dt
· bi,1 (1)

Yn+1 =

n
∑

i=2

Yn−i · ai,2 + ∆tn−3 ·

n
∑

i=0

dYn−i

dt
· bi,2 (2)

Yn+1 =

n
∑

i=2

Yn−i · ai,3 + ∆tn−3 ·

n
∑

i=0

dYn−1

dt
· bi,3 (3)

The variable Y is a vector which can represent temperature or mass of
a variable quantity in the bed of pellets. The quantities a and b, with their
indices, have values which depend on the time distances between the calculated
values.

For a more detailed description of the model used in BedSim see [9]. We wish
to emphasize here that we have no access to the software programs, computer
hardware and tuning of the parameters of the simulator BedSim, since this
information is property of LKAB and is treated as confidential.
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All visualization using our software application is obtained using as input
geometrical data sets generated by BedSim at LKAB and provided to us by the
process engineers of LKAB as data files in .bedsim format, briefly described
below. These files provide the data in 1D geometric form (since the output of
BedSim describes numerical solution of ODEs). Since the scope of this research
project was to visualize the processes in 3D and 4D, it has been necessary to
develop an algorithm that produces a dynamic 3D data set from the 1D results
of BedSim. This has been done in close cooperation with Ola Eriksson and Jon
Sjöberg at R&D LKAB who have thus made a huge contribution to this work.
Further description of the geometric data sets is given below.

4.2. The Data Set

Normally the BedSim simulation will take place in the centerline of the bed
along the process. However, the gas flow and the air leakage in the model
is possible to adjust in such a way that BedSim simulates the process closer
to the border of the bed. Our idea is to use this feature to generate a three
dimensional dynamical grid of the pellets bed where the different results from
BedSim are stored in the respective grid-nodes. The data sets are stored in the
following format:

“c, x, y, z, data1, data2,...., datan, zonename”,

where c is the case number, x is the position in the bed width, y is the position
in the bed length, and z is the position in the bed depth.

The position variables x, y and z are given in meters and position (0,0,0) is
in the right upper corner in the beginning of the first zone. The case number
c is telling which case the data are from. The four-dimensional data set is
generated by combining several three dimensional data sets, simulating the real
process situation in time by adjusting the input parameter to moisture content,
a specific surface, the green pellets’ temperature, or other variables of interest,
depending on which scenario we want to study.

The data1,..., datan part of the format are the calculated results from Bed-
Sim, i.e., the bed temperature, the gas temperature, the moisture content, and
so on.

In the data set used here the moisture content in the green pellets has been
varying, and then together with it also the porosity, the pellet radius and the
bed voidage (that will naturally change because of the variation in the moisture
content in the green pellets). This has been differenced in twelve steps, called
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Figure 3: The different slices used for the 3D data set.

cases. The following parameters are used for the twelve cases:

Parameter c1 c2 c3 c4 c5 c6

Moisture content 9.35 9.25 9.15 9.05 8.95 8.85
Porosity 35.00 34.73 34.46 34.19 33.92 33.65
Bed-Voidage 42.0 42.3 42.5 42.8 43.0 43.3
Radius 6.186 6.136 6.086 6.036 5.986 5.936

Parameter c7 c8 c9 c10 c11 c12

Moisture content 8.75 8.65 8.55 8.45 8.35 8.25
Porosity 33.37 33.10 32.82 32.54 32.25 31.97
Bed-Voidage 43.5 43.8 44.0 44.3 44.5 44.8
Radius 5.886 5.836 5.786 5.736 5.686 5.636

The parameter values used here are synthetical values, but empirically they
are close to the natural situation and are within the error tolerance margins.

Under the assumption that the pellets bed is symmetrical in width with the
respect to the center of the bed, it is only necessary to do simulations on one
half of the pellets bed. In this data set this half has been divided into seven
slices where slice x0 is in the center of the bed, then x1, x2, x3, x4, x5, x6
follows towards the border of the pellets bed, see Figure 3.

In the middle of the bed of pellets the parameters vary very little and it is
therefore not necessary to have the same density of the samples in the middle
as at the border where the parameters can vary a lot. Therefore, the slice end
x1 is in the middle between x0 and the border, slice end x2 is in the middle
between x1 and the border, and so on. With a grate width of 4.6 meters and a
cooler width of 3.0 meters we have these x-positions
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Grate :
Slice x0 x1 x2 x3 x4 x5 x6

x-pos (m) 2.3 1.15 0.575 0.288 0.144 0.072 0.036

Cooler :
Slice x0 x1 x2 x3 x4 x5 x6

x-pos (m) 1.5 0.75 0.375 0.188 0.094 0.047 0.023

The air-leakages have been changed toward a quadratic curve proportional
to the distance from the center of the bed. This means that the slice x6 closest
to the border has maximum air-leakage and the slice x0 has none, since it is in
the middle of the bed.

