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The simple simulation of a power generating unit has numerous advantages in the fields of
engineering, testing and training. This dissertation investigates the effectiveness of a
simple reduced boiler and turbine model as an engineering tool. The implementation of a
simple model of a physical boiler up, turbine is described, as well as the implementation
of the unit controls.

Results of actual tests performed on a generating unit are compared with the simulated
data from identical tests. These comparisons show good correlation between the
simulation and actual test data, leading to the conclusion that a simplified model is
adequate as an engineering tool.
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CHAPTER 1

t. Introduction

1.1 Background

A power g, ierating unit is a complex system. involving all spheres of engineering. The
combustior process involves both chemical and mechanical engineering. whereas the mass
flows and thermodynamics require mechanical engineering knowledge in order to
understand them completely.

The high fluctuations in flow rates. pressures. temperatures and differential temperatures
encountered in a boiler and turbine cause a great deal of stresses and fatigue which may.
over time, lead to the failure of critical plant. Coulman' states that "Fluctuations of the
steam temperature during a transient resulting from some perturbation of the operating
conditions may cause excessive wear in the tube circuitry and in the turbine. as well as
reduced efficiencies". The subject of stress and fatigue is part of the engineering field of
metallurgy, and to a lesser extent mechanical engineering. The theory behind the boiler
controls. as well as the implementation thereof, lies in the electrical and process
engineering field while the operation of the generator falls in the heavy current electrical
engineering Held.

In addition to the engineering disciplines, the people who best know the operation of a
generating unit are the operators. Although they may be unaware of the theory or logic
behind certain procedures, they are equipped with the experience with which to operate the
unit. even under exceptional circumstances,

The complexity of the generating unit is further emphasized by Maffezzoni'' who states the
reasons as being due to .. structural complexity, strong nonlinearity. interaction among
subsystems. relevance of distributed parameter phenomena. considerable uncertainty of
process parameters at macroscopic level (heat transfer constants. friction, flume radiation.
two-phase interaction etc.)",

As can be seen, the knowledge at any power station is spread between many people in
many disciplines. making problem solving and engineering difficult without the
cooperation of many people. One of the drawbacks of splitting engineering departments
according to discipline is that. for instance. a purely electrical modification to the controls
may have serious mechanical implications which the electrical engineer is not aware of
This is overcome. to a certain extent. by close cooperation between the different
departments (electrical engineering. mechanical engineering. maintenance. operating)
when working on problems or design modifications.
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One critical area where the problems outlined above are very apparent is that of the
optimization of the generating unit controls. Although control optimization could be
considered a pure electrical engineering function, optimization on a power station unit
requires knowledge and understanding of every Held of boiler and turbine engineering. as
well as operating experience.

One possible solution to this problem is the use of a simulation of the relevant plant when
attempting to provide engineering solutions or fault finding 011 a generating unit. Such a
simulation. which would typically be carried out on a digital personal computer. may be
used to model the behavior of the unit both before and after a modification in order to
assess the overall effect of certain actions or modifications.

1.2 Analysis of the Problem

At present no simulation tool exists at Duvha Power Station tor use as an engineering tool.
As discusred previously. there is a substantial benefit that may be gained from the
development of such a tool. provided that it fits certain user requirements.

One such simulation which is already available off-site at the Eskom training center in
Midrand, is the operator training simulator. Although extremely useful in the training of
operators, it has no further use iii the engineering field. The main reason for this is that it is
very difficult to perform even minor modifications to the simulation. and even these need
to be done by a specialist (on that particular simulator).

An important requirement of any simulation is that it is easy enough to understand to
enable an engineer to make modifications without spending months learning the
simulation program or language. An engineer would still require a certain amount of
background knowledge on the workings of the simulation package as well as the rationale
of the implementation itself. before being able to make full use of the simulation. This
approach also ensures that use of the simulation is not restricted to one or two specialists.
but may be used by anyone needing to perform plant simulations.

Although an ideal model would include every system in the generating unit. many of the
auxiliary systems have neglig ',11(' influence on the overall operation of the generating unit.
An example of such a system is the condenser vacuum control system which includes a
physical system as well as autocontrols. Under normal circumstances the vacuum is
maintained at a setpoint independently of the operation of the rest of the generating unit.
Under normal circumstances this system could be modeled as a constant pressure
condenser.

Another area which would benefit from the use of a power plant simulation is that of
optimization of the unit autocontrols. Presently this is a long tedious process involving a
lot of guess work which must be done while the unit is on-line. This introduces an
additional risk of mistakes causing inefficient operation or even a unit trip. The
optimization procedures also place extra stresses 011 the plant which negatively impact its
efficiency and life-span.
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A Simulation would be :1 useful tool for the optimization of a control system. This would
be achieved by using a simulation to replace the physical plant as shown in Figure 1-1.
The existing control system would be interfaced to the plant simulation. thus allowing
extensive optimization without the negative effects of excessive stresses on the plant.

~
( Simulation of\r-------.I Ph),.,;,,,1 p,,,,,,,, 1

cson.tfol I I Physical !'rocess]
ys.em ':=_j ~~-~-••••Tuning Parameters

Figure 1-1: Simulation for Control System Optimizatioh

The remainder of this dissertation addresses the problem of'develop
both simple enough for easy understanding. while maintaining the
realism that is required of an engineering simulation tool.

This problem may be summarized as follows:

Is a relatively simple or reduced model of tho boiler, turbine and i<:,ita:r{
autocontrols adequate for use as an engineering tool?

The specific objectives of this research dissertation are:
a) To develop a illllJ}ledynamic simulation ofa hailer and turbine ill terms (}l/iICI

input, boiler pressure and megawatts (MW) output. This excludes simulation II
SOllie o] the less important systems such (is the internal operation of the
steamfeed pumps, blowdown vessel, condenser. mills etc.

h) To simulate the physical processes through the lise ofsimple mathematics while
confining the lise ofcomplex thermodynamic equations to a minimum.

c) To develop a detailed simulation ofall relevant autocontrols whichform part of
the physical systems.

d) To develop an operator interfacefor the simulation.
e) To asses the question as to whether the simulation adequately fulfills the

requirements of an engineering tool. This will be done by means of
comparisons between live data and simulated data.
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1.3 Overview of the Dissertation

TIle dissertation begins by introducing the concept of simulation of a power generating
unit. This chapter describes the problems which are to be addressed by simulation of the
plant, as well as formulating the main objectives of the dissertation.

Chapter 2 discusses the application of simulations in general. as well as dealing with the
issues of stability, speed and accuracy.

Chapter 3 provides a ,letailed description of the autocontrols which are relevant to this
simulation.

Chapter 4 deals with the design and implementation of the simulation. It begins by
describing the advantages of using a graphical simulation "language" as opposed to a non-
graphical language. The design methodology is discussed next, follow eel by the detailed
description of both the simple simulation and the alternative more complex simulation of
the boiler and turbine. Lastly, the simulation of the autocontrols is described.

Chapter 5 describes the results of the tests done to determine the success of the simulation
in achieving the goals outlined in chapter one. Comparisons are made between the live
data captured during tests performed on a power generating unit and simulations of the
same tests.

Chapter 6 concludes the dissertation by assessing whether thf 's outlined in chapter one
have been achieved. TIle accuracy and limitations of the sin, .on are discussed, as weJl
as the significance of the simulation. Further research possibilities are briefly described at
the end of the chapter.

The dissertation contains five appendices. Appendix A gives a brief description of Duvha
Power Station. Appendix B tabulates a comparison between three simulation software
packages, outlining the strengths and weaknesses of each. Appendix C quantifies the
approximation errors which result from the simplification of the turbine and boiler.
Appendix D contains the Vissim source code which makes up the complete alternate
model. TIle source code tor the simplified model has not been included.
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CHAPTER 2

2. Simulation Concepts

Modeling and Simulation are disciplines that are becoming extremely important in almost
all spheres of engineering. A model may exist either as a conceptual design or as a detailed
mathematical model. Simulation of a system or process provides numerous advantages,
especially in terms of resources used during the design phase.

2.1 Why Simulate?

Although there are an abundance of systems or processes that warrant simulation, the
requirements can be classified into tour main types (Debelle'). Although some simulations
are designed with more than one of these objectives in mind. for clarity they may be
identified as follows:

2.1.1 Know/edge Models - For Design and Understanding

In this instance, the simulation is constructed to be of assistance in the design of a system
or solution. Although many examples may be cited, an appropriate example would be the
simulation of a boiler to determine the optimal design based on physical limitations as well
as operating requirements.

The required accuracy of design parameters is generally proportional to the complexity
and criticality of the system to be designed. It is quite possible to design a simple item, for
example a brick, without doing a single calculation or drawing. On the other hand, the
design of a system of marginal complexity, such as a bicycle, requires a certain amount of
calculation and drawing.

In the case ofthe power station mentioned above, an enormous amount of time, effort and
resources are needed during the design. The following points are of paramount importance
and have a significant influence on the final design.

• Available Capital
• Required Operating Efficiency
• Safety of plant and persons
• Required Reliability
• Stability of the Controls
• Contrc.lability
• Expel cd Lifespan

The utilization- .complex models as design aids. has brought about a significant decrease
in both the cos! ad duration of the design process. while also increasing the performance
of the plant. Thi has been further enhanced over the last decade by the increase in power
of the personal computer and mainframe computers.
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Consider the design of an aircraft or spacecraft. The design is based 0'1 physical
principles, experimental data from similar models, past experience. <U1dthe various
specifications imposed on the system. According to the design. the system should perform
as intended. However. before the pilot is allowed to take the first test flight, it is preferable
to verify the operation of the aircraft and controls without risking the pilafs life and the
craft itself. Even before the aircraft is built, the manufacturer would like to verify the
design before spending a large amount of'time and money in its manufacture.

These models are generally built up from mathemati al equations which define the
behavior of the system's constituent element T)'. 1'; equations are normally those
describing mass and energy balances, the thermod, namic properties of fluids and gasses
(water and steam, for example), and the stetic and dynamic characteristics of items of
equipment (pipes, pumps. valves, etc.),
TIle parameters used in these calculations are normally precise and relate to a specific
plant.

The models obtained in this way are normally very complex. but may be simplified by
linearization at specific operating points.

2.1.2 ControlModel

This model is used for the design, redesign and optimization of automatic controls. These
models are normally obtained by a more comprehensive approach to process
representation. TIle parameters used in these models do not necessarily relate to specific
physics of tile plant but normally describe plant functionality. These models are generally
fairly simple and are mainly used for control studies. They must also take into account the
behavior of the instrumentation and control actuators.

2.1.3 TrainingModels

Training models :.....'eused to simulate the behavior of a process for the training and practice
of operating personnel. These models are normally based on the specific designs of the
unit.

This type of simulation is employed extensively in the aircraft and spacecraft industry
where it is far cheaper and safer to train pilots in a flight simulator than in a real flight. It is
also possible to simulate a number of situations which would not normally be encountered
during a routine training night.

2.1.4 OperationModels

'I11istype of model is used to study the behavior of the process and constituent parts in
entirety. These models are normally described in a global manner, being less specific to
individual systems. As a general rule. it can be said that dynamic aspects are represented in
a simple way whilst the system's non-linear characteristics must be modeled in a more
detailed manner.
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An application of this type of model is fur the verification of the physical operation of a
plant compared to the required (simulated) results. This is only possible when the desired
system has been modeled to the required accuracy. This is useful in identifying
maintenance requirements or plant problems.

The last type of simulation differs from the previous three in one crucial way; it IS the only
model which requires on-line plant data. In order to compare actual plant operation with
simulated plant operation. it is necessary to provide the same inputs to both the simulation
and the simulated plant. This includes operator and environmental inputs as well as all
inputs from associated plants.

Two possible ways exist to provide this information for the simulation.
a) The first method involves manual input of data into the simulation in parallel

with operation of the plant. The disadvantage of this is the extra work
required as well as the possibility of mistakes. This is not practical in the
case of a power station such as Duvha due to the concentration and quick
response needed by the operator during unit light-up, and especially when
handling emergency situations.

Operator

Figure 2-1: Online Simulation for Plant Verification - Manual Data Input

b) TIle second method involves online capturing of relevant operating data from
the plant to be used as input for the simulation. This has the advantage of
being automatic and not subject to human errors or manipulation.

TI-I" SIMPLIFIED SIMULATION Of' A BOILER, TURBINE AND RELATED CONTROL SYSTEMS JUNE 1998
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Operator
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Figure 2-2: Online Simulation for Plant Verification - Automatic Data Input

2.2 Advantages of Power Plant Simulation

The simulation of a generating unit brings together the combined experience and
knowledge of every separate engineering field in such a way that an individual or group
has access to this pool of information, A well developed model reduces to some extent the
need for an engineer to fully understand the entire boiler and turbine before assessing the
overall effect of any plant modifications, A simulation also allows testing of adverse
operating conditions, control modifications or plant modifications without the risk of
damage to the plant.

Another benefit of generating unit simulation is the possibility of reduced downtime,
which results in a decrease in lost revenue. Modifications are usually performed on a unit
during periods of routine maintenance. Although tested in theory and passed by all the
engineers and operators. there is always the possibility that these modification will produce
unexpected effects. This could result in a unit "trip" and subsequent downtime, or even
possibly damage to plant. Depending on the complexity and scope of the simulation, it
may be possible to detect these problems during simulation before they manifest
themselves on live plan.,

Another area where a great deal of benefit could be gained from a model of the generating
unit, is during startups oi'the boiler and turbine. Although there are countless problems that
may be encountered during a unit startup, a particular problem that has occurred is the
over-pressurization of the boiler. 111isis extremely detrimental to the long-term health of
the plant, and is thus part of the boiler trip circuit. Although damage to the plant is averted
by tripping the unit this still results in a large amount of lost revenue as well as the extra
cost and risk of another startup,
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In view of the great technical and economical importance in the power industry, the
dynamics of boiler-turbine processes have been the subject of considerable research work
since the late fifties. Pioneers in this field include Chien et al.' and Profos", These early
attempts at boiler-turbine s.mulation were further complicated by the lack of digital
computers. TIle available analogue computers were awkward to use, and even more
difficult to "program", A further problem was the high cost of these analogue computers.
which restricted their use to a small number of institutions and large companies.

With the availability of digital computers from the mid 1960·s. the task of simulation
became far easier. The further exponential increase in processing power of these
computers also saw a rapid increase in the complexity of the models. The later advent of
the personal computer as well as adva. ed modeling software nas reduced the costs and
expertise required to embark on a simulation of even complex systems.

There is an abundant amount of literature dealing with the simulation of a boiler-turbine
system using complex thermodynamics and mathematics to describe the system
characteristics. One example of this approach is taken by Dymek' where the heat exchange
surfaces are broken dOW11into l-dimensional cells which are modeled according to
compressible. adiabatic and lossy flow. The mathematical description of the change of
state of the fluid flow process depending on the displacement x and the time y is given by
the laws of conservation of energy. mass and momentum. This model proceeds to
approximate the working fluid and tube wall to produce a simplified heat exchange model.

Numerous books are also available on this subject providing extensive information on all
aspects of boiler-turbine simulation. For example, Knowles 7 investigates the mathematical
equations used to model the boiler-turbine. while Dukelow 8 provides an in-depth
discussion of the boiler controls for various types of boilers.

Extensive research has revealed that the majority of research into power plant simulation
only attempts to model the mechanical systems without including the control systems.
Goeminnie", Schuck", Cheres" (drum boiler), De Mello" (drum boiler), Coulman" and
Kwan'" use complex mathematics to model the physical boiler and turbine without
including the control systems. Beato" takes a more simplistic approach to the simulation
of the physical systems. as well as simulating the main control loops. Klefenz", on the
other hand, breaks down the boiler, turbine and control system into simulated blocks in an
attempt to describe the control aspects of the boiler and turbine.

A possible reason for the lack of "complete" generating unit simulations in the sixties and
seventies was the high cost versus performance ratio ofthe available computers. With the
advent of the PC and its subsequent large increases in performance, the number of
"complete" simulations has been seen to increase,

The major constraints in a simulation. namely stability, accuracy and simulation time. are
overcome to a certain extent by the use of more powerful computer hardware. These
issues. together with implementation problems specific to power stations. are discussed in
the next section,
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203 Simulation Implementation Issues

Three major issues that must constantly be considered when designing a simulation are
those of stability, accuracy and simulation time. These phenomenon depend largely on the
following

• model complexity
• required simulation speed (faster than real-time, real-time or slower)
.. dynamics of the simulated plant/process

Depending on the objectives of a simulation, one or more of these problems may be
alleviated to a certain extent by careful design. Knowledge models (Section 2.1.1) are not
usually required to run in real time, and are thus affected less by the problen.s of stability
and accuracy. In this case simulation speed is compromised for increased stability and
accuracy.

When deciding on the most suitable simulation software, these three issues play an
important part when deciding between packages. Refer to Appendix B for a comparison of
the available software packages.

T' t2 SIMPLIFIED SIMULATION OF A BOILER, TU;,SINE ANIJ RELATED CONTROL SYSTEMS JUNE 1998

These issues have also been investigated thoroughly in many publications. Hartley" states
"Often, trade-ofTs must be made because of the contlicting requirements of accuracy,
stability, and computation time."

2.3.1 Stability

Hartley 18 suggests that "A simulation becomes unstable when the numerical solution of
the simulation does not converge to the exact solution, but produces an error which is
unbounded.". It can, however, be expected that the simulation ofan unstable system would
also produce an unstable simulation.
The stability of a digital simulation is very dependent on:

.. the integration method
• the characteristics/dynamics of the simulated system/plant
• the sim=lation time-step (time between iterations)

During the preparation of the simulation for this project it was found that the relationship
between each of these parameters was very critical. Due to the increasing complexity of
the simulation, it became necessary to increase the length of the time-step in order to
enable the simulation to operate in real-time rather that at a slower pace. It was found that
the .jmulation became unstable if the time-step was increased above a certain value. One
solution to this problem is to change the integration method as well as the time-step until
the required stable real-time simulation is achieved. This problem was later alleviated
slightly by the upgrade of the simulation software to a new 32 bit version which proved to
be about 30% faster.



CHAPTER 2: SIMULATION CONCEPTS Page 11

2.3.2 Accuracy

he accuracy of a simulation may be assessed in two ways, the first being an assessment
i'how de; .Iy the simulated results compare with the physical system being modeled. The

second measure of accuracy relates to how closely the numerical results match the values
that would be obtained if the system equations were solved exactly. The major sources of
inaccuracy in a digital simulation are truncation errors, integration approximation errors,
sampling errors and rounding off errors, The accuracy is influenced by, among other
things, the integration method and the time-step.

Hartley" also states that "Higher accuracy algorithms also generally require a smaller
simulation step size to maintain stability. This also conflicts with computation time needs."

2.3.3 Simulation Time

The simulation time is directly related to the complexity of the integration method as well
as the simulation time-step.

Ihis project's simulation is required to run in real time, or faster, for it to be useful. The
simulation was originally desi, ned to 11111 at 28 times faster than real time. This would
allow a complete 8 hour boiler startup to be simulated in just over 16 minutes. This was
never achieved due to the increased complexity of the model, and has now been decreased
to 10 times real-time.

2.4 Integration Methods

Numen.us integration methods have been developed for digital simulation of an analog
integrator. Each method has its particular niche where it is ideally suited to the task at
hand. A description of the integration methods may be found in many simulation
publications, including Hartley", Schwarzcnbnch". Matko"

Each method has a tradeoff in terms of either stability, accuracy or computation time.

The algorithms available in VisSim are:

Algor
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ifl) 65 12- _. -~~ .- _ ._

Euler
Trapezokfal-
Runge Kutta 2nd Orc
Runge Kutta 4th Ord
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Adaptiv, Bulirsh-St
Bacjnvard Euler (St

I.ah~c 2-1: VisSim Integration Methods
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Fable 2-1 shows the results of a series of tests performed using VisSim in order to asses
the accuracy and computation time for each of the simulation algorithms. The test
simulation consists of two sine waves. one with a frequency ten times quicker than the
other. These waves me both integrated (the integral of a sine wave results in a cosine
wave). and the results compared with cosine waves of the same frequencies. The error
signals for both frequencies me then added, squared and then integrated for u. . duration of
the simulation. The rea! time duration of the simulation was set to 200 seconds. the time
step set to 0.03 seconds. while the two frequencies were 5Hz mid O.5Hz. The simulation
was then run once for each integration method. and the simulation time recorded.

The ratios of simulation time for each algorithm were found to change greatly with an
increase in the complexity of the simulation. so much so that the last four algorithms were
found to be far too slow for the simulation developed during this dissertation. Although the
Runge Kutta 4tll Order algorithm appears to be the best choice. the Runge Kutta 2nd Order
algorithm was found to run quicker while still producing a stable simulation. This was
chosen as the method to be used tor this simulation.

2.4.1 Stiff Systems

A stiff system is onc that has dynamics operating on two different time scales. A power
plant consists of extremely fast systems (e.g. the governor valves - 2 seconds) as well as
extremely slow systems (fuel demand - up to 200 seconds). This is continued by Rossiter'
who states that "The presence of some fast and slow dynamics implies that the boiler-
turbine system is in essence a stiff'problem.",

The problem with the simulation of stiff systems is that. to ensure a stable simulation, the
simulation time-step is determined by the response time of the fastest system while the
time necessary to observe the firll response is determined by the slowest system.. The
effect of this is that the simulation speed must be decreased in order to ensure a stable
response. In the case of this simulation the time step needs to he below O.OOR second" 11.11'
stable operation.

2.5 Importance of Simulation Objectives

Knowles" argues that "Ill any given problem, modeling has an objective, and the effective
modeller will create a model capable of providing reliable results in the context of the
engineering objective." That is, a model may only be evaluated in terms of the
engineering objectives set fIJI'the model. This is especially true in large, hignly complex
systems where very specific models are created to simulate specific phenomenon. Such a
model may prove extremely accurate in predicting one phenomenon. while being
inaccurate in term': of other simulated variables.

Numerous models may exist for anyone system, each tailored to achieve a particular
objective. In the case of a motor vehicle. for example. one simulation may have the
objective of simulating the drag coefficient based on body shape. temperature, wind
velocity and vehicle speed. Another simulation 011 the identical car body may be used to
determine noise levels inside the car at various speeds, and with different body shapes.
Both m.dels would diner due to the different objectives.
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Knowles" I also states that "A model has little value in an engineering environment unless
the precise objective(s) of that model are clearly stated and understood!" The advantage of
this is twofold: Firstly. it is important that the objectives be set before design begins as this
focuses the design process on the specific goals rather than proceeding in a "lets see what
we can achieve" type of way. Secondly, a thorough statement of the objectives is very
useful to anyone else using the mod, \ knowledgeable user may be able to gain a lot of
insight into the workings of the model as well as its strengths and weaknesses from the
design objectives. without requiring any further explanations or information.
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CHAPTER 3

3. Boiler and Turbine Autocontrols

This chapter briefly describes the operation of the autocontrols at Duvha Power Station.
TIle simulation of these controls is discussed in the following chapter (Section 4.6). For
further information on Duvha Power Station refer to Appendix A.

In order to create a model of the physical boiler and turbine with the relevant auto controls,
it was necessary to develop an understanding of the controls. The reasons for this are:

• To enable simplification where and when necessary
• To determine which controls may be approximated or omitted entirely
• T· allow tuning of the control parameters to approximate those found on the

si.nulated plant

Although the autocontrols consist of a large number of components only the main control
loops were analyzed and implemented in this dissertation.

The boiler and turbine controls at Duvha Power Station are extremely complex, consisting
of numerous control loops inter-linked to form single-loop fc.dback, cascade feedback and
feedforward control configurations. Another degree of complexity is added by the number
of different operating modes that exist. The following distinct modes of operation
(described in Section 3.2.2 and 3.3) have been implemented in the simulation:

• Fixed Pressure
• Sliding Pressure
• Valve Position
• Boiler Follow
• Turbine Follow
• Coordinated
• Pressure Control On
• Fuel Control Auto I Manual

3.1 Capability Computation

The mai-. [l.ll1ctionof the unit capability controls are to determine the maximum load
capahility of the generating unit based on the state of certain auxiliaries, An example of
this is the limitation of unit load to 51!% if one of the two air heaters fail, It also determines
the ramp rates, startup setpoints and makes tile necessary adjustments to the unit setpoiut
to ensure safe operation within the acceptable limits of plant stress.
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Figure 3-1: Boiler Capability Control
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The auxiliaries are shown with their percentage load effect as well as a time delay. The
time delay is important to ensure that any signal spikes are 110tpassed on to the capability
limitation. On some auxiliaries the time delay allows sufficient time for the plant to be
restarted after a trip before the controls react by decreasing the capability. In the case of the
airheater, one of the heaters must be off for a continuous period of I minute before the
capabilities me reduced to 51%. The reason for this reduction in capability is that the
generating unit is not able to operate above 51% load without both airheaters in service.

During startup the boiler demand is limited to between 10% and 45~'o,while the rate of
change is limited according to the type of startup. The rate-of-chance limits are quoted as a
percentage of the maximum possible rate of change achievable h) .,e control system.

In the event that both circulating pumps me not operating. the controls ensure that boiler
load does not drop below 45'%.
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3.2 HP Bypass Controls

3.2.1 Safety Function and Ramp Rate Limitation

The HP bypass valves operate as safety valves by tripping open in the event of excessive
boiler pressure. The HP bypass valves also operate when the rate of change of the boiler
pressure exceeds a setpoint. The rate of change is prevented from exceeding the setpoint
by opening the HI' bypass valves.

These safety functions are active at all times, and may override the active control mode if
necessary.

3.2.2 Pressure Control Modes

The HP bypass valves provide pressure control in three modes:

3.2.2.1 Valve Position Mode

The controller receives a signal (which represents the desired valve opening position) from
the control room control desk. It compares this signal to the actual valve position feedback
and adjusts the valve position accordingly.

3.2.2.2 Fixed and Slflllling Pressure Modes

When sliding pressure mode is active, the controller continually adjusts the pressure
setpoint to that of the actual pressure. This ensures that the HI' bypass valves remain
stationary except during ramp rate limitation described in Section ~.2.1.

When the controller is changed to fixed pressure mode, the pressure setpoint stops tracking
the actual pressure, This results in the actual pressure being controlled at the setpoint by
the action of the HP bypass valves. When in fixed pressure mode it is possible for the
operator to manually increase or decrease the fixed pressure setpoint,

3.3 Fuel Master Controller

3.3.1 Pressure Setpoint Formation

The purpose of this control loop is to determine the pressure setpoint at which the boiler
must be controlled, according to the boiler conditions, operating modes and operator
interaction.

