
Teaching of Complex Technological
Processes Using Simulations*

ALEXANDER BABICH and KONSTANTINOS TH. MAVROMMATIS
RWTH Aachen University, Department of Ferrous Metallurgy, Intzestrasse 1, 52072 Aachen, Germany.
Email: babich@iehk.rwth-aachen.de

Simulation based on mathematical modelling can be used for investigation, prediction and control
of industrial processes and systems, and for educational purposes. This paper deals with the last
objective. Virtual equipment can replace equipment that is unavailable or that cannot be used for
educational purposes; it is of particular importance for complex technological processes and
processing equipment. The technical and methodological aspects of online virtual simulations are
discussed. Another challenge is to integrate virtual experiments that are based on mathematical
modelling and simulation by classroom and real laboratory work in order to provide the most
efficient method of mastering engineering courses. Examples of visual simulations for engineering
education** and professional development as well as an approach to combining real and virtual
experiments at the Department of Ferrous Metallurgy, RWTH Aachen University are presented.
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INTRODUCTION

A TRADITIONAL ENGINEERING CURRI-
CULUM (with both classical face-to-face teaching
and using distance learning methods) is based on
theoretical, often descriptive, materials that are
provided in the form of lectures supported by
scripts and text books and supplemented by exer-
cises and practical (laboratory) courses. It is
believed that in the future practical work, includ-
ing experiments and simulations, should play an
increasing role in the engineering curriculum.
Online experiments based on mathematical model-
ling and simulation will probably become the core
of higher engineering education** and will be
directly linked to other online tools and resources.
New types of experiments and laboratories (online
virtual and remote) can support group work over
the Internet and can be shared by students working
from multiple distant locations, 24 hours a day.
They have the potential for flexible learning, giving
access to a large number of experiments and
simulations and saving costs through laboratory
sharing [1].

Each type of experiment has certain strengths,
weaknesses and constrains. The requirements of
online virtual laboratories and simulations for
remote education are discussed here both from
methodological and technical points of view.

The virtual replacement of equipment that is
unavailable or cannot be used for educational
purposes is of particular import in complex techno-
logical processes and processing equipment [2].

Experiments in a local laboratory usually simulate
separate parts or zones of a process or aggregate and
sometimes physically simulate phenomena by using
replacement materials (e.g. water in place of a liquid
metal). The construction and operation of physical
models that integrally simulate real aggregates, even
on a small scale, is enormously costly and time
consuming, making such experiments unfeasible in
a university and in the majority of research organ-
isations. Nevertheless, students should not only
practice with computer simulation software but
they should also acquire the skills of working with
real devices and equipment. Currently local, virtual
and remote experiments and laboratories are mostly
used independently. In some cases the teaching
methodology comprises a real or remote experi-
ment, which is then reproduced in a virtual simula-
tion in order to compare the results [3, 4]. The
challenge is in integrating virtual experiments
based on mathematical modelling and simulations
with classroom and real laboratory work. In this
paper we take up this challenge.

In order to illustrate this, the iron making
process has been chosen as an example of a
highly complex technological system.

ROLE OF PRACTICAL WORK,
MATHEMATICAL MODELLING AND

SIMULATIONS IN TEACHING OF
COMPLEX TECHNOLOGICAL

PROCESSES

An engineer has to have adequate theoretical
knowledge and be able to adapt it for use in his or
her practical work. This is a necessary but not a
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sufficient condition for success, however. Engineers
actually have to control, manage, improve and
develop technological processes and aggregates
using their theoretical knowledge and skills. Based
on this fact, the aim is that experimental and, gener-
ally speaking, practical work should become a key
component in engineering curricula in the future.

On the other hand, we do not suggest a reduc-
tion in the number of lecture courses. In the case of
RWTH Aachen University, a typical master's
curriculum for main engineering study comprises
two years of taught courses, including about 3
months' internship in industry and two thesis
projects (totalling 3 months). The master's thesis
takes an additional 6 months. A taught course
usually consists of 50% lectures, 25% exercises
and 25% practical lab work. It has to be considered
that practical work (experiments and calculations
using models and other software) is also the main
component of the theses. We believe that this gives
an optimal share of lectures and practical work but
students need a clear strong motivation to attend
lectures and seminars.

