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The simple sirnulation 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 an 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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TERMINOLOGY AND. SYMBOLS

Attemporator

Attemporator Spraywater

Automatic Control System for the Boiler, Turbine,
Genermtor and Auxiliaries

.. Boiler Feed Pump (includes the SFP and EFP’s)

Cooling Water

Electric Feed Pump

Boiler, Turbine, Generator, Auxiliaries, and all
Autocontrols which together form a single power
generating unit

High Pressure Turbine

Intermediate Pressure Turbine

Refers to the electrical power generated (MW) by the
Generating Unit

Low Pressure Turbine

Pressure OR Propurtional Control Element

Personal Computer (IBM compatible)

Proportional plus Diferential Controller
Proportiona. plus Integral plus Differential Controller
Proportional plus Integral Controller

« e Pulverized Fuel {pulverized coal from the mills)

Refers to the electrical, mechanical and other equipment
and systems that together make up a penerating unit
Pressure

Reheate:

Steam Feed Pump

Superheater

Spraywater (Attemporator)

Temperatuce (in Degrees Centigrude)

Temperature (in Degrees Centigrade)

Unless otherwise specitied, this refers to the set of HP,
1P and LP 1 and 2 Turbines

Turbine and Generator Unit

Generating Unit
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CHAPTER 1

1. Introduction
1.1 Background

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

The high fluctuations in flow rates, pressures, temperafures and differential temperatures
encountered in a boiler and turbine cause a preat denl of stresses and fatigue which may.
over time, lead to the failure of critical plant. Coulman' states that “Fluctuations of the
sieam temperature during a transient resulting from some perturbation of the operating
conditions may cause excessive wear in the ‘ube cirenitry 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 Jesser extent mechanical engineeting. 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 field.

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, infernction among
subsystems. relevance of distributed parameter phenomena, considerable uncertainty of
process parameters at macroscopic level (heat transfer constants, fiiction, flame radiation,
two-phase fnteraction ete.)”,

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 depariments
aecording ko discipline is that, for instance, a purely electrical moditication 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 (clectrical 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 enginecring fimetior, optimization on a power station unit
requires knowledge and understanding of every tield of boiler and turbine engincering, 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 on a generating unit, Such a
simulation, which would typically be carried out on a digital personal computey, 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 teol exists at Duvha Power Station for use as an engineering tool.
As discusred previously, there is a substantial benefit that may be pained 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 Erkom tfraining center in
Midrand, is the operator training simulator. Although extremely useful in the training of
operators, it has no further vse in the engineering field. The main reason for this is that it is
very difficult to perform even minor moditications to the simulation, ond even these need
to be done by a specialist (on that particular simulator).

An important requirement of any simulation is that il is easy enough to understand to
enable an engineer fo make modifications without spending months leaming 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 o 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 ble influence on the averall operation of the gencrating unit.
An example of such a systetn 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 ihe rest of the generating unit,
Under normal circumstances this system could be modeled os a constant pressuve
condenser,

Ancther area which would benefit from the use of a power plant simulation is that of
optimization of the unit autoconrols. 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 cuusing inefficient operation or even a unit wip. The
optimization procedurss also place extra stresses on the plant which negatively impact its
efficiency and life-span,
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A Simulation would be a usefiil 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 systemt would be interfaced to the plant simulation, thus allowing
oxtensive optimization without the negative effects of excessive stresses on the plant.

Simulation of
Physical Process

Contral Physical rocess

System i

414

Tuning Parumebers
Figure I-1: Simulation for Control System Optimization

The remainder of this dissertation addresses the problem of develop *pat is
both simple enough for easy understanding, while maintaining, the
realism thar is required of an engineering simulation tool,

This problem may be summarized as follows:

Is a refatively simple or reduced model of the boiler, turbine and iwlar-A
autocontrols adequate for use as an engineering fool?

The specific objectives of this research dissertation are:

a) To develop a simple ohmantic simdation of o boiler and turhine in terms of fiel
i, botler pressure and megawatts (MW) output, This exelwdes simulation of
some of the less important sustems such as the internal operation of the
steamfeed pumps, blowdown vessel, condenser, milly ete.

b} To sinmlate the physival processes through the use of simple mathematics while
confining the use of complex thermodynamic equations to a niinimum,

t) To develop a detailed sinnidation of all relevant autocontrols which form part of
the physical systems.

d) To develop an operator interfice for the sinmlation.

¢) To asses the question as to whether the sinndation adequately filfills the
requirements of an engineering tood, This will be done by means of
comperisons between live data and sipmdated deta,
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1.3 Overview of the Dissertation

The dissertation begins by introducing the concept of simulation of 4 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 disseriation.

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

Chapter 3 provides a iletailed 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 simudation “language™ as opposed Yo a non-
graphical [anguage. The design methodology is discussed next, followed 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 duwing tests performed on a power generating unit and simulations of the
same tesis,

Chapter 6 concludes the dissertation by assessing whether the s outlined in chapter one
have been achieved. The accuracy and limitations of the sin,  .on are discussed, as well
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 DD containg the VisSim source code which makes up the complete alternate
model. The source code for the simplified model has not been included.

THE SIPLIFED SIMRLATION OF A BCILER, TURBINE AND RELATEDR CONTROL SYSTEMS June 1938



CHAPTER 2! SIMULATION CONCEPTS Page 5

CHAPTER 2

2. Simulation Concepts

Modeling and Simulation are discipltines 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 advaniages,
especially in terms of resources used during the design phase,

2.1 Why Simulate?

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

2.1.1 Knowledge 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 optimat 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 io design a simple item, for
example a brick, without doing a single caleulation 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 of the power station mentioned above, an enormous amount of time, effort and
resources are needed during the design. The following points are of puramount importance
and have a significant influence on the final design.

* Available Capital

+ Required Operating Efficiency
» Safety of plant and persons

» Required Reliability

» Stanility of the Controls

o Contreiiability

o BExpec:ed Lifespan

The wtilization « . complex models as design aids. has brought about a signiticant decrease
in bath the cost . nd duration of the design process. while also increasing the performance
of the plant. Thi - hay been further enhanced over the last decade by the increase in power
of the personal cuiputer and mainframe computers,
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CHAPTER 2: SIMULATION CONGEPTS Page 6

Consider the design of an aircraft or spacecraft. The design is based vn  physical
principles, experimental data from similar models, past experience. and the varions
specifications imposed on the system. According to the design, the system should perform
as intended. However, befare the pilot is allowed to take the first test flipht, it is preferable
to verify the operation of the aircraft and controls without risking the pilot’s life and the
craft itself. Even before the aircrafl 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 elements. Th.se equstions are nommally those
describing mass and energy balances, the thermod; narnic properties of fluids and passes
{water and steam, for example), and the stetic and dynamic characteristics of items of
equipment (pipes, pumps, vatves, etc.),

The parameters used in these caleulations are normally precise and relate to a specific
plant.

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

2.1.2 Contrvol Model

This model is used fur the design, redesign and optimization of automatic controls. These
models are nomnally obtained by a more comprehensive approach to process
representation. The parametets used in these models do not necessarily relate to specific
physics of the 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.

213 Training Models

Training models ;e used to simulate the behavior of a process for the training und practice
of operating personnel. These models are nonnally based on the specific designs of the
unit,

This type of simulation is employed extensively in the aircraft and spacceraft 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 flight.

2.1.4 Opzration Madels

This type of model is used w siudy the behavior of the process and constituent parts in
entirety. These models are normally described in a global manner. being luss specific to
individual systems. As & 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 for 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
mainienance requirements or plant problems.

The last type of simulation difters from the previpous three in one crucial way: it is the only
model which requres on-line plant data. In order to compare actual plant operation with
simulated plant operation, it is necessary o provide the same inputs to both the simulation
and the simulated plant. This includes cperator and environmental inputs as weli 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.

Simlation

4uj Confrol | 4| Physical
mp| System jsp| Process

@ Rontrol ﬁﬁsical &.. iforlment.

ap| System |mp| Process

Operator i

Figure 2-1: Ouling Simulation for Plant Verification - Manual Data Iaput

b)  The 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.
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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 fo 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, comrol 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
unzxpected effects. This could result in a wnit “trip™ and subsequent downtime, or even
possibly damage to plant. Depending on the complexity and scope of the simulation, it
may be possible to dotect these problems during simulation before they manifest
themselves on live plan..

Another area where a preat deal of benefit could be gained from a model of the generating
unit, is during startups of the boiler and turbine, Although there are countless problems that
may be encountered during a umit startup, 8 particular problem that has oceurred is the
aver-pressurization of the boiler. This is extremely detrimental o 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 resuits 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. The available analogue computers were awkward to use, and even more
difficult to “program™. A further problem was the high cost of these analopue computers,
which restricted their use to a small number of institutions and large companies,

With the availability of dipital computers from the mid 1960s, the task of simulation
became far easier. The further exponential increase in processing power of these
computers also saw 2 rapid increase in the complexity of the models. The later advent of
the personal computer as weli 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
systemm upsing 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 down into 1-dimensional cells which are modeled sccording 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 v 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 informarion on all
aspects of boiler-turbine simulation. For example, Knowles ’ investigates the mathematical
equations used to model the boiler-turbine, while Dukelow ® provides an in-depth
discussion of the boiler controls for varicus 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 bailer), 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 luops. Klefenz'®, on the
other hand, breaks down the boiler, turbine and control system into simulated blocks in an
attemnpt 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 of the 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 tine, are
overcome to a certain extent by the use of more powerful computer hardware, These
issues, together with implementation problems specitic to power stations, are discussed in
the next section,
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2.3 Simulation Implementation Issues

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

s 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 carefill desipgn. Knowledge models (Section 2.1.1) are not
usually required to run in reat time, and are thus affected less by the problenss of stability
and accuracy. In this case simulation speed is compromised for increased stability and

accuracy.

When deciding on the most svitable 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.

These issues have alse been investigated thoroughly in many publications, Hartley'” states
“Often, trade-offs must be made because of the conflicting requirements of accuracy,
stability, and computation time.™

2.3.1 Stability

Hartley "® suggests that “A simulation becomes unstable when the numerical solution of
the simulation does not converge to the exact solution, bt produces an error which is
unbounded.”. It can, however, be expected that the simulation of an unstakle 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

» (he simvlation time-step {time between iterations)

During the preparation of the simulation for this project. it was tound that the relationship
hetween 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 ~imulation 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 scftware to a new 32 bit version which proved to
be about 30% faster.
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2.3.2 Accuracy

e accuracy of a simulation may be assessed in two ways, the first being an assessment

' how cle: Iy the sitnulated 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
inaceuracy in a digital simulation are truncation crrors, integration approximation errors,
sampling crrors and rounding off emors. The accuracy is influenced by, among other
things, the integration method and the tme-step,

Hartley' also states that “Higher accuracy algorithms also generally require a smaller
simulation step size to maintain stability. This also conflics with computation time needs,™

2.3.3 Simulation Tinwe

The simulation time is direetly related to the complexity of the integration method as well
as the simulation time-step,

| his project’s simulation is reqbired to run in real time. or faster. for it to be useful. The
simulation was originally desi;ned to run at 28 times faster than real time. This would
allow a complete 8 hour boiler startup 1o be simulated in just over 16 minutes, This was
never achieved due to the increased complexity of the model, and has now heen decreased
to 10 times real-time.

2.4 Integration Methods

Numercas integralion methods have been developed for digital simulation of an analog
integrator. Each method has its particular niche where it is ideally snited to the task at
hand, A description of the integration methods may be found in many simulation
publications, including Hartley™, Schwarzenbach®', Matko™

Each method hos a tradeofTf in terms of either stability. accuracy or computation time,

The algorithms available in VisSim are;

' . Simulation
Algorithm Iw'f'f"'" 1 Time (s)

Euler 24,08 9
Trapezoidal 14.27 g

Runge Kutta 2" Order 2.47 ] R
Runge Kutta 4" Order 0.83 9

Adaptive Runge Kutta 5" Order 0.0444 16

Adaptive Bulirsh-Stoey 0.0041 13

Backward Euler (8tifY) 65 12

Table 2-1: VisSim Integration Methods
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Table 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
sintulation consists of two sine waves. one with a frequency ten times quicker than the
ather. These waves are both integrated (the integral of a sine wave results in o cosine
wave). and the resubis compared with cosine waves of the same frequencies, The error
signals for both frequencies are then added, squared and then integrated for 1. 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 SHz and 0,5Hz. The simulation
was then run once for each integration method, and the simulation time recorded,

The ratios of simulation time for each algorithin 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 4" Order algorithm appears to be the best choice, the Runge Kutta 2* Order
algorithm was found to nn quicker while still producing a stable simulation, This was
cliosen as the method to be used for this simulation.

2.4.1 Stiff Systems

A stiff system is onc that has dynamics operating on iwo different time scales. A power
plant consists of extremely fast systems (e.g. the governor valves - 2 -econds) as well as
extremely slow systems (firc] demand - up to 200 seconds). This is confirmed 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 stuble simulation, the
simtlation time-step i3 determined by the response time of the fastest system while the
time necessary to observe the till response is determined by the slowest system.. The
effect of this is that the simulation speed must be decreased in order o ensure a stable
response. [n the case of this simulation the time step needs to e below 0.008 seconds tor
stable operation,

2.5 Importance of Simulation Objectives

Knowles™ argues that “In any given problem, modeling has an objective, and the effective
modeller will create a model capable of providing reliable resuits in the context of the
engineering objective.”” That is, a model may only be evaluated in terms of the
engineering objectives set for the model. This is especially true in large, hignly complex
systeins where very specific models are created to simulate specific phenomenon, Such a
model may prove extremely accurate in predicting one phenomenon, while being
inaceurate in tetm= of other simulated variables.

Numerous models may exist for any one 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 coeflicient based on body shape, temperature, wind
veloeity and vehicle speed. Another simulation on the identical car body may be used to
determine noise levels inside the car af various speeds. and with different body shapes,
Both m.dels would differ due to the different objectives,
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Knowles™ also states that “A mode! 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
usefld to anyone else using the mody: A 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 Auftocontyols

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

In arder to create a model of the physical boiler and furbine with the relevant autocontrols,
it was necessary to devalop an understanding of the controls. The reasons for this are:
s 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 fornd on the
shtiaied plant

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

The botler and turbine controls at Duvha Power Station are extremely complex, consisting
of numerous control loops inter-linked to torm single-loop fe.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:

s Fixed Pressure
Sliding Pressure
Valve Position
Boiler Follow
Turbine Follow
Coordinated
Pressure Control On
Fuel Control Auto / Manual

3.1 Capability Computation

The mair. function of the wnit capability controls are to determine the maximum load
capability of the generating unit based on the state of certain auxiliaries. An cxample of’
this is the limitation of unit ioad to 51% if one of the two air heaters fail, It also determines
the ramp rates, startup setpoints and makes the necessary adiustments o the unit setpoiut
to ensure saf operation within the acceptabie limits of plant stress.
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Figure 3-1: Baoiler Capability Control

The auxiliavies 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 not passed on to the capability
[imitation. 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
girheater, one of the heaters must be off for a continuous period of 1 minute before the
capabilities are reduced to 51%. The rcason for this reduction in capability is that the
genemting unit is not able to operate above 51% load without both sirhesters in service,

During startup the boilar demand is limited to between 10% and 45%, while the rate of
change is limited according to the type of startup. The rate-ot-chavee limits wee quoted us a
percentage of the maximum possible mte of change achievable by . control system.

In the event that both circulating pumps are 1ot operating, the controls ensure that boiler
load does nut drop below 45%.
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3.2 HP Bypass Controls

3.2.1 Sefety Function and Ramp Rate Limitation
The HP bypass valves operate as safety valves by tripping upen in the event of excessive
hojler pressure. The HP bypass valves also operate when the rate of change of the boiler

pressure exceeds 2 setpoint. The rate of change is prevented from exceeding the setpoint
by opening the HP bypass valves.

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

3.2.2 Pressure Conirol Modes
The HP bypass valves provide pressure control in three modes:

3.2.2,1 Valve Posiiion Mode

The controfler 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.

3.22.2 Fixed and Siling Pressure Modes

When sliding pressure mode is uetive, the controlier continually adjusts the pressure
setpoint to that of the actual pressure. This ensures that the HP bypass valves remain
stationary except during ramp rate limitation described in Section 3.2.1,

When the confroller is changed to fixed pressure mode, the pressure setpoint stops tracking
the actual pressurs. This results in the actual pressure being controlied at the setpoint by

the action of the HP bypass valves. When in fixed pressire mode it is possible for the
operator to manually increase or decrense the fixed pressuwe setpoint.