The control philosophy depends on the boiler operating mode as described briefly below .
.\ more detailed description may be found in literature hy Dukelow".
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3.3.1.1 Boiler Follow

During boiler follow mode, boiler loading is set according to the turbine steam demand.
The effect of this is that the boiler load (steam generated) follows the turbine load (MW).
This mode is normally enabled when problems occur on the turbine.

In this mode, fuel demand is calculated as follows:

PressureSotpoillt
Steamfremand ;::: . x Flow Stearn

Pressure Actual . c
Eq I

3.3.1.2 Turbine Follow

During turbine follow mode, the turbine governor valves operate to control the boiler
pressure at the setpoint. The effect of this is that the turbine load (MW generated) follows
the boiler load (steam production). This mode is useful when problems are encountered on
the boiler.

3.3.1.3 Coordinated Mode

During coordinated control mode the boiler pressure setpoint is set manually by the
operator or remotely by the electricity grid load dispatch center. The load of both the boiler
and turbine is coordinated according to this setpoint as well as the unit capability.

3.3.2 Fuel Master Control & Load Control

The main function of the fuel master controller is to regulate the boiler main steam
pressure according to the operating mode (see below) as well as the boiler setpoint from
the Pressure Setpoint Controller. This is achieved by controlling the fuel flow to the
furnace.

This controller provides both a feed-forward path as well as a feedback path, both of which
are discussed below.

3.3.2.1 Pressure Control OFF (Feed Forward Control)

With pressure control disabled, the fuel demand is derived from the load demand signal
(i.e, fuel demand is proportional to load). No feedback signal is used to fine tune the fuel
demand setpoint in order to achieve the correct pressure.

3.3.2.2 Pressure Control ON (Feed Forward plus PID Control)

Any deviation of the actual pressure from the pressure setpoint is fed into a load dependent
PID controller, which adjusts the fuel demand accordingly. The two main inputs to this
!JID controller are the boiler load demand and pressure deviation signals. both from the
Pressure Setpoint Formation controller,
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TIle pressure deviation is fed into a PID controller, the P and I being load dependent. The
fuel factor is determined by comparing the output of the PID controller with the boiler
demand input. This fuel factor. which is a measure of the quality of the coal, is used as a
multiplication factor on the demand signal to each coal feeder.

Under ideal design conditions, the feed-forward loop would be exact in determining the
optimum amount of coal required to maintain the pressure setpoint at each load level. This
is not. however. the case as the PID controller is constantly required to fine-tune the fuel
demand. Any number of normal and abnormal plant conditions may affect this PID
controller, including the use of bled steam for feed-heating. or an increase in the fouling of
the boiler pipework.

Pressure
Setpoint +

Pressure Contol
ON/OFF

Fuel
Demand,

: Pressure Sctpoin-
: Formation
: controller

Fcedfbrward
+ Feedback

,,
, ,
_ .... .. .. M __

Boiler
Q!;mand

Fecdforward Fuel Factor

Figure 3-2: Fuel Demand Contl'oller

3.4 LP Bypass Controls

The main function of the LP bypass valve is to control the hot reheat steam pressure within
safe limits.

A simulated hot reheat pressure is derived from the HP loop pressure (multiplied by a gain
factor). This simulated pressure is used as a reference due to the fact that it is always the
same as the actual hot reheat pressure during normal turbine operation (with HP and IP
bypass valves closed) at any given load and will not vary with the operation of the HP and
LP bypass valves as will the actual hot reheat pressure.
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The unit operator is able to set the hot reheat pressure setpoint to any value over the
complete range of the reheat pressure. The controller takes the maximum between this
setpoint and the simulated hot reheat pressure, and uses this as the control setpoint. This
ensures that the operator is only able to limit the hot reheat pressure to a value higher than
that which would be experienced under normal circumstances.

3.5 Combustion Control

TIle combustion controller is primarily responsible for ensuring, among other things, the
correct fuel to air ratio in the boiler. This is very important to ensure that the boiler
operates at the optimum efficiency at all times. The importance of this ratio is discussed
further in Section 5.6.1. The furnace pressure is also controlled to a setpoint slightly below
atmosphere by the correct use of the forced draught (FD) fans and induced draught (ID)
fans.

3.6 Superheater Outlet Temperature Control

Depending on the location of a heat exchanger it may be classified as either convective or
radiative depending on its location inside the furnace. If the superheater bank is able to
"see" the combustion flame, it is considered to be of the radiation type, whereas the
superheaters which rely on the passing flue gas for heat exchange are of the convection
type. Figure 3-3 below shows the opposite temperature effect of a change in steam flow for
the two types of superheaters. 'TIle advantage of these opposite effects is that, if designed
correctly with the convective and radiative superheaters in series, the temperature of the
main boiler steam remains relatively load independent.

supcrhcah,'rs in Sones

(,'n;:c:~,~."'.t~::~C:':'~.. ' .
..'......

R;ldiiJti(IIl-S-:::-----
' iJPl'rhl'iJt(.'f - ____

Figure 3-3: SH Typical Steam Temperature Characteristics

Even with optimal design there is a slight increase in temperature with an increase in boiler
load. The superheater discharge temperature is controlled by means of 3 groups of
attemporators, one situated before Sl-I 1, the second before SH 3 and the last before Sl-I4.
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The SH temperature controller is a cascade controller, configured as follows:
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Figure 3-4: Superheater Temperature Controls

The primary controlled variable is the SH 4 outlet temperature. Any deviation from this
setpoint results in a change in attemporation at Att 3. TIle derivatives of both boiler load
and SH4 inlet temperature are also used as deviation signals to the Att 3 PI controller. This
serves as a feed-forward signal for load changes or changes in SH 4 inlet temperature. The
deviation signal for Att 2 PI controller is calculated as follows:

DeviationAtl2PI:::SetpointAtl3TCmPllrop- Actual Att3Tctllpllmp Eq2

As with the att 3 controller, the load SH3 Inlet temperature are fed forward via derivative
blocks.

3.7 Feedwater Master Control

The feedwater master controller is primarily responsible for the control of the evaporator
discharge enthalpy at the required setpoint. This is achieved by regulating the feedwater
flow through the evaporator by means of the boiler feedwater pumps. A deviation signal
from the superheater temperature controller also forms part of the control signal to the
boiler feedwate, pumps. The feedwater controller thus also contributes slightly to the
control of the SH temperatures.
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Figure 3-5: Feedwater Master Controller
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J.8 Turbine Governor Control
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Figure 3-6: Goverl1or Controls
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With reference to Figure 3-6 the HP/IP Governor and HP Stop valve controls consist
of 5 separate signals, all of which pass into the "low value gate" which selects the
lowest of the signals.

3.8.1 Turbine Protections

111is signal (normally high) goes low in the event of a turbine protection trip, or when the
"Turbine Trip" button is pressed. The turbine and boiler trips have not been included in the
simulation as they are not part of the normal operation of the unit. It would be a relatively
simple matter to include ir 111esimulation the action of these protection circuits,

3.8.2 Governor ValveLimit

This setting on the control desk limits the opening of the governor valves to a maximum
value. Under normal circumstances this would be set at 100%.
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3.8.3 Wide and Narrow Range Governor

Once the steam conditions arc correct the operator starts the process of running the turbine
up from standstill to a speed of 3000 rpm. This speed setpoint. which determines the
output frequency of the generator. is never changed. Initially the turbine run-up controls
are dominated by the wide range governing signal which limits the run-up rate depending
on calculations on plant stress levels. The run-up is frequently halted a extended periods to
allow turbine stresses to decrease to acceptable levels. These stresses are calculated by
comparing temperatures throughout the inner and outer turbine casings.

Once the turbine speed reaches 2800 rpm. the controls switch to narrow range governing.
The nmTO\Vrange governor PI controller is slower than that of the wide range governor.
thus allowing more precise speed control. 111is PI controller is affected by the following
process variables:

• speed deviation ( '" speed setpoint - actual turbine speed)
• load deviation ( "" load setpoint - actual turbine load)
• grid frequency deviation ( = grid frequency setpoint - actual grid frequency)

The grid frequency correction ensures that each separate power generating unit connected
to the national electricity grid plays a role in controlling the grid frequency. This is an
important function of the narrow range governing circuit as the frequency of the electricity
grid must remain at 50 Hz ± 1%. This circuit is responsible for the control of the generator
load by regulating the steam How through .he turbine.

3.8.4 Unloading (Payoff) Control

This signal causes unloading of the turbine in the event of one of the following:
• Low Stator Water Flow
• High Condenser Pressure (i.e, Low Vacuum)
Q Low Boiler Main Steam Pressure
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CHAPTER 4

4. The Slmulation

4.1 Introduction

One of the main objectives of this dissertation is to limit the amount and complexity of the
mathematics used in the simulation in order to make it relatively easy to understand. In
order to achieve this it was decided to use a non-mathematical approach wherever
possible. 111is is especially true of the field of thermodynamics which is. in itself, an
extremely complex subject heavily populated by complicated mathematical formulae. A
graphical simulation language is ideal for this purpose while also having the advantage of
heing self explanatory and easily changeable.

In order to illustrate this concept. consider the simple example of a tank which must be
simulated in tenus of inlet flow. outlet flow and water level (figure 4-1).

Wat~rn()wIN

rank
Water
Level [

Water 1'10\\' ()[! r

Figure 4-1: Wuter Tunl,

The normal approach would be to construct the following equations to describe the water
level in terms of inlet and outlet flows.
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LevelWatcr""ArealankSnrl,,,ex f(Flow IN - Flow our)' dt Eq3

Eq4

Flowour =: k x Levelwafer EqS

Combining these equations, and eliminating Flowo!!!. gives

LevelWakf=: Il x Radius x f( Flow IN - k x Levelwlf" ). dt Eq 6

As can be seen in equation 6, the water level is evaluated as a function of itself: Although
this is perfectly understandable to t11eaverage engineer, it is difficult to interpret the exact
function of such an equation without sufficient explanation. Figure 4-2 is the graphical
representation of this same model. This model is far easier to interpret. even for the casual
reader. In terms of Duvha Power Station, this graphical approach has the added advantage
of being similar to the majority of the autocontrol drawings used on the station,

rfl l'lnw IN (m',\) •

,SI---;=:==:::::I::;:;9' ---[
F!mvm;T
(mIl:;)

Figure 4-2: Graphical Simulation ofWatCl:Jank

This example fails to illustrate how complex a mathematical representation of the entire
generating unit would be, mainly due to the large number of cross-couplings that occur
between the different systems and control loops. The resulting equations would be
extremely difficult to interpret and understand, thus limiting the use of such a simulation to
a handful of experts.

4.2 Design Decisions

Before beginning with the simulation it is important to make certain preliminary design
decisions in terms of the simulation approach in order to ensure that a single standard is
used throughout.
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Although the Siemens Teleperm C control system (used at Duvha tor the majority of the
autocontrols) generally uses a voltage range of 0-1OvDC. the existence of certain modules
operating outside of this range (e.g, -10 to + 10v) makes it difficult to mimic these controls
exactly while still using one standard throughout the simulation. It was decided that certain
of the process and control signals would he unitized (i.e. scaled fbr the range 0-1 ).

In order to choose the optimum scaling for each measurement. the normal operating
position as well as the absolute maximum possible values were considered.

The following scaling was usc-i throughout the simulation:

': :Variable Type , "

Simala",. 1 ,. Pla.f .Range ... ~'I '~otnlal.
, ' • , Range' ',' "', .. ," Operating Poi. ,\.
'. " . " '.' ." , I.'Range'

\ . '. #. '. .
Water! Stearn Flow: 0-71 o -7 700 kg/s 228 -7 507 kg/s
Fuel Flow: 0-71 o mills -7 6 mills in 3 -7 5 mills

service
r;:------

300 -7 620MWPower Generated: 0-71 0-7700MW
Valve Position: 0-71 o -7 100% valve open nla
SH Attemporation Flow 0-71 0-780 kg/s 40 kg/s

f-RH Attemporation Flow 0-71 0-724 kg/s 12 kg/s
Steam Temperatures 0-7700°(, 0-7700°C up to 540°C
Furnace Temperatures 0-71700°C 0-71700"C 900 -71300 DC

~nthalpy o -7 4000 kJ/kg o -7 4000 kJ!l~g 1q_0-73550 kJ/kg
Table 4-1: Simulation Variables

4.3 Methodology used for Simulation of the Physical Processes

Two separate models have been developed for the simulation or the boiler and turbines.
The first model discussed is a highly simplified model of the boiler, and attempts only 10
approximate the superheater and reheater outlet pressures without any concern for steam
temperatures and enthalpy. The second model. although developed initially for the purpose
of testing the original model. is a much 1.10rerealistic model which is based 011 physical
properties of flow. enthalpy, pressure and temperature. Both physical models use exactly
the same simulation for the autocontrols and user interface as illustrated in Figure 4·3.
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Alternative
Boiler & Turbine

Simulation

Figure 4-3: Re-use of Autocontrols and Simulation Interface

4.4 Simple Simulation ofthe Physical Boiler and Turbine

Figure 4-4 below illustrates the main path of energy starting with the raw coal in the
bunkers and finally ending in the electrical output from the generator, The boiler/turbine
unit has been divided into sections which will now be described in detail:

r-----------·-----------------, Hoilcr :: ',,,,,

Large Amount of'Encrgy

Small Amount of Energy

CD Plant,' Process Ref, Number

: &.----+1,,,, w R_ ••• J

-+ To Cuoling
® Water

figure 4-4: Overvil;w of Energy Flow Through Boiler :md Turbine
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.. • Description, • .
.:: ",: # --t: i/JII

1. Coal Bunker -- --- 4.4.[""page 28
2. Feeder 4.4.2, page 28

II. Generator
1~12~.--·----~r.E~I-ec-tr7ic~al~P-ow--er-to---G~ri~d----------------~----------~I

13. Energy Content ofHP Exhaust Steam

3. Mills 4.4.3, page 2~
4. Fuel Transport 4.4.4. page 29
5. Boiler Burners 4.4.5. page 30
6. Combustion 4.4.6, page 30
7. SH and RH Heat (Energy) Exch_an-=g;_...c -+-__ 4_.4_,._;7,,-,p,-a..:cg_e,,-3l_)_-jl

I~~-:-_----,~~~;~~~:~~~e~_e_~~]~~~-.:~-h-:~~~~~slv-e-s-------·-----------~-------~--------
II-:-IO-=-.-------'I-H:~P Turbine

14. HP Bypass Valves
15. Rcheaters _ __ I
16. IP I LP Governor Valves II

11--:-=---17.---jf-=IP~/LPTurbi-ne- ---~-+--~ - _ ~

:~: ~~~~:n~~~ntentofLP Exhaust_S_te_am gf ~g---l1

f----

20. IP I LP Bypass Valves -
21. Waste Energy Transferred to CoolingWater -

Table 4-2: Key to Figure 4-4

4.4.1 Coni Bunker

Six coal bunkers act as an intermediate store for coal on its way to the mills. No delays
have been associated with the bunkers which do not form part of the simulation. TIle only
instance where a delay may occur would be in the event of either a blockage of the chute
or if the bunker becomes empty. These two scenarios have not been accounted for in the
simulation but may be approximated by stopping/tripping one of the mills.

4.4.2 Feeder

The coal HIlls from the bunkers directly onto six mechanical coal feeders. The rate of coal
fed to the boiler is controlled by varying the drive speed of the feeders. An increase in the
fuel demand does not directly increase the feeder ..peed, but increases the primary air
(P.A.) flow through the mills. This increased How i.: ted back to the controls which results
in an increase in feeder speed setpoint to the feeders (see Figure 4-5).
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Fuel Sctpoint
Primary
AirFan---t+

Feeder
S~eed

.- ~+~-S-·CI-p(-)in-I~~~p~rjI~l"~l~~A~j~rl~I<~)~~----~Flow
Meier

Coal Mill

Figure 4-5: Feeder Speed Controller

Two PI controllers in series are used to approximate the response delay inherent in the
feeder speed controls. The first simulates the response of the PA setpoint control system,
and the second approximates the Feeder Speed controller, Other mechanical non-linearities
in this system are the response of the primary air fan, the response of the How meter and
the response of the feeder speed to a step input. These mechanical non-Iinearities have
been omitted from the simulation due to their relatively fast time constants.

4.4.3 Mills

The mill is a complex mechanical system on its 0\\>11. Due to the minimal response times
of the processes inside the mill, as well as the complexity of the milling process, this item
is approximated with a first order delay element (l controller). This incorporates the
control system response lag as well as the delays due to the crushing of the coal into
pulverized fuel (P.F.). The issue of mill simulation is discussed in depth by Dolezal".

4.4.4 Fuel Transport

This phenomenon has been labeled 'transport' on the block diagram. This encompasses all
fuel transport delays from the mills to the inside of the furnace via the boiler burners. The
delay depends on the distance as well as the flow velocity of the pulverized fuel. which in
tum depends on the boiler load. This load dependence has not been implemented in the
simulation due to the fact that the primary air 110wsare not known as well as the fact that
the time constants are relatively quick.
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4.4.5 Boiler Burners

A" the pulverized fuel and secondary air is blown through the burners into the furnace. the
vanes inside the burners cause a swirling action which helps to ensure fast and complete
combustion inside the furnace. In terms of this simulation. this swirling effect has been
omitted completely due to its complexity. The only possible influence which could be
determined from the burners. would be the influence of the swirl angle on the combustion
rate. This calculation is far beyond the scope of this research. and has not been included in
<my other simulations that were reviewed,

4.4.6 Combustion

Combustion is a complex process involving thermodynamics, conservation of momentum
and mass, radiation, and is dependent on particle size. composition, mass. temperature as
well as the oxygen content and temperature of the air. This process is very fast compared
to the overall time response of the boiler. and has thus also been approximated with a
simple lag circuit (I controller). A detailed description of the complex process of
combustion may be found in literature by Dolezal".

Although provision has been made in the simulation to model the influence of the oxygen
content of the flue-gas as well as the energy in the secondary air, this feature has not been
completed due to the lack of input data. The input energy (in secondary air) requires air
temperatures and pressures (which cannot be calculated in the simulation) and simulation
of the oxygen content of the flue gas is beyond the scope of this dissertation.

Dymek" treats the combustion chamber as a discrete number of adjoining l-dimensional
cells. each with its own properties. Mass, momentum and energy flows entering and
leaving each cell are calculated, allowing for an accurate calculation of flows and
temperatures throughout the combustion chamber. This approach is also extended to
model the rest of the flue cas path through the superheaters, reheaters etc.

4.4.7 SH and RH Heat (Energy) Exchange

The first six areas described above were all modeled using a simple combination of first
order lag circuits and pure time delays. This next section is more complex. and requires a
detailed explanation.

On a live boiler, the energy liberated during the combustion process is not all transferred to
the water/steam but is lost to the environment. The following summarizes the heat
transfers that take place in a boiler:

• Heat transfer to the boiler tubes by means of radiation. This occurs mainly in
the lower levels of the boiler. in and around the combustion chamber,

• Heat transfer to the boiler tubes by means of convection. This occurs
throughout the flue-gas path

• Heat lost to the environment due to conduction through the boiler walls
• Heat lost to the environment in the Hue-gas.
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In a reheat boiler. a certain percentage of the energy is absorbed to produce superheated
steam. while most of the rest is used to reheat the steam before the IP and LP turbines.
During startup the main influence on these percentages is the sequence in which the
burners are ignited. This sequence determines the height of the combustion area. which
intern influences the proportion of energy absorption by the superheat and reheat
pipework.

Burner Level A - - •••• .() ••••• 0-...... -------- - ---
Burner Level 0-- -··· .. o·····.()····-
Burner Level c: - - •••• .0.....0-.- .•..

:::::::.:::::l:: L...~_~~_~_~_.O-_-_--_-~_:_:_-~_~_~--l~: ~-..~~~~.~~~~~.~~.~~-..~
Burner Level E -- •••• --o-----.() .. _-.

o. Front Side-·

Front

f
-- Right Side --

Figure 4·6: The Boiler Burners

The boiler model calculates the relative percentages by assigning a weighting to each ring
of boiler burners, depending on their position (height). The relative weight of a particular
row is equal to the percentage of energy that is absorbed by the SH. with the rest being
absorbed by the RH. A value ofO.S indicates 80% to the SH and 20% to the RH.

This is a simplification of the actual boiler heat exchange processes where the name height
affects the ratic of radiated heat absorbed by the evaporator and superheater. This is further
described in section 4.5.2.2.

4.4.8 The Main Steam Pressure Model

Block number 8. labeled the "Main Steam Superheater" includes the economizer. the
separating wall. the screwtubes, the evaporator. and superheaters 1.2.3 and 4.
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[
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FigUi'C 4-7: Main Steam Pressure Model

Energy ToStcarn ::-: Energy Frornt'ornbustion X Function Accumulationl.tfct Eq 7

Accumulation is a phenomenon which occurs as a result of the stored energy in the metal
pipework of the boiler and in the steam. Modem boilers have a very high accumulation
value due to the large surface areas of the heat exchangers, especially the economizer. This
is also compounded by the necessity for thick walled tubes to withstand the additional
pressures required of modem power stations.

In a once-through supercritical boiler rated at 900MW, a change from 66% to 100% load
results in an increase in steam flow rate LV meet the additional steam demand. This
increased flow rate. coupled with the relatively slow response of the furnace, leads to a
temporary decrease in the steam temperatures. This effect is counteracted I:ly a heat
exchange from the high temperature metal pipework to the cooler steam. The amount of
heat that is released from the pipework is, in this example, equivalent to the full heat
output of the boiler for 30 seconds. This process is further described in the book
"PROCESS DYNAMICS "by Dolezal".

The accumulation effect has not been modeled in this simple simulation due to "
complexity of the phenomenon as well as the need tor temper-mre simulation. _..
alternative simulation. described in the following section. takes this .•ccumulation effect
into account by approximating the heat exchange to a low order filter.

THE SIMPLIFIED SIMULATION OF A BOILER, TURBINE AND RELATeD CON ROL SYSTEMS JUNE 1998



CHAPTER 4: THE SIMULATION Page 33

Referring back 1') Figure 4-7, the boiler has been modeled as a pressure vessel with steam
entering the vessel as a result of the combustion process and steam leaving the vessel to
flow through the turbine. This is the most significant simplification in this simulation.

Pressure == f(SteamFloWIN - Steamllov OOT ).dt Eq 8

This simplification is also used by Renze" in a simplified boiler pressure model.

Then,

SteamFlow IN =: k x Energy IN Eq 9

SteamFlow ToRH == SteamFlow HPTu:binc + SteamFlow IlPIl)pJSS EqIO

The flow through the valves was calculated according to the equations for flow through an
orifice. 'The non-linearity of valve area versus valve lift was implemented by means of a
lookup table, and the flow calculated as follows:

Flow Valve =: Area Valve X ~ ~N - POUT Eq 11

The HP Governor and HP turbine were treated as a single unit, consisting of a variable
flow orifice (governor valve) leading to a fixed flow orifice (turbine):

An alternative flow calculation is suggested by Knowles" who uses the following
simplified approximation to calculate the flow through a valve:

MassFlow'valvc == Constant x ValveLift x Pressure IN Eql2

This is similar LO the equations for critical flow through a nozzle, which depends only on
the upstream. pressure and not the discharge pressure.
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lIP (J0\1o:11l0r valve

[variable flow orifice!
lIP Turbine
(flow orifice,

Pre-sure IN

F!m v ---jIo-

Figure 4-8: lHPGovernor and '._pTurbine

4.4.8.1 HP Turbine Power Generation Theory

Throttling of the governor valves results in a decrease in flow through the turbine.
Increased throttling also causes an increase in the energy (enthalpy) loss across the valve,
leading to a decrease in the amount energy available to convert into rotational energy in
the turbine, These two effects together result in decreased power generation from an
increase in governor valve throttling. The exact details of this energy conversion process is
covered in Section 4.5. i.1.

It has been shown through experimentation that the following linear relationship (Willans32
Line) exists between mass flow rate and output power"

( )( Power )
SteamFlow = Sieaml'low MCR - SteamFlcw Zerol.oad Power + SteamFlow Zerol.oad

MCR

where
MeR =Maximum Continuous R ..ting (MW)

4.4.8.2 Simulation of'the lIP Turbine

The simplified simulation does not take into account any enthalpy or entropy changes
during throttling (governing), but calculates the power generated to be proportional to the
mass flow rate.

Power = Const x SteamFlow MASS Eq14

This assumes a constant energy drop across the turbine per kg of steam,
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This turbine-generator model is supported by Renze" who also makes use of similar
simplifications in the implementation of a boiler-turbine model, Suzuki 11 also states lilat
"In the system. generated electricity is approximately proportional to thc steam flow to the
turbine",

4.4.8.3 Sub-Criticalvs en itical F!ow

All calculations above as 'veil as in the simulation have assumed sub-critical {low through
the turbine governor/bypass valves and the turbines, The critical flow point is the pressure
ratio Pour I PIN at which the flow is a maximum tor the particular area and inlet pressure.
For superheated steam this ratio is 0.57, Any further reduction of outlet pressure has no
effect on the flow, In the critical flow area. flow is not related to discharge pressure. 3I'd
may be approximated by the equation';

Flow e Constant x I~N Eq 15

;........---
,/
/

~llp~rh(,.1!('d Sfl:JtnCJ
l'riiic1!'F1nw

Figm'cA::9: Critical (Choked) FI,)\\' Through n Nozzle

4.4.S.4 Pressure and Temperature Flow Correction

The now equation used in the simulation (equation 15) is only accurate at a specific
pressure and temperature. All other operating points should he corrected 1()1'pressure and
temperature variations according to the formula:
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Massl'low c, IT '" Massl-Iow Fq x Eq 16

Due to the fact that the simplified simulation does not calculate any temperatures or
volumes, it is not possible to perform temperature and pressure correction.

Although not implemented in either simulation, this correction could be performed in the
advanced simulation as enough data is available to allow calculation of the density from
steam tables. It was decided to ignore this due to the additional computational time that
would be required in order to calculate the corrected mass-flow.

4.4.8.5 liP Bypass Flow

The HP bypass valve flow is calculated in the same way as the HP gOVCl110r valve. The
now through the bypass is not influenced in any way by the flow through the governor,
and vice versa. This is a shortcoming of the simulation, and has been addressed in the
alternative simulation presented in Section 4.5.