Furthermore two main components of the prac-
tical workÐexperiments and calculationsÐshould
be coupled with education and professional devel-
opment. Mathematical models and simulations
should be validated and tested using laboratory
equipment (real or virtual). On the other hand,
experimental results should be evaluated by model-
ling and simulation.

Therefore the idea is not to increase the number
of academic hours in the laboratory but to struc-
ture and organise the engineering course better.

New tools for experiments using the Internet
and multimedia technologies will become increas-
ingly important. Currently there are various types
of laboratories and experiments; they can be
classified as follows:

. Real lab. Students and researchers work with
real devices and manipulate and measure real
objects while being directly co-located with the
devices and objects in the same local laboratory.

. Virtual lab. This is based on mathematical mod-
elling and simulations. Virtual laboratories and
experiments contain software-based simulations
of experiments and pre-recorded measurements,
pictures and videos but do not manipulate real
objects [5±8].

. 3-D lab. Virtual Reality is generally a computer
generated environment that makes the users
think that they are in the real environment [9].
It is a special case of the virtual lab.

. Remote lab. It offers remote access to real
laboratory equipment, workbenches and experi-
ments from a remote location [10±13].

Virtual and remote laboratories can support online
work via the Internet. Virtual labs can be realised
as local or distributed software applications. The
possibilities, characteristic features and benefits of
the above mentioned experiments and laboratories
are discussed in [14].

Modelling methods in process and plant simula-
tion are particularly beneficial for reflecting the
logical and quantitative relationship of complex
technological processes and systems, e.g. in the
chemical, metallurgical and power industries,
which cannot be studied integrally in a local
laboratory because of their huge complexity.

Modelling and simulation of complex technolo-
gical processes, phenomena and equipment are
used for:

. process investigation, to understand it better
and improve it further;

. process control and optimisation;

. process prediction and automation; and

. for educational purposes, in particular for the
creation of training systems for remote studies.

Modelling methods are most effective when
included in a process plant simulation. Modern
simulations allow the user to combine models for
several unit operations into a complete flow sheet
and to calculate the expected performance.

The visualisation of the simulation experiments
is the next component to set-up, thus adapting the
fundamental technological content to the learning
technology.

PRINCIPLES OF MATHEMATICAL
MODELLING AND SIMULATION FOR

ENGINEERING EDUCATION AND
TRAINING

When using modelling and simulation methods
for educational purposes, it is necessary to clarify the
fundamentals of the training in the different engin-
eering professions. The basic components in many
technological sciences, such as chemical, metallur-
gical, power, environmental engineering are ther-
modynamics, chemical kinetics and mechanics.

Thermodynamics helps one to find the stable
phase modifications in multiphase multi-compo-
nent systems of high complexity. This is done by
minimising the free energy of formation of those
phases, which derives from the principle that in
thermodynamic equilibrium the energy of the
system is at a minimum. The fundamental relation
is the expression for the free reaction enthalpy to
become the minimum. The principle of conserva-
tion of energy provides the basis for formulating
energy balances for metallurgical reactions.

Chemical kinetics allows one to calculate the
behaviour of the chemical components due to
chemical reactions over time. The fundamental
relation is the mass action law stating that, in
any chemical reaction, chemical equilibrium is
achieved only if the rate of production equals the
rate of destruction of the species. The rates are
usually calculated using Arrhenius kinetics.

By combining these two components, the forma-
tion and behaviour over time of the phases and
chemical components existing or created can be
monitored and quantified.
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Usually a movement of the existing phase
(liquid, solid, gas) requires the explicit presence
and use of the third component, the mechanics.
The fundamental relations used to quantify the
motion of the system is the principle of conserva-
tion of momentum, equivalent to Newton's second
law; in general for fluids these are the Navier±
Stokes equations.