For the different slices the air-leakage is changed by a leakage area adapted
to the zone length and heights given from the following table:

Slice x0 x1 x2 x3 x4 x5 x6

leakage heights (cm) 0.002 0.007 0.026 0.102 0.408 1.500 6.000

The leakage is then calculated based on the pressure in the zone and the
zone length. The total gas flow through the bed (leakage + gas flow) has been
held constant in the different layers.

The position y in the bed length is calculated from the time steps given
in BedSim’s output files and the process length. The distance is measured in
meters and starts in the beginning of the Grate and goes through the Grate,
the Kiln and the Cooler.

The position z in the bed depth is given directly for the output from BedSim.
The density between the layers can be set directly in BedSim.

In the calculation of the four-dimensional data set we may have problems
with small differences in the y-position due to the use of variable time steps in
BedSim. To solve this, the different three dimensional cases are interpolated
into a predefined grid that will be used for all the cases in the four dimensional
data set.

4.2.1. Bedsim-Format

The three dimensional data sets are stored in files called “*.bedsim”. These
files are generated from a given number of result-files from BedSim. These files
are not for visualization purpose but are the base for the generation of the four
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Figure 4: Screen capture of our visualization solution BedViz.

dimensional data sets.
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Figure 5: Visualization of three different temperatures in the bed of
pellets.
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The “*.bedsim” format is as follows:

Type Name Description
int sizeGK Number of values in the Grate-Kiln.
int sizeC Number of values in the Cooler.
int sizeGK X Size in x-direction in the Grate-Kiln.
int sizeGK Y Size in y-direction in the Grate-Kiln.
int sizeGK Z Size in z-direction in the Grate-Kiln.
int sizeC X Size in x-direction in the Cooler.
int sizeC Y Size in y-direction in the Cooler.
int sizeC Z Size in z-direction in the Cooler.
LX Array<BedSimPoint> arrayGK The data set for the Grate-Kiln.
LX Array<BedsimPoint> arrayC The data set for the Cooler.

BedSimPoint is a struct containing all the 64 different parameters calculated
by BedSim.

4.2.2. Bedviz-Format

The four dimensional data set is stored in files called “*.bedviz”. This file is
developed for the visualization purpose in our software application.

The “*.bedviz” format is as follows:

Type Name Description

int nrOfVar Number of parameters to be visualized.
int var0 Index for the first variable.
...

...
int var(nrOfVar-1) Index for the last variable.
int nrOfFilesGK Number of Grate-Kiln cases.
int sizeC X Size in x-direction in the Grate-Kiln
int sizeC Y Size in y-direction in the Grate-Kiln
int sizeC Z Size in z-direction in the Grate-Kiln
int nrOfFilesC Number of Cooler cases.
int sizeC X Size in x-direction in the Cooler
int sizeC Y Size in y-direction in the Cooler
int sizeC Z Size in z-direction in the Cooler
Array<BVpos> GKpos All positions in the Grate-Kiln grid.
Array<BVpos> Cpos All positions in the Cooler grid.
Array<BVal> GKval0 All values for the first variable in Grate-Kiln.
Array<BVal> Cval0 All values for the first variable in Cooler.
...

...
Array<BVal> GKval(nrOfVar-1) All values for the last variable in Grate-Kiln.
Array<BVal> Cval(nrOfVar-1) All values for the last variable in Cooler.
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BVpos is a struct containing the position and the name of the respective
zone. BVval is a struct containing the values of the selected parameters.

5. Visualization of the Data

In the BedSim model 64 parameters are being monitored and controlled during
12 consecutive stages of the process. Our task was to visualize the projection
of this process onto every possible triple or quadruple of parameters, and trace
the development of the projected 3D process in time throughout all 12 stages
(of course, only a small part of “most important” triples and quadruples are
being looked at, the total number being

(

64

3

)

= 249984 and
(

64

4

)

= 15249024).
This visualization included, in particular, 3D scalar-fields, iso-surfaces and iso-
curves, intersection-surfaces and transparency.