3.3 Fuel Master Controller

3.3.1 Pressure Setpoint Formation

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

The control phitosoply depends on the hoiler operating mode as described briefly below.
A more detailed deseription may be found in literature by 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 eftect of this is that the boiler load (steam generated) follows the turbine foad (MW),
This mode is normally enabled when problems oceur on the turbine.

In this mode, fuel demand is caleulated as fotlows:

Pressure!ﬁ:lmim

SteamDemand = x Flowy, . Eql

Pressure, . .

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 hoiler 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 fue! flow to the
furnace.

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

3321 Pressure Contrel OFF (Feed Forward Condrol)

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.

3.3.22 Pressure Conirol ON (Feed Forward plus PID Control)

Any deviation of the actual pressure from the pressure setpoint is fd into a load dependent
PID controller, which adjusts the fuel demand accordingly. The two main inputs to this
PID controller are the boiler load demand and pressure deviation signals, both from the
Pressure Setpoint Formation controller,
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The pressure deviation is fed into a PID controller, the P and [ being load dependent. The
firel 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.
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Figare 3-2: Foel Demand Controller

3.4 LP Bypass Controls

The main fimetion of the LP bypass valve is to contrel 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 nonmal 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 actval hot reheat pressure,
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The unit operator is abk: o set the hot reheat pressure setpoint to any value cver the
complets range of the reheat pressure. The controller tales 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

The 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 stightly 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 nn 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. The advantage of these opposite effects is that, if designed
correctly with the convective and radiative superheaters in series, fhe temperature of the
main boiler steam remains relatively load independent.

Conective snd Radiative

Superheaters itt Sencs

Steam Temperame

Y

Steam Cutpat ! Load (%2
Figure 3-3: SH Typical Steam Temperature Characteristics

Even with optimal design there is a slight increase in temperature with an inerease in boiter
lead. The superheater discharge temperature is controlled by meuns of 3 groups of
altemporators, one situated before SH 1, the second before SH 3 and the last before SH 4,
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The SH femperature 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 resuits in a change in attemporation at At 3, The derivatives of both boiler load
and SH4 inlet temperature are also used as deviation signals to the Att 3 Pl 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 caleulated as follows:

Dewaﬁoni\uﬁl’l = Sﬂpom“ An3Templrop ~ Acmale\ltﬁTmupop Eq 2

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

3.7 Feedwater Masier Conirol

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 mauns of the boiler feedwater pumps. A deviation signal
from the superheater temperature controller also forms part of the control signal to the
boiler feedwater pumps. The feedwater controller thus also contributes slightly to the
control of the SH temperatures.
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3.8 Turbine Governor Control
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Figure 3-6: Governor Controls

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
This signal (normally high) goes low in the event of a turbine protection trip. or when the
“Turbine Trip” button is pressed. The turbine and boi'er trips have not been included in the

simulation as they are not part of the normal operation of the unit. It would be & relatively
simple matter to include ir the simulation the actien of these protection circuits.

3.8.2 Governor Valvz Limit

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 snd Narrow Range Governor

Onee the steam cenditions are correct 1he operator starts the process of ruming the turbine
up from standstill to a speed of 3000 rpm. This speed setpoint, which determines the
output frequency of the penerator. is never changed. Initially the turbine run-up controls
are dominated by the wide range governing sipnal which limits the mun-up rate depending
on caleulations 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 calenlated by
comparing temperatures throughout the inner and outer turbine casings,

Onee the turbine speed reaches 2800 rpm. the controls switch to narrow range governing,
The narrow range povernor P controller is slower than that of the wide range govermor,
thus allowing more precise speed control, This PL controller ix affected by the following
process variables:

e speed deviation (= speed setpoint - actual turbine speed)

s load deviation (= load setpoint - actual turbine load)

s grid frequency deviation ( = grid frequency setpoint - actual grid frequency)

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

3.8.4 Unloading (Payoff} Control

This sizial causes unloading of the turbine in the event of one of the following:
o Low Stator Water Flow
s High Condenser Pressure (i.e. Low Vacuum)
o Tow Boiler Main Steam Pressure

THE SIMPLIFIED Silvili. TGN OF A BOILER, TUREINE AND RELATED CONTROL SYSTEMS JUNE 1298



CHAPTER 4} THE SINMULATION Page 24

(HAPTER 4

4, The Simulation
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, This is especially true of the field of thermodynamics which is, in itself, an
extremely complex subject heavily populawd by complicated muthematical formulae, A
graphical simulation language is ideal for this purpose while also having the advantage of
being self explanatory and easily changeable.

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

Water Flow IN

lank
Water
Level

Figure 4-1: Watcr Tank

Water Flow OUT

The normal approach would be to construet the tollowirg equations to describe the water
level in terms of inlet and outlet flows.
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Levely,. = Area e X I(Flowm - Flowmf.r)‘dt Eq3
Al‘ea'l'nnk‘iurl':l:c = n X Radiusz Eq 4
Flow, = & x Levely,, Eq5

Combining these equations, and eiiminating Flow,. gives

Levelyy, = ITx Radius® x [(Flowy, — & x Levely,, )-dr Eq6

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

Tank Radius (m)

Tanh Surf.oe
Amatm®)

Tk Leved gm
—

Fow Ol
@

Figure 4-2: Graphical Simulation of Water Tank

Thi= example fails to illustrate how complex a mathematical representation of the entire
generating unit would be, mainly due to the large number of eross-couplings that oceur
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 handfil 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
autocattrols) generally uses & voltage rnge of 0-10v DC, the existence of certain modules
operating ottside of this range (e.g. -1 to +10v) nakes it difficult to mimic these controls
exactly while still using one standard throughout the simulation, It was decided that certain
of the process and conitrol signals would be unitized (i.e. scaled for 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 uswd throughout the simulation:

'_"lf—.’:-'i_iﬂuil:ltinnf—;d-r.ﬂ__‘_ﬁgﬁf_ﬁ:ﬁag; ] Normal _I
e ¢

L .| Operating Poin

LRange

© Range

Water / Steam Flow: 0->1 0> 700 kg/s

l

228 > 507 kp/s

Fuel Flow: 0>1 0 mills = 6 mills in{ 3 = Smills
service

Power Generated: 0=2>1 0 -> 700 MW 300 -> 620 MW
Valve Position: 0->1 0 => 100% valve gpen | n/a
SH Attemporation Flow || 0 | 0>80kes | 40kghs
RH Attemporation Flow [ 0= 1 0> 24 ks 12 kefs
Steamn Temperatures 0 = 700 °C 0= 700°C up to 540 °C
Furnace Temperatures 0 -» 1700°C 0= 1700°C 800 1300 °C
Enthalpy 0-> 4000 kl/kg | 0> 4000 ki/kg 10G-> 3550 kg

Tabie 4-1: Simulation Variables

4.3 Methodology used for Simulation of the Physical Processes

‘Two separate models have been developed for the simulation of the boiler and turbines,
The first madel diseussed is a highly simplified model of the boiler, and asterapts only to
approximate the superheater and reheater outlet pressures without any concem for steam
tetnperatures and enthalpy. The second model, although developed initially for the purpose
of testing the original model. is a much wore realistic mode! which is based on physical
properties of flow, enthalpy, pressure and temperature. Both physical models use exactly
the same simulation for the autocontrols and user interfice as lustrated in Figure 4-3.
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“ AUTOCONTROL SIMOLATION ~~

| T Simple
Man-Machlne e Boiler & Turbine
Tntseface Simulation

Alternative
Boiler & Turbine
] Simulation -,

Figurc 4-3; Re-use of Autocontrols and Simulation Interface

4.4 Simple Stmulation of the 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 gercrator, The boiler/turbine
unit has been divided into sections which will now be described in detail:

Key

Coal Bonker e | arpe Amount of Encrpy
3 —e———  Stnoll Amouns of Encrey
2 (D Pluat/ Process Ref. Numbor
N Doiler i
Mills i :
D ! ["Mele Sieam |t
Transport E Superheattr E
N 3 ﬂ
1imilcr Ay heito [ Generator
urners i v
H 1} ¢ (15 @
] 1
: Heheater st e IpLe @
! ) Turhine | MW
: : )
; x® . ®
H E Ly To Cooling
E | Condenser @ Waber

...............................

Figure 4-4: OQvervicw of Energy Flow Through Boiler and Turbine
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© Plamt/ ] - Tobeseriptlon: - 0 7 Sectinon Referepee
Process R e ' e __ . . Number ™.
] Coal Bunker 441, page 28
2 Fet_:.dnr 44.2, page 28
3 Mills 4.4.3, page 29
4, Fue] Transpart 4.4.4, page 29
5, Boiler Burners 44.5, page 30
[ Combustion 4.4.6, poge 30
7 SH and RH Heat (Enerpy) Exchange 4.4.7, page 30
g, Main Steam Superheaters -
a, HP Turbine Governor Valves -
10. HP Turbinz B
11, Generator -
12, Electrical Power to Grid -
13. Energy Conteni of HP Exhaust Steam -
I HP Bypass Valves - !
15. Reheaters L L
16. IP / LP Governor Valves : I
17. 1P/ LP Turbine T '
18. Energy Content of LP Exhaust Stearn -
19. Condenser -
20, IR/ LP Bypass Valves -
2L ‘Waste Energy Transfarred to Coolfing Water -

Table 4-2: Key to Figure 4-4

4.4.1 Conal Bunker

Six conl bunkers act a8 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, The 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 falls from the bunkers directly onto six reechanical coal feeders. The rate of coal
fed to the boiler is controlled by varying the drive speed of the feeders. An increase in the
fiel demand does not direetly increase the feeder speed, but increpses the primory air
(P.A.) flow through the milis, This increased flow i ted back to the controls which results
in an increase in feeder speed setpoint to the feeders (see Figure 4-5),

THE SMPLIFIER SIMULATION O A BOILER, TURBINE AND RELATED CONTROL BYSTEMS JUNE 1898



CHAPTER 4: THE SIMULATION Page 29

Primary
Fuel Setpoint e
Feeder
Snved
=M Setpoint Primary Air Flow Y Flow
r\l/‘ 4 Z Meter
Actual Pl
Feeder
Spead
L 4
- Coal o

Figure 4-5: Feeder Speed Controiler

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 setpoirit conirol system,
and the second approximates the Feeder Speed cuniroller. Other mechanical non-linearities
in this system are the response of tlie primary air faui. the response of the flow meter and
the response of the feeder speced to a step input. These mechanical non-linearities have
been omitled from the simulation due to their relatively fast time constants,

4.4.3 Milis

The mill is a complex mechanical system on its own, 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 eleusent (I controlier). This incorporates the
control system response lag as well as the delays due to the crushing of the coal into
pulverized fuei (P.F.). The issue of mill simulation is discussed in depth by Dolezal™.

4.4.4 Fuel Transport

'This phenomenon has been Iabeled “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
turn depends on the boiler load. This load dependence has not been implemented in the
simulation. due to the fact that the primary air flows are not known as well as the fact that
the time constants are refatively quick.
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4.4.5 Boiler Burners

As 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 fumace. In terms of this simulation, this swirling effect has been
omitted completely due fo 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
any 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 cirenit (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
compieted due to the lack of input data. The input energy (in secondary =ir) 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 1-dimensional
cells, each with its own properties. Mass, momentum and energy flows entering and
leaving each cell are calculated, allowing for an accurate caleulation of flows and
temperatures throughout the combustion chamber, This approach is also extended fo
mode! the rest of the flue pas path through the superheaters, reheaters ete.

4.4.7 SH and RH Heat (Energy) Exchange

The first six areas described above were all modeled using a simple combination of first
arder 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 cotnbustion process is not all transferred to
the water/steam but is lost to the enviromnent. The following summarizes the heat
transfers that take place in a boiler:
s Heat transfer to the boiler tubes by means of radiuiion. 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 ocecurs
throughout the flue-gas path
e Heat lost to the envitonment due to conduction through the boiler walls
« Feat lost to the environment in the flue-pas,
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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
bumers are ignited. This sequence determines the height of the combustion area, which
intern influences the proportion of energy absorption hy the superheat and reheat
pipework.

ng]l( Bﬁ
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Firure 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
Tow is equal to the percentage of energy that is absorbed by the SH, with the rest being
absorbed by the RH. A value of 0.8 indicates 8025 to the SH and 20% to the RH.

This is a simplification of the actual boiler heat exchange processes where the flame 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 Mode!

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.

THE SIMPLIFIED SIMULATION OF A BORER, TURBINE AND REILATED CONTROL SYSTENS JUNE 1808



CHAPTER 4 THE SMULATIGN Page 32

Tiks® Fush Enrzy et Steam Flow
@ v PN - Steaon YHT

Fudd (Enerm i
Supthat e

Vs Alnin Steom Pressune

{inteprutor)
HP Govenor
[X valve Posibiog
K: |-—.._._._...._ HE* Bypass
Stoam DUT W [ valve Posilon
§ « H0* Turhine via HP Gov Yalves
& » Beheot Pipes ~in 53P Bypasu Valve
2 ' HP Lurbine o
e L T
-‘EG """ P Pypass Flow
H
&
| T} Mepamnrts
L = Generated by
HP Turbine
Engrgy Ime Neheater ’ @::E—_
» FI* pylinder oxban.
1§ « 1P b
Reheat & = Vave Flow Chiracteristics
IP Tusbine v
f&j = FPropontional Ciain
Figure 4-7: Main Steam Pressure Model
ENergy rosam = ENCIEY tiomcomtusion ¥ FURCHON \(omutmionton Eq7

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

In a once-through supereritical boiler rated at 300MW, a change from 66% to 100% load
results in an increase in steam flow rate w meet the additional stearn demand. This
increased flow rate, coupled with the relatively slow response of the firnace, leads to a
temperary Jecrease in the steam temperatures. This effect is counteracted by 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 firther deseribed 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 for temper-twe simulation. ...
alternative simulation, described in the following section. takes this .wcumulation effect
into account by approximating the heat exchange to a low order filter.
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Referring back 10 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 = I(SteamF low,, —SteamFlov. 'nm).dt Eq8
This simplification is also used by Renze™ in a siinplified boiler pressure model,
Then,

SteamFlow,,, = & x Energy, Eq9
SteamFlow ; py = SteamFlow ypr, i, + SteamFlow oo Eq 10

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,,,. = Area,,  » 1/Pm — Pt Eqll
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 crifice {turbine):

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

MassFlow. . = Constant x ValveLift x Pressure,, Eq 12

This is similar w0 the equations for critical flow through a nozzle, which depends only on
the upstream pressire and not the discharpe pressure,
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Figure 4-8: HP Governor and , P Turbine

4.4.8.1 HP Turbine Power Generation Theory

Throttling of the governor valves results in a decrease in flow through the turbine.
Increased throtiling also causes an increase in the energy (enthalpy) loss across the valve,
leading to a decrease in the amount energy available fo 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 4,5.1.1.

Tt has been shown through experimentation that the following linear relationship (Willans™

Line) exists between mass flow rate and owtput power”

Power ]4- SteamFlow ., 4

SteamFlow = (S;eamFlome - Steﬁm}:lcwz;-wi_md )( Power
MR

Eq13

where
MCR = Maximum Continuous Ruting (MW)

44.8.2 Simulation of the HP Turhine

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 . Eq 14

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 moded. Suzuki™ also states that
“In the system. generated slectricity is approximately proportional to the steam flow to the
turbine™,

4.4.8.3 Sob-Critical vs Critical Flow

All ealentations above as well as in the simulation have assumed sub-critical Jow through
the turbine govetnor/bypass valves and the turbines, The critical flow point is the pressure
ratio Poyy; / Py at which the flow is a meximum for the particuiar area and inlet pressure.
For superheated steam this ratio is 0.57. Aay further reduction of outlet pressure has no
effect on the flow. In the critical flow area, flow is not related to discharge pressure, and
may be approximated by the equation™

Flow = Constant x Py Egq 15

-~
: . Syperheated Steam

b1l

-, &
\-__. % ul

Ty — Py E‘

subCritica] Flow | Crigies! Fow

I e, ling Nozde

Figure 4-9: Critical (Choled} Flow Through a Nozzle
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4484 Pressure and Temperature Flow Correction
The flow equation used in the simulation (equation 15) is only aceurate at a specific

pressure and temperature, All other operating points should be vorrected for prossure and
temperature vaviations according to the formula:
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Deusity .,
MassFlow ., = MassFlow, x |[-——— -t Eq 16
- b DEHS“YIN:N{,.:H

Due to the fact that the simplified simulation does not caleulate 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.