Both the HP bypass and the lIP governor are able to carry 100% flow, up to the maximum
design flow of 507kg/s. In the configuration as shown in Figure 4-10, the flow through
each individual valve would, in practice, be related to the flow through the other valve.
This relationship has been ignored in the initial simulation, but has been implemented in
the more advance alternarive simulation.

Analysis of the simple simulation shows that the flow through the governor is only a
function of inlet pressure, discharge pressure and valve position. Opening the simu'zted
bypass valve quickly will not have an initial effect on the inlet pressure, but will instead
cause a gradual decline in boiler pressure. which would then lead to a reduced 110w
through the governor valve, O' the real plant, however, opening the bypass valve has an
immediate effect on the pressure directly upstream of the valves, which causes an
immediate drop in now through the governor valve.
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Figure 4-10: HP Govel'uol' and Bypass Valves
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Figur .. 4-11: Reheat Steam Pressure Model
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Ihree sources of energy exist for the enthalpy of the steam entering tI,,;;flJ(LP turbines.
The first source is the boiler furnace where energy is transferred from the combustion
process to the steam flowing through the pipes. Refer to Section 4.4.7 f' 'I a description of
the simulation in terms of energy transfer from the combustion process to the superheaters
and reheaters,

During e.tpansion in the HP cylinder only about 30% of the available energy is extracted
from the steam. In practice this residual energy is inversely proportional to the turbine
load. due to the reduced enthalpy drop across the turbine at part loads.

Steam entering the cold reheat from the HP bypass also contains a large amount of energy.
This energy is almost equal to the energy contained in the superheated steam. In practice.
as the HP bypass valve closes, the entropy of the steam increases. which reduces the
useable energy content in the steam. For the reason of simplification, the simulation
neglects this reduction in (useful) energy and assumes a constant energy content per kg of
bypass steam.

4.4.9.1 IP and LP Turbines

For simplification. this simulation treats the IP and LP turbines as a single wit

The IP turbine has been modeled in exactly the same way as the HP turbine, with the same
simplifications as well as limitations (Refer to Section 4.4.8.2).
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4.5 Alternative Physical Boiler and Turbine Simulation

4.5.1 Introduc« sn

This chapter deals with the simulation of the physics of the power generating unit. The
first sub-section describes the Rankine Cycle. which is a common cycle used to illustrate
the thermodynamics of a power plant. The following sections des-ribe the implementation
of the more advanced power plant simulation taking which takes into account the basic
thermodynamic processes within the boiler and turbine.

Although the implementation of the advanced simulation is completely different from the
simple simulation. certain elements have been reused to save development time. The
simulation of the fuel flow from coal bunker. through the milling process. until it -eaches
the boiler burners, has been reused and will thus not be discussed again. The mode. of the
flow characteristics of the governor and bypass valves has also been based on the previous
simple simulation.

4.5.1.1 The Rankine Cycle

In order to develop this alternative simulation it was necessary to understand the
relationships between temperature, enthalpy and entropy during the water / steam cycle.
This is best described by means of the following two diagrams.

The Temperature-Entropy (T-S) diagram below is commonly used to explain many
different thermodynamic cycles, including the Rankine cycle.
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Note: Graph not to Scale

il
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Entropy j.J'(kg,K)

figure 4-13: Ideal Steam Cycle

Figure 4-13 depicts the ideal steam cycle in the r- .tion (Rankine Cycle).

Starting at point A, the condensate is pumped tl,_... .: condenser through the various low
pressure heaters. feedwater pump. high pressure heaters and economizer until it reaches
boiling point somewhere in the evaporator. The point where the water begins to evaporate
is indicated at B. As further latent heat is added to the water more evaporation takes place.
which increases the Entropy and enthalpy of the water/steam, The Section B-3>C'.
indicating the evaporation phase _occurs at constant pressure. Once the steam is 100% dry
(completely evaporated) it enters tl~~superheaters where it is heated to its final temperature
(540°C in this easel at constant pressure (almo ..t) indicated by point D.

The line D-)E-7F indicates the work done in the turbine during the expansion of the
steam. In the diagram the expansion is assumed to be frictionless and adiabatic. which
results in no change to the entropy of the steam during the process. The final line F-7 A
indicates the removal of heat in the condenser. This wasted heat is then released into the
atmosphere by way of the cooling towers.

Point E is significant in that it indicates where in the expansion the steam becomes wet.
The water droplets in wet steam cause excessive wear and damage to the blade tips. and
should be minimized as much as possible.
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Ihe area A-8-C-D-E-F indicates the useful heat that is converted into rotational energy in
the turbine, while area A-F-Y-X is heatJenergy that is rejected to the condenser. It can be
seen that decreasing the condenser pressure (and thus temperature) results in an increase in
useful heat and a decrease in rejected heat leading to an overall increase in thermodynamic
efficiency.

The reheat boiler (as used en Duvha Power Station) was designed to reduce the damage
caused by wet steam, as well as increase the efficiency of the cycle.

Note: Graph not to Scale

/

F

35<;

X.".1 .... ..

!'llln'py hJ'(hg.K)

Figure 4-14: Water' / Steam Cycle with Reheat

In a reheat turbine the ,,*"'un passes from the HP turbine exhaust (point E) into the reheate,
which heats the steam up to point F at constant pressure. The line F7G-)H indicates the
adiabatic expansion in the IP and LP turbines. The line H7A indicates, once again, the
unavailable heat which is removed in the condenser.

It is evident that in the reheat boiler the steam flowing through the last few stages of the
turbine before the condenser is far dryer (approx, 90% dry) than the non-reheat (approx.
7511/(1) operating at the same pressures and temperatures. The reheat turbine is also more
efficient than a similar non-reheat turbine due to the increase in the ratio of useful heat to
rejected heat.
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4.5.2 Lumped Elements

This section describes the fundamental equations of the boiler. Although a single
superheater consists of many thousands of parallel. it was decided to consider them
lumped into a single equivalent tube displaying similar characteristics. This has been done
for each of the heat exchangers. This process of lumped parameters is commonly used in
the simulation field. especially in boiler simulation (Suzuki") where it is mathematically
impractical to simulate the exact tube layout inside the boiler.

4.5.2.1 Pressure and Flow

It was decided to model the various sections of the boiler pipework by breaking it down
into equivalent elements (see Figure 4-15). This is similar to the approach taken in order to
simulate changes in flue 1![1S temperature as it passes through the various sections of the
boiler (refer to Section 4.5.4.1) and is also the approach taken by De Mello", Schuck",
and other well known authors in this field. T:le accuracy of this lumped parameter method
is investigated in Appendix C.

Before embarking on the design of this lumped element block. it is important to determine
what variables are known. and which are unknown. If one considers the boiler to include
all pipework, turbines and valves from the boiler feedwater pump discharge to the
condenser. then the following holds true:

Known:
• Condenser Pressure (this is controlled independently at a given pressure

setpoint)
• Feedwater Pump Flow (the SH temp. controller controls this flow)

Unknown:
• Feedwater Pump Delivery Pressure
• Flow into Condenser

This means that. from an overall point of view. given the known variables it must be
possible to calculate the feedpump pressure and condenser flow. In order to satisfy this
requirement. the lumped element must have the same structure as the boiler as a whole.
Thus. for each "fundamental block":

Known:
• FlowIN
• Pressure OUT

Unknown:
• FlowOUT
• Pressure IN

From these requirements. the block shown in Figure 4-15 was designed.
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Block 3

,
I

--P Four ~
!
I_____._ .... .1

,,,,
.................. _~ __ _I ~ .. .. _ ..

Figure 4-15: Lumped Farameters: Pressure and Flow

Where k, = 1 I Volume and k2 =0 11 FlowResistanceCoefficient

Combining equations 17 and 18 (eliminating FOln) gives

Eq17

Eq 18

Eq19

As can be seen PIN is equated in terms of itself. This would normally make this equation
difficult tc solve. VisSim, however, is ideally suited to solving this equation using the
following simulation block.

r111\\, IN

R Fltw. Resistance Clldtki(.'nt

\' Volume cfthc Finite Element

-JIo.IliV

PIL"1<,mc OUT -i--_~ff-l1s~.q~ua~rC~R~O,~)tiJilll-~- -------t---fl-- FlnwOUr

I

Figm:c 4-16: Implementation of Eguation 19
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The square root block in Figure 4-16 is implemented as show in Figure 4-17 ill order to
allow for a reverse flow through the element.

E.!.r.ure 4-17: Sguare Root Bll)ck

Substituting Equation l7 into Equation 18 (eliminating Pll'l) results in a slightly different
equation:

Eq20

Although this YIelds almost identical results when implemented in VisSim, Equation 20
was found to simulate slower than Equation 19.

Using the lumped element block in Figure 4-16, the pressures and flows throughout the
boiler are simulated as follows:
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Flow IN

Hoiler Fcedpurnp
Flow I,g s}

Pressure 0{1'1

Condenser Pressure

Page 46

Pressure IN

Boiler Fccdpump
Delivcrv Pressure

l'IowO{'T

Flow to Condenser
(kg:s)

FImvIN .~ FlowOl'T
j!oo Prcssun- Ot.:T

Figure 4-.8: Pressure and Flow Implementation (whole Boiler and Turbine)

t.conomzcr
PrC<:5urcOUT l'rcs~urc IN

Each heat exchange bank has been simulated using a single lumped block. In the case of
the HP and IP/IY turbine (and associated governor and bypass valves), a combination of
three lumped parameter blocks was used for each turbine. Section 4.5.3 describes the
design of the simulation for these plant items.

Evaporator .. ., flll\\OV~

"..... Pressure OtT

Superheaters l~.f ....... - FlowOLT

. Pressure nUl

!lP nov, Turbine &
Bypass v/v

. .,. FI('wOFr

.• fIo. l'(I.'.'i,;ureOUT

F\.:mIN F!ow(lliT

Pressure otlT ?rcssU'ic iN

j.., ....... Fl ow Dljf

.. -.... Pressure OL'T
Rchcater l.~

[==---------------""-----:'
_.. lbw1.N * ,flI.)\\,,~j,\n'i>'---~,----------t~Ill"I.P Gov, Turbine

& Bypass v.v
___ I

:I: Modified to include Governor,
Turbine and Bypass valve

-t,S.2.2 Heat Exchangers

The boiler consists of 9 heat exchangers in total. These are. in order of water/steam now.
the economizer, dividing wall. evaporator. superheaters 1,2,3,4, and reheaters I and 2. For
the purpose of this simulation the economizer and dividing wall have been grouped
together, as well as all four superheaters and both reheaters, This was done to conserve
computation power.

Each heat exchanger has an associated volume, resistance, and coefficient of conduction,
all of which remain constant throughout the simulation. In reality, the conduction
coefficient would change depending on the amount of soot covering the heat exchange
surfaces, which is influenced by the frequency of sootblowing of the boiler tubes,

THE SIMPLIFIED SIMULATION OFA BOILER, TuRBINE AND RELATED CONTROL SYSTEMS JUNE 1998



CHAPTER 4: THE SIMU!ATION Page 47

Due to the simplifications to the furnace combustion model, the heat exchange simulation
has been greatly simplified. The fluegas is assumed to have a constant temperature at each
heat exchanger, The calculation of the heat exchange from the fluegas to the water/steam is
based on the temperature difference between the two media as well as the contact time
(total time that the water/steam takes to How through the particular heat exchanger).

It is assumed that. after an infinite time, the water/steam will have reached the temperature
of the Hue-gas. The enthalpy is then calculated for the water/steam at this maximum
temperature which corresp mds to the fluegas temperature.

Enthalpy MAX = LookupTable(Pressures,':ahl' TemperatureFJuCGas) Eq21

An iterative calculation of the enthalpy at each position as the steam flows through a pipe
would be calculated as follows:

Enthalpyj, = Enthalpy" .....(Enthalpy MAX - Enthalpy.] x k l::q 22

where k = constant heat conduction coefficient.

Then n would L' iterated wltil lIhn,\ which would give the total enthalpy exchange
throughout the length of the pipe.

Tubel.ength
.'1linal :::: Flow m/s x TimeStep

Eq23

This equation, although being accurate, is herative and thus very difficult to implement in
VisSim as part of the main simulation. Figure 4- I 9 gives a comparison between the actual
heat exchange curve (from equation 22) and two other simplified mathematical heat
exchange models which do not require iteratior for their solution. The two equations are
given below:

tEnthalp} ~1AX - Enthalpy IN)
EnthalpyExchangcn,,"GJS_TO_S"""" == 1+ k x Flt~----~ Eq24

Enthalpylixchange H,c-to- Stearn -= (Enthalpy MAX -. Enthalpy IN) X k II"" Eq25

assuming k < 1

The comparison of the two simplified equations show the first to be more accurate. This
was used throughout the simulation to approximate the heat exchange from the flue gas to
the steam/water.
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O! 03 07

Figure 4-19: Enthalpy Exchange vs Steam Flow

The temperature and enthalpy of the steam was simulated in a similar way to the flow and
pressure by treating each heat exchanger as a discrete finite element with lumped
parameters.

Using the same approach as before. considering the generating unit as a whole the
following characteristics exist:

Known:
• Temperature IN (temperature of water from boiler feedpump)
• Enthalpy IN (enthalpy of water from boiler feedpump)

UnkI10\'>11:
• Enthalpy OUT (enthalpy ofLP turbine exhaust steam)
• Temperature OUT (temperature ofLP exhaust steam)

Using a steam-table lookup block, the Enthalpy out 1)1' the BFP may be calculated using
the BFP outlet temperature and pressure (derived from pressure/flow lumped element
block).

The temperature/enthalpy block for the heat exchangers is designed as follows:

Known:
• Temp erature IN
.. Enthalpy IN
• Fluegas Temperature (from fluegas tetnperature simulation)
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e Flow (from pressure/flow lumped element block)

Unknown:
• Temperature OUT
II Enthalpy OUT

Page 49

The heat (enthalpy) exchange nom the Hue gas to the steam/water is calculated in the
figure below according to equation 24. Although the enthalpy of the inlet steam/water is
know. it was decided to recalculate this from the inlet pressure and temperature, This was
done to minimize the accumulation of errors which results from the inaccuracies of the
lookup tables.