Combining the above three components allows
one to quantify the most essential technological
problems and situations starting from fundamen-
tals.

A basic principle for adapting the learning
content for engineering education is to write
down the equations in strict causality relation
between the physical and chemical entities and
the variables representing them in an agreed caus-
ality direction.

The methodological principles for creating and
using mathematical models in DL technology are:

. reducing the number of facts;

. replacing facts by rules;

. replacing rules by laws;

. replacing laws by principles.

Methodologically, this is evidently a generic repla-
cement and a generic deduction.

ESSENTIAL TECHNICAL AND
PEDAGOGICAL COMPONENTS OF

ONLINE SIMULATIONS

Online simulations for engineering education
and for professional development should fulfil
the following requirements.

Links to theory and support resources
Online experiments based on mathematical

modelling and simulation should be directly
linked to other online tools and resources (text
and reference books, recorded and live lectures,
and other interactive and instructive material).

The most typical approaches that could be
recommended as standard ways to easily integrate
theoretical information and supplementary mate-
rial into online experiments are interactive infor-
mation and virtual laboratories.

Interactive information that illustrates essential
basic principles and theoretical concepts can be
integrated directly into a simulation.

. A simulation can be accompanied by a user
guide that includes not only instructions on
how to run the simulations, a description of
the user interface etc. but also an introduction
to the subject and short theoretical explanations.

Video lecture Online book

Visual processing lab Interactive assessment test

Fig. 1. Support components of a virtual lab.
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. Web links to external online resources can be
included.

A further approach (on a higher level) is the devel-
opment of virtual laboratories based on online
computer simulations and experiments that them-
selves include a set of multiple logically related and
complementary synchronous and asynchronous
learning resources and various tools (Fig. 1) [15].

The students should get more flexibility to
choose the ways and sequence of steps to reach
the final target (to control, manage, improve and
develop technological processes, systems and
aggregates). To realise this approach, a future
engineering course should have an infrastructure
with various kinds of experiments as the centre and
lectures, etc. supporting on the periphery (Fig. 2).
It means that a student taking an engineering
course will be given an assignment to control,
manage, and improve a real process. For this the
student will make use of linked online lectures,
seminars, books etc., and interact with partners
and teachers; they will receive a grade based on the
results of their work.

Combined modules and control functions
The simulated process or aggregate is usually a

link in a chain of technological processes or

aggregates. The simulation model should allow
the student to investigate related processes by
means of connecting sub-models and so calculate
the expected overall performance (Fig. 3).

Process control is an important ingredient of a
visual simulation model (VSM). Students should
have the option of affecting the process results
using process control functions. There are different
possible modes from which they can choose to
achieve this goal: change of parameters in the
main menu, choice of correcting actions suggested
by the model etc.

The VSM should also reflect the dynamics of the
process, i.e. the delay in the change of output
parameters after conducting the control actions.

Data exchange between real and virtual
laboratories

The best way for students to master complex
technologies that cannot be studied integrally
either theoretically or experimentally and to
acquire practical skills is to combine work in a
real laboratory with computer experiments. Where
there is a combination of experiments in a local
laboratory and online simulations, measured data
from real laboratories should be automatically fed
into virtual laboratory engines. Information and
data obtained in the local lab can, for instance, just

Fig. 2. Infrastructure of an engineering course with virtual and remote experiments at the centre.

Fig. 3. Interrelation between main mode and sub-models
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be passed through to the VSM engine on the fly, or
imported from the files generated by data acquisi-
tion and analysis systems.

For example, a system comprising a microscope
combined with image analysis software stores
images and data sets with analysis results in MS
Excel spreadsheets, which can be imported by a
VSM [16].

Collaborative work support and interactive
tutoring

The possibility of collaborative work support
and interactive tutoring when using online experi-
ments and laboratories is very important. Students
on geographically dispersed sites can collabora-
tively operate the same process or aggregate,
solve a problem in human interaction with
remote partners and in this way can experience
and learn from teamwork. A variety of toolsÐ
distributed models, video conference systems, grid-
technologies etc.Ðcan be used for this.

