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ABSTRACT

The primary objective of this study was to determine the heat rate of the power plant using the
measurements of critical parameters and MEB calculations. An additional goal of the project
was to determine the flue gas and air mass flow rates which influence the efficiency of the coal

power plant.

The consumption of coal is a critical parameter affecting the efficiency of coal-fired steam
boilers. From an operational perspective, the mass flow rate of pulverised coal is a major
indicator of the rate of combustion and plant heat rate. However, the cost of electricity
production in thermal coal power plants operated by ESKOM, is predominantly influenced by
pulverized coal which represents between 60-70% of the total cost. Monitoring the
consumption of coal can determine corrective actions which will ultimately improve the power

plant’s efficiency, reliability and associated economic benefits.

Initially, the fundamental concepts of a boiler and its auxiliaries were studied, which led to the
required coal, air and flue gas systems required in a coal-fired boiler plant. From the literature
review, it was established that coal consumption is a critical indicator of a plant’s performance
in terms of cost and efficiency. The different methods used for the flow measurements of coal,
air and flue gas in a coal-fired boiler plant, such as MEB and CFD were reviewed. The-MEB
method was used to determine the pulverised coal, air, and flue gas mass flow rates and the
plant’s heat rate. The MEB method was used to establish a coherent set of input and output
data for the boiler, as well as to troubleshoot existing measurements from ESKOM'’s coal-fired
power plant. The plant’s coal consumption and heat rate results were calculated by means of
a Mathcad model that was developed using BMEB methodology. Mathcad was chosen
because it allows to visually check calculations. Furthermore ANSYS Fluent was used for the

CFD simulation in the secondary air system.
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CHAPTER ONE
THESIS OVERVIEW

1.1 Introduction

Coal is the primary source of energy in a country like South Africa and contributes substantially
to the economic growth. According to the National Department of Statistics, for the past
decade, the electricity production from coal-fired power stations has increased coal
consumption, which accounted for 60-70% (Constenla et al., 2013) of the total power energy
supplied to the grid. This is due to its abundance in South Africa where the necessary quantities
can be continuously supplied by mines located near the coal power stations. Coal will still be
one of the most reliable source of electrical energy production in South Africa for years to
come, in spite of the many challenges such as global warming and the decline in coal quality
(ESKOM, 2016).

Power stations using coal-fired processes are the most important suppliers of electricity in
many countries and contribute to job creation. However, the consumption of coal has a major
impact on production costs for power producers like ESKOM. In a coal-fired power station, the
pulverised coal-fired boiler and its auxiliary system (air, flue gas and mills) constitute the major
components that produce the heat energy required to generate steam to drive the turbines.
The coal-fired boiler as well as condensing system, turbines and feed heaters are the main
components that influence the heat rate of the total power plant. The mass flow rate of coal is
influenced by the overall combustion or process system which includes the air system, PF
milling plant and burners’ arrangement. Coal consumption is an indicator of power plant
efficiency which eventually has a significant effect on both boiler efficiency and overall plant
reliability (Constenla et al., 2013).

Traditional methods have proven that, it is difficult to measure accurately the quantity of
pulverized coal fuel used in the furnace at many ESKOM plants, with equipment and
instruments available on site, due to the size of ducting which requires advanced technologies.
The mass flow rate of the coal can be determined indirectly using the boiler mass energy and
balance (MEB) calculation method, taking into consideration flue gas and air flows that are key
relative parameters influencing the total energy output. The accuracy of these MEB
calculations in most cases is still dependent on the plant’s input parameters, and the suitability
of this method, for online monitoring, depends on the availability of measurements from the
plant (ESKOM, 2016). In effect, the comparison of the mass flow rates determined with the
MEB calculation and plant online ETAPRO data, is necessary in order to provide a clear

analysis of the actual plant’s performance as specified by its design.



1.2 Background

1.2.1 Boiler and auxiliary system at Power Station A

This section gives an overview of power station A which has been used for the implementation

of this research project.