I [->.I Temp LO(lkup(P,Fntl'lf--- ~ Temp. Out

~~~:jIEnili~~ku;~~ '~I,~,r~'nll~1JI~'~~~~__ -4~ [_ . dFn.hnlp)' lO(lkup(P,T2. I-l----t ...EnthalpyOut--, 1 """"tI,,,,, L:FJ .• """"'g'
Fnth.IN >I-_~~~ --J

Icmp. IN

( I + ,\H' Fhl\~, t" I..
.. .J:1o.\y.(J.l.'.T..,. J

FigUl'e 4-20: Tempemture I Entha!ro:..1!Imped Elenwnt Block

4.5.3 HP ulU1IPILP Turbines, Governors and Bypass Valves

The HP and IPiLP turbines consist each of a governor valve. a turbine (s) and a bypass
valve. The governor and bypass valves were simulated using a fundamental block. with a
very small volume and a resistance proportional to valve position. This proportional
relationship was later replaced by a lookup table relating valve position to valve area.
which gives a better representation than before. The volume of the bypass is set slightly
higher than that of the governor valve. due to the extra pipework involved.

The turbine is represented by a fundamental block with a larger volume than the valves
and with a high (constant) resistance to t1ow.
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.p,~;3.1 Pressure and Flow

IlliLl,\!'. the HP turbine, governor and bypass was configured as follows:

, N •• ~

,,,, Governor Vai\-c
Pressure :,,

~ Plow

Block 1-Governor Valve Block'" Turbine

--.f--~--,.."'J--i-- ..--~ ..
,

, , " .

--~ -~------------ -----_ .._---- .,,
, : ····,,",,·J>fl'l,'wIN FiowOllT Flow IN FlowOllTI
: • E.fPrCSSOlJl PrcssINJ---: .--...l.,.:.:iPr~cs:c..s::!:Ol~n:...'~P.!:;r,~,",ss.!!IN.!JII---l, , ,
I : ,

8--~-- ------------------------------~, :, :, :, :, :,,,
: ~ muck 3 Bypass VLlI\'c
: :"""''''''''''l>jFlowIN FlowOllT
, -~Pr"" OUT Press ll~~ ,

,,,
~"""~FIOWL~==_-_-·__P_"_'5S_U_rc_J

Figure 4-21: HP Governor, Turbine anc!Jh:pas§ Simulation

The main problem encountered with the above configuration is that the pressure at tht~inlet
to the governor and bypass valves must be equal. Although the total inlet flow is known,
the relative flows depend on the governor and bypass valve positions as well as the turbine
resi: mce, Although the Haws arc not necessarily the same, the pressure differential across
each of the flow paths are always equal. This fact was used in the simulation to calculate
the relative flows using the following model.
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Figure 4-22: Flow Percentages to Govel'llor and Bypass Valves

In reality, the flows through the two legs reach an equilibrium at which point the pressure
drop across each leg is the same.
This equilibrium flow through the two different legs is calculated by integrating the
difference between PIN block 1 and PIN block 2, and using this to determine the relative
proportion of flow through the two legs.

The MAX gate was incorporated to prevent unpredictable results when one of the valves is
fully closed.

4,5.3.2 Temperature and Enthalpy

Although the pressure drop across the valve increases as the governor/bypass valve is
closed. it can be shown that the enthalpy drop is insignificant (refer to Knowles 39) and
may thus be ignored in the simulation.
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Figure 4-23: Tennpcratm'c and Enthalpy Changes across a Valve

III an ideal turbine the expansion of the steam is completely adiabatic and frictionless,
leading to a drop in steam enthau., -ithout any increase in entropy. In reality a certain
inefficiency may be associated with this expansion, typic'lily 8-12%, which is caused by a
slight increase in entropy during the expansion process.

'TIle simulation assumes that the expansion of steam through the turbine is completely
isentropic (100% efficient), which allows the calculation of exhaust enthalpy and
temperature given that the inlet enthalpy is know, and that both inlet and outlet flows and
temperatures are known. This is calculated as follows:

At Turbine Inlet:

Entropy INLET == FunctionLookuPTablc(Pressure IN , Enthalpy IN) Eq26

At turbine exhaust:

E' .•halpy om == Function Lonkup'I'ablc (PressurelllJT, EntrOPYoUT) Eq27

where, for isentropic expansion through the turbine

Entropy our == Entropy IN Eq28

4.5,4 Separating and Collecting Vessels

During light-up and low load conditions the boiler operates in Sulzer mode whereby the
steam leaving the evaporator is not 100% dry. The water is then separated from the steam
as it passes through the separating vessel (refer to Figure 4-33) and flows to the collecting
vessel. From the collecting vessel the water is pumped back to the economizer inlet.

THE SIMPLIFIED SIMULATION OF A BOILER. TURBINE AND RELATED CONTROL SYSTEMS JUNE 1998



CHPPTER 4: THE SIMULATION Page 53

·,73 ._ • ~ _ _..

Entropy kJ!(kg.K)

Figure 4-24: Evaporation

Assuming that the water/steam leaving the evaporator is characterized by point B on
Figure 4-24, with a discharge pressure of 2 MPa. and an Enthalpy of 1900 kl/kg. Point A
represents the water which collects in the collecting vessel before being pumped back to
the economizer inlet. Point C represents the dry steam that flows through the separating
vessel and into superheater #1.

It is necessary to calculate the percentage of evaporator outlet flow that is pumped back to
the economizer via the collecting vessel. This is done using the following formulae:
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0;; Fl. Enthalpy P"intIJ - Enthalpy 1',,jn1A
,0 OWlS I :=- xIOO

o: UP" icatcrs Enthalpy 1'.,inIC - Enthalpy l'omtA
Eq29

The enthalpy of the steam entering the superheaters (during Sulzer operation) is always
constant (for a constant pressure), being 2800 kl/kg in the example above (point C). The
enthalpy of the water returning !0 the economizer is also constant for a constant pressure,
being 800 kJ/kg in the example above (point A).

Figure 4-25 illustrates the implementation of the above equation in the simulation, as well
as the calculation 01flows to both the superheater and economizer.

Evaporator
D,:;C!1<lfl_:C

PRE~SURE

Evaporator
Discharge
FNTH,\LPY

Evapcrator
Dlschaicc
FLOW

Enthalpy of
Steam to
Superheaters

Economizer

"e Flowro
Superheaters

WaterFlow
In
Economizer

~--"-I·d;::_____""
L ~L~----·----~

Stream Flow
1,

Superheaters

Figure 4-25: Separating Vessel Model

Once the boiler reaches approximately 50% load the steam lea' -ing the evaporator is 100%
dry, thus requiring no re-circulation. At this stage the boiler enters Benson mode.
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4.5.4.1 Furnace Temperatures

The layout of the heat exchangers relative to tl.e furnace area are shown below.

Figure 4-26: Boiler Heat Exchange Positions

Wasted Flo(hJu~1
Encrgv in Hucgas

FigUl'e 4-27: Fluegas Temnerature Model
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The temperature of the fluegas at each heat exchanger was modeled by assuming a
constant fluegas temperature profile through the entire heat exchanger. this being equal to
the average of the inlet fluegas temperature and the outlet fluegas temperature (Figure 4-
29)

FlUCg35 Contact
;-.t- Timc~

Flucgas inlet
Temp

Flucgns
outlet Temp

Time

Figure 4-28: Actual Fluegas Temperature Profile Through Heat Exchanger

Flucgas Contact

~.,.__ Time ~

fl,.l!:-B:!~ inlet
Fcrep

Hucgas
A\.ctJ~c1

Hucgas
outlet Temp

Tim"

Figure 4-29: Simplified Fluegas Temperature Profile Through Heat Excl,anger

The flue gas temperature drop across each heat exchanger is modeled as follows:

T, - T, x (TotalEnthlN - TotaIEnthEXChlll~Cd)
OUT - IN TotalEnth

IN
Eq30

This equation assumes a linear relationship between flue gas temperature and enthalpy.
Total Fuel Energy is calculated as follows:
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TotalEnergy (.'al '= CalorificValue x FuelFactor x MassFlow Coal Eq 31

ln reality the furnace temperature is not a lmear function of fuel burned, but has an upper
limit depending on the composition of the fuel. TI1e temperature also depends on the
fuel/air ratio relative to the optimal ratio. Although increased excess air results in better
combustion. this effect is canceled by the cooling effect of tile additional air. A decrease in
excess air below the optimum value may also cause a decline in the furnace temperature
due to incomplete combustion of the coal.

The non-linear relationship between fue' quanti!'. and furnace temperature was
approximated as:

TemperatureFumacc= (1- (1- Massl-low Fud r) x Max'Temp Eq 32
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Fuel Flow

00 07 o e 09

Fig!lre 4-30: Furnl!ce Temperature (equation 32)

In order to account for the cooling effect of the excess air. equation 32 is then divided by
the total air flow.
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Radiant Energy transferred to the lower superheater and the evaporator is calculated
proportional 1<..r furnace temperature, with the exact ratio being dependent on the positions
of the mills in service and the amount of excess air. E?~l. mill is given a relative height
weighting as follows:

e Top A: 6
o D: 5
jJ c: 4

" F: 3
e B: 2
It Bottom E:

M;llA

RatiosH hap = k X I MillWcighting X Milllvlassl-low Cral
Millf

Eq33

where k was found by experimentation to be approximately equal to 1/22. This ratio was
also multiplied by the tctal air flow to simulate the effect cf air flow 011 the position of the
flame inside the furnace area.

4.5.5 Turbine (Acceleration and Speed)

The dynamics of the turbine have been modeled as follows":

TSf':-Jrn - TE~;rrillgRe.','i5l.wce - TG~nerJtDrRc5istan ..e
a= Eq34

where
t= Torque (Nm)
ex= angular acceleration (rad/s')
I=moment ofinertia (kg.m')

The following approximations were made:

( ~IP + ~P;LP ) x Ie
'S:oan! == m Eq35

TBcaringltcsistance == OJ x kRcsistancl! Eq36

Eq37

where

to =- Turbine Angular Velocity (rad / s)
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then

(I) =: k « Ja.dt Eq38

!jiving

[(~HI' ~ ~P'LI.)__:!~r"fhJ=_~_C;Clx Pt;c"""I"rMW

(Va=------- Eq39
IA"~ul,,r

The implementation of this equation is as follows:

Bcarina
Fticli,'~al Force

TIP!\inc

.. t..:cthllCl,;rkAC-.ClcrJtion_.;.---

Inertia

Turbine
Speed

PmH'r/kTis)

figure 4-31: Turbine Speed and Acceleration Dynamics

4.5.6 SH ami RH Attemporator Spraywater

The SH and RH spraywater attemporators play an important part in the control of the
boiler temperatures. The .mplcmentation of the spraywater injection point is illustrated as
follows:
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Inlet Enthalpy

AU spTay;~.~~:~)11>1---_- _-------t-...------L--..-------
H,)\\ IN

Spraywarcr
Entha\py To\:u SpU"'M.t~r

lnthJJfl~·(kJ)

Inlet Pressure

Figure 4-32: Attemporatol' Block

This block implements the follcwmg formula:

EnthalpYouT -
Enthalpy AtlSWx Flow~l!sW + Enthalpy IN x Flow IN

Flow AIlS\\ -l- Flow IN
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Enthalpy
OtlT(kJ I

Tcm~O(n

Eq40
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The pressure drop across the attemporator is negligible and has thus been ignored in the
simulation.

4.5.7 The Boiler, Turbine ami Valves

lccdwatcr from
Dcacrauu Boiler Feedpump

ro

Vcssd

:··..·t ..__L_. __ c_.?n..ld#Wf;;=a
t- -@_ ~

Condensate Pump-

Figure 4-33: Feedwater and Steam How

The feedwater temperature leaving the boiler teed pump is assumed to be proportional to
the furnace combustion temperature, while the delivery now is regulated by the
autocontrols. The condenser preSSl11'Cis also assumed in the simulation to be constant. This
allows the calculation of the boiler feed-pump discharge pressure using the lumped
element building blocks fbr pressure and flow,

The n.F.p. discharge pressure and temperature are used to calculate the enthalpy of the
water entering the economizer,
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Four high pressure (HP) heaters provide extra heating of the feedwater before it enters the
economizer. Due to the fact that the pressure drop across these heaters is so small, they
have not been included as a separate block in the simulation, but have been included in the
BFP block. The discharge temperature of the BFP has thus been increased by the
appropriate amount to take into consideration the temperature effect of the HP heaters.

The implementation of the alternative boiler as simulation in VisSim is seen to be very
modular in design. This is a result of the design of the pressurelflow and
temperature/enthalpy lumped element blocks.
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4.6 Simulation ofthe Control System

4.6.1 introduction

The unit autocontrols C0 isist of numerous manipulated variables (outputs to plant) as well
as process variables (inputs from plant). The manipulated variables are adjusted in order to
control the process variables at their respective setpoints as dictated by the plant operator
and protection circuitry.

Table 4-3 below summarizes the main control loops that have been implemented in the
simulation. The autocontrols manipulate the primary and secondary control variables in
order to control the process variable at the correct setpoint as dictated by plant conditions,
operator input or other autocontrols.

It: I. Setpoint Sourc!l ~ Prima.ry C!Jntrl)l Va~iable. _I Secondary Con
, .. " . . , . . Variable

Turbine Speed Set by Operator or GovemorValve D(
3000 rpm Constant

Main Steam Pressure Set by operator or Fuel Demand HP Bypass Control
l6.6MPa Valve

Reheat Pressure autocontrols IP Bypass valve
Superheater 540 T Constant SH Attemporator Spraywater Boiler Feedwater
Temperature Flow
Reheater Temperature 540°C Constant RH Attemporator Spraywater
Evaporator Enthalpy Load Dependent Feedwater Flow

.-
Setpcint from
Autccontrols

Generator MW Output Set on Control Desk or no control possible as this is
External Grid Control based on external consumption

Table 4-3: Pl"OcessVariables and Control Variables

The full simulation of the entire autocontrols is far beyond the scope of this dissertation. A
complete simulation would be extremely processor intensive. possibly resulting in
simulation speeds slower tnan real-time (using existing PC hardware). The above control
loops were chosen due to their importance in the generating unit, as well as relevance to
the physical boiler simulation which only includes the main turbine and boiler systems.

From Table 4-3 above. the only control sections that have not been implemented in the
simple simulation are the control of evaporator enthalpy. SH and RH temperatures and
turbine speed. These are, however. implemented in the advanced simulation.

THI:' SIMPLIFIED SIMULATION OF A BOILER, TURBINE AND RELATED CONTROL SYSTEMS JUNE 1993



CHAPn:R 4: THE SIMULATION Page 65

4.6.2 Implementation-Initial Stages

The control system for the boiler and turbine was initially simulated in the required
functionality, rather than implementing the actual controls present on the unit. Tills
approach has the advantage that it was possible to commence testing of the physical model
at an early stage. rather than having to wait tor the final control simulation to be completed
before being able to test the physical model.

Once the boiler/turbine physical model was at a stage where it Vias approximately 90%
complete and operational. work began on the implementation of the control simulation
based on the Duvha Power Station autocontrol diagrams.

4.6.3 Implementation= The DetailedModel

Although a great deal of work went into the implementation of the relevant autocontrols in
the simulation, the majority of the work entailed converting the autocontrol design
drawings into VisSim circuits. In most cases the autocontrol drawings provide adequate
detail for the implementation of the simulation.

Another aspect of VisSim which makes it ideally suited for this simulation task is the fact
that the basic building blocks used in the software are very similar to those found in the
Teleperm-C control system autocontrol drawings.

4.6.3.1 Standard Integration Block

The standard VisSim integration block was modified to allow time-scaling of the
simulation. 'I11ishas been achieved by multiplying the input by a "system speed" variable.
This standard block also imposes default limits of 0-1 on the integration output. These
default limits can be overridden by connecting values to the "Ml'X Output" and "Min
Output" inputs.

This time scaling allows the simulation to be executed at any speed, either faster or slower
than real time. The speed of the system cannot be increased indefinitely, as the system will
become unstable above a certain speed. Time sealing is also dealt with in detail by
Maiko".

This block is .sed throughout the simulation for integration. as well as being used to
derive all othe blocks (e.g. the derivative block - Figure 4-36). This block has also been
used in the r·vsicai plant simulations. A value of 1 for the variable "System Speed"
represents real- .irne simulation. while a value of 2 represents simulation at twice the real-
time speed. The simulation has been designed for operation up to a speed of 10 time real-
time, after which it becomes unstable.
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In
Max I/SI---I'" Output
Min

Input ttl
Integrator ~--------J

Figure 4-35: Standard Integration Block (time scaled)

4.6.3.2 Standard Derivative Model

Page 66

The standard derivative block makes use of the standard integration block to enable time
scaling.

The model used to approximate the derivative of a signal is based on a lag filter. The
derivative is valid for frequencies up to (1/ time constant) rad/s. For higher frequencies the
time constant must be decreased.

Limitations:
a) time constant> 0
b) Simulation stepsize must be less than the time constant for stability.
c) First Pass Results are inaccurate (i.e, when simulation is started at time zero)

Due to the internal time scaling inside the integration block, the simulation stepsize must
be less then (time constant / system speed) seconds to ensure stability.

Input +
'-.-' Tnne 'onstant ~

I Standard l
Integrator--

i

Figure 4-36: Der'ivative Blo~k

THE SIMPLIFIED SIMULATION OF A BOILER, TURBINE: ,\ND RELATED CONTROL SYSTEMS

Output

JUNE 1998



CHAPTER 4: THE SIMULATION Page 67

The above block functions as a low-pass filter followed by a derivative block. For this
reason it is important that the time constant be correct to ensure that no signals are filtered
out by the low-pass filter.

An more accurate implementation of a derivative block is based on the following equation:

5!.[ ]_ x(t)-x(t-dt)
dt x(t) - dt

Where. in the case of this simulation. dt'" simulation time-step.

Eq 41

This implementation was found to produce extremely unstable results due to the small size
of the time-step which then magnified small changes in the input signal.

4.6.3.3 Auto / Manual Override Block

The Auto/Manual block is used to manually override an input signal. The block ensures
that the changeover from auto to manual and vice versa is completely bump-less (smooth).
When the input signal' Manual" is low, the output tracks the input.

Manual ~ - - - - - - - - .. - - - - - - - - - - - - 1- - - - - ..- - - - - - ; - ..- - - - - - - - - - - - - - ~..-r_..~-......--..-_..---;
I I I I

: _t ~r-r:-I : ...,IL ~- I ~-----.~

:~ ~p.; ,- : _y ~~~,

[

~ ~.::': -
ewer 1: ~

Romp ~
Rntc ~

.~;-----;®.§-~fr
1 I~ I

~:------~---. s&1l -- -.

I
Output =

sign of input
(~,t or -I)

Input~---...,-----..IS&llr--_'
Signal

Figure 4-37: Auto! Manual Blocl.

4.63.4 Unit Capability Computation

Output

§3
Sample,\;

II-lid

The simulation of the unit capability was derived directly from the unit autocontrols as
explained in Section 3.1.
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4.6.3.5 Unit Coordinator

Only the main areas of the unit coordinator have been included in the simulation. These
are described in Section 3.1.

4.6.3.6 HP Bypass Control

The documentation 011 the HP bypass control is limited to the detailed circuit diagrams
comprising the design of the control system. Due to the complexity of these drawings, it
was decided to simulate the HP bypass controls in terms of their functionality, rather then
creating an exact replica of the controls as was done for most of the other control loops.

4.6.3.7 LP Bypass Controls

The LP bypass controls have been implemented exactly as described in Section 3.4.

4.6.3.8 Turbine Governor Valve Controls

Turbine
Simulation

Block

t\clu.::.i Turbin~ Sp.:~d

~ Turbine Sprvd > zeou

Runu Rate

N,1rtl'l\ R:w.'lC

(j\J"~n1jng

HP/IP Uia~

Bi<l1 R.lm~~
P·l·

O'i IIJ

Figure 4-38: Governor Valve Controls

The time response of the generator to load changes has been neglected (due to its quick
response). Load generated by the generator hw been assumed to equal the load
setpoint at all times. Due to this, the load elm ~;~-,..1 (s 'e Section 3.8) in the actual
governor controls has not been incorporated if' ,e 'imulation.
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Sl+Att Demand

The simulation compares the speed setpoint with the actual turbine speed. deriving the
error signal which is the input to the PI controller. The output of the PI controller sets the
HP governor valve position and. when summed with the HP/IP Bias signal. also sets the IP
governor position. If the HP/lP Bias is set to zero then the HP governor position is also set
to zero.

The ramp block simulates the implementation of the ramp rates. In order to run-up the
turbine from standstill it is necessary tc activate the "Run-up Enable" digital signal. which
then ramps the turbine speed setpoint up to 3000rpm (via the ramp block). 111e controls
initially start in "Wide Range" governing and switch over to "Narrow Range" governing
once the turbine reaches 2800 rpm.

4.63.9 Superheat.er Temperature Control

SHTcmp
Sctpoint --

1.540dcgC)

~-L(iWPas" nItcr(SH In Temp)

E"'Jp Out Temp Setpoint ('-SH In Temp _._SH Au Diff Tcrnp Scrpcinu

EV.WEmh
Out Setpoirn ....J

{2H~1 j.J,"k!;t1

Fccdwatcr Controllcr :

~----------~
ECON\iin ~~~}---_j

l low Scrpcim -----+«"}-- PI {millei1l
(:!:!S kg/s)

flgp..e 4-39: SH Attemporator Control and Feedwater Control

Refer to Section 3.6 for a description of the superheater attemporator controller, Due to the
fact that the simulated boiler consists of only one superheater, it is necessary to modify the
autocontrols to allow for a single superheater preceded by a single attemporator as opposed
to 4 superheaters and 3 attemporators.

The difference between the superheater outlet actual temperature and setpoint is added to
the derivative of the fuel demand signal and the derivative of the SH inlet temperature
signal. The result of the summation forms the input to a block containing P and I elements.
The output from the PI block is the SH attemporator flow demand signal.
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"'.6.3.10 Feedwater Controls

The feedwater controls are directly linked with the superheater attemporator ('OI,troI5. As
can be seen in Figure 4-39. a setpoint for the evaporator outlet temperature is derived from
the superheater temperature controller. The actual evaporator outlet is subtracted from this
setpoint, which then forrns part of the feedwater deviation signal. The other component of
the feedwater deviation signal is derived from the difference between the actual evaporator
outlet enthalpy and the setpoint. A second PI block has the function of ensuring a
minimum flow (228kg/s) of water through the evaporator.

4.6.3.11 Collecting Vessel Level Control

The collecting vessel level controller consists of two separate PI controllers. The first
attempts to control the level at " low setpoint by means of the lWO circulation pUl11pS
which pump the water back to the economizer inlet. Each pump has a capacity of up to
150kg/s. giving a total capacity of300kgls with both pumps in service.
The second controller. which operates on a higher level setpoint than the first. controls the
flow to the biowdown vessel from where the steam is wasted to the ash sump.

4.7 The Operator Interface

The operator interface was designed to display as much information as possible about the
simulation as well as providing access to the most important controls.

In order to optimize the execution speed of the simulation it was necessary to calculate the
optimum user interface layout based on the requirements for maximum information and
maximum speed. VisSim offers numerous input and output blocks. some of which execute
faster than others. The execution times listed in Table 4-4 only apply to blocks when they
are being displayed and not if they are hidden from view inside compound blocks.

,Block ,J • . .' r Max. I Exe~uti~n. , . .,_
... "t ~ t-

.... . Number of ,. ~:_.
< "

. , . . Variables' .'.. .' ..: . .~..
SIMlTLATIONINPUTS
Push-button (with text) 1 n/a
Push-button (with one bitmap icon per state) 1 n/a
Slider 1 nla

-
SIMULATIONOUTPUTS (DlSF "A YS)

Numeric Display Block 1 Relatively Slow
Gauge I Barchart 4 Fast
Graph 4 Fast

I Digital Light I FastIlS"~lingGraph (stripchart) 4 Fast. but uses large

-
amounts of memory

Table 4-4: VisSim I/O B''J.£ks
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The scrolling graph, although very useful, was found to consume approx'mately 1.5MB of
system memory per variable. which becomes a problem when numerous scrolling graphs
are used. This graph provides a scroll able window which displays any portion of the entire
,,: I, iulation time-range.

Numerous simulations were carried out with different types ,,1' display blocks in order to
evaluate the !est display configuration, The fi.J1I boiler simulation was executed for 50
seconds starting from the same initial conditions for each test (1186 seconds after
simulation start). The results of these tests (Table 4-5) show that the fastest practical
display cc.nbination (shaded) contains only graphs as output blocks. with no numeric
display blocks (shaded option),

+ 7 Gauges + 7 50 s 18 s 48.6%

Table 4-5: Display Execution ~ecd

'T11e main interface screen was designed to display only the most important variables.
while sub-screens provide additional details where necessary. All controls are accessible
01. this main interface screen.
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CHAPTER 5

5. Simulation Result.s.

5.1 Introduction

In order to adequately asses the research with respect to the goals formulated in Section
1,"', i, is important that suitable comparisons are made between the simulation and actual
plant.

In as' .sing any simulation there are a number of different ways that comparisons may be
made iepending on the type and objectives of the simulation:

.. Steady state comparison
• Dynamic comparison
o Full comparison (dynamic and steady-state)
.. Comparison of responses to specihc occurrences

In order to make a valid assessment of a simulation it is important that the simulated plant
be well defined with a limited number of disturbances, each of which are either included in
the simulation or may be accounted for when comparing the results,

The scope of this dissertation does not include the tuning of tile simulation to match that of
the real plant. For this reason any comparison of the simulation with that of the simulated
plant can be very misleading unless certain restrictions me placed on the type and duration
of the tests, It: for instance, a simulated startup is compared with a live startup the results
will be different and could possibly confuse the engineer into thinking that the simulation
is inaccurate, The reasons for these discrepancies are, among others:

a) The physical clements have not been tuned ill terms of pressure drops, volumes, flows,
enthalpy increases and temperature increases, This may give rise to the incorrect ratios
of pressure and temperature between the different elements in the water/steam flow,
Due to the fact that the feedwater now controls react to the enthalpy at the evaporator