Interactive tutoring and supervision are impor-
tant features of virtual laboratories. The remote
tutor has to be equipped with visual front-end
software to monitor the activity of the students,
answer their questions, and analyse the learning
results. For better analyses of the students' work,
the tutor can view the log of their actions (Fig. 4).

The teacher's graphical interface for editing the
simulation model can, for example, be a Java
applet that runs in a web browser. The teacher
has a series of icons, organised in libraries, and a
working area. Through simple drag and drop
operations, the teacher can put the icons in the
working area and link them to each other in order
to build the simulation mathematical model in a
visual way. Learners use the simulation through
another graphical interface. The simulations are
executed at the server side and then the results are
sent to the applet.

Software reuse
From the experience with the virtual lab that has

been developed at the authors' institution, the
following components have been identified as
being the best for reuse:

. communication tools (message board etc.);

. tutor support tools (logging and assessment of
student actions in different models);

. visualisation elements;

. certain models of processes and aggregates that
can be used either as stand-alone models or as
sub-models of more complex processes or
plants.

There are numerous technological solutions that
can carry the simulations on the web, using web
browsers both with and without the use of plug-
ins, e.g., Java applets, AJAX, ActiveX compo-
nents, VRML virtual worlds and interactive
movies. All these solutions have positive as well
as negative features.

For reasons of reuse, platform independency

and interoperability between different computers
over the Internet, the Java programming language
has proved to be a suitable choice. Software
implemented in Java is able to run on nearly any
platform and communication over the Internet is
possible, for example, with the Remote Method
Invocation mechanism.

Development of the virtual laboratory as a
client±server architecture allowed the product to
be used either locally or as a distributed applica-
tion.

Pedagogical scenario and assessment
Typical educational activities usually include:

(a) Directed Learning

. Introductory session (e.g., videoconferencing)

. Demonstration of the computer simulations by
videoconferencing or synchronous VL mode

(b) Self-directed Learning

. Individual work in an asynchronous processing
laboratory

. Individual work with real-time computer simu-
lations, supplemented by an interactive assess-
ment test and enhanced by real-time online
remote tutoring

. Linked resources: individual learning of online,
packaged educational material, enhanced by
asynchronous remote tutoring

Fig. 4. Student session log and opening a student session from
teacher front-end.
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(c) Synchronous Group Collaborative Learning

. Collaborative work with computer simulation
models supplemented by interactive assessment
tests and enhanced by real-time online remote
tutoring.

EXAMPLES OF VISUAL SIMULATIONS OF
COMPLEX TECHNOLOGICAL PROCESS

Blast furnace iron making
The blast furnace process is a good example of a

complex multi-phase and multi-component tech-
nological process. It is characterised by numerous
phenomena (physical, chemical, physico-chemical,
mechanical and hydraulic) and homogeneous and
heterogeneous reactions, which occur simulta-
neously and affect each other.

A blast furnace processes various iron bearing
materials (sinter, pellets, lump ore etc.), coke as
fuel and additives that are continuously charged
from the top of the shaft furnace reactor. Hot air
that is enriched with oxygen needed for the process
is supplied from the lower part of the furnace
together with gaseous, liquid or powder
substances. The process runs constantly for several
years but liquid products (metal and slag) are
discharged periodically. The process performance,
its efficiency and product quality depend on
hundreds of parameters that characterise heat
and mass exchange, softening, melting, drainage,
movement and other phenomena.

The peculiarities of the blast furnace process as a
modelling object are:

. interconditionalityÐevery output variable
depends on a multitude of input variables;

. non-linearity of relations;

. inertia and transport delay;

. ambiguity and loss of information: it is possible
to generate two different sets of inputs that are
adequate to the given set of outputs.

It is hardly possible to simulate this process inte-
grally in a local laboratory due to its enormous
complexity. In Europe there is only one research
centre equipped with an experimental blast furnace
[17]. Experiments on this unit are enormously
costly and time consuming, so they are limited to
a small number of selected research projects.
Laboratory equipment and facilities at universities
and at the majority of research organisations are
designed to study separate phenomena of such
complex technological processes or reactions and
the behaviour of selected materials, phases and
interaction of restricted groups of them.