Figure 1.1: Coal-Fired Power Station A (ESKOM, 2016)

The six boiler units at the Coal-Fired Power Station A, as shown in Figure 1.1, are the size of
an office building of 35 floors, and in a unique configuration when compared to other coal
power stations. These boiler units have been designed to allow for the efficient use of coal
energy extracted during combustion to heat up water. The pulverised coal supplied by the six
horizontal ball mills is carried by the hot primary air into the boiler’s furnace, where it ignites by
a series of burners located on the rear and front walls. The air is extracted from the surrounding
atmosphere by two FD fans and supplied to the air heater (A/H) where its temperature is
increased (on average) to 250°C, as required for an efficient combustion process. The
combustion of the pulverized coal is activated by the fuel oil which is injected in the furnace at
high pressure, by means of a series of nozzles as mentioned above. Inside the boiler furnace
the maximum temperature reached during combustion is £ 1400°C during full load. The flue
gas is extracted from the boiler by the ID fans and then exhausted into the atmosphere through

smoke stacks after some pollutant substances are removed in the ESP unit (ESKOM, 2016).



a) The Coal system at Power Station A

The coal system in a boiler unit at the Coal-Fired Power Station A, as shown in Figure 1.2,
comprises of 6 ball mills supplying 36 burners (18 burners in the front and back walls

respectively) through high (PF) pipes carrying the pulverized fuel.

1: Coal Bunker
2: Ball mill

3: Coal feeder
4: PF pipe

3: Burner

&: Boiler

Figure 1.2: Pulverised coal flow system at Power Station A (Catia 3D View)

PF boilers are the most common type of boiler used for steam generation in coal power
stations, due to the way they have been designed to burn pulverised coal, which consists of
very small highly flammable particles. The raw coal is sourced from a nearby mine via a set of
conveyor belt systems, to multiple bunkers which supply the mill feeders. The mill feeders
adjust the rate at which the coal is fed into the ball mills, in order to be ground down to the
required size. There are two coal feeders per ball mill at two inlets; the pulverised coal is
supplied to the burners through two outlets. An air seal is used in the mills to prevent any PF
leak and external contamination. The seal is supplied by a seal fan which is mounted on the
mill (ESKOM, 2016).

b) The Air system at Power Station A

The total air supplied to the PF boiler at Power Station A is supplied by the FD fans which are
installed on the left and right-side walls. The FD fans extract all the required air from the
atmosphere, from the highest point on the boiler where the temperature is higher than the
ambient, in order to reduce the energy required to heat it up. The mass flow rate of the air
supplied is required for stoichiometric combustion of the pulverized coal, together with the
excess to achieve efficient and complete combustion. The air is firstly heated up inside the
heater and fed to the boiler at a temperature in the range between 250°C to 300°C.

3



The PA fan draws air from the FD steam to be supplied to the mills in order to pneumatically
convey the PF particles to the burners. The remainder of the FD stream, the secondary air
(SA), is directly supplied to the boiler to accelerate and increase the combustion process
(ESKOM, 2016).

The air system at the coal-fired power station A can be further specified as follows:

PA System:

Figure 1.3 illustrates the primary air flow at the ESKOM power station A. The PA is taken from
the FD ducting before the secondary air heater and is heated up by the hot flue gas in the
tubular primary air heater (A/H). Then it is mixed with tempering air to avoid overheating the
air supplied to the mill via the primary air ducting.

Atmospheric air flow

Fiue gas

I Ml Attempering air
E Atmospheric air inlet

1111

Primary air to mills

Figure 1.3: Primary air system at Power Station A (Catia 3D View)

SA System
The secondary air flow as shown in Figure 1.4 is divided into multiple streams by different

ducts connected to all the burners. This allows the pulverised coal to be distributed rapidly for

the combustion process in the boiler’s furnace.