outlet, these incorrect ratios may lead to incorrect now rates, which in tum influence the
pressures at the various stages, A slight miscalculation of the evaporator heat transfer
coefficient affects the evaporator enthalpy, which affects the feedwater How, which in
turn influences the temperatures throughout the boiler, This knock-on effect is common
to many of'the systems, and makes tuning of the generating unit very difficult.
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b) The unit control loops have not been tuned in terms of amplitude and response times.
The tuning of these controls determine. along with the physical plant characteristics,
frequency response. stability. and the damping of the control outputs. The correct
tuning of the controls plays a major role in the dynamic response of the simulation.
while having less of an influence on the steady state simulation.

In order to asses the accuracy of the simulation compared to the simulated plant certain
isolated scenarios have been identified which limit the time of the simulation and the
number of disturbance variables. This approach supports the primary objective of this
research. which is 10 asses whether a reduced/simplified model of a generating unit is
adequate for use as an engineering tool. TIle different tests were specifically chosen to
evaluate the areas where the simulation would be most useful in solving engineering
problems.

In order to make an accurate assessment of the results. is necessary that the boiler operate
in a ste-dy state both before and after the disturbancefs), Each test was performed at a
differc.« time. as overlapping tests would be difficult to interpret. Two tests were carried
out 01. the simple simulation (Section 4.4) and a further three tests were performed on the
alternate (more advanced) simulation (Section 4.5).

Throughout the rest of this chapter. live plant data collected from the SCADA is termed
"test data" or "actual plant data" while simulation data is referred to as "simulation data".

5.1.1 Limitations

Any tests which require a change it' unit load or are considered a trip risk will only be
authorized to be carried out on a live unit under exceptional circumstances. The tests for
the purpose of this dissertation are not of high enough priority to warrant a load loss or trip
risk. For this reason the tests have been chosen carefully to allow critical comparisons to
be drawn between the simulation and the actual plan. while still complying with these
limitations.

5.1.2 Plant Data Collection

An extensive SCADA system has been installed 011 each Duvha generating unit a') an aid
to the unit operators. This system has the facility to record plant data for long periods of
time for subsequent analysis. For the purpose of these tests. this historical plant data was
exported from the ~CADA nt the end of each test and imported into spreadsheets tor
comparison with the simulated data.
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5.2 Test 1: Unit Startup - Simple Simulation

5.2.1 Description (~rTest

This test involved the simulation of a generating unit startup from cold boiler conditions
until automatic operation at full load. The primary objective of this test is to asses the
simulation of the control system with respect to the different pressure control modes
encountered during startup, The simple boiler model was chosen above the alternative
model due to its lesser complexity and higher stability.

A secondary objective is to determine the accuracy of the simple physical boiler/turbine
model in simulating the boiler main steam and hot reheat pressures during startup.

The simulated startup has not been compared with an actual startup due to the reasons
outlined in Section 5. L as well as due to the difficulty in determining, during all actual
startup, which modes are active at which times.

5.2.2 Test Results

Time 00:00:00
FUEL DAMAND:
PRESSURE CONTROL:
HI' Bypass Pressure Control Mode:
MiN HP Bypass Valve Position:
LOAD:

MANUAL
OFF
SLIDING
10%
OMW

With the Fuel manually increased to 3~II. the boiler main steam pressure starts to rise.
During a real boiler startup, the pipework would already 11' \'C been partially pressurized
and heated. After approximately 3 minutes the HP bypass pressure ramp rate limiter
caused the bypass valves to open in order to limit the pressure increase.
At approximately 00:25:00 the HP bypass valves were plac in Fixed Pressure Mode:

Time: 00:25:()0
FUEL DAMAND:
PRESSURE CONTROL:
HP Bypass Pressure Control Mode:
MIN HP Bypass Valve Position:
LOAD:

MANUAL· 5 %
OFF
FIXED PRESSURE - 4MPa
10%
OMW

With Fixed pressure mode enabled. the bypass valves open in order to control the main
steam pressure at the fixed pressure setpoint (apprcx. 4MPa)

Time 01:0():!lO,
FUEL DAMAND:
PRESS{ JRE CONTROL:
rIP Bypass Pressure Control Mode:

MANUAL· increased U23%
OFF
FIXED PReSSURE - increased from 4MPa

to 12MPa

Till' SIMHIFIED SIMULATION OF A BOILER, TURBINE AND RELJ\TED CONiROL SYSTEMS JUNE 1993
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MIN HP Bypass Valve Position:
LOAD:
Hot Reheat Max. Pressure:

Page 76

10%
OMW
3.8 MPa

The manual increase of the fuel resulted ;.! an initial opening of the bypass valves.
Manually increasing the fixed pressure setpoint from 4MPa to 12MPa then caused the
bypass valves to close considerably in order to follow the increasing pressure setpoint.
Once the main steam pressure reached the setpoint (01 :45:(0) the bypass valves once
again opened. resulting in additional steam flowing to the hot reheat. This additional steam
resulted in the hot reheat pressure rising above the setpoint, which caused the IP bypass
valves to open.

The fixed pressure setpoint was again increased manually to 16.6MPa while also
increasing the fuel demand manually. Once at this pressure the boiler was allowed to
settle.

Time:03:00:00
FUEL DAMAND:
PRESSURE CONTROL:
HP Bypass Pressure Control Mode:
MIN HP Bypass Valve Position:
LOAD:
Hot Reheat Max. Pressure:

MANUAL-40%
OFF
FIXED PRESSURE -16.6MPa
10%
70MW
3.8 MPa

Once the boiler is at the correct pressure. the turbine load is increased to 70 MW which
results in both HP and IP governor valves opening to allow steam into the turbine. This
also causes the HP bypass valves to close slightly to maintain the falling main steam
pressure at 16.6MPa.

Time: 04:00:00
FUEL DAMAND:
PRESSURE CONTROL:
HP Bypass Pressure Control Mode:
MIN HP Bypass Valve Position:
LOAD:
Hot Reheat Max. Pressure:

AUTO
ON
VALVE POSITION - 0%
0%
70MW
3.8 MPa

Once the turbine has been synchronized to 70MW and the pressure is approximately !6.6
MPa. the! demand is placed on auto, pressure control is activated and HP bypass controls
are placed in valve position mode. with a setpoint of 0%. The lIP bypass valve is driven
dosed. while the fuel demand and pressure controller regulate the fuel to control the main
steam pressure at 16.6MPa. The closure of the HP bypass results in a decrease in fuel
demand due a decrease in the amount of energy wasted through the bypass valves.

Time: 04:45:00.
FUEL DAMAND:
PRESSURE CONTROL:
HP Bypass Pressure Control Mode:

AUTO
ON
VALVE POSITION - 0%
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MIN HP Bypass Valve Position:
LOAD:
Hot Reheat Max. Pressure:

0%
Ramped Up to 602MW
3.8 MPa

The load setpoint is ramped up gradually to 300MW, causing the HP and IP bypass valves
to open. The increased flow through the IP governor valve causes the hot reheat pressure
to decay, which results in the gradual dosing of the IP bypass valve. This also causes a
decrease in fuel demand as a result ofthe reduction in wasted stearn.

The load is increased to 602 MW, after which the simulation is allowed to settle. At this
stage all bypass valves me closed, and all controls are on AUTO except the HP bypass
controls.

As the load increases from 300 to 600 MW, the hot reheat pressure decreases from 3.8
MPa to below 2 MPa. During a load increase on a real unit, the hot reheat pressure would
increase slightly.

5.2.3 Analysis of Results

The results from this simulated startup have not been compared with an rctual startup for
the reasons outlined in Section 5.2. I above. This makes detailed analysis of the results
difficult.
It is, however, still important to analyze the results in terms of known inaccuracies and
limitations. Further discussion is also required as to the suitability of the simulation as an
engineering tool.

5.2.3.1 Known Inaccuracies and Limitations

a) /iecircu/atir!L1: Durinu unit startup the separating vessels play an important role in the
dynamics of the boiler. Their main function is to prevent wet steam and water from
entering the superheater. This is achieved by recirculating this wet steam I water back to
the economizer. This also occurs during periods oflow load, typically below 300MW.

Initially this recirculation causes a delay in the build up of boiler pressure, which was
not seen in the simulation (Chart I-2). The simulated total feedwater flow is exactly
proportional to the boiler' fuel (Chart 1-5). This is also incorrect as the separating
vessels provide a buffering effect to disturbances.

b) Turhine ,(,,'vllcill'Ollizati011: The model of the turbine and generator (turbogenerator) is
based on the assumption that output power is proportional to the steam mass flow ( :::;
volume x pressure) through the HI' and IP/LP governor valves. This is lliI extremely
simplified view of the turbogenerator, and does not take into account the energy
required to overcome rotational friction.
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Once the turbogenerator is at full speed mid high generator output, this effect is
negligible and can be ignored. During startup, however, a large amount of energy is
required to bring the speed of the turbine up to synchronizing speed (3000 rpm) from
bat ring speed (5 rpm). This would have a significant effect on the charts which would
show a decrease in the bypass valve open positions, as well as changes to the boiler
flows during this period of turbine runup.

5.2.3.2 SIgnificance of Results

At first glance the results show a reasonable resemblance to an actual boiler startup. The
correct startup procedure is simulated in terms of fuel, pressure, load, and operating
modes. The response to input changes is also as expected on an actual generating unit,
with the excepion of the reheat steam pressure which responds incorrectly to load
changes.

Further assessment of the model is required in terms of specific disturbances applied to the
simulation. Section 5.3 compares the simulated results with actual results of a load dip.

The results of this simulation show that this simplified model is adequate as G training tool
to give an understanding of the startup procedure. This includes timing of the steps, the
different operational modes, and the expected response to these modes and steps.

It could not, however, be used as a unit simulator for advanced training due to the many
inaccuracies in the results, as well as the lack of many important simulated variables
(temperature, enthalpy etc).
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CHAPTER 6: SIMULATION RESULTS

5.3 Test 2: Load Change - Simple Simulation

A common operation on a generating unit at Duvha Power Station is a change in generator
load. which may happen as many as 4 times a dey. It is thus important that the simulation
be compared with " "real" load char-ge. Some of the results have been compared with the
advanced simulation results for the same load disturbance.

5.3.l Description of re.~t

Ihe data from a normal load change on a generating unit was captured on the SCADA and
recorded. Although a number of isolated load changes were available as historical data on
the SCADA. the most suitable load change was chosen based on both magnitude and
duration.

The load setpoint input to the simulation was created !i'0l11 the live plant load signal in
terms of magnitudes and ramp rates. This was done to remove the slight instabilities and
oscillations in the actual load signal which would make the simulated results even more
difficult to interpret,

I Test:

I
Date:
Unit:
Operator:

I Stmi Time:
IDuration

LoadCharg§
11/04/97
3
Mr. Piet Krieger
01h30
04h30

Time (JO:OO:O()- Initial Condili'!l1!i
Generating unit & Autocomrols:
Turbine Load:

Stahle
595 "IW

Time 00:38:00 - First Load Change
Load Change:
Load Change Gradient:

595MW down to 507 MW
-20 MW/min

Time ()1:30: ()() - Second load Change
Load Change:
Load Change Gradient:

S07 MW down to 417 MW
-20 lAW/min

]jl:W 0328:00 - Tllird Load ('lIfllJgg
Load Change:
Load Change Gradient:

417 MW up to 523 MW
+1() MW /min

I'i!!11' ().J;30:()() - EIIl! ('mulitioll~
Generating unit & Autocontrols:
Turbine Load:

Stable
523 MW

THE SIMPLInm SIMULATION OF ,\ BOIl.Hl, TUH81NE !IND RELATED CONTROL SYSTEMS

Page 84
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5.3.2 TestRestdts

One of the shortfalls of the initial simple simulation is the simplifications in terms of
temperature and enthalpy. both of which are completely neglected, For this reason this set
of'results doc:"not include any temperatures. enthalpies 01' attemporation flows.

5.3.2.1 Valve Positions

'111etest results (Chait 2-1) show a moderate correlation between the actual test done on
the boiler and the simulated results from the simple boiler. The simple boiler shows a fur
slower response to tit.' load changes. The speed of the response could be improved by
tuning the boiler control loops.

The advanced boiler shows a flu' quicker response to load changes (Chait 2-2). This is
mainly due to the differences if) tuning parameters of the control loops. This is also shown
on Chart 2-7 where the simulation exhibits spikes in the feedwater flow due to the quick
response.

~•.3.2.1 u~lliler Pressures

This simple boiler model only simulates the main steam pressure (at superheater outlet)
and the reheater steam pressure (at reheater outlet), The main steam pressure remained
constant at 16.6 MPa throughout the test and has not been shown on the graphs.

One of the important inaccuracies of the simple boiler model is the response of the hot
reheat pressure to load changes. As is shown in Charts 2-3 and 2-4. the response is
completely opposite to the actual response exhibited by both the actual boiler and the
advanced boiler model.

This is due to fundamental differences between the simple and advanced models.
especially in l:le calculation of boiler pressures. In the advanced simulation. as well as 011

the real unit. decreasing load causes the valves to close slightly. which results in an
increase in How resistance. This leads to an increase in both main steam and reheat steam
pressures. In order to control the main steam pressure at the setpoint, the feedwatcr
controls decrease the Iccdwatcr flow. which intern brings the pressures down again. Ihe
result of this complex control system is that there is a strong link between the main steam
and reheat pressures, leading to relatively constant reheat pressures (at constant main steam
pressure) at different loads. In the case of the simple simulation, the flow from the lIP
turbine is scaled proportionally to represent the loss of energy in the HP turbine. The larger
proportion of the flow (which is synonymous with energy) is determined by the fuel flow
rate into the furnace. The main steam pressure model is completely independent of IP
pressure model (i.e, hot reheat pressure and II>governor '111'1bypass valve positions ,I. while
the IP pressure model is largely independent of the HI' turbine. The result of this is that
any decrease in unit demand results in a partial dosing or the II>governor valves. leading
to an increase in II>pressure.

TilE SIMPLIFIED SIMULATION OF A BOILEH, TurmlNE AND RELATED CONTROl. SYSTEMS JUNE 1098
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5.3.2.3 Total Fuel

The total fuel results from the simple simulation show good correlation with the actual
boiler test results (Chart 2-5). Although the response is once again slower than the actual
boiler, this set of results shows a far slower response to an increase in load than to a
corresponding decrease in load. Looking back at the graphs for feedwater flow and valve
position confirm this phenomenon, albeit to a lesser degree. The exact reason for this
discrepancy has not been investigated further, This graph also illustrates the differences in
controller speed (relative to plant responses) between the simple and advanced
simulations.

5.3.2.4 Feedwater Flow

The feedwater How results from the simple simulation show good correlation to the actual
boiler results. As with the valve positions, the feedwater How response was found to be
slower than the actual boiler responses, especially following the load increase. Chart 2-6
shows the responses from both simulations, while Chart 2-7 shows only the total feedwater
flows for the simple simulation, advanced simulation and actual test results.

5.3.3 Conclusions

The simple simulation provides a good model of the generating unit in terms of the
response of the simulated variables during a load change. The incorrect response of the IP
pressure during the simulated load dip is a shortfall of the model. thus making it unsuitable
for certain engineering tasks which involve the IP pressure responses.

THE SIMPLIrI~D SIMlJLATION OF A BOILER, lUR81NE AND RELATED CONTROL SYSTEMS JUNE 1998
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5.4 Test 3: Load Changes - Advanced Simulation

This test was performed to compare the response of the simple simulation to the same load
fluctuaiion as used in the previous test involving the simplified power plant model.

5.4.1 Description ofT!!s!

This section compares the results of the advanced simulation with the same load dip as
described in Section 503.1.

5.4..2 Test Results

5.4.2.1 Vi Positions

During the entire test all bypass valves remained closed. These valves would normally
only operate under low load conditions. which. in the cuss of the Duvha generating unit.
corresponds to loads below approximately 350MW.

Although the simulation of a load dip below 350MW would be very useful. it was not
possible to perform such a t"st on the power generating unit due to the risks involved. In
the absence of live data with which to compare such a simulation. no data has been
included for a low load simulation.

With reference to Chart 3-1. the simulated valve positions show a strong correlation .o the
actual plant valve positions. Bc1()1'ethe test. bot! the simulated and actual IP vnlves were
above Q5'!" open. The simulated and actual lIP governor valvc., were at 30% and 45%
open respectively before the load changes.

During the first load dip from 595MW to S05MW (O(l:31l:00). the responses of the
simulated and actual IP governor valves appear quite different, Both the simulated valve
positions decreased considera' f~speciallythe Ii' governor valve winch closed from 95%
to 45(l'(1. The difference in re: between the simulated HI' and IP valves is due to the
different lion-linear circuitry I .rninu the posiuons of these two valves with respect to
the load dL~m1U1dsignal. Figure 5-1 shows that the IP governor only starts to close
significantly after the demand drops below 25'!-ll. which corresponds to the HP governor
position of2g(~ltland an II>Governor position of approximately 78%.

TilE SIMPLIFIED Sw' IL/\TION OF A BUlLEt<, TUf10INE AND HaATE[) CONTROL SYSTEMS JUNE ~tl9(1
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tnput from Autoccnlrclll

Figure 5-1: Non-Lineal' Drivers for HP and IP Governor Valve~

Although the same non-linear responses were modeled in the simulation, it was found that
during this test the simulated load demand signal dropped more than on the live plant (for
the same loa-l drop). This resulted in both HP and IP governors closing. The main cause of
this is the inaccuracies in the flow models of the two governor valves. Although the flow
characteristics were modeled according to the available flow data. the simulated valves
reached 95% full flow at a lower %, open value than the live valves.

The live plant data is not sufficient to enable a recalculation of the correct now
characteristics of these two valves.

5.4.2.2 Temperatures

Throughout the test the actual and simulated temperatures remained relatively constant
(Chart 3-2), This is primarily due to the temperature control action of the superheater and
reheater attemporation.

One unexpected result from this test are transients ,111 the simulated and actual cold reheat
temperatures which are approximately equal in magnitude hut opposite in direction. These
(1, e only visible during lo..d changes, These small deviations may be considered negligible
when compared to other charts (e.g. flow transients. Chart 3-8) which show larger
deviations.

5.4.2.3 Pressures

The pressure changes during the simulation compare very well with the test data in terms
of both duration and magnitude (Charts 3-3 und 3--+).Although the boiler parameters were
tuned as much as possible. the inter-relations between the physical boiler characteristics
made it difficult to match the simulated pressures to the actual pressures. III order to
illustrate till' complexity of the problem, a parti.:' list ;lW; been included of the main
siur-lation parameters that contribute to tile individual pressures in the boiler:

• Bl-P'I' discharge pressure

THe SIMPLIFIEt) SIMULATION OF ,\ BOILEt1, TumllNE AND HELAl'Etl CONmOL SY"lH'" JUNE1!)!l[J
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It Condenser vacuum
o Heat transfer characteristics (Econ, Evap, SH. RI-l)
&I Flow Resistance Characteristics (Econ. Evap, SH. lIP gOY vlv, EP

bypass, HP bypass vivo lIP cylinder. RH. RH bypass. IP gov vlv, IP
bypass v!v, [P/LP cylinder)

• Flow characteristics (lIP governor.Il' governor. HP bypass. IP bypass)
• Control circuit gains
• Control circuit valve non-linear circuits (HP governor. IP governor)

These variables also affect all other aspects of the simulation. including the now.
attemporation, temperatures. valve positions. etc.

The volume of each of the elements (Econ, Evap, SII. lIP gov vlv, lIP bypass, lIP bypass
vlv; lIP cylinder, RH, RH bypa-, IP gov vlv; IP bypass vlv, IP/LP cylinder) only
contribute to the dynamic response of the boiler pressures, and are thus not as impoi tant
when considering the steady state response of the boiler to load changes or other tests.

The main discrepancy between the simulated results and the actual plant data is found on
the IP governor differential pressure which, in the case of the simulation, is affected
substantially more by the load changes than occurs on the actual plant. The reason for this
is due to the differences in governor valve positions between the simulation and the actual
plant. TIle high simulated IP governor differential pressure (relative to the test data) can be
accounted for when comparing the relative valve positions between the actual data and the
simulation.

Although Chart 3-3 shows that during the load increase there is no increase in actual IP
pressures whereas the simulated IP pressures increased as a result of the load increase. This
is due to the plant instrumentation which quantizes the pressures to a resolution of 0.5
MPa. Although no show on the graph. the actual pressures did increase during the load
increase.

5.'1.2.4 Total Fuel (Coal)

Chart 3-6 shows a strong con-elation between the actui iuel data and till' simulated data.
The simulation the! controls appear to be quicker than the plant response, resulting is
control spikes immediately after the load increase/decrease. These transients may be
attributed to untuned parameters in the simulation of the plant and control system and have
also been observed during other tests. The steady state response of the simulation is
accurate.

5.4.2.5 Feedwater / Steam Mass Flow

The cc.nparisons between the feedwater/steam flows show very close correlation between
the plant data and simulated data. As in the case of the fuel, the simulated results from
Chart 3-7 and 3-8 show a good steady state response, with large control spikes during
transients.

THE SIMPUFIGD SIMULATION OF A BOIL!;,f<, TUflBINE AND RELATED CONTROL SYSTEMS JUNE 199B
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5.4.2.6 Spraywater Attemporator Flow

The simulated attemporation during load changes corresponds with the actual
attemporation flow changes. In the case of the SH attemporation, the simulation matches
the actual now in terms of both proportion of change and duration. Once again the
simulation produced larger than expected control spikes which have been noted on other
graphs as being due to. amongst other things. untuned control parameters.

5.4.2.7 Enthalpy

Chart 3-10 is a graph showing the simulated enthalpy at each stage in the power generation
cycle. No comparison has been made with actual plant data as the enthalpy values are not
recorded by either the SCADA system or the autocontrols. This graph illustrates the
effectiveness of the enthalpy controller at regulating the evaporator outlet enthalpy. The
load independence of the boiler enthalpies (at steadv state) is also show on this graph.
where only the BFP and economizer enthalpies appear to be slightly affected by load
changes.

5.4.3 Conclusions

The advanced generating unit model provides [111 accurate simulation of the responses to
changes in unit load. Although not completely tuned, the simulated steady state responses
correlate very well with the actual unit. The dynamic responses are too quick but could be
improved by correct tuning of the simulation parameters.

THE SIMPU;:IED SIMLILATION OF A BOII.t:R, TURBINE AND RELATED CONTflOL Svs'rEMS JIJNE 1993
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5.4.2.6 Spraywater Attemporator Flow

The simulated attemporation during load changes corresponds with the actual
attemporation flow changes. In the case of the SH attemporation, the simulation matches
the actual flow in terms of both proportion of change and duration. Once again the
simulation produced larger than expected control spikes which have been noted on other
graphs as being due to. amongst other things. untuned control parameters.

5.4.2.7 Enthalpy

Chart 3-10 is a graph showing the simulated enthalpy at rch stage in the power generation
cycle. No comparison has been made with actual plant data as the enthalpy values are not
recorded by either the SCADA system or the autocontrols. This graph illustrates the
effectiveness of the enthalpy controller at regulating the evaporator outlet enthalpy. The
load independence of the boiler enthalpies (at steady state) is aim show on this graph.
where only the BFP and economizer enthalpies appear to be slightly affected by load
changes.

5.4.3 Conclusions

The advanced generating unit model provides an accurate simulation of the responses to
changes in unit load. Although not completely tuned, the simulated steady state responses
correlate very well with the actual unit. The dynamic responses are too quick, but could be
improved by correct tuning of the simulation parameters.
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5.5 Test 4: Changing Mills - Advanced Simulation

5.5.1 Introduction

One of the variables which plays an important role in the steady state boiler temperatures.
pressures. flows, and =nthalpies is the positioning of the flame within the furnace area.
Certain types of boilers make use of this property to control the boiler by tilting the burners
upwards or downwards in order to shift the name position. Although this is not possible at
Duvha Power Station. it is possibl-: to vary the name position slightly by selecting certain
combinations of burners at different heights in the boiler furnace area. Changes in air now