To realise the concept of engineering education
based on the enhanced role of experiments that are
close to industrial conditions, practical work in a
local laboratory has to be complemented by
computer simulations. A suitable visual simulation
model has been developed as a component of an

online Virtual Lab course, `Iron making', created
at the Department of Ferrous Metallurgy, RWTH
Aachen University.

Example of simulation for educational purposes
The interactive, distributed application `Visual

Simulation Model' (VSM) enables students to
study iron making technology integrally and
helps to train and test their learning success [18].
The aim of the simulation is to transform the
existing knowledge about the iron making process
using mathematical models and to represent this
complex technological process integrally (which, in
a local laboratory, is possible neither practically
nor theoretically), visually and dynamically.

The simulation model processes entered para-
meters, and outputs both operating and learning
results. Currently the simulation model is being
extended by the development of new scenarios. All
the scenarios are based on the same mathematical
model of the blast furnace process.

The concept of the learning models for educa-
tional purposes is as follows. The complex math-
ematical description of the process and the basic
mathematical model are invisible to the user.
Students work only with the logic part (visual
model), which is presented in the form of a
graphical user interface. The user can choose a
`basic level' or an `advanced level' variant. When
choosing the basic level the user has to select the
correct values of input parameters from a list.
When a wrong value of a parameter is entered or
a mandatory parameter is not provided, an error
message appears (Fig. 5). When working at the
advance level, all the parameters are user-defined
(Fig. 6). When a value of an individual input
parameter is out of its realistic range, a warning
message appears. It is possible to investigate
quantitatively the effect of about 100 parameters
on the results of the blast furnace operation.

The operation of the simulation model is organ-
ised in steps of increasing complexity. In the first
step, values of individual parameters and the list of
mandatory parameters are checked. In the second
step the combination of individual parameters is
verified. In the third step total material and energy
flows are examined and corresponding recommen-
dations are given if necessary. The next part of the
work using the VSM is the Process Control.
Obtained operating results can be improved in
various ways: by changing the parameters in the
main menu and choosing the correcting actions
suggested by the model. Before making a decision
about control actions, a student has the option of
forecasting the change in value of some output
parameters using an add-on calculation program.
Whenever errors are made (i.e., wrong or missing
values for parameters), penalty points are incurred
and accumulated for the final grade. The option to
affect the process results and to improve them
using the process control function allows the
student to work with the VSM in close to real
operating situations.
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The VSM allows the student to investigate
processes (coke plant, sinter plant, pellets plant)
that supply the raw materials to the blast furnace
and to calculate the expected overall performance
(Fig. 3).

The remote tutor is equipped with visual front-
end software to monitor the activity of the
students, answer their questions, and analyse the
learning results. Students at geographically
dispersed sites can collaboratively `charge' and
`operate' the same simulation model and view the
results simultaneously. To analyse the students'
work better, the tutor can view the computer log
of their actions. The VSM software is implemented
in Java and therefore able to run on nearly any
platform that makes use of the Remote Method
Invocation mechanism for communication via the
Internet. The framework of the program is kept
quite general so that, on the one hand, the under-
lying model or the user interface can be safely
changed and, on the other, models of entirely

different processes can be easily added and inte-
grated, given the conformity of the programming
interface.

Example of simulation for professional
development

For this kind of work, a user interface with even
more input parameters has been developed (Fig.
7). Users don't work with the educational logic but
directly with the basic mathematical model. They
can change and affect some parameters that in the
educational versions are accessible only to the
teacher. This version is also suitable for the
research objectives, e.g. for investigation and
development of new iron making technologies
both from a technical and an economic points of
view. In addition, comparative study of different
technological regimes is possible. All the functions
of VSM versions for educational purposes (see
previous sub-section) are also contained in this
version.