4.4.85 HP Bypass Flow

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

Both the HP bypass and the HP 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
esch 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 alternaiive simulation,

Analysis of the simple simulation shows that the flow through the govemor 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 wilf instead
cause a gradual decline in boiler pressure. which would then lead 1o a reduced flow
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 flow through the governor valve,
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Fhree sources of energy exist for the enthalpy of the steam entering the TP/LP turbines.
The first sourme 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 ¥ v a descriptivn of
the simulation in terms of energy transfer from the combustion process to the superheuters
and reheaters,

During e.;pansion in the HP cylinder only about 3084 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.
449.1 IP and LP Turbines

For simplification, this simulation treats the IP and LP turbines as a single unit

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 Introduci.

This chapter deals with the simulzation of the physics of the power generating unit. The
first sub-section describes the Rankine Cyele, which is a comimon cycle used to iHustrate
the thermodynamics of a power plant. The following sections desribe the implamentation
of the more advanced power plant simulation taking whicl takes into account the basic
thermodynamic processes within the boiler and turbine,

Although the implementation of the advanced sinlation is commetely 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, unti] i reaches
the boiler burners, has been reused and will thus not be discussed again. The mode., of the
flow characteristics of the governor and hypass valves has also been based on the previous
simple simutation.

4.5,1.1 The Rankine Cycle

In order io develop this altemative simulation it was necessary to wnderstand 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-8) diagrem below is commonly used w0 explain many
different thermodynamic cycles, including the Rankine cycle.
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Figure 4-12: T-S Diagram for Water/Steam
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Note: Graph not to Scale
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Fipure 4-13: 1deal Steam Cycle
Figure 4-13 depicts the ideal steam cycle in the r :tion (Rankine Cycle),

Starting at point A, the condensate is pumped fic... .. .« condenser through the various low
pressure heaters, feedwater pump, high pressure heaters and economizer umtil it reaches
boiling point somewhere in the evaporator. The point where the water hegins 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->C,
indicating the evaporation phase. oceurs at constant pressure. Onee the steam is 100% dry
{completely evaporated) it cuters th.2 superheaters where it is heated to its final temperature
{540 °C in this case) at constant pressure {almo.t) indicated by point 1.

The line D->E->F indicates the work done in the turbine during the expansion of the
steamn. Int the diagram the expansion is assumed to be frictionless and adiabatic, which
resulis in no change to the entropy of the steam during the process. The final line F2A
indicates the removal of heat in the condenser, This wasted heat is then released into the
atmosphers 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 stean cause excessive wear and damage to the blade tips, and
shoutd be minimized a3 much as possible.
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The area A-B-C-D-E-F indicates the vseful heat that is converted into rotational znergy in
the turbine, while area A-F-Y-X is heat/enerpy that is rejected te: the condenser. It can be
seen that decreasing the condenser pressure (and thus temperature) results in an increase in
usefil heat and a decrease in rejected heat, leading to an overali increase in thermodynamic
efficiency.

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

Note: Graph not to Scale
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Figare 4-14: Water / Steam Cycle with Rehe

In a reheat turbine the <t~am passes from the HP turbine exhaust (point E) into the reheate.
which lheats the steam up to point F at constant pressure. The line F2>G>H indicates the
adiabatic expansion in the IP and LP turbines, The line H->A 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
furhine before the condenser is far dryer {approx. 90% dry) than the non-reheat (approx.
75%) operating at the same pressures and temperatures. The reheat turbine is also more
efficient than a similar non-reheat turbine due to the incrensc 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
supetheater 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 beat exchangers. This process of lumped parameters is commonly used in
the simulation field. especially in boiler simulation (Suzuki*y where it is mathematically
impractical to simulate the exact tube layout inside the boiler,

4.52.1 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 gns 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, Tie accuracy of this lumped parameter method
is investigated in Appendix C.

Before embarking on the desipn 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;

Know:
e Condenser Pressure (this is controlled independently at a given pressure
setpoint)
» Feedwater Pump Flow (the SH temp. controller controls this flow)

Unknown:
s Fecdwater Pump Delivery Pressure
= Flow into Condenser

This means that, from an overall point of view, given the known varigbles 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:

e FlowIN

s Pressure QUT
Unknown:

+ Flow OUT

# Pressure IN

From these requirements, the block shown in Figure 4-15 was desipned.
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Figure 4-15: Lumped Farameters: Pressure and Flow
By = by x [(Fy— Four) et Eq17
Foyr = ky % of Py = By Eq 18
Where &= 1/ Volume and %, = 1 / FlowResistanceCoefficient
Combining equations 17 and 18 (eliminating Fy, ;) mives
By =k x r(rm"kszRN_Puur)'d’ Eq19

As can be seen Py, is equated in terms of itself, This wonld normally make this equation
difficult tc solve. VisSim, however, is ideally suited {0 solving this equation using the
following simulation block.

Fluw [N I

Prussute CLUT 1]

R -+ Flow Resistanee Logfilcicnt
v - Yolume of the Finite Elemem

P ssure TN

Flow HUT
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The square roct block in Figure 4-16 is implemented as show in Figure 4-17 iu order to
allow for a reverse flow through the element.

Fipure 4-17: Square Root Black

Substituting Equation 17 into Equation 18 (climinating Py} results in a slightly different
equation:

Four = %y x\([kz X I(EN _Four)‘df]_Puur 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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Figure 4. 8: Pressure and Flow Implementation (whole Boiler and Turbineg)

Each heat exchange bank has been simulated using a single lumped block. In the case of
the HP and IP/LP wurbine {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.

4522 Heat Exchangers

The boiler consists of © heat cxchangers in total. These are, in order of water/steam flow,
the economizer, dividing wall, evaporator, superheaters 1,2,34, and reheaters 1 and 2. For
the purpose of this simulation the economizer and dividing wall have been grouped
together, as well as all four supetheaters 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 constamt throughout the simulation. In reality, the conduction
coefficient would change depending on the amouni of soot covering the heat exchange
surfaces, which is influenced by the frequency of sootblowing of the boiler tubes.
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Due to the simplifications to the furnace combustion model, the heat exchange simulation
has been greatly simplified. The fluegas is asrumed to have a constant teaperature at each
heat exchanger. The calculation of the hent exchange from the fluegas to the water/steam is
based on the temperature difference between the two media as well as the contact tme
(total time that the water/steam takes to flow through the particular heat exchanzer).

11 is assumed that, afler an infin'te time, the water/steam will have reached the temperature

of the flue-gas, The enthalpy is then caleulated for the water/steam at this maximum
temperature which corresp nds to the fluepas temperature .

Enthalpy, .y = LookupTable(Pressures,_m.Temperatureﬂm) Eq21

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

Enthalpy,., = Enthalpy, + (Enthalpyh, AX ™ Enthalpy") xk Tq22
where k= constant heat conduction coefticient.

Tlien » would b iterated until #,, which would give the total enthalpy exchange
throughout the length of the pipe.

__TubeLength
it ™ Flow

Eq23

e % TimeStep
This equation, although being accurate, is hevmiive and thus very difficult to implement in
VisSim as part of the main simuladion. Figure 4-19 gives « comparison between the actual
heat exchange curve (from equgtion 22) and two other simplified mathematical heat
exchange models which do not sequire iteratior. for their solution. The two equations are
given below:

(Emhalp} wax ~ Enthalpy )

= 3
Enth'alpyﬁx‘:hangeFhw(ie.i—Tu—.‘immu 1+ k x Flow Eq 24
EnthalpyFxchange .. su = (E0thalpy ey = Enthalpy g, }x £ Eq25

assuming k<1

The comparison of the two simplified equaticns show the first to be more accurate, This
was used throughout the simulation to approximate the heat exchange frarm the flue gas to
the steam/water.
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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
foliowing characteristics exist:

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

Unknown:
s FEnthailpy OUT (enthalpy of LP turbine exhaust steam)
¢ Temperature OUT (temperature of LP exhiaust steam})

Using a steam-table lookup block, the Enthalpy out of the BFP may bte culeulated using
the BFP outlet temperature and pressure {derived from pressure/flow lumped element
klock).

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

Known:
o Temp xrature IN
» Enthalpy IN
¢ Fluepas Temperature (from fluegas temperature silulation)
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+ Flow (from pressure/flow lumped element block)

Unknown:
¢ Tenpeiature OUT
e Enthalpy OUT

The heat (enthalpy) exchange tom the flue gas to the steam/water is caleulated in the
figure below according to equation 24. Although the enthalpy of the inlet steam/water is
know. it was decided to recaleulate this from the inlet pressure and temperature. This was
done to rinimize the accumulation of etrors which results from the inaccuracies of the
lookup tables,
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Figure 4-20; Temperature / Enthalpy Lomped Element Block

4.5.3 HP and IP/LP Turbines, Governors and Bypass Valves

The HP and IP/LP 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 replaned by a lookup table relating valve position to valve area,
which gives a better representation than before. The volume of the bypass is act slightly
higher than that of the governor valve, due to the extra pipework involved.

The turbine is represented by a fundmmental block with a larger volume than the valves
and with a high (constant) resistance to flow,
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4.5 3.1 Pressure and Flow
Itk - the HP turbine, povernor and bypass was confipured as follows:
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Figure 4-21: HP Governor, Turbine and Bypass Simulation

The main problem encountered with the above configuration is that the pressure at the 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
resizt-mee, Although the flows are 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 Governgr and Bypass Valves

In reality, the fiows through the two legs reach an equilibrium at which point the pressure
drop across each leg is the same,

This equilibrium flow throngh the two different legs is caleulated by integrating the
difference between Py, block 1 and Py, block 2, and using this to defenmine 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 ucross the valve increases as the governor/bypass valve is
closed, it can be shown that the enthalpy drop is insignificant (refer to Knowles ) and
may thus be ignored in the simulation.
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Figure 4-23: Temperature and Enthalpy Chanpes across a Valve

Inn an ideal turbine the exparsion of the steam is completely adiabatic and fiictionless,
leading to a drop in steam enthay,; -ithout any increase in entropy. In reality a certain
inefficiency may be associated with this expansion, typically 8-12%, which is caused by a
slight increase in entropy during the expansion process.

The 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 inet and outlet flows and
temperatures are known. This is caleulated as follows:

At Turbine Inlet:

Entropy pyyr = Function, ,,..rae (F'ressure,N s Enthalpym) Eq 26
At turbine exhaust:

Br.ihalpy gy = Function, . (Pressureum, Entropyom) Eq 27

where, for isentropic expansion through the twbine

Entropy gy = Entropy 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.
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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 k¥ kg. Point A
represents the water which collects in the collecting vessel before being pumpad 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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Enthalpy ;s — Enthalpy, ..,
Enthalpy,. ... — Enthalpy,...

%F low'l’oﬁtmclhuawrs = x 100 Eq 29

The enthalpy of the steam entering the superheaters (during Sulzer operation) is always
constant (for a constant pressure), being 28006 kJ/kg in the example above (point C). The
enthalpy of the witer returning %o the economizer is also constant for a constant pressure,
being 800 kJ/kg in the example above (point A).

Figure 4-23 illustrates the implementation of ihe above equation in the simulation, as well
as the calculation o1 flows to both the superheater and economizer,
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Figure 4-25: Separating Vessel Medel

Once the boiler reaches approximately 50% load the steam leaving the evaporator is 100%
dry, thus requiring no re-circulation. At this stage the boiler entuis Benson mode.
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454.1 Furnace Temperatures

The layout of the heat exchangers relative to th.2 furnace area are shown below,
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Figure 4-26: Boiler Heat Exchange Positions
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Figure 4-27: Fluepas Temperatore Model
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The temperature of the fluegas at each heai exchanger was modeled by assuming a
constant fluegas temperature profile through the entire heat exchanper. this being equal to
the average of the inlet fluegas teniperature and the outlet fluegas temperature (Figure 4-

29)
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Figure 4-28: Actual Fluegas Temperature Profile Through Hezi Exchanger
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Figure 4-29: Simplified Finegas Temperaiure Profile Through Heat ExcLanger

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

TD‘H.IEDI}I]N - TOtalEnthhctlmgcd

Tour =Ty x[

TotalEnth,

Eq 30

j

This equation assumes a linear relationship between flue gas temnperature and enthalpy.
Total Fuel Energy is calculfated as follows:

THEz SINBLIFIED SIMULATION OF A BOILER, TURBINE AND RELATED CONTROL SYSTEMS

JUNE 1998



CHAPTER 4: THE SIMULATION Page 57

TotalEnergy ., = CalorificValue x FuelFactor x MassFlow ., Eq31

In reality the furnace temparature is not a hnear function of fuel bumed, but has an upper
limit depending on the compozition of the fuel. The temperature also depends on the
fuel/air ratio relative to the optimal ratio. Although imereased excess air results in better
combustion, this effect is canceled by the cooling effect of the additional air. A decrease in
excess gir below the optimum value may also cause a decline in the furnace temperature
due to incomplet combustion of the coal.

The non-linear relationship between fue' quantity and furnace temperatire was
approxitnated as:

Temperature ... = (1 - (1 ~MassFlowy,, )‘) x MaxTemp Eq 32
E on
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Figure 4-30: Furnzce 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 EPnergy transferred to the lower superheater and the evaporator is calculated
proportional t.. frnace temperature, with the exact ratio being dependent on the positions
of the mills in service and the amount of excess air. E»~ il is given a relative height

weighting as follows:

* Top A 6

e D5

5 G 4

s F: 3

® B: 2

¢ Bottom E 1
MillA

Ratiogy e = kx 2 MillWeighting x MiliMassFlow., Eq 33

ili &

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 of air flow on the position of the
flame inside the fumace avea.

4.5.5 Turbine (Acceleration and Speed)

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

Tsicam — TBoariapRess —Ig Resistan.s
a= o Eq 34
f Anpular
where
r=Torque (Nm}
o = angular acceleration (rad/s’)
I=moment of inertia (kg.m")

The following approximations were made:

P+ Pppp)
rs.‘mm = -(..-FE’.—.——;;ELL‘B_).—- Eq 35
TheuringRosisumee = @ X Fregi Eq 36
kx P,
ThenergorResisince. = *LWM" Eq 37

@
where

o = Turbine Angular Velocity (rad/ s)
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then

= ox _[ar.dt Eq 38

piving

[({’1113 _+ i Ly ) X J%'l‘u'r'n] - [k“f’E x Hiunwm.@l\f]

W Te@x chs.i:ﬂ:mcn:

I.ﬂ.ngu!m

The implementation of this equation is as follows:

Bearing Friclion Coefticicnt
Frigticna) Furce

I_k'lg
LT
i Tuthine

HY Turhina Elot Powct tkEs)

Twhing

Foree = Merbmce Accelorsion s
L . W an-{Limp ——
i Turkire

Speed

{ientmator
Pewer ikdia)

Figure 4-31: Torbine Speed and Acceleration Dynamies

4.5.6 SH and RH Attemporator Spraywater
The SH and RH spraywater attemporators play an important part in the control of the

boiler temperatures, The implementation of the spraywater injection point is fllustrated as
follows:
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Al Sproveatr -
Flow *[ET ] l
Flow I Jow- »{ ) Flooe 01T
Toru Inlet
Ertlilgry (K9)
Inler Epthalpy - MR
ﬁ OUT L .
Sprywaer o ol x - _,
iy i
Trdet Brossure o - Temp OUT

Figure 4-32: Attemporator Bloc

This block implements the follewing formula;

Enthalpy uew X Flow yy + Enthalpy, x Flow
Flow y e + Flowy

Enthalpy oy = Eq40
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The pressure drop across the attemporator is negligible and has thus been ignored ia the
simuiation,

4.5.7 The Boiler, Turbine and Valves

Feughaater from

Deacralos , Boiler Feedpump

Ta
Blowdean
Yessel

RE Aremporator

l Reheate;li m
{PALP Gov, B ik

Condensatz Pamps

Feedheaters, Make-ups, Deaerator, etc,

—

Figure 4-33: Feedwater and Steam Flow

The feedwater temperature leaving the boiler feed pump is assumed to be propottional to
the fumace combustion temperature, while the delivery tlow is regulated by the
autocontrols, The condenser pressure is also assumed in the sirulation to be constant, This
allows the calculation of the boiler feed-pump discharge pressure using the lunped
element building blocks for pressure and flow.