@ Atmospheric air flow

# Fiue gas

“ Secondary air to burner

Burner
A

Coldgasoutlet . Har gas inlet

Figure 1.4: Secondary air system at Power Station A (Catia 3D view)

The secondary air at Power Station A is heated up by the Rothamule/Ljungstrom type heater
(A/H) situated at the exit of the boiler's economiser on the ducting of the flue gas. The
secondary air heater (SEC A/H) as shown in Figure 1.5, is a rotary heater with stationary or
moving plates which extract the heat of the flue gas flowing out of the boiler. The temperature
of the flue gas, at the exit of the secondary air heater, is lower than the temperature at the inlet,
because of the heat recovered and transferred to the secondary air. This process increased
the PF boiler efficiency by roughly 1% (Jashuva et al., 2014).
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Figure 1.5: Example of a secondary air heater (Rothamule air heater) (Jashuva et al., 2014)



c¢) The Flue gas system at power plant A

The path of the flue gas at Power Station A as shown in Figure 1.6 starts from the furnace to
the air heater’s exit where the heat is extracted gradually. The flue gas passes through a series
of heat exchangers from across the top of the super heater and the evaporator to the bottom
of the boiler’s exit. The maximum temperature of the flue gas is at the exits; of the furnace
1200°C, between 200 to 400°C of the economiser, and between 120 to 140°C of the air heater.
The most important role of the flue gas is to transfer the heat produced by the combustion
process to the water that is supplied to the boiler by the feed pump through the economiser, in
order to generate superheated steam. The water temperature is slightly increased in the lower
pressure heater (LPH) just before it is fed into the economiser which is situated at the bottom
of the boiler (ESKOM, 2016).

The flue gas temperature decreases gradually while it passes through the super heater, re-
heater, evaporator, economiser and air heater as the useable heat energy is recovered for
boiler efficiency. At the economiser’s exit, the discharge duct splits into two equal conduits
supplying the left and right secondary air heaters. However, a portion of the flue gas flow
bypasses the secondary air heater at the inlet from the top through to another side duct and
discharges in the primary air heater. The flue gas exits the primary and secondary air heaters
(left and right) in separate discharge ducting, which are connected to a main duct just before
it goes through the ESP (ESKOM, 2016). The flue gas extraction from the boiler is done by
two ID fans located at the ESP’s exit which removes pollutant substances before it discharges

through the stack to the atmosphere (Tootla, 2015).

Steam generation

__ |DFangas
extraction/suction
—~  tostack

Figure 1.6: The Flue gas system at Power Station A (Catia 3D View)
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1.2.2 The consumption of Coal

Electricity in South Africa is largely produced by coal power plants run by ESKOM. Inside the
power station, the coal is pulverised to a fine powder by large grinding mills. Pulverised coal
burns quickly, like gas, when fed into the furnace during the combustion process, producing
the heat energy and steam inside the boiler to run the turbine for power generation (ESKOM,
2016).

However, competition in the production of electricity in many countries, has introduced new
challenges to power plants to reduce production cost and operate more efficiently. Degrading
coal quality and plants operating at maximum capacity are the main factors that reduce the
efficiency of the coal-fired power stations. In effect, the coal power plant processes should be
monitored constantly by means of accurate measurements of coal flow while controlling the
efficiency of the boiler, which is the main component for generating steam to drive a turbine in

order to produce electrical energy (Palmqvist, 2012).

The most common problem found in many coal-fired power stations in recent years is the waste
of coal due to the inefficiency of the plant when operating at full load. New technology is needed
for the optimal control of pulverised coal. It has been demonstrated that there is a critical need
for a coal-fired power plant, to control accurately the mass flow rate of coal in order to reduce

its consumption (Jing et al., 2017).

The overconsumption of coal leads to excessive increase in operating costs that affect the
reliability of the power plant. When coal is supplied excessively to the burner, it causes
overheating and slagging to occur on the heat exchangers’ tubes such as the super-heater or
the re-heater as shown by Figure 1.7. This has negative influence on the heat transfer process
which is very important for steam generation. In effect, the heat transfer is reduced and this
causes higher flue gas temperature that lead to heat exchanger tubes failure as well as
corrosion. Therefore, the boiler’s efficiency is reduced and the operating cost increased. High

operating cost could lead to plant’s closure and economic slowdown (Tootla, 2015).