also affect the name height.

The Duvha Power Station generating units normally run at full output capacity with live
out of the six mills in operation. This allows the sixth mill to be taken out of service for
maintenance or repairs. or alternatively ensures that there is a standby in the event of a mill
failure or trip. V,hen possible, the unit operators prefer not to use the uppermost row of
burners (row A - refer to Figure 4-6) which are all supplied with pulverized fuel from Mill
A. The use of these burners causes the flame to move further into the "lit- erheat region and
away from the evaporator region. which results in a decrease in the evaporator enthalpy.
The evaporator enthalpy controller corrects this by decreasing the feedwater flow. which
also has a knock-on effect throughout the rest of the boiler in terms of the temperatures,
pressures and enthalpies. This leads to operation outside the optimum control range which
results in less stable operation of the controllers.
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5.5.2 Description of Test

The objective of this test is to monitor the responses of the actual and simulated boiler to a
change in the burner firing positions. During this test mill E. wl'ic;! teeds the bottom row
of burners. was replaced by mill A (top row ofburners) These two rows were chosen to
maximize the effect on the flame position caused by the change in tiring positions.

~~:
Unit:
Operator:
Start Time:
Duration:
Average Unit Load:

Mill Change on Actual Unit
1604/97
3
Mr. Piet reneger
13h20
34 minutes
595MW

Tirw 00:00:00 - Initial Conditions
Mills in Service:
Mills on Standby:
Generating unit & Autocontrols:

D.C,F.B,E
A
Stable

Time 00:33:00 - Final Conditions
Mills in Service:
Mills on Standby:
Generating unit & Autocontrols:

A.D.CP.B
E
Stable

Time 00:10:45 - Stop Coal Feeder to Mill D
Mills in Service:
Mills in Purge Cycle:"?
Mills on Standby:

D,C.F. B
E

A

Time 00: 14:00 - Open Primm}' and Secondw}' Air Dampers on lvfill A
Mills in Service: D. C. F. B
Mills in Purge Cycler?" E
Mills in StaI1Up:*** A

Time 00: 16:30 - ,\'tart Mill /1, Complete Mill E PilI'!££.
Mills in Service:
Mills on Standby:

A.D.CF. B
E

** . During this cycle. all pulverized the! is purged from the mill by stopping the coal feeder
while leaving the primary and secondary air dampcs open.
During mill S.tUltuPthe primary air and '>ccon.dary air dampers arc opened prior to starting I
thl: mill ti.!eder. {his is dOlle to heat up the mill to the c\JITect operating temperature. J***.
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The simulation does not include any air flows and is thus not able to mimic the operation
of the milis during the purge cycle ami during startup. For this reason the simulation differs
slightly from the actual test performed on the unit,

IFT==e=s=t:==- ~~~~===-==S='-i=m~u~ia=t=ed=M=i=n=C=='h=a=n=g=e======= ]
Duration: 34 minutes
Unit Load: 600 MW

Time 00:00:00 - Initial Conditions
Mills in Service: D. C, F. B. E
Mills on Standby: A
Generating unit & Autocontrols: Stable

Time 00: 12:15- Stou.Mill E
Mills in Service: D.CF. B
Mills 011 Standby: A.E

Time 00:12:J5 - Start Mill A
Mills in Service: A,D,C,F,B
Mills on Standby: E

Time 00:00:00 - Initial Conditions
Mills in Service: A,D,C,F,B
Mills on Standby: E
Generating unit & Autocontrols: Stable

5.5.3 Test Results

5.5.3.1 Load

During the test the actual loud remained relatively constant. with only a slight increase
within the last 4 minutes. Due to the constraints imposed while performing the tests, it was
110t pc ssible to clamp the actual boiler load at a fixed value.

A constant load of 600MW was used as the input to the simulation.

5.5.3.2 Fuel

The simulated and actual total fuel flows remained relatively constant during the entire
test, The actual value was found to be slightly less stable than the simulated fuel.

5.5.3.3 Pressures

The boiler pressures remained constant throughout the test. The simulated pressures are
comparable with the actual pressures recorded during the test.
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:;5.3.4 Temperatures

The simulated and actual boiler temperatures remained constant throughout the test. 111is
is due to the action of the temperature controllers (SH attemporation control, RH
attemporation control, and Enthalpy controller). With these temperature controllers
deactivated, the action of changing the firing position would have a direct influen-e on the
boiler temperatures and would be visible on the graphs.

5.53.5 Governor and Bypass Valve Positions

The governor and bypass valve positions remained constant throughout the simulation.
This is attributed to the constant load, constant pressures and constant temperatures
throughout the test.

Both the simulated and actual bypass valves remained shut throughout the test. This is
normal when operating above 350MW.

5,53.6 Attemporation

A. Actual Results

Before commencing the test the boiler was allowed to stabilize. At time 00:10:45 the Mill
E coal feeder was stopped. The result of this is that the fuel demand to the other -+ in-
service mills (D, C. B, F) increases to make up for the loss of Mill E Even after stopping
the feeder to mill E, there is sufficient coal stored in the mill and ducting to supply fuel to
the furnace for some time. This causes an increase in the total amount of fuel that is
supplied to the furnace until mill E i3 completely purged. Although this increase is not
recorded on the 'Total fuel' graph (Chart 4-3), it manifests as an increase in SH and RH
steam temperatures. Stopping the mill E feeder also causes the flame position to move
upwards in the boiler furnace, leading to a decrease in the evaporator enthalpy. This causes
the enthalpy controller to reduce the feedwater flow through the boiler. This reduced flow
also causes an increase in the SH and RH temperatures.

The increase in SH and RH temperatures causes the attemporation controllers to increase
the SH and RH attemporation flow. The increase of the SH attemporation results in an
increase in the flow through the RH. which thus helps to bring down the RH temperature.
This is shown on Chart 4-3 by the fact that the RH attemporation increased by a small
amount (approximately 2 %) whereas the SH attemporation increased by approximately
21% (from 27% to 48%).

By the time that mill A was placed into 'Startup Mode' (at time 00:14:00) most cf the fuel
would have been purged from mill E. This reduction in fuel supplied to the furnace causes
a decrease in the SH attemporation. This is complemented b:i the action of opening the
primary and secondary air dampers to the top row of burners (mill A 011 Startup Mode).
The additional air at the top of the furnace area cools the furnace in the SH and RH area as
we II as reducing the heat exchange due to the increased flow rate of the Hue gas over the
heat exchange surfaces. The graph shows a 11 ~/oreduction in SH attemporation and a 2 %
. eduction in RH attemporation.

THE SIMPLIFIED SIMULATION OFA BOILER, TURBINE AND REU\TED CONTROL SVSTEMc JUNE 199B



CYAPTERS: SIMULATION RESULTS Page 112

At time 00: 16:30 mill E was taken out of service completely and mill A feeder started. The
fuel supply from mills B.CD and F were decreased slightly by the autocontrols to
maintain the total fuel supplied to the furnace at a constant value. The result of the
additional mill at the top of the furnace and the decrease in the firing of the lower mills is
that the firing position moves higher up, causing a further large increase in SH
attemporation (approximately 20%). This additional SH attemporation causes the RH
temperatures to drop, resulting in a drop in RH artemp oration.

B, Simulation Results

Although the simulation involved less steps than the actual test on the live unit. the results
are similar to those recorded during the test. After stopping the lowest mill (E) the SH
attemporation increased from 17% to 31% (approximately 14%) while the RH
attemporation decreased very slightly. After starting the top mill (mill A), the simulation
shows a further increase in SH attemporation (approximately 14%) with a corresponding
decrease in [,r-l attemporation (approximately 1%).

Although the simulated and actual RH attemporation do not follow similar responses
during the test, they are comparable if only the initial and final values are compared.

The difference in SH attemporation graphs is caused by the simplified model of the mills
which does not include the primary and secondary air. Ignoring the intermediate SH
values, the simulated and actual attemporation responses are comparable,

J.S3.7 Flow

Although the flow results are more difficult to analyze, the similarity between the
simulated and actual economizer outlet flow is immediately apparent. The simulated
economizer outlet flow is shown to drop both when mill E is taken out of service and again
when mill A is placed in service. The reasons for this have been explained in Section
5.5.3.6 above. The actual economizer outlet flow is seen to decrease only once when mill
E is placed in the purge cycle.

The simulated Total Feed-vater Flow and Main Steam Flow remained constant throughout
the simulation, except for control spikes during the mill changes. This does not correspond
with the actual test results which show the Main Steam Total Flow to decrease slightly and
the Total Feedwater Flow to increase slightly over the duration of the test.

5.5.4 Conclusions

'TIIC simulation shows good correlation with the actual test results, especially the steady
state response resulting from the mill change. The response of the simulated RH
attemporator is far smaller in magnitude to the actual response,
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5.6 Test 5: Decrease in Excess Air - Advanced Simulation:

5.6.1 Introduction: Importance of Excess Air

In an ideal situation. the combustion of coal (carbon) in the presence of oxygen folk vs the
following formula:

C+20~CO, Eq 42

If too much oxygen is supplied, after all the carbon reacts with the oxygen a certain
amount of oxygen remains unburned. If: on the other hand. too little oxygen is supplied for
the reaction. a certain number of the carbon atoms would react with only one oxygen atom
to form carbon monoxide according to the following formula:

C+O~CO Eq43

Apart hom producing a poisonous gas. this reaction also releases less energy than the
previous reaction.

In the furnace of a generating unit it is important to limit the amount of air supplied to the
combustion process as this causes cooling of the furnace. It is also important to achieve
complete combustion according to equation 42 to ensure that the maximum energy is
released from the coal.

In an i.ieal furnace, the optimal conditions would be a 2: 1 ratio of oxygen/carbon, which
would result in complete combustion without any unnecessary excess air. This could
easily be achieved by controlling the amount of air supplied to the furnace so as to ensure
that the flue gas oxygen content remain slightly above zero.

In practice. however, the combustion process inside a boiler is far from ideal. This is
illustrated as follows:

Eustion Time
rty .:' .'. '. ; (filiI ~iler'.Fu·rri~ce· I :R,eal Boiler F rnac~ :' < '.:. .. ..

limited
Particle Size atomic size varies from -}Dum to Imm
Mixmg-o-Cf"'C::""ar-:-"b-ol-l-m-ld-;-:CO::-x-'y-g-e'n--H-c-'(-)l1-~-p::-Ie-t\.:-'------) partial --

l!=c=o=n=lb=ll=st=i~lTe~n=p=e=r=~t=u=rc='===_~=h=ib='h=t=h=rO=l=lt.,=Th=O=U=t=fi.=lm.==ac=_'e~:!_=~_~0~;~~cel:~~:_:lrd thj

Table 5·1: Requirements fur Ideal Combustion
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5.6 Test 5: Decrease in Excess Air - Advanced Simulation:

5.6.1 Introduction: Importance of Excess Air

In an ideal situation. the combustion of coal (carbon) ill the presence of oxygen follows the
following formula:

C-:-20---» CO, Eq42

If too much oxygc is supplied. after all the carbon reacts with the oxygen a certain
amount of oxygen remains unburned. If. on the other hand. too little ox: gen is suppli=d for
the reaction. a certain number of the carbon atoms would react with only one oxygen atom
to t01111 carbon monoxide according to the following formula:

Eq43

Apart from producing a poisonous gas, this reaction also releases less energy than the
previous reaction.

In the furnace of a generating unit it is important to limit the amount of air supplied to the
combustion process as this causes cooling of the furnace. It is also important to achieve
complete combustion according to equation 42 to ensure that the maximum energy is
released from the coal.

In an ideal furnace, the optima! conditions would be a 2: 1 ratio of oxygen/carbon. which
would result in complete combustion without <my unnecessary excess air. This could
easily be achieved by controlling the amount of air supplied to the furnace so as to ensure
that the flue gas oxygen content remain slightly above zero.

In practice, however, the combustion process inside a boiler is far from ideal. This is
illustrated as tallows:

erty • \ . : Id~idBoiler FU:rna~e IReal Boiler.
Combustion Time infinite limited
Particle Size atomic size varies from lGum to In1111
Mixing of Carbon and Oxygen complete partial

lcombustion Temperature 11ighthroughout furnace ~gh in center. low toward the
outsides

Table 5-1: Requirements for Ideal Combustion

THE SIMPLIFIEn SIMULATION OF A BOILER. TUR81NE AND RELATED CONTROL SYSTEMS JUNE 1998



CHAPTER 6: SIMULATION RESULTS Page 117

In order to minimize the effect of these properties of a real boiler on the combustion
process, it is necessary to supply a certain percentage of excess air to ensure optimal
combn-tion. THs optimal amount of excess air is measured as a percentage of oxygen
content in the flue gas. In the case of Duvha Power Station, the optimal amount of excess
air occurs when the oxygen content of the flue gas is approximately :2 to 4%. Increasing
the amount of excess air reduces the efficiency of the unit by increasing the cooling effect
of the ail', whereas decreasing the excess air also causes a reduction of boiler efficiency due
10 incomplete combustion.

5.6.2 Description of Test

This test involved decreasing the excess the air from 100% to 85% after which the unit
was allowed to stabilize. A setting of 100% indicates optimal value.

Although the actual boiler load remained constant at approximately 5751\1W, the
simulation was performed at a constant load o1'600MW.

Test:
Date:
Unit:
Operator:
Start Time:
Duration:
Average Actual Unit Load:
Simulation Load:

15 % decrease in Excess Ail'
16/04/97
3
Mr. Piet Krieger
141145
09 minutes 30 seconds
575MW
600MW

j
--~-----lTime (j'):OO:OO- Initial Cone/ition,\'

Excess Ail': 100%
Generating unit & Autocomrols: Stable

Time 00:00: 16- Decrease E'(cess "Urbv 15%
Excess Ail': 85%

Time 00:09:30 - Final Conditions
Excess Ail':
Generating unit & Autocontrols:

5.6.3 Test Results

5.6.3.1 Load

85%
Stable

The actual boiler load remained constant within 5~{)of 575 MW. The simulation load was
set at (iOO MW fix the duration of the test
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In order to minimize the effect of these properties of a real boiler on the combustion
process. it is necessary to supply a certain percentage of excess air to ensure optimal
combustion This optimal amount of execs \il' is measured as a percentage of oxygen
content in the flue gas. In the case of Duvha Power Station, the optimal amount of excess
air occurs when the oxygen content of the flue gas is approximately 2 to 4%. Increasing
the amount of excess air reduces the efficiency of the unit by increasing the cooling effect
of the air. whereas decreasing the excess air also causes a reduction of boiler efficiency due
to incomplete combustion.

5.6.2 Description aiTest

This test involved decreasing the excess the air fron- 100% to 85% after which the unit
was allowed to stabilize. A setting of 100% indicates optimal value.

Although the actual boiler load remained constant at approximately 575MW. the
simulation was performed at a constant load of 600MW.

Test:
Date:
Unit:
Operator:
Start Time:
Duration:
Average Actual Unit Load:
Simulation Load:

15 % decrease in Excess Air
16/04/97
3
Mr. Piet Krieger
141145
09 minutes 30 seconds
575MW
600MW

Time 00:00:00 -Initial C :!ditions
Excess Air:
Generating unit & Autocontrols:

100%
Stable

Time 00:00: 16 - Decrease Exce~s Ail' b1'15%
Excess Air: 85%

85% _j
Stable

~-----------------------------------------------------

T;,ne 00:09:30 - Final Conditions
Excess Air:
Generating unit & Autocontrols:

5.6.3 TestResuus

5.6.3.1 Load

The actual boiler load remained constant within 5% of 575 MW. The simulation load was
set at 6~)\)MW for the duration of the test.
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5.6.3.2 Temperature

130ththe simulated and actual temperatures remained constant throughout the test.

5.6.3.3 Attemporation, Feedwater Flow and Fuel Usage

A. ACtual Results

Decreasing the amount of excess air affects the real boiler in the following three ways:

~ A decrease in excess air results in a less efficient combustion process due to insufficient I!J il oxygen availability for complete combustion of the coal. (Refer to Section 5.6.1 for

~

additional information). This leads to increased fuel usage. TIle increased mass flow ofI fl r :e gas :]1 leads to a decrease in the ratio of radiative energy to convective energy,
[ re- ulnng ill a slight decrease in the amount of radiative energy transferred to the
I evaporator and superheater.
"('. reasing the amount of excess air results in a decreased flue gas flow rate through

"'U This decreased flow across the heat exchange surfaces results in a longer
I ud thus an increase in the total heat exchange from the flue gas to the

< increased heat exchange results in a higher overall efficiency of the
:: I.. -rocess, resulting in a uecrease in nlel consumption .
..i1;" I\,.'" V rate causes the coal to bum lower down in the boiler furnace, thus
.ncreasu: the,' : .rtion of radiated heat that is absorbed by the evaporator relative to
the SUidK te, This results in a higher evaporator enthalpy. which the enthalpy
controller C011'CCk by increasing the feedwater now rate.

Table ':·2 - Pr;mary Effects of Decreased Excess Ail'

The effect of each of the above OJ' the boiler is as follows (for a decrease in excess air):
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•ed Effectofn) b)-c) , ., Et1'ectiul;Evap. I·, Effed illiSH
1

EfI'ecton RH. , [.Effect on Fuel '
'om TalJles..3 '. ': .,,Enthalpy.· T;emjl Temp, , Usage, _

Combined effect of a). b) & medium increase medium increase slight decrease slight increase
c) ignoring the attcmporation
and enthalpy controller
Combined effect alter taking enthalpy kept temp, kept temp, kept constant slight increase
into account the action of the constant by constant by by decreasing RH in fuel usage
attemporation and enthalpy increasing FVv increasing SH attcmporation
controller tlow atternporation slightly

Table 5-4: Combined Effects of a), b) and c) from Table 5-3 on Real Boiler

The table above shows that a decrease in excess air causes an increase in both feedwater
flow an SH attemporation, a slight decrease in RH attemporation and a slight increase in
fuel usage.

B, Simulated Boiler

Decreasing the amount of excess air affects the simulated boiler slightly differently to the
real boiler. This is caused by the simplification of the combustion process which does not
take into account the loss of efficiency of the combustion process as a result of insufficient
excess air.

Effect 'Effect'on Evap. 1 EffectonSH 1 'Effel!toll'RH ,'I' Effec
5-2) ", _. EntJutJpy' • Temp "Temp, 'U

)

bl minimal increase minimal
c) increase slight decrease slight decrease

Table 5-5: Effect of Decreased Excess Air on Simulated Boiler

) , ' ,Effect ~n EVllp<. ~' .Effect on~H
. J

' Effect.oll RH ' , Effect on
E.Ilthalpy " Te!Up', 'Temp, - " ,Usag~

Combined effect of a), b) & increase slight increase s'light decrease slight decrease
c) ignoring the attemporation
and enthalpy controller
Combined effect alter taking enthalpy kept temp, kept temp. I~'pt constant slight decrease
into account the action of the constant h:o constant b:- by decreasing RH in fuel usage
attemporation and enthalpy increasing FW increasing SH attemporation
controller !low attemrvvation slightly

,=
Table 5-6: Combined Effects of a), b) and c) fmID Tablc~-S on Simui,ited Boiler

L__('omparisoll o(.-1cfllallind Sillllllaled

The two tables ahox e show that the simulated boiler response should be the same as the
actual boiler response in terms of feedwater 110\\. SI! attemporation and RH
uttcmporation.
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TIle test results show a good correlation between the simulated and actual boiler
attemporation flows. Chart 5-5 shows both SH attemporator flows increasing at roughly
the same rate. while the RH attemporation 110ws decrease at approximately the same rate.

A comparison of the 110ws (Chart 5-4) show a good correlation between the actual and
simulated main steam flow-rates. The response of the simulation in terme of total
feedwater flow and economizer flow does not follow the prediction shown in Table 5-5
and is also opposite to the actual boiler response. Further investigation is required to
determine the exact reason(s) for the differing responses. This is beyond the scope of this
research.

TIle simulated fuel supply (Chart 5-3) decreased by 13% (from 59% to 46%) during the
test. The actual total fuel reading during the test increased by 1.5 % (from 82% to 83.5%).
This discrepancy is due to the simplification of the simulation of the combustion process
which does not take into account the amount of oxygen available in the air, but rather
assumes complete combustion of all fuel regardless of the amount of air available. This is
in agreement with Table 5-3 and Table 5-4 which predict a slight decrease in fuel usage.

5.6.3.4 Valve Position

Only the HP governor valves are affected by the decreased excess air. In both the
simulation and on the real unit the HP governor valves opened slightly (Chart 5-1):

• actual HP governor: opened from 43% to 48% (average)
• simulated HP governor: opened from 34% to 42%

These changes in position are attributed to the increase in main steam total feedwaier flow
in both the actual and simulated boiler during the test.

5.6.3.5 Pressures

The actual HP governor outlet pressure increased by 0.6 MPa and the simulated HP
governor outlet pressure increased by 0.3 MPa. All other actual and simulated pressures
remained constant throughout the test.

The increases in turbine inlet pressure (HP governor outlet pressure) me due to the
increased feedwater flow resulting in a higher pressure difference across the HP and IPILP
turbines.

5.6.4 Conclusion

The response of a real boiler to a decrease in excess air is extremely complex, consisting of
numerous contiicting effects, The overall result of these conflicting effects governs the
behavior of the boiler and turbine.
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The simulation achieved very similar results to the actual generating unit, with the
exception of some of the flow lutes which did not correspond with the expected results.
TIle main response to the excess air decrease is in the amount of SH and RH
attemporation, which was confirmed by the simulation.
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CHAPTER 6

6. Conclusio:l1s

6.1 General

6.1.1 SiRvuJiyle Simulation

TIle results of extensive comparisons between the initial simple simulation and the actual
boiler responses show reasonable similarity in terms of the available simulation variables,
Due to the lack of sin ulation of temperatu I.!S and enthalpies, as well as the simplifications
and assumptions of this model. this simulation is found to be very limited in its application
as an engineering tool. This model could not he used to make valid predictions for many of
the normal operating disturbances, such as changes in excess air and coal quality. It would
also be difficult to simulate simple mechanical plant modifications such as the addition of
extra heat exchanges.

The omission of the SH and RH atternporators from the simulation is also very important
when considering design changes. as most plant changes cause a change in the
attemporation.

This simulation is more suited to being used as a training tool to illustrate the overall
workings of the boiler, turbine and autocontrols.

6.1.2 Advanced Simulation

The advanced simulation is shown to correspond well with the actual boiler test results. In
t..!ITI1Sof the objectives set out in Section 1.2. this second simulation provides a tal' more
accurate and complete model of the power generation processes of Duvha Power Station.
The inclusion of relatively simple thermodynamics ensures that the important temperatures
and enthalpies throughout the boiler and turbine are simulated. while also maintaining the
simplicity of the model.

In order to assess the effectiveness of this research in achieving the objectives set out in
Section 1.2. each objective is individually evaluated:

a) To develop a simple dynamic simulation of a boiler and turbine in terms offue!
input. boiler pressure and mcgawaus (MTV) output, This excludes simulation of
some ofthe less important systems such as the internal operation of the steumfecd
pumps, bk .wdown vessel. condenser, mills etc.
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This objective has been met by producing a model which incorporates the more
important physical systems while excluding the systems which have minimal effect
on the simulation as a whole. The model is accurate in simulating the dynamic as
well as steady state responses of the generating unit.

11)To simulate the physical !1I'OCC.I.I('.I· through the use ofsimple mathematics while
c01!/ining the lise ofcomplex thermodynamic equations to the absolute minimum.
In terms of producing a simulation that is both easy to understand while avoiding
the use of complex thermodynamics, this objective is achieved. In order to
minimize the use of thermodynamic equations, customized lookup tables were
used to convert between pressures, temperatures, enthalpies and steam dryness.
It must be borne in mind that, if the simulation in its present form were converted to
a set of mathematical equations, this would result in highly complex equations
which would be very difficult to interpret and modify.

c) To develop a detailed simulation of all relevant autocontrols which form part of the
physical systems.
All relevant autocontrols were slmulated. In some instances appropriate
simplifications were used to reduce the complexity of the simulation while
maintaining functionality and accuracy. Many of the less used control modes have
not been incorporated into the simulation.

d) To develop an operator interfacefor the simulation
The operator interface was developed to allow easy operation of all controls from a
single screen. This screen also includes graphs showing the main pressur JS, valve
positions, fuel flows, and generated power. Additional simulation data has been
grouped as follows: pressures, temperatures, enthalpies, flows, valv8 positions.

e) To asses the question as to whether the simulation adequately fulfills the
requirements q( an engineering tool. This will he done by means (!t' comparisons
between live data and simulated data.
The results of Chapter 5 show the simulation to be accurate in determining
responses due to certain changes in the operating parameters. The extent to whlch
the model may be used as an engineering tool depends on the engineering task.
This issue is further discussed in Section 6.2