The B.E.P, discharge pressure and temperature are used to caleulate the enthalpy of the
water entering the econemizer,
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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 pressuie drop across these heaters is so small, they
have not been included as 2 separate block in the sitnulation, but have been included in the
BFP block. The discharge temperature of the BFP has thus been incrensed by the
appropriate amout to take into consideration the ternperature 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 pressure/flow and
temperature/enthalpy lumped element blocks.
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4.6 Simulation of the Control System
4.6.1 Introduction

The unit autocontrols cu.ssist of numerous manipulated variables (outputs to plant) as well
as process variables (inputs from plam). 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 antocontrols,

: ! Secoridary Control

Ketpoint Sﬂuﬁ,‘; =

e . . S . Nariable
Turbine Speed Sct by Opemtor or | Govemor Valve D ' '
3000 epm Consiant o
Main Steem Pressure Set by operator or | Fuel Demand HP Bypass Cantrol
16.6MPa Valve
Reheat Pressure autoconirols 1P Bypass valve
Superheater 540 °C Constant SH Atternporator Spraywater Boiler  Feedwater
Temperature Flow
Reheater Temperature 540 °C Constant RH Attemporator Spraywater
Evaporator Enthalpy Laad Dependent | Feedwater Flow
Setpoint from
Autecontrols
Generator MW Cutput | Set on Control Desk or § no control possible as this is
External Grid Control | based on extemal consumption

Table 4-3: Process Variables and Contrul Variahles

The full simulation of the entire autocontrols is far beyond the scope of this dissertation, A
complete simulation would be extremely processor intensive, possibly resuiting in
simulation speeds slower than real-time (using existing PC hardware). The above contral
loops were chosen due to their importance in the generating unit, ag 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 unplemented 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.
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4.6.2 Implementation - Initial Stages

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

Onee the boiler/turbine physical model was at a stage where it vas approximately 90%
complete and ovperational, work began on the implementation of the control simulation
based on the Duvha Power Station autocontrol diagrams,

4.6.3 Implementation - The Detailed Model

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 autocomirol design
drawings into VisSim circuits. In most cases the auincontrol 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 sofiware are very similar to those found in the
Teleperm-C control system autocontrol drawings,

4,63.1 Stundard Integration Block

The standard VisSim intepration block was modified to aliow time-scaling of the
simulation. This has been achieved by multiplying the input by a “system speed” variable,
This standard block also imposes default limits of (-1 on the integration output. These
default flimits can be overridden by connecting values to the “Max Qutput” and “Min
Output” inputs.

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

This block is :sed throughout the simulation for imtegration, as well as being used to
derive all othe blocks (e.g. the derivative block - Figure 4-36). This bleck has also been
used in the pvsical plant simulations. A value of 1 for the variable “Systemn Speed”
represents reai-ime 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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Imputte
Tntegrarer &
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Figare 4-35: Standard Intepration Block (time scaled

4.632 Standard Derivative Model

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 constamnt must be decreased.

Limitations:
a) time constant >0
b} Simnlation stepsize must be less than the time constant for stability.
¢) 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 iess then (time constant / system speed) seconds to ensure stability.

Input = 3 Output

Standard
Tategraior |

Figuye 4-36: Derivative Blork
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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 filiered
out by the low-pass filter.

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

dye g x{t)=x{f~dt) .
m [x)]= TR Eq 41

Where, in the case of this simulation, Jf = simulation time-step.

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.

4.6,33 Auto/Manuai Qverride 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 (stooth).
When the input signal * Manual” is low, the output tracks the input.
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! [l
13
Ruwp o i
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oY S I R R |
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Duatput =
nigea of injut
+lor-1}

Figure 4-37¢ Auto ! Manual Block

4.6.34 Unit Capability Computation

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 it Coordinator

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

4.63.6 HP Bypass Control

The documentation on 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 exagt 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 deseribed in Section 34,

4.6.3.8 Turbine Governor Valve Controls

Turbing
Simulation
Block

Actual Turkine Spaed

2200 m """ H

Tuthlne Speud = 28iH

Bis Ranpe - i
S tmen 1%

Figure 4-38: Governor Valve Controls

The time response of the generator to load changes has been reglected {due to its quick
response). Load generated by the generator hac ©  been assumed to equal the load
setpoint at all tunes. Due 1o this, the load emwo siycal (g2¢ Section 3.8) in the actuai
governot controls has not been incorporated i« imulation.
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The simulation compares the speed setpoint with the actual turbine speed. deriving the
crror signal which is the input to the PI controller. The output of the PI controller sets the
HP governor valve position and. when sumined with the HP/IP Bias signal, also sets the [P
governor position. If the HP/IP Bias is set to zero then the HP governor position is also set
1o Zero,

The ramp block simulates the implementation of the ramp raies. In order to run-up the
turbine from standstill it is necessary t¢ activate the “Run-up Enable” digital signal, which
then ramps the turbine speed setpoint up to 3000rpm (via the ramp block). The controls
initially start in *Wide Range™ governing and switch over to “Narrow Range™ governing
once the turbine reaches 2800 rpm.

4.6.3.9 Superheater Temperature Contral

Superostes Temperature Controer §

o O]
5H Temp i
Satpoing

1549 ey
Derivitting of
T >0 Sitin Tomp
-
1z
...................... o -
SH Al
DifE Temp & "' zLow Bass Tiler (SH In Temp)
setpolit 4_“,_,,“...,,”' - Frap Chit Temp Setpeint (=31 In Tomp + SH A DT Teom Serpaity
[EVAL Chat Temp> (=
EV AR Enth
Dt Srtpoint

13851 KTkg)

I HVELM!EEl —

FCOM Min o

Flow: Setpoint » 31 3 PT (i
s S . D PLonn|

Figyre 4-39: SH Attemporator Control and Feedwater Control

Fedwn it Conroller

Refer to Section 3.6 for a description of the superheater atternporator controller. Due to the
fact that the simulated boiler consists of only one superheater, it is neceseary to modify the
autocontrols to allow for a single superheater preceded by a single afiemporator as opposed
1o 4 superheaters and 3 attemporators.

The difference hetween the superheater outlet actual temperature and setpoint is added to
the derivative of the fuel demand signal and the derivative of the SH inlet wemperiture
signal. The result of the summation forms the input to a block containing P and I elemants.
The output from the PI block is the SH attemporator fiow demand signal.
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463,10 Feedwater Controls

The feedwater conirols are directly Hnaked with the superheater atterporator controls, As
can be seen in Figure 4-39, a setpoint for the evaporator outlet temperaiure is derived from
the superheater temperature controller. The actual evaporator outlet is subtracted from this
setpoint, which then forms part of the feedwater deviation signal. The other component of
the feedwater deviation signal is derived from the difference between the actaal evaporator
outlet enthaipy and the setpoint. A second Pl block has the function of ensuring a
minimum flow {228kg/s) of water throuph the evaporator.

4.6.3.11 Collecting Vessel Level Control

The collecting vessel level controller consists of two separate P controllers, The first
attempts to control the level at 3 low setpoint by means of the two circulation purnps
which pump the water back to the economizer inlet. Each pump has a eapacity of up to
150kg/s. giving a total capacity of 300kg/s with both pumps in service.

The second controller, which operates on a higher level setpoini 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 o display as much information as possible about the
simulation as well as providing access to the most important controls.

In order o optimize the execution speed of the simuilation it was necessary to calenlate the
optimum user interface layout based on the requirements for maximum informarion 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 1o blocks when they
are being displayed and not if they are hidden from view inside compound blocks,

1 Max | . ExecutionSpeed . |
R | Number of S
T T o [ Variables "
SMULATION INPUTS
Push-bution (with text) I n'a
Push-button (with one bitmap icon per state} | ! na
Slider 1 n/a

SIMULATION OUTPUTS (DISF. AYS)

Nurneric Display Block 1 Relatively Slow

(Fauge / Barchart 4 Fast

Graph 4 Fast

Digital Light i Fast

Scrolling Graph (stripchart) 4 Fast. but uses large
| amounts of memory

Table 4-4: VisSim /O B*acks
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The serolling graph, although very usefil, 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 serollable window which displays any portion of the entire

shalation time-range.

Numeerous simulations were carried out with difivrent types of display blocks in order to
evaluate the ! est display configuration. Tie full boiler simulation was exeeuted for 50
seconds starting from the same initial conditions for each test (1186 seconds afier
simulation start). The results of these tests (Table 4-5) show that the fastest practical
display ccmbination (shaded) contains only praphs as output blocks, with no numeric

display blocks (shaded option).

* " Aetive Display Bl;;l;{'s}

Rc:ﬂ Time

.Sim. Time | Speed Ratig .

B

No Active Display Blocks 505 37s 100%
I Numeric Display Block 50 s 33 89%
55 Numeric Display Blocks 50 5 Is 10.8%
4 Graphs (15 variables) F 7 Gauges 50 3 83.8%
22 Numeric Display Blucks S0s 11s 30%
4 Graphs (15 variables) - 7 Ganges + 1 30s 275 73%
Numeric Display

4 Graphs (15 variables) + 7 Gauges + 7 50s 185 48.6%
Numeric Displays

Table 4-5: Display Executlon Speed

The main interface screen was desipned to display only the most important varfables,
while sub-screens provide additional details where necessary, All controls are aceessible

on this main interface screen.
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@]

HAPTERS

5. _Simulation Resuits
5.1 Introduction

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

In as: . ssing any simulation there are a number of differert ways that comparisons may be
mady. .epending on the type and objectives of the simuiation:

Steady state comparison

s Dynamic comparison

e Full comparison (dynamic and steady-state)

» (Comparison of responses 10 specihic occurrences

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

Tle scope of this dissertation does not include the tuning of the 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 ccrtain restrictions are placed on the type and duration
of the tests, If, for instance, a simulated startup is compared with a live startip the results
will be different and could possibly confuse the engineer into thinking that the simulation
is inaccurate, The reasons for these diserepancies are. among others:

a) The physical elements have not been tuned in terms of pressure drops, volumes, flows,
enthalpy increases and temperature increnses. This may give rise to the incotrect ratios
of pressure and ternperature between the different clements in the water/steam flow,
Due to the fact that the feedwater flow controls react to the enthaipy at the evaporutor
outlet, these incorrect ratios may lead to incorrect flow rates, which in turn influence the
pressures at the various stages. A slight miscatcuiation of the evaporator heat transter
coefficient affects the evaporator enthalpy, which affects the feedwater flow, 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 tenns of amplitude and response times,
The tuning of these controls determpine, along with the physical plant characteristics,
frequency response. stability, and the damping of the vontrol outputs. The correct
tuning of the controls plays a major role in the dynamic response of the stmulation.
while having less of an influence on the steady state simulation.

It order to asses the aceuracy 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 1o asses whether a reduced/simplified model of a generating nit is
adequate for use as an engineering tool. The different tests were specifically chosen to
evaluate the areas where the simulation would be most vseful in solving engineering
problems,

In order to make an accurate assessment of the results, is necessary that the boiler operate
in a stendy state both before and afier the disturbance(s). Each test was performied at a
differc. = time, as overlopping tests would be difficult to interpret. Two tests were carried
out ot, the stmple simulation {Section 4.4) and a further three tests were performed on the
alternate (more advanced) simulation (Section 4.5).

Tlroughout the rest of this chapter, live plant data collected from the SCADA is termed
“test data” or “actuai plant data™ while simulation data is referred to as “simulation data™,

5.1.1 Limitations

Any tests which require a change ir unit load or are considered a trip risk will only be
authorized to ba carried out on a live unit under exceptional circurnstances. 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 careflly to allow critical comparisons to
be drawn between the simulation and the actual plan, while still somplying with these
limitations.

5.1.2 Plant Data Collection

An extensive SCADA system has been installed on each Duvha penerating unit as 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 SCADA at the end of each test and imported into sprendsheets for
comparigson with the simulated data,
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5.2 Test 1: Unit Startup - Simple Simulation
5.2.1 Description of Test

This test involved the simulation of a generating unit stiatup 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 ulternative
medel due to its lesser complexity and higher stability,

A secondary ohjective is to determine the accuracy of the simple physical boilerfturbine
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 5.1, as well as due to the difficulty in determining, dwring an actual
startup, which modes ave active at which times.

5.2.2 Test Results

Time 00:00:00

FUEL DAMAND: MANUAL
PRESSURE CONTROL: OFF

HI* Bypass Pressure Control Mode: SLIDING
MIN HP Bypass Valve Position: 10%
LOAD: oMW

With the Fuel manually increased to 3%, the builer main steam pressure starts to rise.
During a real boiler startup, the pipework would already br ve 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 plae - in Fixed Pressure Mode:

Time: 00:25:00

FUEL DAMAND: MANUAL-5%
PRESSURE CONTROL: OFF

HP Bypass Pressure Control Mode: FIXED PRESSURE - 4MPa
MIN HP Bypass Valve Position: 10%

LOAD: OMW

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

Time 01:00:00

FUEL DAMAND: MANUAL - incrensed to 23%

PRESSURE CONTROL: OFF

HP Bypass Pressure Control Mode: FIXED PRESSURE - increased from 4MPa

to 12MPa
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MIN HP Bypass Valve Position: 10%
LOAD: OMW
Hot Reheat Max. Pressure; 3.8 MPy

The manual increase of the fuel resulted v 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 crder to follow the increasing pressure setpoint.
Once the main steam pressure reached the setpoint {(01:45:00) the bypass valves once
again opened, resulting in additional steam flowing to the hot reheat. This additional steam
resulted in the hot reheat pressure tising 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 {uel demand manually. Once at this pressure the boiler was allowed to
settle,

Time:03:06:00

FUEL DAMAND; MANUAL - 40%

PRESSURE CONTROL: OFF

HP Bypass Pressure Control Mode: FIXED PRESSURE - 16.6MPa
MIN HP Bypass Valve Position; 10%

LOAD: 70 MW

Hot Reheat Max. Pressure: 3.8 MPa

Once the boiler is at the correct pressure. the turbine load is increased to 70 MW which
results in botli HP and IP governor valves opening to allow steam into the tutbine, 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: AUTO

PRESSURE CONTROL: ON

HP Bypass Pressure Control Mode: VALVE POSITION - 0%
MIN HP Bypass Valve Position: 0%

LOAD: 70 MW

Hot Reheat Max. Pressure: 3.8MPa

Once the turbine has been synchronized to 70MW and the pressure is approximately 16.6
MPa, fuel 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 1P bypass valve is driven
closed, while the fuel demand and pressure controller regulate the fuel to control the main
steam pressure at 16.6MPa, The closure of the HP hypass results in a decrease in fuel
demand due a deerease 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 - (%4
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MIN HP Bypass Valve Position: e
LOAD: Ramped Up to 602MW
Hot Reheat Max. Pressure; 3.8MPa

The load setpoint is rampad up gradually to 300MW, causing the HP and IP bypass valves
to open. The increased flow through the IP governor val'e causes the hot reheat pressure
to decay. which results in the gradual closing of the IP bypass valve. This also causes a
decrezse in fuel demand as a result of the reduction in wasted steam.

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

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

5.2.3 Analysis of Results

The results from this situlated startop have not been compared with an zctval startup for
the reasons outlined in Section 5.2.1 above, This makes detailed analysis of the resulis
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 sitmulation as an
engineering 1ool,

52.3.1 Knpown Inaccuracies and Limitations

1) Recirculation: During unit startup the separating vessels play an importans role in the
dynamics of the boiler, Their mnin findction is to prevent wet steam and water from
entering the supetheater, This is achieved by recirculating this wet steam / water back to
the economizer. This also occurs during periods of low load. typically below J00MW.

Inizially this recireulation causes a delay in the build up of boiler pressure, which was
not seen in the simulation {Chart 1-2). The simulated tota) 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 Synchronization: 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 HP and IP/LP govemor valves. This is an 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 aud high generator output, this effect is
negligible and can be ignored, During startup, however, a large amoumt of energy is
required to bring the speed of the turbine up to synchronizing speed (3000 rpm} from
barring 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.,

8232 Significance of Results

At first glance the results show a reasonable resemblance to an actual boiler startup. The
cotrect 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 stean pressure which responds incomectly to load
changes,

Further assessment of the model is required in tenms 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 & 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

ingecuracies in the results, as well as the lack of many important simulated variabies
(temperature, enthalpy etc),
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3.3 Test 2: Load Change - Simple Simulation

A comumon operittion on a penerating 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 a “real™ load charge. Some of the results have been compared with the
advanced simulation results for the same load disturbance,

§.3.1 Description of Test

The data from a normal load change on a penerating 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 simubation was created from the live plant foad signal in
terms of magnitudes and ramp rates, This was done to remove the slight instabilities and
oscillations in the actun] load signal which would make the simulated results even more
difficult to interpret.