Fig. 5. Basic level of visual model: user interface and choice of input parameters.
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COMBINATION OF REAL AND
VIRTUAL EXPERIMENTS

Experience and analysis show that, despite the
numerous advantages of online experiments and
other distance learning methods, they cannot cover
the whole range of pedagogical elements needed
for modern engineering education, at least in the
medium term. Educators seem to have come to the
consensus that a combination of face-to-face and
online methods is the way to go. Practical work in
the local laboratory should be coupled with online
computer simulations to enable an integral study
of technological processes of high complexity.

In the iron making study in the Department of
Ferrous Metallurgy, RWTH Aachen University
students work in the local laboratory, investigating

selected properties of two raw materials (pellets
and coke) and the behaviour of injected powder
substances.

Using information and data obtained in the
local laboratory, which can be imported from the
files generated by the data acquisition and analysis
systems, students work with the VSM to learn the
interrelationships of various parameters and
phenomena in the blast furnace process. The
VSM allows for examination of:

. the effect of each of about 45 input parameter
(plus about 15 in each of the linked sub-models)
on multiple intermediate and output parameters
(about 30±35 parameters only in the main mode);

. the effect of combinations of individual para-
meters on values of intermediate and output
parameters;

Fig. 6. Advanced level of visual model: user interface and fields for input parameters.
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. the comparative effect of different control
actions on the same output parameters, as well
as on the total material and energy flows.

EVALUATION AND EXPERIENCE

An online simulation trial was first performed
over two months with the participation of four
European Universities and a research centre. Alto-
gether there were 37 participants, including 25
undergraduates and postgraduates, 7 faculty
members, and 5 expert reviewers. Student partici-
pants who met certain prerequisites were granted a
course certificate, which served as one of the
incentives for their participation in the trial.

The trial evaluation was divided into three
phases. First, the learning system had to undergo
several rounds of pre-trial tests, including usability
tests of the user interface as well as the network
connectivity tests of the server. The next phase was
an in-trial (formative) assessment, which focused
on the evaluation of the content and on how well
the students could understand the content. No
control groups or pre-/post tests was employed.
The trial was to demonstrate the feasibility of
embedding the Virtual Lab in an international
CSCL (computer-supported collaborative learn-
ing) context, but the learning effect resulting
from collaborative interactions was not the major

concern of the Course Provider. The last phase was
the post-trial (summative) evaluation. The ques-
tionnaire consisted of 5-point scale questions
about content, visualisation, interactivity, support,
and overall satisfaction (1 = terrible . . . 5 =
excellent). Respondents were also asked to give
qualitative comments on these five aspects. Ques-
tions on academic and social background were also
included. In total, 21 completed questionnaires
were collected. The respondents included five
experts, one faculty member (majoring in physics),
and 15 students (1ÐSpain, 6ÐPoland, 9Ð
Germany). The statistical analysis of post-trial
evaluation is shown in Table 1. The data indicated
that the course was generally well accepted with
the mean `Overall Satisfaction' being 4.25.

Statistically significant differences between
expert reviewers and students were identified in
`Content', `Visualisation', and `Overall Satisfac-
tion' (Table 2). Note that the experts rated all the
three dimensions higher than did the students.
These findings indicate that the student ratings of

Fig. 7. Model for research purposes: selected windows for input parameters.

Table 1. Summative evaluation of all VL components.

Content Visualisation Interactivity Support
Overall

satisfaction

4.42 4.03 3.77 3.65 4.25
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the quality of the learning resources were not
particularly valid.

Furthermore, there was no significant difference
between the Polish students (penalty point count
PP = 127, standard deviation SD = 1.72) and the
German students (PP = 117, SD = 4.67) in the
total number of penalty points accumulated in five
sessions of the work with the VSM. The correla-
tion between `Overall satisfaction' and the total
number of penalty points was moderate (r = 0.52)
and the correlation between `Overall satisfaction'
and `Academic level' (i.e. university 1st cycle,
university 2nd cycle, and postgraduate) was very
low (r = 0.17) and there was no correlation
between `Overall satisfaction' and `Preferred learn-
ing/Communication modality' (i.e. face-to-face,
computer-mediated, mixed) at all (r = 0.0).