We have, as already mentioned, used Trolltech Qt for the development of
the user interface. This ensures a familiar “Windows” look or “Unix” look,
depending on which platform one is developing for. In this work we have de-
veloped mainly for the “Windows” platform, but both GM-Lib and Qt are also
operating on Unix, so only minor effort is necessary to convert the software to
Unix. We have called the software for the visualization of the results from Bed-
Sim “BedViz”. A screen capture of BedViz is shown in Figure 4. To maximize
the visual area of the data sets, here we have chosen to visualize the scalar field
for the Grate-Kiln and the Cooler separately in two different windows.

We show some examples of visualization of data sets in Figure 5–9. In
Figure 6, (a) and (b), in order to increase the colour resolution (due to very
high derivatives in the Kiln compared with the derivatives in the Grate) the
maximum value is limited. Then the colour palette is rescaled to go from
the minimal value to the limited value instead of the maximum value. Values
outside this interval will be coloured black.

The developed algorithm for the iso-surface has the ability to detect discon-
nected areas of values, see, e.g., Figure 6 and Figure 8, as long as they are bigger
than the grid cells. This feature is important for detecting, e.g., increases of
the moisture in the bed of pellets that can lead to (see Section 2) big damages
in the pelletizing plant.
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Figure 6: Visualization of three different derivatives for the temperature
in the bed of pellets. To get better colour resolution the maximum
value is limited to 7.0 since the highest derivatives are in the kiln (up
to 23.41).



1212 J. Gundersen, L. Dechevsky

Figure 7: Visualization of three different moisture contents in the bed
of pellets.
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Figure 8: Visualization of three different derivatives for the moisture
contents in the bed of pellets.
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Figure 9: First column; visualization of three different temperatures in
the Cooler. Second column; Three different derivatives for the temper-
ature in the Cooler.
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6. Some Conclusions

In this work we announce visualization results obtained by a software-appli-
cation solution we have developed for visualizing the 3D and 4D results from
BedSim, called BedViz. This software implementation has made it possible
to analyze a large set of results from BedSim in an easy and intuitive way,
providing the process engineers with images of the thermo-chemical processes
going on inside the Grate-Kiln.

Dynamical visualization of large 3D and 4D geometrical data sets in real
time required very efficient and fast computational algorithms, and one im-
portant step we made in the design of such algorithms was to apply wavelet
compression. Here we used the wavelet library GM-Waves (see [11]). This de-
creased the volume of computation at an average more than 5 times, and in
some cases up to 100-150 times.

During the ongoing development of the project another topic also proved to
be of relevance: visualization of the solutions of boundary problems for PDEs
of mixed type, due to the fact that the thermo-chemical phenomena in the
pelletizing process are best described by PDEs, and, because of the sharp and
spatially inhomogeneous changes that can take place within very short time
(virtually, with a jump in time) or more gradually, due, e.g., to exothermic or
endothermic chemical reactions, local change of aggregate phase, etc., the PDEs
modelling the process may change type (as well as include various nonlinear
and/or integral terms).

Based on our visualization of the numerical data set generated by BedSim,
we made the following recommendations:

1. Rather than using a high-dimensional system of (generally, nonlinear)
ODEs in part of the BedSim model, use low-dimensional system of (non-
linear) PDEs.

2. LKAB is particulary interested in preventing certain critical phenomena
from happening during the warm part of their industrial process; we con-
jectured that these phenomena have relevance to sharp changes, including
discontinuities, in the coefficients of the PDE in item 1, leading to dis-
continuous changes in the properties of the solution, partially due to the
local change of type of the PDE.

3. The large volume of numerical data generated by BedSim requires the
use of compression. We chose wavelets for this purpose, in view of their
self-adaptability to spatial inhomogeneities.



1216 J. Gundersen, L. Dechevsky

4. The efficiency of processing large volumes of numerical geometrical data
can be further boosted by using GPU-programming and related algo-
rithms (see [10] and the references therein).

Our observations and recommendations were taken very seriously by the people
at the R&D Department of LKAB responsible for BedSim, according to which
our results (see, e.g., Figures 5–9) are quite close to their experience with the
real process. At a recent joint meeting of members of the R&D Simulations
Group with the R&D Department of LKAB it was proposed to accelerate the
3D upgrading of BedSim, based on a PDE model and wavelet compression.

As a continuation of this research, and in view of the observation made in
items 1 and 2 above, in [3], [4], [5], [6] we pursue further the study of scien-
tific visualization related to initial and boundary-value problems for elliptic,
parabolic, hyperbolic and mixed-type PDEs.
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