Test: Load Char ges
Date: 11/04/97
Unit: 3

Operator; Mir. Piet Krieger
Start Time:  01h30
Duration 04h30

Time (1):00:00 - Initiad Conditions

Generating unit & Autocontrols: Stable
Turbine Load: 595 ,aW
Time 00:38:00 - First Loud Chunae
Load Change: 595MW dowi to 507 MW
Louad Change Gradient: -20 MW/min
Time 01:30:00 - Second load Change
Load Change: 507 MW down to 417 MW
Load Chanpe Gradient: =20 MW/min
Tinwe 03-28:00) - Third Load Chanee
Load Change: 417 MW up to 523 MW
I.oad Change Gradient: +10 MW/min
Tine 04:30:000 - End Conditions
Cenerating unit & Awtocontrols: Stable
Turbine Lowd: 523 MW
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5.3.2 Test Results

One of the shortfalls of the initial simple simufation is the simplifications in terms of
temperature and enthalpy. both of which are completely neglected, For this reason this set
of results does not include any temiperatures. enthalpies or attemporation flows,

§.32.1 Valve Positions

The test results (Chart 2-1) show a moderate correlation between the actual test done on
the boiler and the simulated results {rom the simple boiler. The simple boiler shows a far
slower response to the load changes, The speed of the response could be improved by
tuning the boiler control loops.

The advanced boiler shows a far quicker response to lond changes (Chart 2-2), This is
mainly due to the differences in 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
rusponse,

£3.2.2 Roiler Pressares

‘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 betler model is the response of the hot
reheat pressure to load changes. As s shown in Charts 2-3 and 24, the respouse is
completely opposite to the actual response exhibited by both the actual boiler and the
advanced boiler model.

This is due to Amdmental differences between the simple and advanred models,
especially in e caleulation of boiler pressures. In the advanced simulation, as well as on
the real unit, decreasing load causes the valves to close slightly, which results in an
increass in flow resistance. This leuds to an increase in both main steam and relieat steam
pressures, In order 1o control the main steem pressure at the setpoint, the feedwater
controls decrease the teedwater flow. which intern brings the presswres down again. The
result of this complex control system is that there is a strong link between the main steam
and reheat pressuves, leading to relatively eonstant reheat pressures (af constant main steam
pressure) at different loads. In the case of the simple simulation. the flow flom the HP
turbine is scaled proportionally to represent the loss of enerpy in the HP turbine. The larper
propattion of the flow (which is synonymous with energy} is determined by the fuel flow
rate into the furnace, The main steand pressure model is completely independent of IP
pressire model (1Le, hot reheat pressure und 11 povernor and hypass valve positionsh, while
the IP pressure muodel s largely independent of the HI? turbine. The result of this is that
any deerease in unit demand rosuits in a partial closing of the IP governor valves, leading
to an increase in 11 pressure,
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53.23 Total Fuel

The total tuel 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
bhoiler, this set of results shows a far slower response to an increase in load than o a
corresponding decrease in Joad. 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 ilustrates the differences in
coatroller speed (relative to plant respouses) between the simple and advanced
simulations.

5.3.24 Feedwater Flow

The feedwater flow resuliis from the simple simulation show good correlation to the actual
boiler results. As with the valve positions, the feedwater flow 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 shortfull of the model. thus making it unsuitable
for certain engineering tasks which involve the 1P pressure responses.
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S.4 Test3: Load Changes - Advanced Simulation

This test was performied to compane the response ol the simple simulation to the same load
flnctumion as used in the previous test involving the simplified power plant model.

5.4.1 Description of Test

This section compares the results of the advanced simulation with the same load dip as
described in Section 5.3.1.

5.4.2 Test Results
54.2.1 Vi  Positions

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

Although the simulation of a load dip below 350MW would be verv useful, it was not
possible to perform such a tost on the power generuting unit due to the risks involved. In
the absence of live data with which to compare such a simulation, no data has been
ineluded for a low load simulation,

With reference to Chant 3-1, the simulated valve powitions show a strong correlation o the
actual plant valve positions, Before the test, bot!: the simulated and setuad 1P valves were
above 95% open. The simulated and actual HP governor valves were at 30% and 45%
open respectively before the load changes.

During the first load dip from 59SMW to S05MW (00:3(:00), the responses of the
simulated and actval IP governor valves appear quite different. Both the simulated valve
positions decreased considera’ * aspecially the I govemor valve which closed from 95%
to 45%. The difference in rer between the simulated HP mnd 1P valves is due to the
different non-fincar cireuitry .. .rning the posivons of these two valves with respcet o
the load demand signal. Figure 5-1 shows that the IP govemor ouly staris to close
sigmificantly after the demand dnwps below 25%, which comesponds to the TP povernor
position of 28% and an 1P Governor position of approximately 78%,
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Figure 5-1: Non-Linear Drivers for HP and IP {Governor Valves

Although the same non-linear responses wete 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 loarl drop). This resulted in both HP and 1P governors elosing. 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 recaleulation of the correct flow
characteristics of these two valves,

5.4.22 Temperatores

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

One unexpected result from this st are transients on the simuiated and actual cold rehent
temperatires which are approximately equal in magnitude but opposite in direction. These
we only visible during load changes, These smali deviations may be considered negligible
when compared to other charts (eg. flow transients, Chart 3-8) which show larger
deviations,

54.2.3 Pressures

‘The pressure chanpes during the simulation compare very well with the test data in terms
of hoth duration and magnitude (Charts 3-3 and 3--4). Although the botler pavameters were
tuned as much as possible, the inter-relations between the pliysical boiler chatacteristics
made it difficult to mateh the simulated pressures to the sctual pressures. In order to
illustrate the complexity of the problem, a pastic’ lst ags been ineluded of the main
sinmlation parameters that contribute to the individual pressures in the boiler:

s BFPT discharge pressure
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¢ (ondenser vacuum

o Heat transfer characteristics (Eeon, Evap, SH, RH)

¢ Flow Resistance Characteristics (Econ, Evap, SH, HP gov viv, HP
bypass. HP bypass v/v, HP cylinder, RH, RH bypass, IP gov v/v, IP
bypass vy, [IF/LP cylinder)

s Flow characteristics (HP govemnor, [P governor, HP bypass, IP bypass)

s Control cireuit gains

¢ Control cireuit valve non-linear eircuits (HP governor, IP governo:)

These variables also affect all other aspects of the simulation, mchuding the flow.
attemporation. temperatures, valve positions. ete.

The volume of each of the elements (Econ, Evap, SH, HP gov v/v, HP bypass, HP bypass
viv, HP cylinder, RH, RH bypa, IP gov v/v, IP bypass viv. IP/LP cylinder) only
contribute io the dynamic response of the boiler pressures, and are thus not as impoitant
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 [P governor differential pressure which. in the case of the simmlation. 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 simmulation and the actuat
plant. The 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
sirnulation,

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

5424 Total Fucl (Coal)

Chart 3-6 shows a strong correlation between the achi  suel data and the simulated data,
The simnlation fuel controls appear to be quicker than the plant response, resulting is
conircl spikes immediately after the load increase/decrense. These transienis may be
attributted to untuned parameters in the simulation of the plant and control system and have
also heen observed during other tests. The steady state response of the simulation is
accurate.

5425 Feedwater /Steam Mass Flow

The eu.aparisons between the feedwater/stean flows show very close correlation between
the plant data and sinmlated 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 larpe control spikes during
transients,
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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,

542,77 Enthalpy

Chart 3-10 is a graph showing the simulated enthalpy at cach 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 muocontrols, This graph illustrates the
effectiveness of the enthalpy controller at regulating the evaporator outlet enthalpy, The
lpad independence of the boiler enthalpies (at steady state) is also show on this graph,
whete 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 cumpletely tuned, the simulated steady state responses

correlate very weill with the actual unit. The dynamic responses are too quick, but could be
improved by comect tuning of the simulation parameters.
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5426 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 termss of both proportion of change and duration. Cnce again the
simulation produced larger than expected control spikes which have been noted on other
praphs as being due to, amongst other things, untuned control parametets,

54.2.7 Enthalpy

Chart 3-10 is a graph showing the simulated enthalpy at - 1ch stage in the power generation
cycle, No comparison has been made with actua! plant data as the enthalpy values aze not
recorded by either the SCADA system or the autocontrols. This graph illustrates the
effectiveness of the enthalpy controller at regulating the evaporator cutlet enthalpy. The
load independence of the boiier enthalpies (at steady state) is alco show on this graph,
where only the BFP and economizer enthalpies appear to be siightly affected by load
changes,

5.4.3 Conclusions

The advanced penerating 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 weli with the actual unit. The dynamic responses are too quick, but could be
improved by cosrect tuning of the simulation parameters.
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5.5 Test4: Changing Mills - Advanced Simulation
5.5.1 Introduction

One of the variables which nlays an important role in the steady state boiler temperatures,
pressures, flows, and enthalpies is the positioning of the flame within the fimace avea.
Certain types of boilers make use of this property to control the boiler by tilting the burmers
upwards or downwards in order to shift the flame position. Although this is not possible at
Duvha Power Station, it is possiblz to vary the flame position sligntly by selecting certain
combinations of burners at differer! heights in the boiler fumace area, Changes in air flow
also affect the ilame height.

The Duvha Power Station generating units normally run at full output capacity with five
vut of the six mills in operation. This allows the sixth mill to be taken out of serviee for
maintenance or repairs. or altematively ensures that there is a standby in the event of a mill
tailure or trip. When 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 usge of these burners causes the flame to move further into the sup 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 enthaipies. 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 uf this test is to monitor the responses of the actual and simulated boiler to a
change in the bumer firing positions. During this test mill E. which teeds the bottom row
of burners, was replaced by mill A (top row of burners). These two rows were chosen to
maximize the effect on the flame position caused by the change in firing positions.

Test: Mill Change on Actaal Unit

Date: 16°04/97

Unit; 3

Operator: Mr. Piet Knieger

Start Time: 13h20

Duration: 34 minutes

Average Unit Loac; 395 MW

Tire 00:00:00 - hiitial Conditions '
Mills in Service: D.C,F.B.E
Mills on Standby: A
Generating unit & Autocontrols; Stabie

Time 00:10:45 ~ Stop Caal Feeder to Mill D
Mills in Service: D,C.F,B
Miils in Purge Cycle:** E
Miils on Standby: A

Time 00; 1.4£:00 - Open Primery and Secondayy Alr Dampers on Mill A
Mills in Service: D,C.F.B
Mills in Purge Cycle:™* E
Mills in Startup; ¥ A

Time 00:16:30 - Start 5 A, Complete Ml E Purge
Mills in Service: A.D.C.F.B
Mills on Standby: E

Time 00:33:00 - Fingd Conditions
Mills in Service: AD.C.FB
Mills on Standby: E
Generating unit & Autocontrols: Stable

#: During this cyele, all pulverized fuel is purged from the mill by stopping the coat feeder
while leaving the primary and secondary air dampe s open,

*h: During mill startup the primary air and secondary air dampers are opened prior to starting
the mill feeder. This is done to heat up the mill to the correct operating temperature,
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The simulation does not include any air flows ang is ihus not able to mimic the operation
of the milis during the nurge cycle and during stariup, For this reason the simulagton ditfers
slightly from the actual test performed on the unit.

Test: Simulated Mill Charge
Daration: 34 minutes
Unit Load: 600 MW

Lime 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 - Stap Mill E

Mills in Service: D.C.F.B
Mills on Standby: AE

Time 00:12:15 - Start Mill 4
Mills in Servive: ADCFEB
Mills on Standby: E

Tiire (30:00:00 - nitial Conditions
Mills in Service: A DCFB
Mills on Standby: E
Generating nnit & Autocontrols: Stable

5.5.3 Test Results

5.53.1 Load

During the test the actual load remained relatively constant, with only a slight increase
within the last 4 minutes, Due to the constraints imposed while performing the tests. it was
not pe ssible to clamp the actual boiler load at a fixed value,

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

5532 Fuel

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

5533 Pressures

The boiler pressures remained constant througiont the test. The simulated pressures are
comparable with the actnal pressures recorded during the test,
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55834 Temperatures

The simulated and aciual boiler temperatures temained constant throughowt the test, This
is due to the acticn of the temperature controflers (SH attemporation control, RH
attemporation comtrol, and Enthalpy controlier). With these temperature controliers
deactivated. the action of changing the firing position would have a direct influen~= on the
boiler temperatyres and would be visible an the graphs.

55.3.5 Governor and Bypass Valve Positions

The governor and bypass valve positions remained constant throughout the simulation,
This is attributed to the constant load, constant presswes 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,

§5.3.6 Attemporation
d. Acttial 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 4 in-
service mills (D, C, B, F) increases to malee 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 firnace until mill E is completely purged. Although this increase is not
recorded on the “Total Fuel’ graph (Chart 4-3), it manifests as an increase in SH and RE
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 fow
glso 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 agtemporation 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 smal
amount (approximately 2 %) whereas the SH attemporation increased by approximately
21% (firom 27% to 48%).

By the time that mill A was placed into *Startup Modz® (at time 00:14:00) most ¢ the fuel
would have been purged from mill E, This reduction in fuel supplied to the furnace cauvses
a deorease in the SH attemporation. This is complemented by the action of opening the
primary and secondary air dampers to the top row of burners (mill A on Startup Mode),
The: additional air at the top of the furnace area cools the furmnace in the SH and RH area as
well as reducing the heat excharge due to the increased flow rate of the tlue gas over the
heat exchange surfaces, The graph shows a 11 % reduction in SH attemporation and a 2 %
‘eduction in RH attemiporation.
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At time (0:16:30 mill E wus taken out of service completely and mill A feeder started. The
fuel supply from mills B,C.D and F were decreased slightly by the autocontrols to
maintain the total fuel supplied to the furnace at 2 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 hisher up, causing a further large increase in SH
attemporation (approximately 20%). This additional SH attemporation causes the RH
temperatures to drop, resulting in a doop in RH artemporation.

B Sinmdarion Results

Although the simulation involved less steps than the actual test on the live unit, the resuits
are similar to those recorded during the test, After stopping the lowest mill (E) the SH
attemporation increased fiom 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 comresponding
decrease in Lit] attemporation (approximately 19).

Although the simulated and actual RH attemporation do not follow similar responses
during the test, they are comparabie if only the inijtial 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 intermediaie SH
values, the simulated and actual attemporation responses are comparable,

5.5.3.7 Flow

Although the flow results are more difficult to analyze, the similarity between the
simulated and actual economizer ouvtlet 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 abuve. The actual economizer outlet flow is seen io decrease only once when mill
E is placed in the purge cycle.

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

5.5.4 Conclusions
The simulation shows good corelation with the actual test results, especially the steady

state response resulting from the mill chanpe. The response of the simulated RH
attemporator is far smaller in magnitude to the actual resporise.
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5.6 Test5: Decrease in Fxcess Air - Advanced Simulation:

5.6.1 Infroduction: Inportance of Excess Air

In an ideal situation. the combustion of coal (carbon) in the presence of oxygen follk »s the
following tormula;

C+20-> 00, Eq42

It fo0 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 on. oxygen atom
to form carbon monoxide according to the following formula:

C+0->C0 Eq43

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

In ihe furnace of a penerating unit it is important to limit the amount of air supplied to the
combustion process as this causes cooling of the firnace, [t is also important 1o achieve
complete combustion according to equation 42 to ensure that the maximum energy is
released from the coal.

In an ideal furnace, the optimal conditions would be a 2:1 ratio of oxypen/varbon, which
would result in complete combustion withowt any unnecessary excess air. This could
easily be achicved by controlling the amount of air supplied to the furnace so as to ensure
thai the flue gas oxypren content remain slightly above zero,

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

L
Properiy -

infinite limited
Particle Size atomic size varies from 10um to Tmm
Mixing of Carhon and Oxygen | complete partial
Combustion Temperature hiph throughout fumace | high in center, low toward the
outsides

Table §-1: Requirements for Ideal Combustion
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5.6 Test5: Decrease in Excess Air - Advanced Simulation:
5.6.1 Introduction: Imporiunce of Excess Air

In un ideal situation, the combustion of coal (carhon) ip the presence of oxygen follows the
following formula:

C+20-9C0O, Eq42

If too much oxype is supplied, afier all the carbon reacts with the oxXygen a certain
amourit of vxygen remains unbumed, 1f, on the other hand. too little 0x; uen is suppli~d for
the reaction. a certain nurnber of the carbon atoms would react with only one oxygen atom
to form carbon monoxide according to the following formula:

C+0—CO Eq 43

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 fumace, the optimal conditions would be a 2:1 ratic 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
iltustrated as follows:

'_ Property -~ .. [ Tdeal Boiler HEEKT"}—m.l Boiler Furnace .