The evaluation results showed that the users
were generally satisfied with the course and had
new learning experiences, especially the collabora-
tion with international partners. In particular, the
high acceptance of the VSM confirmed the
assumption that visualising complex concepts can
greatly enhance the students' motivation to learn.

Further trials and those reported above were
held for external users and were not coupled with
classroom teaching and practical work in a labora-
tory. This approach was realised in the scope of the
iron making study of the master programme at the
Department of Ferrous Metallurgy, RWTH
Aachen University. Practical work in the local
laboratory is complemented by experimentation
with the Visual Simulation Model.

The first experience of the combined classroom
study and eLearning of iron making processes in
the Master programme is as follows.

The whole study of the iron making processes
took approximately 34±36 hours, of which about
75% were work in class and a local lab and the
other 25% were for online study.

The work in the local laboratory included the
investigation of pellets, coke and injected auxiliary
energy agents. Students spent approximately two
hours performing each experiment and about one
more hour each time to process the data obtained.
It should be mentioned that the preparation work
(preheating of lab furnaces, producing the raw
pellets, specimen preparation etc.) was done by
technicians or assistants and took extra time.

The work with the online Visual Simulation
Model was divided into five sessions.

. 1st session: The model's features and use were
explained and demonstrated by a teacher.

. 2nd session: Students investigated the effect of
parameters of all burden materials (sinter, pel-
lets, ore, limestone and other additives) and
energy source (coke) on the overall blast furnace
iron making performance. Another group of
parameters (materials supplied from the lower
part of a blast furnace) was determined by the
model. Sinter and pellets (specifically their che-
mical and physical properties) could be chosen
directly from `available' ready products or were
`produced' at sinter and pellets plants respec-
tively. Data collected in the local laboratory
during the investigation of pellets and coke
could be extracted and used at this stage of the
work with an online simulation model. The
session was followed by an assessment.

. 3rd session: Students simulated the effect of
parameters of materials supplied from the
lower part of the furnace on the overall blast
furnace performance. Data extracted from the
results of injection tests in the local laboratory
were used in this session. Burden parameters are
determined in this regime by the model.

. 4th and 5th sessions: Several teams (two students
in each) collaborated in `charging' and `operat-
ing' the same blast furnace simulation model per
team and received common grades. The com-
munication was conducted using a message
board tool. The difference between two sessions
consisted in the examination of burden and blast
parameters (as in the 2nd and 3rd sessions).

A comprehensive evaluation of the new combined
teaching method has not yet been performed. The
mean grade in interim assessment tests was better
than the previous student group who worked only
in the classroom and the local lab. Interviews also
showed a higher motivation to study the complex
process when students were involved in situations
close to real industrial conditions, as well as a
better understanding of the interrelationships
between linked technological processes and related
phenomena.

CONCLUSIONS

The role of practical work, experiments and
simulations in engineering education will become
increasingly significant.

Table 2. Results of two-sample t-test: expert vs. student.

Content Visualisation Overall satisfaction

Expert Student Expert Student Expert Student

Mean 4.6 4.13 4.4 3.73 4.4 4.0
Variance 0.3 0.27 0.3 0.49 0.3 0.14
t-value 1.73 1.92 1.84
p (one tail) 0.05 0.03 0.04
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A wide spectrum of diverse experiments and
laboratory types is available for engineering educa-
tion and professional development. An engineering
course designed with a focus on various kinds of
experiments and simulations and a combination of
them will improve the quality of engineering
education.

The basic components of the majority of tech-
nological systems are thermodynamics, chemical
kinetics and mechanics.

Online experiments based on mathematical
modelling and simulation should be directly

linked to other online tools and resources (text
and reference books, recorded and live lectures,
and other interactive and instructive material).

The Department of Ferrous Metallurgy at the
RWTH Aachen University develops, uses and
offers simulation models and tools to extend the
possibilities of real experiments in local labs.
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