6.2 Significance as an Engineering Tool

Chapter 5 gives 111Ol'ethan one example of the effectiveness of the simulation in predicting
plant responses due to disturbances. Although in the tests performed on the unit all
disturbances were controlled. the simulation could just as easily be applied to uncontrolled
disturbances such as changes ill coal quaiity, or sudden loss of vacuum in the condenser.

Evaluation of design changes could be carried out by making changes to the configuration
parameters. For example. in order to simulate the addition of an extra row of economizer
tubes, the heat exchange coefficient of the economizer would be increased and the volume
of the economizer increased slightly.
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It is not anticipated for this simulation be used for detailed design engineering of critical
systems or major modifications. In such cases dedicated. boiler specific models would be
needed to provide the accuracy and scope necessary to ensure the operation of the boiler at
an optimum level of both safety and efficiency, This simulation could. in this case. be used
for preliminary conceptual design. Although not providing extremely accurate results. the
advanced simulation implemented during this research project is capable of indicating the
approximate response expected from certain disturbances or design changes. In the case of
a power generating unit. the ability to predict the approximate response is extremely useful
due to the complexity of the system.

This dissertation shows that a relatively simple model of the boiler, turbine and
related autocontrols is adequate for use as an engineering tool. It is also
significant as it achieves its results using an IBM compatible PC running off-the-
shelf simuletion software. The fact that the simulation has been written in a purely
graphical language makes it possible for the model to be understood by
engineers without too much difficulty. This results In a powerful tool which, in the
past, was only available to a limited number of specialists, and which may be
used and modified by the engineers at Duvha Power Station to suite their
particular engineering needs.

6.3 Limitations

As in most research projects. the scope of the dissertation was reduced due to the
limitations of both time and resources,

6.3.1 Limitations 011 Scope

Due to the complexity of the generating unit. it was necessary to impose certain limitations
on the simulation to ensure completion of the dissertation within a reasonable time period.
A decision was thus made to limit the scope of the simulation to the major physical
systems and control loops rather than attempting to include the entire generating unit. The
systems that were omitted have negligible influence on the boiler operation during 1l01111al
operation and only influence the generating unit under exceptional circumstances. A good
example of this is the condenser vacuum which is normally controlled at a set pressure.
The only time that the boiler operation is affected by the condenser is when the vacuum
deteriorates.

The processing power of the computer was also a limiting factor on the complexity of the
simulation. In order to ensure the usefulness of the simulation as an engineering tool. it is
necessary that it run significantly faster than real-time. This imposed a restriction on the
complexity of the simulation model which. in the case of the advanced simulation. was
found to execute at 1() times real-time as opposed to the original design figure of 28 times
faster tlHU1real-time.
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63.2 Limitations Oil Tuning of Control Loops and Boiler Parameters

Due to the limitation of time it was not possible to tune the simulation parameters
adequately. This resulted in differences between the simulation and actual tests. especially
in terms of magnitude and speed of responses. A further restriction on tuning of the
simulation is a result of limited access to the live generating unit for testing purposes.

The task of tuning the simulation is extremely complex and time consuming. and as such
is outside the scope of this dissertation. This would. however. be extremely important as
further research to improve the accuracy of the model.

6.4 Further Research Possibilities

Due to the limitations of both time and computer resources, certain aspects of the
simulation have not been fully researched. Extensive scope still exists for further research
to improve the simulation accuracy and user interface.

6.4.1 Oil-line Simulation

Although the simulation has been designed to run as a stand-alone unit. the usefulness of
the model would be increased considerably if it was modified to run as an on-line
simulation. This would entail modification of the simulation interface to use actual plant
parameters as inputs to the simulation. This would allow the simulation to take its inputs
directly from the unit autocontrols without the need for user intervention.

I11e present Sf ADA system provides some of the data that would be necessary to
automate the simulation, The variables that are not available on the SCADA are the system
setpoints and mode settings. Figure 6-1 illustrates the data which is currently available
from the SeA!· • system as well as the data which is not captured by the SCADA in its
present configuration.
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t ATION I:-:-~erato£ I'. r···..~ ••. . . \_ •••• ·1Unit Control Desk I
Information from SCADA I__ ~_.

-Builcr ' • .A.II
«Turbine Information -.- 'V

-Autocumrol.. '~tocontrols

\ ....
, '-~Oi1er I Turhinetwailablc Data

........... Unavailable Data

Figure 6-1: Online Simulation Data Flow

6.4.2 Expansion of Scope

As discussed in Section 6.3.1 many aspects of the generating unit are not included in this
simulation. There is a possibility for further research to include these systems that have
been omitted in order to increase the accuracy and significance of the simulation.

6.4.3 Tuning of Simulation Parameters

In order for the simulation to realize its full potential as an engineering tool, it is necessary
that the simulation parameters be tuned to match the simulated plant. Although excluded
from this research project. this mcy be considered to be the most important step in the
improvement of this model.

Due to the size and complexity of the model, tuning of the parameters is a difficult task,
and would require much testing of the live unit against certain controlled inputs. Tuning of
the control loops should be less difficult as the values t01'each control component can (in
theory) be ascertained from the controller design documents or read from the plant control
equipment itself
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"Duvha coal-fired giant
Technical Information'<
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Inleiding
Eskom staan aan die voorpunt van kraqontwikke-
lingstegnologie. Deur Ieusagtige en verbeeldinq-
ryllS skernas het Eskom vir horn 'n p.ek in die
enerqiewereld verwerf en internasionaal die aandag
van verwante gespesialiseerde sektore qetrek.
Tegniese inligting is die sleutel tot 'n professionele
begrip van hierdie rnultidissiplinere
mqemeursprojekte. Hierdie publikasie bied 'n
inleidende tegniese oorsig oar Eskorn se qrootste
ingenieursprestasies, en inligting word gereeld
bygewerk om tcepasllkheid te verseker.

Page 133

Introduction
Eskom is in the forefront of power generation
technology, Vast and imaginative schemes have
ensured Eskorn's pre-eminence in the energy worid
and ailracted international attention from related
specialist sectors. Technical information is the key
to a professional understanding of these
multidisciplinary engineering projects. This
publication presents an introductory technical
reference to Eskorn's major engineering
achievements, and this information is updated
on a regular basis to ensure technical relevance
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Duvha~
steenkcolqestockte reus
Duvha, een van die wereld se grootste kraqstasies. IS
tiperend van Eskorn se nuwe gesiag steenkoolqestookte
mstallasies met ses stelle van 600 megawatt (MW) elk
Graolle is Duvha se mees besondere kenrnerk en dlo
stasie spog met 'n aantal superlatiewe. Die skoorstene IS
byvoorbeeld die booqste vrystaande betonstrukture in die
Suidelike Halfrond. Die steenkoolrnyn. wat 'f! ·jorwagto
lewensduur van 30 jaar 11e! en slegs aan DU'Jha·
kraqstasie steenkoo: vorskat, IS die grootsto
oopqroefsteenkoolrnyn In die Suidelike Halfrond. 010
warrntewissehnqsvermoe van <'Ike Imeltorlng is 'n
massiese 886 'Io.~W

Konstrul<sie by Duvna hnt In November 1975 begin
en die laast. stel i< In Februane 1984 In kornrnersiele
bedryf gcstd. Ole totale projel,koste vir die agt iaar het
R1 ,6 milJard beloop.

Duvha: die baslese slklus

Steenkcol word deur 'n vervoerbard van die bmqballlIC af na die
ketelbunkers gevoer, van waar dlt In die rneulens qevoor word
Die verpoeierne Sle8nl(001word mn van die meulens deur die
hetelbranders In die oonn geblaas, waar dlt teen onqevcer
1 500 C brand Die scuede pradukte van die verbranding ISstof
en as in 'n verhaualng van 51, O,e as val na die bodem van die
Iwte! en word met water weggespoel, te"vyl die stot In die
rookqasse deur elektrostanese antstuwwers opgevang word. Ole
qeremigde rookqasse qaan deur die skoorsteen, waar dlt 300 rn
bo qrondvlal. in die iltllllJSfeer vrygelaat word. Ole hitte van die
steenkoofverbrandrc word qeabsoroeer deur die ketel-
vcadmqswater in die 500 km pypwerl( wat die IIe!olwande vorrn.
en d'ie water verander teen hoe temperatuur en druk In stoom
018 stoam word dan deur cupervertutters qestuur en van daar na
di~ tlOedrultt\jTblm~, Die unlaatstoorn word na ct!~
ketelherverhitters tPTuqgevoer en van daar na die
rntddeldrultturbine en d\G twee \acdrukturblm~s

Ole witgewer!<te ~JtOorT1 word dan gel<ondensefJr en c-ur
vocrnnqswaterverwanners en 'n ontlugtcr na die kete[l"!m'!rpnmp
en weer In die ketel teruqqcporrp om die Sli</U5te herhaal Ole
kondensator bevat mser as 22 500 pvpe DIP koe.water ';elf
moet verknel 'Nord an word naarorn in die laer vlakke van 'n
hoeltonng qesproer. waar verdamplng (lie onqewer.ste tutto
vorwyoer. DI'J styqstroorn III die koeltormq IS qoheei Pf1 al Jan
konvoksi« toe to sl~ryf

DIP genl]ratorrotm, 'n :'il\lTldnese e\phtr(1rnaqnef.)t wat 111'u
qasdllJte tltk;el IS .ian die d:i van'dle vier turbnes
gcl(op)wL D~n van dlf~ ~;t(-\tolwlhhe\\nQs Tiel 'ri
tr.rrstormator. waar die vi1f122 hV vorhcoq word tot rn-:
~;plmnlnl] van rlle l<raqllt:!t ,100 h.V by Duvha. Ole
clel'itrlsltelt word dan van (lie hoespannrnqswerf via dlfc' fli::';lonalc
kraqnet ve(~..iprel

Die lnstaltasle

Ettcs-n van Dll\/!'kl ~i\_;5dS kr~h,~I-turt1\!Ir;~:t']!leword <-l~:'n apartt..·
8i1·:me't sy cue; Imlltrolc'~, en IflstrlJrT1f:1ntasIC In sy

£;11.} en ·panf;(~1.Dam I:; dne oet18erl(<.unt..'rs. wat t"H(
C~8npaar ~,;tcllt~bedicn (;11van waar die t)ediF;rH~rS ell{(~ qroot taal\
wat vertiano nou met aans.t, normale bedryf. afslultlflq en
IllJodbl;clryf, han uuvo.rr. DIU bnjlene:-s ~sdeurentyd In 'Jc:rtllnlilf.q
met anr!pr E~jl\om-botl(~m::::l'n!rurw~. wat (jll::.'''>'!ll1tpl]reerdt~
tr dn :;fT1 ,~,;:;'mH·:t\'v'{-'rl\ u'trTl~jlil~

'n Ddtart?t]I':ltrerende fctlCrUdf monitor voortdureru cliP
en alcum::,'elsf~h en 'V(Y)TSll'll 'n hom;tmtf:
op vldc():;I(f-'rm~~ en clnJld,vrs

Brandstofhantering
Vt!rqnw:;(]u ~)teL'f1lmf1!,kl~'I:lf!r d~.>~:.l;jrrm. wore dew Ind(il.'1 v.u: 11
VI 'r\i(j('rbanrj;,tol:·;t,) vaTI
ht,t'Jilili;:i\l.} lj,'l)l;rq, L,!w(';mq (Ian
it '111iJO van n·t::) (JOO ton PI:;I fll,"und t:m dlt.'

L. t] \, I' iltf.'lt v,-H) f:l:j OUO en 1 '10 000 ton
\'IjllTl;"H}:;tilPt,\ wnrrJ op ti(1f_)no[_) tun I')L\)-:r.lll

II
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Duvha.,
tossll-tired giant
QUI/ha, one 01 the world's largest power stations is typical
of Eskorn's new breed of fossll·fired plant, with six
600 meg~.watt (MW) sets. Size IS Duvna's most s'rilling
charactenstic, and the station boasts a number of
superlatives. The Chimneys, for example, are the t<:lliest
free-stancmo concrete structures In the Southern
Hemlsphere~ The lied colliery, which has a projscteo life
of 30 years, IS the largest open-cast coal mine In the
Souttlern HefTI!sphere, Ttle heat exchange capacity oj
each cooling tower IS a massive 886 MW

Construction at Duvha began In November 1975, and
the last set was taken Into cornmerciat operation in
February 1984, Project costs totalled R1,6 billion over
that eight-year pertod.

Duvha: the basic cycle

Coal is fed from the staithes to the boiler bunkers by conveyor
belt. from where It ISfed into the mills. The pulverised coal IS
blown from the milS through the boiler burners and Into the
furnace where It burns at about 1 500 'C. The solid products of
the combustion are dust and ash. In a ratio of 5:1 The ash falls
to the bottom of the bOiler CHiU ISslurcen away With water,
whereas the dust IS collected .rorn the flue oases in the
electrostatic precrntators. The cleaned flue gases are passed
throuqt: the chimney to be released into the atmosphere 300 m
above ground level. The Ileal from the combustion of the coal IS
absorbed lly the boiler feedwater In the 500 krn of tubing that
forms the boiler wails, and the water turps Into steam at high
temperature and pressure, The steam is then passed through
superheaters and thence to the high· pressure turbine. The
exhaust steam IS returned to the boiler reheaters and from there
to the intermediate-press' Ire turbine and the two 101.. pressure
turbines.

The spent steam IS condensed and purnped back through
feedheaters and a deaerator to the boiler feed pump and t;18nce
into the bouer agaIn to repeat tile cycle. The condenser comams
mere Ulan 22 500 tubes. The coohnq water itself has to be
cooled and is therdore sprayed into the lower tevets of a coohnq
tower where evaporation removes the unwanted heat. The -
draU~lht In U1P coolin'] tower is due entirely to converticn

Coupled to the shaft of the four turbines IS the qenerator
rotor. which IS a cylindrIcal electromaqnet enclosed In a qa<;·tl\jht
tJousln\j. Tne electnclty passes from the stator wmrnnqs to a
tmnsformcr, WI1F'rCttl(, voltage IS raisen from 22 I{V to the
'Voltaqe of tIle i), l\II)I101\ qno 400 hV a1 Duvha. Tne clec.:tnclty IS

then tilc-itntJlJtt'd fW1T1 triP flILjll-\loltaqe yap.l via ttle i1d.tional gnd

The plant
Control

Fach 01 DU\iha\, :;1)( bDller·tu;t)lnl~ ~)ets IS run as d spparatt:
entity. Wlttllts own controls <:mLl uv.trumentatron In :orporated Into
Its own control dp~~I\s and pamJI~; '11IC[(' ,\rC thr.',\; l:,\)ntroi T,JOTliS.

each sorvinq a pair of ~jetti, Ht;re tl-u i_)Pt!ldtur~; can f)xpcute
evelV m.uor loS!; associated \,\I1tt1start-up. normal onerauou.
shutIown dnd ernerqcncy operatum. Tno operdtor'; are In
pmmanent contact wnn the other E~*llin rontro: centres V\~lICll
tTldl~p up Hw Intt·;qrated tr'1.nSIT1IS::JIGIlTll'h';nrh:

A data··IG~HJlrl~jcornputer momtors the rn.nn
operatll1f} ami alaml :;ysteTn~;. ,Hld '1 COf1:~tdntflow of
mtonnatron or: VI(i('U ~';crt'(ms dnd prtnters

Fuel handling
Crushori co.tl. ;;Illdlld than 25 mm, rs dc:I\~crQd from ttl(; JU'J,',,'

1111111' by rm'dll', llf a ,'-iy~;tf}1Tl ~lI1d ;;tcm.'d Hl

two ::italth(:~; Dollvery tel !tIe pLHlt I:, r({tc' of U4E) (Ion t()n~;
d month dnd tho two :;Idllhl')'" fliive t_:,lf\lCllle:; of :j~)llOD nd
110 000 f(JI1~.:; III ;lddillon, ,t !·;t()l.l\rllc~ uf t,uO CIOO
tUII'.
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APPENDIX A: DUVHA POWER STATION - TECHNICAL INFORMATIO~i

-------------------------------------- ---------------------------'

Duvha-kringdlaqram

8

//
//

'___-1-0-~-/

1 Steenkoolbunker
2 Steenkoolvoerder
3 Steenkoo!meule
4 Ketelbranders
5 Ketelverbrandlngsi<arncr
6 As
7 SI<eiGtngsvat
8 Sekondere lug
9 Pnm(;relugwaaier
10 Primere lug
11 tuqmlaat
12 DwangtrekwaalGr1" Lugverwarmer
14 f\etelbespaarder
15 l(etelsup8lvertlltter
16 I<etelherverhlttcr
17 Hoedrullturbins
18 Middeldrukturbine
19 Laedrukturtnna Nr 1
20 Laedrukturbn.e Nr 2
21 Kondensator Nr 1
22 Kondensator Nr 2

23 Kondensaatpompe
24 f(ondensaatslllwennos-

mstallasie -
25 Kondensaaipompe
26 Laedrukverwarrners
27 Ontiuqter
28 Voedlnq~~wa'ertenl\
29 l<etelvo8Ipompturb,ne
30 Elelctriese voerpornp
31 Hoedrutoerwarrner»
32 a) ..Jd!:f.'tBr;;>

iEcnheld 1 3)
32 b) OntstoW\"ers

(Eenheld 4-[;)
33 SUigtrel<waalcI
34 Skoorsteen
J~ uener.ror
38 Gcnsratortranstorrratnr
37 Eskorn S8 nasionale

I<ragnetwerlc 2lb en 400 k\
38 Koelto"n"
39 Ko,:!Wilterpomptluls

St88n1<001word van die bergbaldm at gevoer na d,o
hetelbunf<ers, waarvan daar ses per i<etpl :S. Ej!,e bun!mr het '11

i<apasitett val 670 ton, wat beteken u31 daar voldoend"
berqkapasiteit by die kotets is VIr 12 uur se bedryf by volle las

Wilnpr~er 'n oond aangeslt word, word brandolie gebnJII{
totdat die vorbrancmq van die vorpoemrce steenkoot ~:ltat.}:(I!I~;;
By Duvha word twee opqaancnks met 'n g(:]sflmentlll<[' Impasltelt
van 3000 ton gebnil\~ (nn brandolle op t;~gciar

Meu!ens
S!eenl\ool van dll';: hetelt)LHll\P.t;; word ond[~r t)f:~lef~r In c11f~
lll[JUIOW~~;evncr en dl(~ VOE:ltelTlpDWGfd deur (jle butlDe!te .ian

Duvha circuit diagram

1 Coal bunker
2 Feeder
3 Coal mill
4 Boiler burners
5 Boiler combustion chamber
6 Ash
7 Separator vessel
B Secondary air
9 Pri.narv-air tan
10 Prrmary xarr
11 Aif mtake
12 Forced-drauqnt ian
I:; Air heater
14 Boiler ecunortuser
15 B:)ller superheater
1[, Boiler reheater
17 High pressure turbine
18 lntermetnatepressure turbine
19 Low-pressure turbine No 1
20 Low-pressure turbine No 2
21 Condenser No 1
22 Condenser No :;

Page 135

23 Extract-on pumps
24 Polishing planl
25 Extracnon pumps
26 Low-pressure heaters
27 noaeratcr
23 Feedwater tank
29 Boil"r feed I"~LllP

turt.ine
30 Electric feed pump
31 HIgh-pressure heaters
32 <1) Bag trlters (Units 1-3)
32 b: PreClpit~k,.:i

(Untts4-6)
33 Induced-draught fan
34 Chimney
35 Generator
36 Generator tansformer
37 Eskom national grrd:

275 and 400 IN
38 Cooling tower
39 Cooling-water pump

house

From the stanhus. coal IS fed to the boiler bunkers. of which
thoro are SIX per boiler. Each hunker has a capacity of 670 tons.
"hie-h means Ihal tnere IS Sum"pn! storage capacity at tile
boilers for 12 hours' operation at full load

When a fur, lace IS started up, fuel oilis used unti: tc'
combustion of Hie pulverised coal I::; stable At Duvha. tv.
~,:,tonqo tanks are used for fuel all, With a comb:ned capdl~ltyof
3000wns

Mills
Coal from !tll: boiler bunkers 15 kc1 'mder control mto HlP Iillii:;

fhe feed f"d.te rlf'!errll!flP(j tJY Hl(} flt'ed fnr steam. Inside
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ApPENDIX A: DUVHA POWER STATION - TECf:NICAL INFORMATION

stoorn bepaal in dw} .neulens IS daar of ;-it,3;ill1alie of roller::.
wat In ronde bane IOJp en JII2 vernoerer Die fyn. ulters
brandbcre poerer word van elhe rneule teen :o-owat 6] ton per uur
rn c.1le \\ete\s ingeblaas

Daar is S(~Srneulens vtr elke h:etel, wat n reserwekapasnen
van twce moulens ~!UI(Etel voorsren wanneer van
olltlJer~Jk\·J<1lilc.;lt verbrano word. By vo!le verrnce 118t elke+etel

::50 on JOO ton steenkool per uur nodiq, ria gelang van
die 1!;" ~',iaarde van die steenkool

I(etcis

De- kstels IS van die Bensonnpe, wat volgens die beglnsel
Vein geforseerde sirkulasie werk en geen stoomtrom het rue Ole
voedmqswater. wat honqs gesulwerde en qedernmeranseerce
water IS, voltooi een aannocoende en ononderbroke knngloop
deur die ketel turbines en kondansator en word WEer by die
ketel mqevoer Op sy baan cour die ketel ver Jamp die
voedmqswater en, namate meer rutte geabsorbeer word, wor:
die stoom supervertut tot 'n ternperatuur van 540 C en n drul<
van 17,1 ~1P",

'n Kenmerlr van die stoompvpe IS 'n noeorul"telsel wat
toelaat dat die supervemme stoorn, wanneer nodiq. verby die
110edrul<turblne en direk In die her,erhltpype vloai. Van daar vioer
drt verby die mlddeldrul(- en laedrukturbines, requit In die
hcofkondensator .n. Hierdle stelsel beteken dat die I<etel
onathanklik van die turbines bedryl word en die korrekte stoom-
en temperatuurdruk kan I'erkr, word voordat die generator dan
die gang qesit word, Die ste.sel Iaat 001<toe dat indien 'n tutbine
uitklink, die ketel by ongeveer 40 persent van sy rnaksunum.as
bedryl word, gereed vir 'n snelie heraansit: en SOu 'n turbine 'n
groat deel van sy las afwerp, kan die turbine by 'n lae las bedryl
word terwyl die ketel by 'n hcer las bedryf word, In beide gevalle
verhoed die omleistelsel, ainne die parke van sy v=rrnne, dat
skiel.ke drukstyqmqs die steuinqs van die ve.hqheldskteppe In die
herverhitter oarsi'ry, Elke ketel is taegerus met 24 branders wat
in ses rye van twee aan cie voor- en aqterwande van die oond
qsranqskik is, EII(e steenkoolmeule voorsien Vier branders
twee aan die voorwand ell !wee aan die acterwar.c. 'n
Onebmnoer is m die mid del van elke brander gemonteer en word
vir aansit en die stabiJisering van die verbrandinq van steenkcct
by lae las qebrin«.

Druktrokwaaiers voorsien sokonnere lug aan d.e
branderwmdkaste. t8rvvy! pnmere waaiers die verpoetorde
steenkODi van die rr.eulens na elle branders vervoer 010
verbrandinqsqasse word dour twee suiqtrekwaarers Ult dre oond
DUT d18 opperv\akke van die stoornsupervemntcr, die
herverrntters. die nrandstofbespaaroer en die luqvoorverhuters
deur die elektrostatiese ontstowwers en In CI8 skoorsteen In,

qetrek. Meer as 99 persent van die stof, of vlieqas. wore cieur die
ontstowwers opqevanq.

EII<e ketel hot 'r, vcrrroe van 507 kg/s stoom 012
voerr -Igswater word teen 'n druk van 22 MPa cour twE''2

(;'Iel(tr,ese pornpe met verrnoens van 13 MW elk of dour een
stoornaanqedrewe pomp voors.en. B'y' rnaksimum deurlopende
ornwerpvermce is dl(? rendernant van die ketels 93,9 persent

Ole totale rnassa van ean l.etel en sy ondersteunonde
:;tl-I".,I~:~uurIS 9 800 ton en sy Ic:;w;watennhoud IS 185 ton Ole
volume van die uond IS onqeveer 1;3oeo IT:' en die oppervtakte
VL.n die W3rmtewISSt~11n~JSPWA~ IS 74 nOD rr-

Sakfmcrs (Eenhede 1, 2 en 3)

HleriilC' aanleQ vervang die ontstoW\'J('r:,-, vir cenhede 1 ;? En ]
('[1 tJu~;taan ut rile ABB Flah:t Optlpulse-sallfllter, Wilt met
rif\rIf:ldlalnn- T-sal{i<8 tccqenJ3 IS

Die aar:leq IS verdeel In vier Isoleerbarc l\orTlpzutf~rT1ent['
EII(C komparternent het 6 724 ~~",jdv=-Daar IS al.esa.irn 26 am;
s;:lll,ke per Iwte;1. Die len~l~e van die s~kIH=-IS agt rru-ter

Ole ai1nlr~g IS ontwr~rp om 1 290 m i :; kr ,olrooh.qi1~--;tPHl 11

snelhe.n van 0,(115 rr..s te li,mtePr

Turbines
Duvt-a-kraqstasrc tlct ;;e:~ turbmos Elf(P turblf1f.:-E',enllC:ld I~;

flH:t hOf_~drul,-, fllidd['lclrll!{' 1m L\'JC(; dutJbdvlOf:1

Ul1 'n hmnc- en rJUlte l-.rTlhulsel om vrrHllq~! iktflloc,p ell :;fIt:llf;'
la~<'h)rrHnellf'q mOQn!lli~ to 1l'1dah

Die t;)Il(]Zl!i,ellt( en ;;tIJttt~ wm r;f:1l turtllflP llC:\hlt U ODDrrl ()t

20 O(JO hm j)(:-:tCin
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ttle rTllll:-;crther IC!njP ~:teel balls m rellers run In circular tracks
to the coal to powder Ttus tme, highly cornbusuble

IS blown frorn each mill Into the bouers at some 63 tons
an hour

T!lere are SIX -Tlllls to eacll boner. providinq a spare capacity
of two mills per bOI' 'r when coal of design quality rs being
burnt. At full capacity each boiler requires between 250 and
300 tons of cCli,1an hour, depending on tile calorific value C,f
ti-Ie coal

Boilers

The SIX boilers are of the Benson type, which depends on forced
circulation and has no steam drum The feedwater. which IS

highly pUrified and oerrunerahsed, maims one continuous and
urunterruoted C!,'CUltthrouoh the boiler: the turbine, the
conde! iser. end again throuqn tile boiler On Its path throuqh the
boiler, the feedwater evaporates .mo as more heat IS absorbed,
the steam becorn ss superheated to a temperature of 540 C
dnd a pressure of 17, I MPa

A feature ot th,) stearr pipework IS a tuqh-prassure svstern
that allows tne superheated steam to bypass the high-pressure
turbine when necessary, to fiow directly Into the reneat ~Ipeworl(.
From there It oypasses the intern.edrate-pressure and low-
pressure turbines and flows Into the main condenser, This
system means that tne boiler can be operated rndependently of
the hJtbine, and the correct steam temperature and pressure can
be obtained before the l]P; .rator IS started up, Also, If a turblne
trips, the system allows the boner to be operated at roughly
40 per cent ~!Its maximum lode, ready lor a rapld re 'art, and
If a turbine sheds a large part of Its load, It can be run at a low
load while the boiler IS ma.ntalneo at a higher load, In both
Instances, the bypass system prevents, Within the limits of its
capacity, sudden pressure rises from exceeoinq the settmqs of
the safety valves In 'tle relreater.

Each boiler IS fitted With 24 burners, arranged In twelve rows
of twa SIX rows In the front wall of the turn ace and SIX rows In
Its rear wall, Each coal mill supplies lour burners two In the
fran. wall and two In the rear wall Mounted In the centre of each
burner IS an all burner, and these are used for starting up and for
s~abilislng the combustion of coal at low loads

Forceddrauqht fans supply secondary arr to the burner
Wind boxes while pnmarv-air fans transport pulverised coal
from the mills to the burners. Comnusuon gases are drawn from
the furnace by two mduceu-orauqht tans. ave: tire surfaces of
the steam superheater, irle reneaters, the econorniser. and air
rreneaters. through the electrostatic precipitators ano Into thp

More than 99 per cent of the dust, or fly ash, IS
by the prec.mtators

Each boner has a capacity of 507 hy/s of steam. and the
ft"edwater IS supplied, at a pressure of 22 MPa, t1Y t\VLl eloctrr:
pumps rated at 13 M\,.'Veach or by line steam driven r:;:Jmp
At rnaxmum CG:lfrnUGUS rating the e:flciency of the boners IS
93,9 per cent

T,",e to~a! mass d onE~l)oi!er 3! \li Its sUPtl0rtln~J ~:tfuctum IS
9800 tons. and thet of Its water content, when cold, is 105 tons
The volume of the furnace is apprcxnnatclv 13 000 m: and Hie
surface arp~-lof the hpClt-exchanqe tubing totals 74 anD III

8ag filters (Units 1, 2 and 3)

TtllS plant rep.aces tht~ precIpitators for Units 1, 2 and 3 and
consists of an Al~B Fla!\t Optiputse p~lse-;[:t fabriC filter, utilising
acryilc dralon Tbaqs

rhe filter IS diVldc{j Into four Isolata!Jlt~ ClHllparirT1ents. Each
-:Drnpartment contains ~l !I)'al or I) 72·l baqs, each of \;'Jhldl IS
'\I',jht 1T11;~tre:; long, UIVlI1g a tLital of 2H89f; bans, boiler

The plant IS dt~'slgned to lundl!:: 1 290 III gas 'N111ch
qi've~;,II filter velocitv of 0,015 m s

Turbines
There are SIX turbmos at Duvh.t r')Ow(:r St,ltllJr1 Lldl tuthn 1(; urut
has cyllllCk'r::-. i.mcJ t\Wl

and

Tt'[: fnllf1llatloT1:; '>II1(j
13(Jon r11' or?D nOll tun:,

fCII ,_)rlP tLHbllll~ IIKllUlu
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Voedingsverwarmerinslaflasie
Ole Imnclensaattemperatuur die l<nndf'nsaatten)i is
37 C Om maksrmurn stelsf_~I(jCl~dheff('nriheld te ver!,ry
nOc1IC) om dll'C:kondensaat te \lef\.!erllit veer on na o.e l<.Etpl
teruggevoer word, Om crt te doen moet die kOfl(iensaat deur
t'lJ).o v=r vnrtr r- ~,- gestUL.f .....Drd voorcat dlt in C118!\t_~tl?1muevocr
worn AI die verwar uers IS van die noqrondso Lpe waann d'o
water deur pvpbu.v'e's vlcei. Stoorn ~·.Ja.t aan ve::'I\III(~ndr:;
~::;t~((iUrnsvan die turbine anttr€k word, '~'erhlt die watel deui

van gelBldlng deur die pyprnetaa:
rt Ontiugter tussen die t .cedruk en laedrl.lk\l'er.'lJi1rrTH3S

verwvder die suurstof wat In die koncensaat vasgevdno Qr1

yprhit die water deur dire)<te hontqJ~ met die stoom wat aan die
.cmes onttrek word, Ole kondensaat word dan met l19illlip Vdl'

die h::)Qfkondensa8t-l!itsulgpornp[~ van die t.cndeusator :if deur
die laedrukverwam18rs na die ontlugter geport1p

~ie kondensaat word hlern3 met benulp van die
ketelvoerpompe van die ontlugter S8 voeoinqswatertenk af (jl?ur