Combustion Time infinite limited

Partiele Size atomic size varies from [0um to Imm

Mixing of Carbon and Oxypen || complete partial

Combustion Temperature high throughout furiace | high in center, low toward the
outsides

Table 5-1: Reqairements for Ideal Combustion
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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 10 ensire optimal
combuvetion, This 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 amoeunt of excess
air occurs when the oxygen content of the tlue gas is approximately 2 to 4%. Increasing
the argount of excess air reduces the efficiency of the unit by increasing the cooling effect
of the air, wherens decreasing the excess air also causes 4 reduction of boiler efficiency due
1o 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 575MW. the
sitnulation was performed at a constant load of 600MW.

Test: 15 % decrease in Excess Air
Date: 16/04/97

Unit: 3

Operator: Mr. Piet Krieger

Start Time: 14hd5

Duration: 09 mimges 30 seconds
Average Actual Unit Load: 575 MW

Simulation Load: 600 MW

Time 400000 - Initial Conditions

Excess Air 100%

Generating unit & Autoconirols: Stable
Time 060:00: 16 - Decrease Excess Air by 13%

Excess Air: 85%
i :09:30 - Final Conditions

Excess Air 85%

Generating unit & Autocontrols; Stable

5.6.3 Test Results
5.0.3.1 Load

The actual hoiler load remiained coastant within 5%% of 575 MW. The simulation load was
set at 600 MW for the duration of the fest.
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In order fo minimize the effect of these properties of a real boiler on the combustion
process, it is necessary fo supply a certain percentage of excess air to ensure optimai
combustion. This optimal amount of exees. «ir 5 measured as a percentage of oxygen
content in the flue gas. In the cuse 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 wiit by increasing the cooling effect
of the air. whereas decreasing the excess air also causes a reduction of boiler efficiency due
to incomplete combusdon.

5.6.2 Description of Test

This test involved decreasing the excess the air fron* 100% to 85% after which the unit
was ailowed to stabilize, A sefting of 100% indicaies optimal value,

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

Test: 15 % decrease in Excess Ajr
Date: 16/04/97

Unit: 3

Operator: Mr. Piet Krieger

Start Time: 14hd5

Duration: 09 minutes 30 seconds
Average Actual Unit Load: 575 MW

Simulation Load: 600 MW

Time 00:00:00 - Initial C- #ditions

Excess Air 100%

Generating unit & Autoconirols; Stable
Time 00:00:16 - Decrease Excess Air by 15%

Excess Air: 85%
Time 00:09:30 - Final Conditions

Excess Air: 85%

Generating unit & Autocontrols: Stable

5.6.3 Test Results
3.6.3.1 Load

The actual boiler load remained constant within 5% of 575 MW. The simulation load was
set an 500 MW for the duration of the test.
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5.6.3.2 Temperature

Both the simulated and actual temperatures remained constant throughout the test,
5.6.3.3 Attemporation, Feedwater Flow and Fuel Usage

A Aciual Results

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

a) A decrease in excess air results in a less efficient combustion process due to msufficient
oxygen availability for complete combustion of the coal. (Refer to Section 5.6.1 for
additional information). This leads to increased fuel usage. The increased mass flow of
fli2 gas o' . lends to a decrease in the ratio of radiative energy to convective energy,
re-ulting i a slight decrease in the amount of radiative energy transferred to the
evaporator and supetheater,

[ " e rcasing the amount of excess air results in a decreased flue gas flow rate through
"+ This decreased flow across the heat exchange surfaces tesults in a longer
ud thus an increase in the total heat exchange from the flue gas to the

w increased lieat exchange results in a higher overall efficiency of the

o  rycess, resulting in a decrease in firel consumption.
) the 1. v rate causes the coal to burn lower down in the boiler furnace, thus
aieressy: - ihe . - tion of radiated hest that is absorbed by the evaporator relative to

the sy .one *ei. This results in a higher evaporator enthalpy. which the enthalpy
controller correci. by inereasing the feedwater flow rate,

Tahle ” -2 - Primary Effects of Decreased Fxcess Air

The effect of each of the above or tlie boiler is as follows (for a decrease in excess air):

o v Lffect” - | EFect on Dvap. Effect on'SH. . Effeet ou RI ) Lifect on Fuel
R 5-2) . <Enthalpy .. .| - Temp " Tenip | Usage, -
a) shight decrease negligible nepligible increase
b) negligible inerease nipligible slight decrease
c) incrense slight decrease slight decrense neghigible
Table 5-3: Effect of Decreased Excess Air on n Real Boiler
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] Combined Effect.of 1) bye) .

from Talile 5-3

I .:fi'l,t;["l:rn Evap.
[‘nt]mlpv

Fffect on SH
_Femp

Llfeet on REL. .
Temp -

Page 119

' Effutml ffuel .

ledgL )

| Carubined effest of a). b) &
€) iznoring the attemporation
and enthalpy controller

medmm incrigse

medmm increase

shg.,hl decrease

slight increasc

Combined effect atter taking || enthalpy kept | semp. 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 I increasing ~ FW | increasing  SH | attemposation

controller flow atternporation slightly

Table S-4: Combined Effects of 8}, b) and ¢) from Table 5-3 on Reat Boiler

The table above shows that a decrease in excess aif causes an increase in both feedwater
{low an SH attemporation, a slight decrease in RH attemporation and a slight increase in

fuel usage.

B Simvdated Boiler

Decreasing the amouat of excess air affects the simulated boiler slighily 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.
Primary Effect [ Effecton Evap. | - Effect on SH ‘Effecton RIL [ Bffect on Fucl
. A(Table5-2) * - Enthalpy * |~ ~Temp |- - Temp | -Usage, . |
a) n'a na n/a n/a
b) minimal incrense minimal slight decrease
) Increase slight decregse slizht decrease minimal

Table 5-5; Effect af Decreased Excess Air on Simulated Boiler

Combined Effect

from ¥z

slight decrease

Effeet on l_"_l[i:.‘!_l

\\_

b'ngiit derrease .

Combined effect of a), b} & slight increase

¢) ignoring the attemporation

and enthalpy contraller

Contbined effect after takug p enthalpy kept | temp. kept ¢ temp. kept constant | slight decrease
into account the action of the || constant by | constant by | by decreasing RE | in firel usage
atemporation and enthalpy [ increasine FW | increasing  SH | attemporation

controller flow attemp-;ation slightly ]

‘Table 5-6; Comhined Effects of a), b) and c) from Table 3-8 on Simul.ited Bofler

G

Comparison of Actied and Sinndeated

The two tables above show that the simulated botler response should be the same as the
getual boiler response in terms of feedwater flow. SH attenporation aind RH

attemporation,
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The test results show a good correlation between the simulated and actwal boiler
attemporation flows. Chart 5-5 shows both SH attemporator flows increasing at roughly
the same rate, while the RH attemporation flows decrease at approximately the same rate.

A comparison of the flows (Chart 5-4) show a good correlation between the actual and
simulated main steam flow-rates. The response of the simulation in terms of fotal
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.

The simulated fiel supply (Chart 5-3) decreased by 13% (from 59% to 46%) during the
test. The actual totul 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 (Chaxt 5-1):

s actual HP governor: opened from 43% to 48% (average)

+ simulated HP govemor:  opened from 34% to 42%

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

5635 Pressures

The actual HP governor ontlet 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 increnses in turbine inlet pressure (HP governor outlet pressure) are due to the
increased feedwater flow resulting in a higher pressure ditference across the HP and [P/LP
turbines,

5.6.4 Conclusion

The response of a real boiler to a decrease in excess air is extremely complex, consisting of
numerous contiicting cffects, The overall result of these conflicting effects poverns the
behavior of the boiler and turbine,
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The simulation achieved very similar resulis in the actual generating unit, with the
exception of some of the flow 1ates which did not correspond with the expected results,
The main response to ihe excess air decrease is in the amount of SH and RH
attemporation, which was coniirmed by the simulation.
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CHAPTER 6

6. Conclusions

6.1 General

6.1.1 Sinyle Simulation

The results of extensive comparisons between the initfal simple simulation and the actual
boiler responses show reasonable similarity in tetms of the available simulation variables.
Due to the lack of sin-ulation of temperatu 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 engincer g tool, This model could not be used to make valid predictions for many of
the normal operating disturhances, such as changes in excess air and coal quality. It would
also be difficult to simulate simple mechanical plant modifieations such as the addition of
extra heat exchanges.

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

This simulation is more suited to being vsed as a taining tool to illustrate the overall
workings of the boiler, hirbine and awtocontrols.

6.1.2 Advanced Simmulation

The advanced simulation is shown to correspond well with the actual boiler test results, In
tarms of the objectives set out in Seetion 1.2, this second simulation provides a far more
aceurate and complete mode! of the power geveration processes of Duvha Power Station,
The inclusion of relatively simple thermodynamics ensurs 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 cffectiveness of this research in achieving the objectives set out in
Section 1.2, each objective is individually evaluated:

a) To develop « simple dynamic simulation of a bailer and turbine in terms of filel
input, hoiler pressure ond megavatts (MW) owput. This eveludes simulation of
some of the lesy important systems such as the ternad aperation of the steamfeed
pronps, blowdows vessel, condenser, mills ete.
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This objective has baen met by preducing a mode!l which incorporates the more
important physical systems while excluding the systems which have minimal effect
on the simulation &s a whole. The model is accurate in simulating the dynamic as
well as steady state responses of the generating unit.

b} Ta simulute the physical processes through the use of simpde mathematics while

¢l

confining the use of complex thermodivnamic equations to e absolite minimunt,

in terms of producing a simulation that is both easy fo understand while avoiding
the use of complex thermodynamics, this aobjective is achieved. In order to
minimize the use of thermodynamic equations, customized lookup tables were
used to convert betwaen pressures, temperaturas, enthalpies and steam dryness.
It must be home in mind that, if the simulation in its prasent form were converted fo
a set of mathematical equations, this would result in highly complex equations
which would be very difficult to interpret and modify.

To develop a detailed sinmlation of all relevam autocontrols which form part of the
physical systems,

All relevant autocontrols were simulated. In some instances appropriate
simpiifications were used to reduce the complexity of the simutation while
maintaining functionality and aceuracy. Many of the less used confrol medes have
not been incommorated into the simulation.

di To develop an operator interface for the simudation.

¢)

The operator interface was developed to allow easy operation of all ¢ontrols from a
single screen. This screen alsg includes graphs showing the main pressur s, valve
positions, fuel flows, and generated power. Additional simulation data has been
grouped as follows: pressures, tetmperatures, enthalples, flows, valve posilions,

To asses the guestion us 1o whether the simulatton adequotely fulfills the
requirements of an engineering tool, This will be done by means af comparisons
beaween live date and simulated data,

The results of Chapter & show the simulation to be accurate in determining
responses due fo certain changes in the operating parameters. The extent to which
the moedel 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 more than 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 uncontrolied
disturbances such as changes in coat quuiity, or stklen 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 1o simulate the addition of an exira row of economizer
tubes, the heat exchanpe coeflicient of the economizer would be increased and the volume
of the econormizer increased slightly.

THE SIMPLIFED SIMULATION OF A BOULER, TURBINE AND RELATED CONTROL. SYSTEMS JUKE 1998
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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 leve] of both safety and efficiency. This simulation could, in this case, be used
for preliminary conceptual design. Although not providing exiremely accurate vesults, the
advanced simulation implemented during this research project is capable of indicating the
approxitnate response expected from certain disturbances or design changes, In the case of
a power generating unit, the ability to predict the approxinate response is extremely useful
due to the complexity of the system,

This dissertalion shows that a relatively simple mode! of the bailer, turbine and
related autocontrols is adequate for use as an engineering fool. If is also
significant as it achieves its resulfs using an IBM compatible PC running off-the-
shelf simulation software. The fact that the simulaiion has been written in a purely
graphical language makes it possible for the model to be undersfood by
engineers without too much difficully. 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 fo suite their
particular engineering needs.

6.3 Linitations

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 on 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 seope of the simulation to the major physical
systems and control loops rather than attempting to inelude the entire generating unit, The
systems that were omitted have negligible influence on the boiler operation during nonmal
operation and only influence the generating unit under exceptional circumstances. A good
exarnple 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 fhster than real-time. This imposed 2 restriction on the
complexity of the simulation model which. in the case ot the advanced simulation, was
found to execute at 10 times real-time as opposed to the original design figure of 2§ times
faster than real-time,

THE SMPLIFIED SIMULATION OF A BOLER, TURBINE AND RELATED CONTROL SYSTEMS JUNE 79898



GCHAPTER 61 CONCLUSIONS Page 130

6.3.2 Limitations on 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 js 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 mogel.

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 decuracy and user interface,

6.4.1 On-dine Sinmdation

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 medification 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.

{he present SCADA 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 mude settings, Figure 6-1 fllustrates the data which is currently available
from the SCA?!. . system as well as the data which is not captured by the SCADA in its
present configuration,
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SIMULATION \
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Figure 6-1: Online Simulation Data Fl

6.4.2 Expansion of Scope

As discussed in Section 6.3.1 many aspects of the penerating unit are not included in this
simulation. There is a possibility for further research to include these systems that have
besn 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 mey be considerad to be the most important step in the
improvement of this model,

Dug to the size and complexity of the model, tuning of the parameters is a diffienlt 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 tor cach control component can (in
theory) be ascertained from the controller design docurnents or read from the plant control
equipinent itself.

THE SitiELImED SIMULATION OF A BOILER, TURBINE AND RELATED CONTAOL SYSTEMS JUNE 1983



APPENDIX Az DUVHA POWER STATION - TECHNICAL INFORMATION Pege 132

APPENDIX A - DUVHA POWER STATION

“Duvha coal-fired giant
Technical Information”
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Inleiding

Eskom staan azn die voorpunt van lragontwiike-
lingstegnologie. Deur reusagtige en verbeglding-
ryke skemas het Eskom vit ham n plek in dig
encrgiewdreld verwerf en infermasicnaal die aandag
van verwante gespesidgiisesrde sektore petrek.
Tegniese infigting is die slsutel tot 'n professionele
begrip van hierdie multidissiplinéra
ingenieursprojelde. Hierdie publikasie bied
inleidende tegniese corsig oor Eskom se grootste
ingenieursprestasies, en inligting word geraeld
bygewerk am toepaslikneid te verseker.
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Introduction

Eskom is in the forefrant of power generation
technology. Vast and imaginative schemes have
ensured Eskom’s pre-eminence in the energy worid
and altracted international attertion from related
specialist sectors. Technical information is the key
to a professional understanding of these
muttidisciplinary engineering projects. This
publication presents an introductory technical
refarence to Eskom's major engineering
achievements, ard this information is updated

an a regular basis 1o ensure technicsl relevance.
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Duvha,
steenkooigestookte reus

Duivha, een van die wéreld se grootste iragstasies, is
tiperend van Eskom se nuwe geslag steenkoolgestookte
instatasies met ses stolle van 600 megawatt (MW elk.
Grootte is Duvha se mees hesanders ienmerk en die
stagia spog met n aanta) superiatiewe. Die skoarstene is
hyvoorheeld dig hongste vrystaande betonstrukture in die
Suidetika Hatfrand. Die steenkooimyn, wat 'n venwagte
lewensduur van 30 jaar hat en slegs gan Duvha-
kragatasie steenivol verskal, is die grootste
nonaroefsteenionlmyn in die Suidelike Halfrond, Die
wammiewisselingsvermog van elke koaltaring is 'n
massiese 886 MW

Kanstruksie by Duvha het in November 1975 begin
en die laaste atei it in Februarie 1984 in kammersiéle
bedryf gestel. Die lotale prajekioste vir die agt jzar het
R1,8 miljard belogp.

Duvha: die baslese siklus

Steenkont word deur 'n vervaerband vab die berghakke af na die
ketelbunkers gevaer, van waar dit in dis meyians gevoar ward,
Dig verpngiende steerdop word oan van die meulens dewr die
hetalbranders n die gond gebiaas, waar 9t teen ongeveer

1 500 °C brand. Dwe soliede produlte van die verbranding is stof
en s in 'n verhouding van 1. {Jie as val na die bodem van die
kevel an word mat water weggespoel, terwyl die stof in dig
ropiasse deur elektmstaliess onistowwers opgavang ward, Die
gerginigde ropkgasse gaan deur die skogrsteen, waar dit 3060 m
bo grondviak in die strmosfear wiygelaat word, Die Hitte van die
sleenkoalverbranding vord geabsarbaer dour die ketel-
viedingswater in die 500 km pypwenric wal die ketelwande varm,
an diz waler verander leer hod lemperatuur eir druk in staom,
D stoom word dan deur superverhitlers gesiuur en van daar na
diet hugdruiturbitie. Die uitiaatsteom word na dic
ketelherverhitters teruggevoer en var daar na die
migideldrukdurbine en din twee dedrukturbings.

Die uitgewertte staom word dan gekondenseor en daur
voedingswaterverwarters en 'n ontiugter ta die ketelvaerpomg:
en weer N die katel lerugyepomp om die silkius te herhaal. Dig
kondensator bavatl meer as 22 500 pype. Die koelwaler self
meet verkoel word 2n yword daaram in die fzer viakke van i
kogftoring gesprogl, waar verdarmping die ongewenste hitte
verwyder. Dic slyystroom n die kaeltorng 15 geheel en al 2an
lwnveksie toe te shryf.

Dier genuralonotor, N shngrese cektomagnest watn i
gasdigte hulse| loegehou 15, 15 3an die 35 van die vier tubimes
gelappet. Die clekinsital gaan van die statanikkelngs ra n
trarsformatir, wilar die spanning van 22 1 verhcog word ot dis
spANMNG van die nasionale kiagnet 400 kY by Duvha. e
clektisiteilt word dan van die hoespanningswet via die nasonale
kragnel vesspral.

Die installasie
Behaer

Elkeen van Duwiia se s25 katelturbnestelie word &2 'n apans
wrtih al baagdeyf, eik et sy ele kontroles et nstrumentasio n sy
eie koniralebank en -panee, Daat i drie ieteerkarnens. wat sl
eeqt paar stalie bedion en van waar die bedieriers elke gront taak
wat verbznd hau met aanst, normale bedrgf. afsiuiting en
roodbednd, kan uitvoor, Die bedieners s dewrentid 10 verbinding
met ander Eskom-beheersentrime, wat e ¢ 2integroerdee
transmissienstvers wtmadak,

1 Deataregistrerende rekenadar monitor voortdurend the
houtbedryf. en alamstelzels en voursien 'n honstante
inhgimgavlaei op videoskerms en diikkers.

Brandstothaniering

Vorgruistie steenkool, kleiver ds 25 mm, word detir mmedde!? van
verrvoirrhandstelsed van Suvha-ooporoefimyn vershaf on n e
by glaenkeli s aqebrerg. Lanwvesing dan dee danle quesiaod teen
s v 545 (00 fon pe maand an die e berghckke het
heatw esitent wian S5 D00 en 1000008 ton oncenskerdolls Dhe

wir kAt wWord o) BOG 000 wn fukou
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Duvha,
fossil-fired giant

DOuvha, arte of the world's targest power stations is typical
of Eskorm's new breed of fossil-fired plant, with six

600 magawatt (MW} sets. Size is Cuvha's most striking
characteristic, and the station boasts a number of
superialives. The chimneys, far example, are the klest
free-standing concrete structures in the Southern
Hamisphera. The tied colliery. which has a projacted tife
of 30 years, 15 the largest open-cast coal mine in the
Southem Hermisphere, The heat exchange capacity of
each gooling tower is a massive 886 MW,

Gonstruction at Duvha began in November 1975, and
the last set was taken into commercial operation in
February 1984. Projest cosis wotated R1 G billion over
that eight-year period.

Duvha: the basle cycle

Coal is fzd from the staithes to the bailer bunkers by conveyar
belt. framt where it is fed imfo the mils. The puiversed coal is
blown from the mills through the bgiier burmars and into the
frirrace. whare it bums at about 1 500 “C. The golid products of
e combustion are dust and ash, in a ratio of 5:1. The ash falls
te the bothom of the bailer ond s sluiced away with water,
witereas the dust is coliected rom 1ho fue osses in the
electrogtatic (ecipitators. The cleaned flue gases are passed
through tha chimney i be released iotg the simospiere 300 m
abnve graund leval. The heat from the combrustion of the coal is
absotbed by the boiler faedwater in the 506 i of tuking that
farms the bailer walls, and the water turms into steam at high
temperalure and nressure, The ateam is then passed through
superhaaters and fhance b the high-prassure turbing. The
exhaust stearn 1s retumed Lo the boiler reheaters and from there
ta the imtermediate-press e urbing dnd the two fov: pressue
turbines.

The spent steam i condenzed and puriped back through
feedheatars anid a deaerator to the boier feed pum and theance
it the Gailer again to repeat the cycle. The condenser comtans
mure thah 22 500 tubes. The cooling waker itzelf has to be
conled and is therefore sprayed info the Lower tevels of a cooling
towet whete evaporation removes the unwanted heat. The
draught m Ihe coolng lower is due entirely by sotivection

Coupled ta the shalt of the four turbines 1s the generatar
rotar. which i3 & eylindrical elscirimagnet enclnsed in a gas-tight
TAUgIng. The elechicity passes from lhe stakor windings {o a
transfarmer, when: the valtage is raised from 22 KV to the
votiage of the itonal grid 400 %W at Duvha, The electncity is
then drstnbuted fram the tigh-votage yard via the national ged.

The plant
Contral

Exch of Duvhas sis boiler-tiline sels 15 ruh 4s a separale
enlity, with s own contrals and instrumentation ncorpotated inke
it qwn cantral desdks atd panets. There are three conted Fooms,
pactt serving a paie of sebs. Here the opettors can execute
cuery magr tash associated with start-up, nonnal operation,
shutdown dng emergency operation. The aperabors are in
permanent contact with the ather Eslwin contral cantres whiclr
terctler Ly thee iterratest ransmiszion nebwork.

A dofa-lagging computer coninuously monitors Bie raun
operdting and atarm systernis, and prvides 3 constant flav of
nitotrnatian on video Screens and prnters.

Fued handling

Crushed coal, smallet than 25 mm, s dehvered fram e sgas
upen-past ine by mesans of 3 conveyor syatem and stored in
twa stathes Oohvery i the phant is at the sate of 836 000 tons
a manth, and e hao ctathes bave gipaoties of 55 000 ng
110 040} Rt respactively. 10 additien, & stockpde of SO0 000
tath 45 rnaintaesd.
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BDuvha-kringdlagram

Duvhe circuit diagram

Paga 135

e
i
¥
1
hY
Lo
I )
f
3
1 Steenkaotbunker 23 Kondensaatpompe 1 Coal bunker
? Stesnkocivoerdar 24 Kontenzaalsyiwerings. 2 Feeder
3 Steenkoolmee instaliasie 3 Coalmill
4 Ketelbranders 25 Kondenzaalpampe 4 Bailer burners
5 Hetelverbrandingsiamer 26 Lasdrukverwammers 5 Briler combustion chamber
6 As 7 Ontingter & Azh
7 Sheigingevat 28 Veedingawatertank 7 Geparator vessel
8 Sekondare lug 79 Ketgivoeipompturhine 8 Serondary air
9 Primérelugwaaler 30 Elgittiese visrpomp 9 Primary-air fan
10 Priméra fug A Hoadruksgnuaimerns 10 Primary xair
11 Luginlaat 32 a) salftars 11 Arr intake
12 [wanghrekowaaiar {Eenhed 1-3) 12 Forced-draught fan
13 Lugverwarmer 32 b) Onistowimers 1:3 Air heater
14 ketelbespaanier {Eenheid 4-6) 14 Bailer econpmiser
15 Ketelsupervarhitter 33 Suigtrlovagien 15 Bailar superheater
16 Ketetherverhitter 34 Shaorsteen 16 Boiler reheater
17 Moédruhurbing 43 anertor 17 High pressure turbing
18 Middetdrutdurbing 35 Genevatgriransformator 18 Intarmediate prezsure turbineg
19 Laedruldurbing Nr 1 37 Eskoin Be nasionale 19 Low-prassure hurbine No 1
20 |aedrukturbite he 2 kragnetwanc 275 en 400 kY] 30 Low-pressuee turbine N 2
21 Kandensator Nr 3 38 Koeltaring 21 Condenser No 1
22 Wondaneator Nr 2 39 Koo lwaternomphtiis 22 Gondenser No 2

23 Extraction pumps

24 Polishing piam

25 Extraction gumips

26 Low-pressure heaters

27 Deaurator

23 Femtwater tank

2% Raller tead pump
turbine

A Electric fead purmp

3 High-pressure healers

A2 a) Bag fiters (Unils 1-3}

32 1 Pracipitatr s

s 4-8)

33 Induced draught fan

34 Chimney

35 Generator

36 Generawr tansformer

a7 Eskem national grid:
275 and 400 ¥V

38 Cooling tower

39 Coaling-water pump
house

Hteentaol word van die bergbaliee af gavoer na die
ketelbunkers, waarvan dagdy ses per kotel s, Elke bunher bet
kapaziteit va 670 tan, wat heteben ual daar voldaende
berghapasiteit iy diz ketels is vir 12 yur ge bedryf by valle las.

Wanneer 'n oond aangesit ward, ward brandalie gebruaik
totdat die verbranang van die vermposizrde steenkoot stabiel is.
By luvha word hyee opgaartenis met 'n gesamentlike kapeasinet
van 3400 ton gebrk om Brandols op b gaar.

Medens
Steenkoal vart diz ketelbunkers word onder beher i die

maulzns gavear o die voerterpo word deur e hehoalte aan

THE SIMPLIFIED SIMULATION OF A BOLER, TURBINE AND RELATED CONTROL SYSTEMS

From the staithes, coal is fed o the boler burders, of which
there are six per boller. Each bunker has a capacity of 670 tons,
witich means that there s suificient slorage capacity 2t the
boilers for 12 hours' aperalion at full laad.

When a furaace is starded up, huat oit is used wntil the
cambustion of the pulvensed coal s stable. At uvba, .
storage tanhs are used far el gil, with & combined eapdcdy of
3 Q0 tons.

Wilis
Coal Frams e baler bunkers 5 fed under control inte the miils.
Thiz feed rabe is determened by the need for steam., inside
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stoom bepaal in die tneulens s daar of groot stantbalis of rollers
wat In rgnde nane loop en die steenkod! verpomer Die fyn, uders
brandbare poeier word van elke meule teen sowat 623 ton per uur
n diz katels neblaas.

Daar s ses meulens vir el hetel, wat 1 reserwehapasitelt
van twee meulens per ketel voorsen wannser steenkanl van
ontwerghwalisit verbrand word. By volle vermnce het el hetul
tussen 250 en 300 ton steenkool per uur nadig, na gelang van
dio % waarde van die steenhonl.

Keteio

Ohe 525 katels s van die Berson-tpe, wat volgens de beginsel
van gelorseende sirkulasie werk en geen stoormirom het e Die
vaedingswater. wat hongs g de 21 qed liseerde
water 15, valfoo een aantioudende en ononderbroke kringlaop
deur die kete! turbines en kandensator en word weer by die
ketel ingevoer. Op sy baah deur die ketel ver Jamp die
voedingswater en. namate meer hitte geabsarbeer ward, word
dier stoom superverhit tot 'n lemperatuut van 540 C an 'n druk
van 17,1 MiPa.

m Kenmiari van die stoomype 15 'n hoédrukstelses! wat
toelaat dat die supervertite stoom, wannaer nadig, verby dis
tmedrukturbine en direk in die hervechitpype vioei. Van daar vioai
dit verby tie middaidnuk- en izedukturbines, reguit in die
nooikontenzalor i, Hierdie stelsel beteken dat die kete!
onalhanidik van die turbines bedryf word en die koreide stopm-
en temperaiuurdr lan veriry word vaondat die generalar aan
die gang gest word. Die ste'sel [aat ook 0o dat indien 'n furbine
wititinie, die ketel by ongeveer 40 persent van sy maisimumias
bedryf word, gefeed vir 'n snelle herzansit en sou 'n turbine 'n
groot deel van sy ias atwerp, kan die urbine by 'n lae las bedryf
wird tenwy! die ketal by 'n hoér las bednf word. in baige gevalle
verhoed die amigistelset, inng die parke van Sy vermodé, dat
shielke dnikstygings dia stelinge ven die veiligheidskieppe in die
herverhitter oorstry. Elie ketel iz toegerus met 24 branders wat
in 5E% rya van lwee aan cig voor- en agerwande van die cond
gerangshik i3. Elke steenkoolmeule voorsien vier irandars -
twee aan die vaarwand en twee aan die aglerwand. 'n
Clichrandar is in die midgdel van elke brander gemontesr en word
vir aansit en die stabilisermg van die verbranding van steenhoot
by lag 'as gebruir.

Drikirekwaaiers vgorsien sekangere fug aan dia
branderwindkaste, tarwy! primere waaiers die verpoeierde
steeniool van die mewlens na die branders vervoer. Die
verrandingsgasse word deur hwee suigirekwaaiers wt die oord
oot die opperviakke var die stoomsuperverhitter, die
hervarritters. die brandstofbespaarder en die luquoorverhiltars,
devur die elekirostatiese ontstowwers en in die skoorstagh n.
detrek. Maer a5 99 persent van die stof, of viiegas, wora deor die
ontstowwers opgevang.

Etke katel het 'n vermod van 507 kg stoom. Die
voed-gswater word leen 'n druk van 22 MPa deur twee
elahtrese gompe met vermaéns van 13 MW elk, of daur een
stonmaangetdrawe pomp voarsea, By maksimum deurogande
ontwerpvermoe i4 die rendement van die kotels 93,9 persent

Die futale magsa van een ketel en sy ondersteune de
sttt is 9 E00 ton en sy ksuewaterinhoud 15 185 fon, Die
voiurne van die vond 15 chgevest 12 000 m' en die opperddakte
von dig wanmtewiseelingspype is 74 000 m’.

Salkdile:s (Fenheda 1,2en )
Hierdin aznieq vervang die ntstowwers vir eenhede 1, 2 en 3
en bestaan wit die ABB Flakt Optiputse-sakditer, wit mel
Aimeidialon- T-sakke toegetus s

Die aarleq 1s verdeel n wer woleerbare komparemente.
Elke kompatternent et & 724 saklez. Daar 15 aliesaam 26 836
sakhe per ketel. D lengte van die 5akke 15 agt mester.

e aarileg 15 onteerp am 1 200 m' s ke clrookgas teen n
snelheir van 0.015 mis e hantert.

Turbines
Duvhig-iragstasie het ses Wurbmes. Elke wiline-genhed
tnegerus met hoedruk-, tddeldnse on wee dibbeivios
laedrulsilirdars. Die hoddruk- en middeldruk-sihinders bestaan
ult i hmne- e buite-ombulsel g vitmge ganloop en snedlle
faszkamimeirg moonthis te maak.

Die fondamente en stutbe van aen turkine bowvat § 6080 ot
20000 tan heton

THE SMPLIFIED SIMULATION OF A BOILER, TURBINE AND RELATED CONTACL SYSTEMS
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the iz ether larye steel balls oF rollers Tun i citcular tracks
o pulvenze the coal to powder This tine, ighiy combustitie
powder 45 biown from each mel nte the boders & some 62 ans
an o

There are six nlis to gach Yaler, providing 3 spare capacity
of two mills per Loy when coal of design quality s bewng
burnt. At full capacity each boler requires between 250 and
300 tans of cozl an haur, depending on the calonific value of
tre ool

Boilars

The six boilers are uf the Benson type. which depends on forced
cireulation and has no steam drem. The feedwater. which 15
fughly punfied and demineralised, makes one continuous and
uninterrunted cirelt through the boler, the turbine. the
condenser, and again through the baifer On its path thraugh the
bailer, the feedw:ier evaporates and as mare heat is absotbed,
the steam becom2s suparheated ta a Yemperature of 540 “C
and a pressure of 17, MPa,

A feature of tha stearr pipework is a high-pressure syslem
that allows he superheated steam o bypass the high-pressure
turtine when necessary, o fiow directly into the reneat pipework.
From therg it bypasses the intem,ediate-pressurg and iow-
pressure turbines and fiows into the main condaenser. This
systont means that the boler can be opetates ndependently of
the turbine, and the carect stieam tamperature and pressura can
b ghitained befora tha gen-wator is started up, Alsa, if a turbing
trips, the systern allaws tha houer to be operated at raughly
40 per cent of ks maxirmum foad, ready for a rapid re-fart; and
# & turhine sheds a targe part of is foad. it can be run at a low
load while the hoilar is mantained at a higher Inad. Int both
instances, the bypass system prevents, within tha limits of is
capacily, sudden pressure rises fom exceeding the settings of
the safety valves in the relieater,

Each hoiler is fited with 24 bumners, aranged i1 twelve rows
of two - six rows in the front watl of fhe tumace and Six rows in
its rear wall. Each ozl milf supplies four burners - two in tha
fron wall and two in the rear wall. Mounted in the centre of each
bumer 15 an oif bumer, and these are used for starhag up and for
siabilising the combustion of cosl at low loads.