diE' hoedrukverwarmor- na die ketel gepJrT1p. Ole
emdtemperatuur '.'eJn die voedmgswater by 600 MW ,S 247 C

Kon:iensators
Dre kondensators is van die dubbeldrul(-o'Jpervia)<tl~le Ole
vakuum in die kondensatcrs word bewerkstelliq ceur
stoomstraa'luqvercrvwcrs en word In normale bedry! deur
waterstraaHugverdrywers PI stand gehou. DIP stoor.: wat Ult die
laedruhsi!inder goiaat wmd, Imndenseer oor 22 552
qee.koperpype. wat 'n totate opporv.atde van 23 400 m besla;'.r1

EII(e ketel-turbineste: het een kondensator mel n
h[tte\~iIS5~lirgslJermoe van ongeveer 400 MW

,_. neratcrs
EllIe generator net 'n antwerpverrnoe van 667 MVA en lewer
6GO MW by volle las. Die unstuurvermo» IS 575 MW ;;,m]8S,Cn

die versl<il van 25 bllW gebruik word om hu1ptoenlstirl\:1 ...ian jle

turbu« en ketal te laat lonp
Gc'nerator)we!ing word deur !wee stelsels tI8~verkst€llig Ole

stator !~n rotor word verlmel deur waterstot wat teen 'n druk van
400 h;~a dew (lppef\la~dlre waterknelers ~;lrl(1l12er_ Slrl~llli1Sle
v~n til,:' '."/aterstof vlnd praas deur wee ~',1aaler5wat aan
rotor-as geheg is. Ore statorwikkelinqs ('[1 diG kern word deur (jlt:

sirkulasro van gedemmeraliseerde water ',.'erl,oel
Die gC~llr:rators w~rk teen 22 kV en r-ul !ewerinq word tot

400 kV verhoog vir dlstrihu31c vi.:! die fJas)onale netwer«

skccrsteno
Duvna 5(-;, ~\r..', "~I;{_\mst8ne IS met 'n hoogte van 300 !T1 diG
hooqstc netonstrukture In die SUioelilw H31frond Ell",
skoorsteen drl~} r(W,\~qasgange,socat o.iar een 9anq per
'PL '3. Die diameter v.m die skoors'eno by .tie basis IS 22 rn en
b"I('8 staan op 6D ilGlpale van 1,2 m by 1S m Nagenoeg ,10 000
ton beton IS in die lwnstruksre van cll<e slworsteen aebrllli<

Die noogte van die skoorstenc heteken dat die ;,'01'93s5e
8eur die norma's mversielaaq van Mpuma\anga ~\~ Hm~v,Jld·
atrnosfeer uitqewerp word Gil SOrlOEmde oar b,lll? uroot at: tilflde
verstrooi I<cm word

Koeltortnqs
Die ses koeftor'nqs by DJdlH IS or,~\ ...'erp vir 'n :otaif_:>t,,'nn!C':':f;' las
Vd'1 nagenoeg 19 000 GJ 11, Dip rjne qrootste tonnqs IS 1·V3 m
hoag en 114 m in dlarl6ter IJnJIlLvlal\, en die rTllnlrn.JrTl
wanddikte is 180 mrn. By :as betoop diE: daagilk:]o
verdamplnq uit r:en tonn~J 30 ~,hprr (Jag

WatervoOi'Sieilil1g
DacJf 1(:.:1[1urt E:.nl van tWt:~3 bronno In Duvha Wdh::ljl'llOeftf,~s

V(jur:~,I'm word, Eerstens kan water gE:pornp ......on. lit cjle
VYGebC' '-1- en die Nooltgerja,rltdam, Wi1t in d:e Cil -!J-_:!Ih>_'neb!ed
\I,C}t1 ~1I1purTlatnng<ldeur die ~<omCltirivler qcvO(;(j .....;(. rj, Hlerdlo
daliHlIL kan co!, 3dl1gevuf word met \'mt'::f Ult (jl~ Usutu :ltelsel
Tl'i" 2ctens I<an water Vim die WIHJ3n(H1am III die Vdn die
Olifant5rivior verhry en aangevul wflrd met \:J31er 'JI!

Grootdriuidam in die Vi' alnvier fmtJy Sti1ndf~rton
Die tweerte tmm word so min rnm,mtiu\ gebrulk OlTH1Jtdlt 111'::"

so sui\:~er as drf! f(ornatinvler is me, SwwE'r water IS Ulfer';

wem;lil<, Jange~~lf~n en dmnlnrli·,lIIH~L:tI<JJ~Jtc If1

is f l'11'.:;t die rna~l,:n&;,1 INat
bt::m If>' lrd :~~'2qS9~_:tJrulk mr1lcn die

nlf.' water kan v()or,'jlen nit.·
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Feed-healing plant
nie ccndensate temperature in th - wnser hotwell IS ~1t'JOUt
37 C In order to obtam mavirnum eifIC!Emr;v It I:;

to rt:_~rll~dtth8 condenS,lt(: returrmq It to the
dr::rllGVe tlus. thf-J concJensate IS LJ.::'5sed through

r.umerous heaters before It Into the Lc;ler. /~,IItne heaters
,-.r8 of the; ..ur+icc type In which water tlows throuuh tube
nests. Stearn 8>-,~racted from ddlerent stages of the turbine heats
til[; water conduction thrm:gh t11etube met<li

A_ situated between triG lowpressure and high
pressure ~eaters removes (::ntrained In thA condensate
,Ul(/ heats the water through dll't:c! \"Jlth steam extracted
tro-n Hle turtnnes The condensate from the
con.ienser to thf! doaerator through 10'11',pressur c: hoaters
hy fT183nS of the main c.-mdensate (.'xtr:-{c,tion pumps

The condensate IS then pumped from tne deaerator
fEerhr...'atsr tank to the boiler through the tuqn-pressuro heaters
by the boner feed pumps Ttl'=-' flfnf feed'.'V;:uer temperature at
600 MW IS 217 C

Condensers
Tile condensers ar» or ttle duai-pressure surface tyr, 2, Trn
vacuum inside tne condensers IS estabhshed by steam-jet air
elEctors and m[:~lntalned in normal operation by water-jet di(

cJcctors, The steam exhausted from the low-pressure cy'inder
concenses over 22 552 brass tubes, which nave a surface area
totalling 23 400 m

Each couer-turtnne set has a condenser \',lIth d heat
oxchanqe capacny of apprcxunately 400 MIJ"

Ge.1eralors
EdCh generator IS rated at 667 MVA and produces 600 MW at
fUll load The sent-out capacitv !S 575 MW the dlffereno' u'
25 MW baing used to run the aUXiliary 8quipment Of ~j18 turbrne
and boiler plant

Generater cooling IS achieved throuqh two t'.ystems. The
stator and rotor are ccoled by hydrogen at a pr, issure of
400 kPa. which IS Circulated through water cook-s 01 the ,uri8ee
type. Circulation of Ihe hydrogen IS done by rnean., ~t two fans
that are locked to the rotor snatt. The stator Windings at 'rj core
are cooled by the cucutatron of cemlnerailsed wc.ter

Tiie genemtors operate at 22 !\\I ano their output is
transtorrr ed to 400 !~V fur cistnbuton VIi) the national qr:r:l

Chimneys
I\t 3(.10 rn '_:;acll Duvnas two ctumncvs are the tallest free
standinG concrete structures In liE' Southern Hemisphere Ear,h
chimney contains three flues, Hlat tner« IS one fiue per bailer
The diameter of tile crumr.ovs at tile base is 22 Ill, and both are
restl~~J on 60 piles of 1,2 rn by 18 rn Apprw(lmate!y 40 01]0 tons
af concrete was used In the cor strucncn of eGch stack.

t ~ln helgflt of the cnnrmevs means that the flue qasos are
through the norrnai inverston IdYi:.~r3of tilt: Mpun13.langa
2trnosprime, and can rnus be dispersed over \I~:;rygreat

!Istmces

Coaling lowers
Tt1>'~SIX cooling towers at Duvha axe (_1e~-jtgn(:;d for a total tile'rnal
101d of n""rly 19 000 G,I t, The li1ree Imgcr towers are 149 fT1

high and 114 rn In dlarnE!t.:f at the bast', and the fmnirrlLJrll shell
thlchnc.s::1 is 180 rnrn. At fulllo3(} tlle evaporation from one tower
amounts to 30 ~.~(a dav

Water supply
Duvha's water requuernents can Ilf' met from eittu-r two
sources, First water C3n be from the VyqE.'!)!)om and
r,JO(Jltnr:dacht dams In Ule part 0t Mpurn~liaf Iga, I.\'illdl
are fL,1 by thE: hornatl RIIJer, T~,\.'SI: tjam~:; CiJ.n als(J be
with ..,...iJl8· frorn the Usutu sys!cm, ~3'Jcond:y. warN can
obtained tront t;l£> Wj!b3n~1 Dam In th:~ upper reactms ot tlc
()\lfanL-; River and supph ..;ITI(~nkd !,'.Ittl \N;Jh:!t trom the Grootdradl
Dafn in till: 'vaal Rivpr n(~ar Standl"t'.I1l

The :,::cord ~;~.::UICC is US(,:1 as dtf/e as fwsslb:u bS'causf.' it IS
Tl(Jt {"!s cledfl ::..,HlP KarT1~LI RI\,'er, Cle:.Hl water I:> llliJhly df;;;lrabln.
a~-~f,urlflGltlon an(~ rk:lnlllerali~_;ltlon C~):,ts are: proportional to tt .t~
umcuntratlon of nntprl3( tt1dt h;'ls t,..) bf.~rel'fl0vecj Thf~; second

!here·fmo oply IJ~,f:d If 1hl" l\olT1atl :~i~ltc~111can!lut slippijl
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Duvha-steenkootmyn

8(muWn~spf'oiel\ vir stoenkootreserwos

Asversomennq en -vcrwydOl'ing

Duvha (;081 mine
1.111

t-ur-, L ,I YI' If

!!idli

till'

bv
"I

, \! 1 III 'll'll!] tl j(' ~,tllf' ! III/III I') ! iI!' ;1)1,1i f 111l'
Jill I f 'I till';. '\I, ,IIIL j tll('11 r r \pl~H!t,_ 'I i

"lid :;11[111\:; 1\ 111Wil I\,

Ilfi)(lI,III'111I

Coal I'O,3eFVeS utilisation project

\111

.11, I j IL)

A311cultectton and disposal
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Tegniese data
Ontwrkkelvermoe

VVerl,fll:::;mcrs

Werk

Brandstcf

Mvntioum"jcltskappy

HIt1ewaardt~

ASlfltl0tlci

Totale J;hHlil<~e vcthnnk

Stperl!<oolbergtJakl(apasltelt

Nr 1

Nr2

:J6U!JMW

1 110

10135 000 ton

fj~)000 ton

110 0(10 ton

21 I ~:ClIon

Sleenl<c()lVetbfUll< by vol10 I,\:; 1 5(l1} 1 800 t \1

Meule-Inslallasio

Stelle 14

Vervaardrqer

ripe

Gctal

Spoed

Onwerplewerinq

Stelle 5 en 6

Vervaardujnr

SpQ8d

()nlwerplowelln<j

Ketels

Vervaardiqer

Tlpe

Get,,1

Milkiirnurn (ir:urlopc:ndu
ontwc;rpVerfl1fJl~

Flnn1(.' stnnnunuk

FHlaip stoomtempor.nuur

HerverhltWrstoortl!irtJI(

Bi~tJC()ck & Wilcox (SA)

Vertlkale sprl (IIng·m· 1I08cl)

6 per I\(,tel

261:'fnln

(36tih

Loesche

V8I111"alcs~JlI(roltlp8)

6 per I(!ltel

36 r.rrun

661;h

Stf_11r1!T1lJller (Afrika) (EdnEi} Bnk

f3r.:n:::,un

:,U71,q:'~;

17,1 MPa

[j40 C

Ai1nt;11lJr.1ndt:fS

HnOl]le (dak tot vllltrpqtm)

Wydtp by brandetv.ak

IJlepte by lJrilntlnlvldl1

!(r;)h1IUitsutllllq (afw.~'irh)

E!efliidefIJ(! volume

S31lfilicm (Eenhedc 1, 2 on 3)

Vetvilardi~F:r

24

17,2 !II

:HO rr.m

n,OE) Hl

24 JIUI

1echnical data

Employcps

Opuratltlq

Fuel

MIIWlf} co.npanv

Cai'Jnflc value

TOUi ar.nual CrJrl:ilHTlptlUrl

Coal !It;lIUIP CJP~jClty

No 1

No :2

P21g(:J 139

3 GOO MW

1110

3 :-,IlIft~,of 70 In 24 hours

tnqwe l.lfnUP

23,3:' M,Hr! (lry bas,,;)

10 135(j(iOton~;

55000 ton.;

111)OODtun"

Milling plant

Sets 1 4

fype

Number

Speed

Ralocl output

Sets 5 and 6

Marlufncturer

Number

Speed

Flatec1ou1rut

BC'ilers

[bboJel, & Wilcox (S" I

V(}rllcal spindle: (ball c'iPd nng)

6 per !lOller

20 r.rrun

60 t'h

VertiC", spindle (roller type.'

G pr.f bo.ler

,j6th

MClIlufac:trm!C St''Inrllull"r IAffH'3) (Pty) Ltd

TVlle Ut:r1son

NlJrntJt:r G

MaxnnLUli con.munu- fatlrlD GO!' hq

Flr1:il ~ih:JI~tpm~j;iur(' 17,1 MPd

FirLll ~jf,;,~HIIt\ 'rnpt!fcltum ~_j40 C

NUll1tJf!r '-If burm~rs

H('I[Jtlt (foof t( 1h{lppt~r)

Width at bumor jflVP!

DI'plh ell bllTllP! lew:!

Duilf'r l'~;P~lW;lon

((h'l\'vrW'w'(Hd~~,)

/\pprO'l(llTli{tf' v( 1I1HW'

Bag fillers (Units 1, 2 and 3)

THI, SIMPLIFIED SIMULATION OF A BOILl.'R, TUf<8INE ,~ND REL/nm CONTROL SYSTEMS
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Elelttrostatieso ontstowwers

Ver.li1.ardlqer

nt;tw('r~Flstemp 'fatuur

[3edryhwolurne

CO~-tTlt111Ul1

G;:'1~idrul, (:,t;lfln:;)

G;r;:;Iufli"'In(llinlaat)

Swwergasstnf!arJlr1q

Turbines

Vervaartnqer GEe Turtllno Generators
IEdrns) 8pl<

i.ul(jlSA

1~)O C

;, (JOO 000 Ill' n

41mbar

120 rn~1Jm'

TiPD VceJsiJmurr -imputsreaks:e

Ontwcrpvorm00 (~JBner<~!Ofjp\\l(?mlm 600 MW

Spond

Supervcrhitt8~t{Jurndru!<.
HD·af,lultldeillnlaa!

3 OUO rimrn

Hi 1 MPa latls)

Supcrvertlittcstoorn-teITlperatuur,
HD';j!SllJltldf'plnlaa! 535 'C

Stoomdrul" HD'IJI!laal 4 MPa (abs)

Stoomtflmperatuur, HD-wllaat 332 C

HerverhltWstoondruK, MD'ln!:lQt :1,7G MPa (ab,,)

Herverhatestoorn-u-roperntuur;
MD-inlaat 535 C

Stoomdrul" MD,u::lailt 0.42 MPa lalls)

StoDmtemneratuuf, MO-Wtlddt 252 C

Stool11drul~ lil hondnm;ator

Gl:"middelde tcmpera1uur In
I~ondl'nsator 37 C

11IU"V'.'rO;UlI( (MDO)

Str:JOFT1vIObl

Generators

GEe TurtJI11U nl.~rH~rdhJf~i

(Edm,;) flp/<

[j(JO MW (f11llklln1lJffl rlC'lIt,

lupend!) oniwmpvennOc)
OrltWQrpvcrn\()i~

AafE;!Ultofsp:rrmrnq

Arbl}l(l~;fahtor

leV ([)O H2!

0,9 (fhl!onp~

V\{t1ter~lt()fteen ,toO j\Paf(Ol;!lllt~dlljnl

Gcneratortrannformatom

Vnrvailrulq"r ASEA [b:tr". (,:AI [Jpl,

Upwmpvmmne '100 MVA

A,ln~:,lultor:=llarlrllnq SUI(Of·~rji·r(~ ·t~!OkV

I<ocllorings

tipo

Totillp afnh:tlllCr:i

UfectJve cloth amd

Elec,rostatic precipitators

fvlJ.nuf<:'{cturer

Operatl!lq volllrnl~

co;, content

Cla:~ rlf(::;~;utf_~\~;tatlC:)

Gas dust lnau (Hl!et)

rurbmos

Manufacturer

Iypo

Ratlnq iqeneralor output)
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86170 m

50 mq SlT1i

LUftj' SA

150 C

:J 000 001) 111;[1

13,7b',

41 lilbar

30 '1m'

GEe Turblf1(; LlUf\(Jratnrs
(Pty) Ltd

Multll;yllnder IinpUICiE'reaction

flOOMW

Speed :3 000 rlmlr

Super~lcat(>d steam prvssure,
HP stop vaivo inlet Hi,1 MPa (abs)

Supcrhoat"d stearn temperature.
HP stop v:lI"" 1111et 535 C

Steam pressure, HP outlet

Steam temperature, HP outlet

4 MPcl (dt)5)

C

R"lw3led "learn pressure. IP inlet 3,75 MPa tabs)

Reheated sfeZlIYl tumpf'ratufu,
IP miet 535 'C

Slmm pressure, IP outiet UA2 MPa (I>us)

Steam temperature, IP outlet 252 ,~~

Steam pressure IrlSltJe,com!r 'II ,'r B !~Pa(nbs)

Averaqo temrmmture Inside
c()ndens~r 37 C

Gener" tor .i

He-al COnSlJl1lptIiJf1IMCf1) 8 ?20 hJ"Wh

Manuf;ldurf~r

Tcnnmal volt,-l{JO

~\)wL'r factor

COO/I(lU tllc,(j]/lm

Generate r transformers

M,HlufadtJrpr

Hal< ci ""IHelly

Tornunat vnlt,1qn Primary

Gce Tiji{JlnO Genori.ltCJl:j
li'ly) Ltd

bOO MW (maximum
r.onunuous (Jutplllj

~';' hV piH,,\
(J,\l[laq(Jlnrj)

HyrJroq"n at ,100 kPa

ASEA Uf!ctnc !SA) Ltd

7110MVA

TprrTl1na\ vn1tdlW: Sec()fji_jmv ,+~:UI(V

CO(lling towers

Nurnb(~r

Typ,'

THE SIMPLIFIED SIMULATION OF A BOll~f<, TURBINf: AND RELATE;D CONTROL SYSTEMS
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ApPENDIX A: DUVHA POWER STATION - TECHNICAL INFORMATION

GOOll'::,t( diameter

Stelle 1 Stelle oJ fj

51.·tm 56.5 m

55,251Tl bO.[35 In

180 mill 1[10 111m

NGn1lr\Jll' vloeltpmpo lio£'ltCJrif1~l 4[) 000 rn .h 48 ecn rn i

Temperatuur 111 :l9.44 C 34,7 C

Ternperau.ur uit

Verdarruunq by dienspunt

Nornrnato warrnteverhes

Malc.irTlllm gcwdarhorgde
warmteverlies

Slrltuleerwaterpcmpe

Gctal

Totale verrnce

skoorsteno

Getal (3 rool'gaS;]anqe elk)

HOO!lt8

W,ndskerrndiarneter (voetstuk) 22 rn

Hoofkontrakters

Gronciwerhe

Sivlele ingenieurswer!.;
Stilalwerl, (8' Ibl'ontrallteurj

I<<ltds

Turbmea

Gerteratortranslorrnator',

KOE?ltorinn:i

i(cluulwml<

IrlstrUrTlE:lltasl8

Pr()~;Esrelu;nni]rS

Brafl(1b(;hf;erst(l!S(~~

StnonhooltluntcTlrl\l
(tJerqtlaI1ke)

Vt}rvcE~rbando

A~'tlnstaHi1~jle:,; 1

A'-._;in~;ta.lla~:;lc~;, 4 fi

f'OIl~,trllk-;lc' v.in '."Jah:mnq

1\lk'ilJl'dtC'tPOlllpr:.l ti

Hiool,1t1111eq

M,ltt'na,l:t lilt! :tm'N~t;r
~d!d\e 1 :J

FI!-'i-trtJ',t;lti!::i(' (Irl~

:;t{l'~~Jw{'r';4 f)

THE SIMPLlFI~D SIMULATION OF 1\ BOILER, TURBINE AND RELATED CONTROL SYSTEMS

fl86MW 88bMW

1 275 MW 1 275 MW

1?

2

300m

Grinaker Construction
(Edrns) 8pl'

LTA Construction

Durbyl Ltd

Stelnrnljila (Afnlm) (Edms) 8ple

GEe Turbine Generators
(Edrns) Bpi,

ASEA Electric (SAl Dpl;

Hamon Sobelco (met LTI' Con-
struct.on ~)lvirl[~ !.:.ubl.;ontr'-:lf.;teur)

MOt1iltl;:m on Fro:,t (Edrt1~i) Bpl~

Murray /, Hotlcrts (Transv.\:ll)
(E<lm:;) Bp"

Hut""t DavID', (Erlm;;) BpI<

SI(::mf~t1S i3p~\

H"IH,ywell

Matt"" & Platt (lejl1ls) 8pi;

Hlqh Structure,,, ([dills) [3pl<

Sp('nccr ~vk'II\~;tldfTl (Edrn~;)Bph

DEl Tlwrlllal

Stl'lnrnulier (A1f11~,1)(Ec1tTl~,l t-3pk

Ha:1Longmore (oX f(ll'

,!\rn,llqc'Itllatpu F\)'tJ('f

E'j(.JIf1u~rlnq (;A) (Ed!ll~;) £1pl\

Sul/er [1rel:; (S,\) Ilpi>

Afm

F()~;tcr Wtwder

DI3f1lC t top

NOl11inal ~Iow rate CT

Iernporature III

Temperature out

Evaporaton eiLduty PCllTlt

NOIT1ll1iJl hedt reject.on

i\1;:lXlfilwn q'tdrarltfo'ed heat
rt:1jr:c1ion

Circulatlnq-water pumps

Number

Total capacity

Chimneys

Number (3 llucs each)

H<riqllt

\;Vindsfm}fd mamotor (base)
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Sets 1 3 Sets 4 (3

:11.4 [11 56,5 rn

~l5,25 rn 60.85 m
1801T1rn 180 rnrn
·\5 (JODCTl'h 48 BOOm ':11

39,4,~ C 34.7 C

~~2,~)C 19,1 C

1270 rn tl 1 270 rn ih

B86MW 886MW

1275MW 1275MW

12

7Hm'/s

Main contractors

Civil enf]lnf't::mnn

Steelwork \Sutlc('ntradnr)

boriers

Turbnus

GenCr.1tClr transforrr{~r:,;

COOii1lq low~~r:;

Chimney 1

CtmmH:Y ~!

Ciiblln~J

Im:tnJfT1L'flt':HI(Jtl

Process comput(1fS

Fire control ~;ystenl

COCllllCll1Cilln'1
("tai!lwsi

A,;IJ pl,Ult:, 1 ,1

A:-JI p!d.nb.~ (j

C(lfl~,trlJdIOll WlI!t~r nnq

COD:lnq-wah'r PlJnlp~i 1 :i

Cl)ulln~lWdh:r pump.. ,1 ti

~·:;t\WdqP pi,mt

f-<ll)[I(:flltl'[
pi,Hit'; 1 >1

f:Jf ~dro~;1i\tl(
Ilrpclpll;itOl~;·1 ti

\ll/;It! -r trt :ilt!TH,'llt pliHlt

300 m

22 Tl1

(Jnrlakl'r Construction
(Pty) Ltd

LTA Construction

Dorbyl Ltcj

Stelflrnlli/cr iAfrlca) (Ply) ltd

GEe Turbine Generators
(Pty) Ltd

ASE'A Eluctnc (SA) Ltd

Hamon 80t10lco (willl LTA C()n·
:itrllction civil subcontractor)

M",,,,l1an and Fro:;t ,Ply) Ltd

~·1tway & Rllbmt; (It;lInvaal)
'y) Ltd

Hubert Ddvies (PtV) lhl

SIt:iT1PT1t; Ucj
HonllY'Nell

Math", & Platt (Pty) Ltd

HIC111 c:trllcture" (Pty) Ltcj

Spencer MulI<c;lhllll (Ply) Ltci

Dll TI1",rl1,,1

~,t"1C1111l,11('r(Africal (Pty) Ltd

Hall l.onqmore & Comp.mv

AnlalqdnlatfHi Power
[II'1Il''''''"li1 (SA) (Ply) Ltd
:3,,12('1nru:; (SA) Uri

S;lh 'C HuctmlPC

Aflll

L\Hl)1 (:;A) (Pty) Ltd
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Choice of the most suitable software is c "
the objectives of the diss.rration. Tl.. 1)5

software were:
a) Is It able to perform the reouired task?
b) How Fast is the software?
c) How user friendly is the software?
d) Is the simulation "program" self documenting?
e) Is the language 100% graphical. or does it require "behind the scenes"

programming?
f) How stable/reliable is the software (i.e. does it ever crash)?
g) Is it possible to interface live external data to the simulation?
h) How accurate are the integration algorithms?
i) Would the simulation be relatively easy to figure out and understand by

a 3rd person?
j) Is it possible to develop a sophisticated user interface for the

simulation?

.'(' success of'thi. simulation ill meeting
, ,Jtit considerations when evaluating the

The following hardware was used for the development of the simulation as well as for the
testing of the different software packages

• Intel Pentium 133MHz CPU
• PCI Motherboard with 256Kb Pipeline Burs. Cache
• 24MB RAM
• 64 bit High Speed graphics card. capable of ll.i2 x 864 resolution (or

higher)
e 20" Phillips Monitor (1152 x t:(;4 capable)
• 1OB SCSI H~ll'dDrive

The test PC was configured with Windows NT version 4.0 which. although being slightly
slower than the previous version 3.51 (due to additional RAM requirements), appeared to
be more stable.
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Fcr !I~c:Experienced User

Euler. Runge! KU!!Cl 2n,t Runqe l(uUCI Lmsun. Rungo Kulla Std. RunGo Kulla
~ttl, Adapuvo Runno l<uUa5th, Adaptive Sth Gear's Predctor-Ccrrcctcr. Aoams
Buhrsh-Stoer. Backward Euler Predictor-Corrector. Euler

~ c_o_m~p~a_'_ffi_l_o_n _, V_I_S_S_im -+ S_I_m_U_I_in_I(~(_M_a_tl_a_b)~__ -+ L_a_b_V_le_w _,

Easr) OfUso
Goffl;; 'J ~-TJj!ed

Functionality
lntcqrnncn

Equations

Fourier Transforms
Fill£)( Implementation
.Fuzzy logic
Neural Networks
.Opurmzauon

Wxy EJ5y - 10 moutos fo- IlfSI

emulation
Very Easy Easv. but complex

Very AwkwJrd Tt11Slanquaqe IS not
mnto-t rcr Ieedbark
Yes - Very Powerful
This is ectuovcd by means of virtual
Instruments which oro far mo-e powerful

hp~ero~o~nn~a=nc~.-.--'---------+----------------'-----+---------------------4·~h~'n~n~ro~u~p~inq~.u~·f;b~IO~Ck~' • ___

Timing

Feedback Control

Virtual !n~trumcnts
Grcuping

Stability

No simutat.on methr os .JfO bundled with
tho program, although some of the
complex methods may be implemented
by the programmer

Functions ere implemented wnh the Fen Fun-nons oro pcss.b'o
blocn uSing r>I::mqu3go typo syntax

It 15 not possible tc wnte out equations
In tho english fCrTn.:11 Ali functcna must
be VI!;U3!ly constructed usmq tho
Iundamontal blocks (adder, rnur dl',f
PONCfr:!C)
AVi]118b[eas add-on packages for Bode, Oniy Spectral and related <J.nJiysls
Nyquist etc
Add-on limited
Add-on Many
Add-on ??

Add-on Add-on
Limited version Included In mam ??

Very powerful 'ligna] analysts

Very ccrro.enenswe
Many
??

Yes
??

crasnos someumos during SpE:ClfiC not tested
cdlling ocerat'oon Iheau operations
can bn avoided Does not crash when

"u;:s7er::;I"'"IO::e."ro"'ac:-:.,----------+.~.;:;"'r~":i~~fm::5~:i:~"'U~;;;Jlt,:li~,",~g;n;:;o71,:;;np"'u"'t,:-,c::o:::n"'tro"I-t"V~':,-c~, '"c.:":c'iICO":-:tC::-v"':::"""m::-------+;A"s""m"'u"'I3"'tlo::n:-c;:::o:::no"'l5"-ts"-:O"f;::hV"'o"'''p''la=n=o'''s"rl
blccka and slgn:}1outputs art) dIGpl:lyct1 tho filS! boing tho weer Interface and the
on IhF) some screen In di:;plo.lYmodo it second baing the simulation itself, The
is possibie to hide bioclm o.n!j nnos Tho advantago of this is the ability to
advantago of this ISthat tho simulation construct very functional and pleasmg
ISsoIf documenting user intelfeces

SIJiJllity / Robustnoss

packaqa More powerful version
nvaunblo as an odd-on
Very Easy Vcoy Easy

No No
Yes Yes

F1unnlng in Real time very easy as well Running in Rea! timo very easy as well
'-:5 Iaster or slower than rcal nmc as taster or slower than realtune

Rca! umo operation dcoa not appear to
function correctly II is diffiCult to
dctorrruno or regulata tho simulation
speed
not restedVery fast Add-on module compiles tho Very fast Add-on modulo compiles tho

cede into C for extra sccec code mtc C for extra speed
Depends en integratton method Depends on integration method Depends on Integ.'alion method

implemented by the prcqremmer
not testedDepends en Step see and integralic',1 Depends on Step SiZO and inteqmtlon

method method
not tested

Tho bloc lIS oro 105Sself oxoianatory
than those cmplycd by Vlssim and
Labview Tho ccparcnon of tho
simulJtlc.In from tho user interface
further cornpncetos tho understanding a!

f,co~o'v:::~~'"-II-R-"-'I'n-fl--'---------Atih'n I!lno of wrltlno. Labvlcw und MJtLnb wero both npproxlmatcly 1\,~:~~f~~~~8~~;5IVOas VisSim
,," " . V"srm IS0 vcry powerful yet simple Ttl" oO"IOgO, olol1g wllh Moliob, forms Te.i, paoMgo IS BOElrlIT'Or""O o"'"s"-o--1

r;Jcj~t)oo deslgm.d Gpe,":lflc11Iyfer HlO emextrcmoiy powerful on\j oxtonswo r:owCiful Visual prOQmmmlng lanquaqe
simulation environment cnvi-cnnnt for almost ..my rnnthcmaucal than 0 simulation or engineonng tool

or rng:nc£mnCl!L1sl( Spr.ClfiC tcrrterleatures oro IGcklrg
which make US~of this p:Jcl<ago for any
modest aimulanon project ...ery 11ftlcul1.
Ifnot il11,v:')sSib10

Documentation Tho simulation 1" self documenting as Tho sirnuianon ISsen documontlng as
oncn mocuc's US(l ln Bolf oxotanatcry each modulo's usa is self explanatory

These results should only be used as a guideline as to the suitability of each of the software
packages to simulation. In order to do a comprehensive evaluation of these and other
packages it would be necessary to spend many hours getting to know the packages before
running similar tests on each package. Many other simulation packages exist, 1110stof
which are prohibitively expensive and complicated to use.
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C.l. Turbine Model

In order to reduce the complexity of the initial simulation. certain simplifications were
made when constructing the model. One area which was simplified was the model
predicting pover generated by the HP. IP and LP turbines.

In order to quantify the errors due to this simplification, it is necessary to compare the
simulated power generated with the actual power generated while expanding steam
through a single turbine. For this comparison it was decided to use the IP/LP turbines as
they produce approximately 60% of the total power. They were also chosen due to the
relatively constant discharge pressure (condenser pressure).

The simplified formula that was used to calculate the turbine power is:

Turbinel'ower.j; := Constant x SteamFlow kg Eq44

The more advanced boiler simulation used the fol1owi::~ more accurate formula for
calculating the power generated by the turbine:

Turbinel'ower.z; == Constant x Steaml-low., x SteamEnthalpyDroPkHg Eq 45

This formula assumes that all energy extracted from the steam is converted into electrical
energy, thus neglecting the inefficiencies of the turbine and generator as well as the effects
of friction and heat loss.

Steam Initial Condition- Before Turbine Governor Valves:
• Hot Reheat Pressure: 4.5 MPa
• Hot Reheat Temperature: 540°C
• Hot Reheat Enthalpy 3540 kJ/kg

Governor Valve:
• Pressure Drop: from 0 MPa to 4.45 MPa

(depending 0:1 governor valve position)

IP/LP Turbine Steam Inlet Conditions:
• Pressure: from 4.5 MPa to 0.05 MPa

(depending on governor valve position)

IP/LP Turbine Stearn Discharge Conditions:
II> Pressure: 200 Pa
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• Temperature: 20

In order to reduce power generation. the turbine governor valve is checked in. resulting in
an increase in the pressure drop across the valve. The flow of steam through the partially
open governor valve results in an increase in the steam entropy. With all other influences
ignored (friction etc.) the enthalpy remains constant throughout inlet throttling.

A set of 6 arbitrary pressures were chosen to represent the turbine inlet pressures for
various positions of the governor valve. from 0% to almost 100% closed. Steam tables
were used to tabulate the corresponding discharge enthalpies, assuming no increase in
entropy during the expansion through the turbine.

Equations 44 and 45 were then evaluated at each pressure, normalized to give equal power
at high pressure, and then plotted in two formats; percentage en-or and absolute
magnitudes. These graphs show that equation 44 results in a high percentage error at low
flow (74% error). The absolute magnitude of this error is negligible (204 kJ/kg) when
compared to the governor valve inlet enthalpy of 3540kJ/kg.
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~. Inlet Press.! ~EnthalPY

I Disch F.nth
I Enthalpy Drop

Flow = Constant" SQRT (InletPressure - OutietPressure)
Power (equation 44) = Constant' Flow
Power (equation 45) = Constant' Enthalpy Drop' Flow

l4.50 2.50 1.50 0.70 0.20 0.05
3540.00 ?540.00 3540.00 3540.00 3540.00 3540.00
2078.20 2154.50 2224.20 2323.00 2491.00 2698.00
146180 1385.50 1315.80 1217.00 1049.00 842.00

where Constant =
where Constant =
where Constant =

Flow 2.12 1.58 1.22 0.84 ('.44 0.22
~wer (eq. 43) 3100.26 2310.38 178°.14 1221.28 65046 320.26
~/'e' .eq. 44) 3100.26 2189.79 1610.44 1016.76 466.78 18447
Pen ent Error 0% 6% 11% 20% 39% 74%

80%

I70:'(160D,{J

50%
g 40%w~~30%

20%

10%

0';';'

212 1.58 0.84 0.441.22

Flow

:;500.00

3000.00<,250000

2000.00
,','~
0a. 1500.00

1000.00

500.00

-+- Power (eq. 43)

-Pow" (eq. 44)

0.00 '---------------
2.12 0441.58 1.22 084

Flow

Figure 6-2: Pm"ler Generation: Comparison of Two Methods

C.2. Accuracy of t lternative ~)All1~..lation

C2.1. Finite Element Methods

Page 147

1461.8
1

0.22

0.22

Breaking the boiler and turbine down into a number of separate "cells' (which are then
treated 111 terms of mass and energy balance) is a finite approximation to the infinite
number of 'cells" which obey the physical laws momentum and energy conservation
along any length of boiler tube pipe.
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The main limitation to the number of "cells" used in the simulation is the computation
time which increases linearly with an increase in the number of "cells", Figure 6-3 below
shows the relative computation times for a simulation consisting of 1. 2. 4 and lastly 8
cells. The x-axis is the number of "cells" in the simulation. while the y-axis shows the
time taken to complete a certain task. The y-intercept of 10 time units may be attributed to
fixed overheads such as plotting the graphs The graph shows that computation time is
roughly proportional to the number of "cells".

::i
60!50 ,

~ 40
c.
E 30
.3

20

10

Number of Ccll!l

Figure 6-3: Computation Time vs Number of Cells

Figure 6-4 and Figure 6-5 were calculated according to the same formulas used in the
simulation to model the pressure drop and flow through a pipe, The gain in accuracy
appears to decrease exponentially with the increase in number of cells,

~1Cell 2Ce115 -4C(I!ls -ee--n coae

•• A-

03

___J

J9

08

07

06

~ 05u:

04

02

01

3 II ~i f: 7 u 9 10 11 12 13 M Fi 1f, 17 18 1') 20 21 "" '11: ;'4 25 25 27
ttmo

Figure 6-4: Superheater Flow Simulation (1,2,,:1 and 8 Cells)
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-+-1 Cell 2 Celts -4CC!lr. -f-B CCII_

10 11 12 13 14 15 16 1;' 18 19 20 21 22 23 24 25 .:.0 27

Time

_Figure6-5: Superheatel' Pressure Simulation (1,2,4 and 8 Cells)
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APFJENDIX D = SIMULATION SOURCE CODE
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