Farced-draught fans supgly secondary air to the burnar
wing boxes while primary-ar fans ranspon pulverised coal
from tha mills to the bumers, Combustion gases arz drawn from
the furnace by two nduced-craught fans, over the sufaces of
the steam superheater, +he reneaters. the econamiser, and air
rreheakers, through the elsctrastatic precipitators and inkg the
chimmey. More than 93 per cent of the dust, or fy ash, 1s
collected tw the preciptatars.,

Each boler has a capacity of 507 kyrs of steam. and the
feedwater 15 supplied, at a pressune of 22 MPa, hy wa elochin
pumps raled at 13 MW each or by cne steam-driven pamp.

At maitnam coatinuous rating the elficiency of the boillers is
93.9 per cent.

The tofal mass of une boiler ard 4s sepporting Structuim s
9 800 tons. and that of its water content, when cald. is 185 tons.
Thg volume of the fumace i approximately 13 000 m' and the
surfare area of the heat-exchange whing Wtals 74 QNG ny

Banp filtars knits 1, 2 ard 3

This plant replaces the precipitators for Unitg 1. 2 and 3 and
consists of a0 ABB Flakt Oppulse putse- et fabric filker, ulilising
acryhe dralon Thags.

The filter 15 divitted mto four sclatable compariments. Each
~ompariment caitains o kral ot B 733 bags, edch of which s
wight melres long, giving A total of 26 896 bags, per boiler.

Tha ptant 1s designed to handle t 20003 boler gas, which
gives 1 filter velocily of 0.015 m 5.

Tushines
Thers are s turtbines at Duvha Power Station, Each Wt wmt
has hirgh-prassure and intefhedia®s pressue eyliidors and ten
double-flow law-pressure cylinders The tugh prossare and
ertermediate-prissure cylinders ane cunstructed with anonkenal
andd exiernal caseg 1o allcw for Fasl stist-up and rapid vination
1 fgaadl.

Te foundations and supports for ane tuekbsno og o
000 e or 20000 kons of caracrite
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Voedingsverwamerinsializsie

fiip kandgrsaattemperatiyr i die lndensaattenk |5 onjeveer
27 O O maksimum stelseldoskiraffendbend te verkry, is dit
Aoeticy om dv: kendensaat te hervertt voor Oit na die ketel
teruggevoer word, Om dit te doen moet die kandensaat deur
e ver s eos gestur word voordat it in die ketel ingevoer
worct. Al die vetwarmers s van die bogrondse Lipe waarn e
water deur pypbuitels vioel. Stoam st aan versnillends
startiums van die turbine anitrek word, verhit die wates dewr

i 52l van geleiding deur die pyprietaal.

‘1 Onthugter tussern die hodddrii- en laediukvenyarmers
venrydear dia suurstaf wat in die kondensaat vasgevansg s en
varhit die water dewr direkle kontak met die Stoom wat san die
L ines ottrek word, Die kondensam wort dan met bebulg van
die hoofondenseat-uitsuigpompe van die kandensator af deur
die [aedrukverwamers na die antiugher geporp.

Tie kondensaat ward hierna met behulp van die
ketelyoerpompe van die omlugter se voedingswatentenk af deur
die hoadrukverwarmers na de hatal geparmp. Die
Eindemperatuir var die voetingswalar by B00 MW s 247 C

Konsdensators
Die kandensators is van de dubbeldrul-openviatp:. Die
vakuum in dis kondensaters word bewerksieliq deur
staomstraallugverdrywears en warg in nomnale bedryt deur
waterstraaiiugverdrywers i siand gehols. Dva stoor wat uit die
l@edruksitinder gelaat worg, kondenseer oor 22 552
aeelkoperpypa, wat 'n totale oppeviakle van 23 400 m” baslaqn.
Elke ketel-turbinestel het een fkondensator met
Hittewizealingsvanmos van cngevasr 400 M,

e nerators

Efke generatar hat 'n oritwerpvermos van G667 MVA en lewer
600 MW by vale las. Die utstucrvanmod is 575 MW, rangesicn
tie versld van 26 WIW gebruik waord om hulptoenusting van die
ke en ketel te faat fanp.

Geonerstorkoeting word deur twee stelsels Lewerkstelig. De
statar en rotor ward verkoel deur watarstof wat leen n druk van
400 kFa daur oppenlakine waterkoelets tkulszer. Sirkulasie
von e waterstol ving ptaas deur twee waaiers wat aan die
rotar-as geheg is. Die statorwikkelings en die kem word deur de
sirkulasie van gedemineralisgarte water verkosl,

Die generators werk teert 22 kW en (il lewening word fat
00 kW verhooy vir distribusie via die nasionals petwerk.

Skacrsterc

Duvhd se e shoarstens i met o hangle van 200 m dis
hongsle vyt e hetanstrukiura in die Sudehke Halfrond, Elk=
shkoorstean beval de mokgasgange, sodat daar ein ganty per
"7y 5. Die diameter var die shoorstene by die basis is 22 men
buic's stasn op B heipale van 1.2 m by 18 m, Nadenoeg 40 000
ton bedon is in dig kanstrksie van ¢lke skoarsteen gelink.

Dis hoogte wan die skootstena hetehen dat die reokgasse
rleur e normale nversislaag van Mpumalanga se Hogwaid-
amostesr witgewsrp word en acdoends gor baie aroat afstande
verstoi kan word.

Kaeftorings

Die ses kaaltarings by Duvha is orlwerp vir it lolale terrugse 135
van nagengeg 19 000 GJh, Die rire grootste torings 1s 149 m
haog en 114 min diamgter by groncviak, en dig mmmuam
wandditte i3 180 mm. By vole las heloop die daagnkas
vardamping uit =en fonnn 30 Me per nag.

Wetervoorsiening

Draar wan Wt een van wes pronng in Duvng se wikedehnpeftes
vrnsieh ward, Eerstens kan water gepomp wora 1t dig
Wydeho  0- en die Mombgeda hidars, watl in die oo talker getwed
van Mpurralangs deur die Kormatinvier gevoed we . Hierdie
damime kan ook aangevul word et watyr ut dic Usubu-stelsel,
Tesi:edens kan water van die Witbankdam 1 die trolape v die
Olfantstragr veday en aangevil ward met water ut ie
Grootgraaidam in die \ralrvier naby Standerton.

Die tweete firon word s0 mint toontin gebruik amutat dt me
50 sulver as die Komatimaer is rie. Sulver waler 15 Ui
wenslii, Fangesien suiwenngs en demmenalisectkosto m
verhiouding is met die honseniasie mitenasl wit vanrayres noot
word Hierdie bron ward sleqs gabiruik meen die Komat) stelse
Flies WEr KT VOOPSIER e
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Feed-heating plant

The contensate tgmpatature in th Aenser hotwell 15 ahout
a7 G, Inorder 1o obtan maamum systemn aificiency tis
necessary ta reheat the condensate beforg returming it a the
batter, To achueve Hhis, the tondensate 1S bassed through
rumerous hegters befora feeding it nto the Leiler. Al the heaters
are of the surfice type i which the water flows throuats e
nests. Steam entracted from driferant Stakes of the turbine heats
thiz water by conduction thriigh the Wube metal,

A gdeaerator stuated belween the low-pressure and high-
nressore heaters removes enltained axyden in the condensate
aml heats the water though direct contact with steam extracted
from the turbines. The condensate i pumpead fram the
candenser o the degerator through e low-pressurs heaters
By maans of the man condensake axdrachan purnns.

The condensate 1s then pumpert fram tne deagrator
ferdwater tark to the baler through the hgh-pressure heaters
by the bailer feed pumps. The finai feedwater temparature at
GO0 MW is 237 C.

Conilgnsera
The gondensers are of the dual-pressure surface type. Th
vacuurn inside the condensers 15 estabhshed by steam-jet air
eectons and maintained in nommal operation by wateret ai
ajectors. The stearn exhausted fom the low-pressure cylinder
condenses over 22 552 brass wbss. which have a surface area
tntalling 23 400 m-.

£ach boier-turbmne set has a conderisar wih 4 heat
exchange capacity of approvmately 400 Mg,

Guerators

Euch generatar is rated &t 867 MVA and produces 600 MW at
full foad. The sent-out capaciy & 570 MV, the difference ui
25 MVY baing used to run he awatiary quigment of e turbine
and Griter plant.

Generatcr cooling 1s achieved through twe svstems. The
stator and rotor are cooled by hydragen at g pr.assurs of
400 Pa, witich 75 cireulated through water coolers of the surface
type. Circulation of the hydragen 1s dong by mean. f two fans
that are locked to the rator shatt. The stator windings acd core
are: cooled by the rircufahion of demirerahsed witer.

Trie generators: cperate at 22 kY and their owtput is
transfarrred to 400 Wy fur distributan wia the national grid.

Chimneys

At 300 m sach. Duvha's wo chimoeys ave the faliast froe-
standing conerate structures in the Sowlhern Hemisphere Each
chimney contains three flues, 30 thal there 15 ang filue per hailar,
The diameter of the chirnmoys o tie base is 22 m, and oolh are
restieng un 60 piles of 1.2 m by 18 m Approximately 40 000 toas
of concrete was used n the Ganstruction of each stachk,

‘the height of the chimneys means that the lue gases dre
epected through the normal inversion layees of the Mpumsianga
Highveld atmosphere, and can hus be dispersed over vary great
distances.

Cooling fowers

Tha six conling towers at Duvha are designed for a 4o1al themal
ipad of nearly 19000 Gh. The three langor iowera are 149 m
g and 114 mon dameter af the base, and the minkmum shell
thicknass is 180 mm At full foad the evaporation froin one tower
amounts to 30 M aday

Water supply

Duvha's water requirements can ne met from edher of two
sources. First water can be puinped fram the Vygeloom and
MNatgedacht dams in the astern part of Moumaianga, which
are fed by the Kornati Hiver. Trese dams can also be suppied
wth wale from the Usutu system. Secondly, water can e
obtamed from bwe Withank Darnm in tha upper reaches of the
Cllifants River and supplement.d with wader from the Groatdraai
Dam in the Viaal River near Stande-ton,

The sacond S2urcd 15 used 25 M A4S pOSEe Because s
nit 015 clean s the Kamab Ber. Clean water is highly desimathe.
a5 paumnboation and frimberalcation costs are proportiona .
cancentranon of mesten 3 Bt has 1 be ramoved This secand
wotirce 15 therefare ooly s If the Komat systam cannot suppiy
thie wiiter
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APPENDIX B_ - PC SIMULATION SOFTWARE

Choice of the most suitable sofiware js ¢ * .2 suecess of thi. simulation in meeting
the objectives of the disscriation. The  as. |, -wit considerations when evaluating the
software were:

a) st able fo perform the required task?

b) How Fast is the sofiware?

¢) How user friendly is the software?

d) Is the simulation “program™ self documenting?

e) Is the lanpuage 10{% graphical. or does it require “behind the scenes™
programming?

1} How stablefrelinble is the software (i.e. does it ever crash)?

) Is it possible to interface live external data to the simulation?

h) How aceurate are the integration algorithms?

i) Would the simulation be relatively easy to figure out and understand by
1 3" person?

J) Is it possible to develop a sophisticated user interface for the
simulation?

The following hardware was used for the development of the simulation as well as for the
testing of the different software packages
¢ Intel Pentivm 133MHz CPU
PCI Motherboard with 256Kb Pipeline Bursi Cache
24MB RAM
64 bit High Speed graphices card, capable of 1132 x 864 resolution (or
higher)
o 20" Phillips Monitor (1152 x £i:4 capable)
» 1 GB SCSI Hard Drive

The test PC was configured with Windows NT version 4,0 whichy, although being slightly
slower than the previous version 3.51 (due to additional RAM requirements) , appeared to
be more stable.
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4th, Adaptivo Rungo Kutla Sth, It , Goar's | Correcicy, Anama b program, atthough some of the
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. by the programmer
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3 faster of slawer than raat Ime ris fastar or Glenaer than real tima furction comecily. 11 i difficult o
requlata the simul
, speed
Spean Wery fasl. Add-an modula compiies tha |Wery fast. Add-on modula gompiles the (nat lestad
o et mnte G for extia speed eirde nta G for edva spaed. . .
Auoum Dopands on imegration mothgd |Depomgds on intogration modhod Biopongda on ningration mothod
. o |implementea by Ikp pregrammer
Slabilty Depends an Step size onef intagraticn  |Deponds on Step siza and ifogralian — {re Ksed
3 methed — rothod
Staiitity £ Roburtresa (Crasihes somalimas during specins not tasted ol Bested
can o svoided. Boos nobCrash whon
rurning Simlation.
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These results should only be used as a guideline as to the suitability of each of the sottware
packages to simmlation. 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 packuge. Mony other simulation packages exist, most of
which are prohibitively expensive and complicated to use.
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APPENDIX C - SIMULATION ACCURACY

C.1. 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 pov-er 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 fo 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 caleulate the turbine power is:

TurbinePowery,, = Constant x SteamFlow,, Eq44

The more advanced boiler simulation used the followitz more accurate formula for
calculating the power generated by the turbine:

TurbinePowet,,y, = Constant x SteamFlow, , x SteamEnthalpyDrop,,,, Eq43

This formula assurmes that all enevgy extracted from the steam is converted into electrical
energy, thus neplecting the inefficiencies of the turbine and generator as well as the effects
of friction and heat loss.

Steamn Initial Condition- Before Turbine Governor Valves:

s Hot Reheat Pressure: 45 MPa

¢ Hot Reheat Temperature: 540 °C

e Hot Reheat Enthalpy 3540 klkg
CGovernor Valve:

s Pressure Drop: from ¢ MPi to 4.45 MPa

{depending on governor valve position)

IP/LP Turbine Steam Inlet Conditions:
s Pressure: from 4,5 MPa to 0.05 MPa
(depending on governor valve position)

1P/LP Turbine Steam Discharge Conditions;
e Pressure: 200 Pa
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o Temperature: 20 °C

In order tu reduce power generation, the turbine governor valve is checked in, resulting in
an jncrease 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 ete.) the enthalpv remains constant throughout inlet throitling.

A set of 6 arbitrary pressures were chosen to represeitt 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 erthalpies, 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 error and absolute
mapnitudes. These graphs show that equation 44 results in a high percentage error at low
flow (74% error). The absolute magnitude of this error is nepligible (204 ki/kg) when
compared to the governor valve inlet enthalpy of 3540i)/kg.
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Power {squation 44} = Constant * Flow
Power {equation 45} = Constant * Enthaipy Drop * Flow

Turb. Inlet Prass. 4.50 2.50 1.50 0.70 0.20 0.85
Infet Enthalpy 3540.00] 2540.00] 3540001 3I540.00f 3540.00| 3540.00
Disch Enth 2078.20| 2154.50; 2224.23( 2323.00] 2491.00| 2658.00
Enthalpy Drop 1461.8¢] 138550] 1315801 1217.00) 104900 842.00
Flow = Constant " SQRT (InlstPressura - QutletPressurs) where Constant = 1

where: Constant = 1461.8
where Constant = 1

[ Flow 2.12] 1.58] 1.22 0.84 .24 0.22
Fower {eq. 43) 3100.26] 2310.38] $789.14] 1221.28] 650.46) 32028
[Fower 2o, 44) 3100.96] 218978 1810.44] 1016.76] 48B.7B| 184.47]
Percznt Errar 0%)| &%} 11% 20%]| 39%| 74%
aps
e
60%
o 0%
E 4%
# s
0%
10%
i
212 1.58 122 084 D44 922
Flow
350000
Sﬂnu.m‘ . . R
, —8—Pawer{eq. 43)
2500.00 ——Pawar{eq. 44) -
. 200000
5 160000 |
1000.a0
0000
b
a.00
2142 158 122 D.84 44 622
Flow

Figure 6-2: Povrer Generation: Comparison of Two Methods

C.2. Accuracy of 2lternative .. Jation

C.2.1. Finite Element Methods

Breaking the boiler and turbine down into a number of separate “cells” (which are then
treated in terms of mass and energy balance) is a finite approximation to the infinite
number of ‘cells” which obey the physical faws momentum and eneigy conservation
alonyg 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™, Fipure 6-3 helow
shows the relative computation times for a simulation consisting of [, 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 10 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™,

]

1 2 3 4 5 B T ]
Humber of Cells.

Figare 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,

——1Ca +2_’C815 —d Cells ~M—BLels

i 2 &% 4 & e ¥ B 8 M0 1 12 3 M 5 W W M 1 omm 0M 2 & MO o2 oI
Timn

Figure 6-4: Superheater Flow Simutation (1,2,4 and 8 Cefls)
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—4—1 Cell ——2 Calle ——4Calle ——ACall.
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Figure 6-5: Superheater Pressure Simulation (1,2.4 and 8 Cells)
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VisSim/33 -ci\antony\aims\alter 06-04-97\print 24of06v3.vem::
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