Figure 1.7: Slagging on the super-heater’s tubes (Tootla, 2015)



1.3 Problem Statement

The coal consumption at Power Station A is not monitored accurately, and there is not an exact
coal flow rate quantity determined by the plant. The cost of electricity production in modern
thermal coal power stations is predominantly influenced by fuel/pulverized coal consumption
(Jing et al., 2017).

Over consumption of coal causes a substantial increase in operating costs, slagging of boiler
tubes and unstable steam energy required to drive the turbines, while considerably reducing
the efficiency of the power plant (Plamqvist 2012; Usman 2007). The boiler tubes in which
steam flows are overheated by the flue gas which is at very high temperature, thus damaging
the tube material (Blondeau et al., 2016; Constenla et al., 2013; Sargent, 2009).

It is difficult to measure pulverized coal and gas flow in the furnace accurately with the
equipment and instrumentation available, due to the large sizes of pipe and ducting, which
requires advanced technologies that are very expensive to be implemented in many coal power
plants (Huang et al., 2010; Plamqvist 2012) like those operated by ESKOM in South Africa.
Therefore, the mass flow rate of the coal has to be determined indirectly using a MEB
calculation, taking into account the flue gas and air flows that are key relative parameters that

also influence total energy output.

1.4 Objectives

The main objectives of the project are:

+ Determine the heat rate of the plant using measurements (air, flue gas and steam)
and MEB calculations

+ Develop a 3D visual system of the different circuits like coal flow, air and flue gas that
will be useful for the process/operation teams, at the coal power station, to have a
better understanding of the plant and easily locate or access different measurement
sensors and devices

+» Compare MEB results and plant performance data

+ Develop an air flow simulation to identify key measurement points

1.5 Limitations of the study

The project is limited to the analysis of the coal, flue gas and air systems inside the boiler,
using thermodynamics and combustion engineering principles. Additionally, the project does
not engage with development of new technology but analyses the current means of

measurement used by ESKOM to determine the heat rate of the plant. Furthermore, the



research project is based only on the analysis of measurement parameters used in plant MEB
calculations.

1.6 Methodology

The anticipated study was conducted in the following stages:

/

s The boiler MEB methodology was used in this project to calculate the heat rate of the
power plant. The MEB is based on a series of thermo-fluid and coal combustion
equations to calculate critical parameters like coal, gas (air and flue gas) mass flow
rates in the coal-fired power plants. This is illustrated with the calculation diagram

shown in Figure 1.8.
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Figure 1.8: Boiler MEB calculation flow diagram

< Plant parameters were used to implement the MEB model in order to calculate the coal,
air, flue gas mass flow rates and the power plant heat rate. For this project, the plant
data was supplied by Power Station A run by ESKOM. A site visit was scheduled and
took place during full load operation of the boiler plant at the ESKOM power station to
collect the MEB data and identify measurement instruments as well as their location in
the boiler plant. The plant operating parameters were extracted from the ETAPRO
control system for a period of three months, as summarized by Figure 1.9 and Figure
1.10.
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Figure 1.9: Operating parameters: flow and pressure for coal-fired Power Station A
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Figure 1.10: Operating parameters-Temperatures for coal-fired Power Station A
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s The air flow simulation was done using ANSYS Fluent CFD. ANSYS Fluent is flow
simulation software based on set of equations such as continuity, momentum and
energy. Additionally, a transport equation is used by the software for turbulent flow. The

process for the simulation by ANSYS Solver is illustrated in Figure 1.11.
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Solve Mass Momentum,
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Solve Mazs
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'
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'

Solve Other Transport Equations as required

Figure 1.11: ANSYS simulation solver (ANSYS, 2015)
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1.7 Chapter outline

1.7.1 Chapter One
This chapter presents the background, problem statement, objectives, limitation of study and

methodology.

1.7.2 Chapter Two
The second chapter covers the literature review of the boiler flow measurements (coal, air

and flue gas), and gives an overview of the MEB and CFD methodologies.

1.7.3 Chapter Three
This chapter describes the MEB methodology

1.7.4 Chapter Four

The four chapter is focused on modelling and flow simulation (CFD)

1.7.5 Chapter Five

This chapter covers the MEB results and sensitivity analysis

1.7.6 Chapter Six

This chapter discusses the CFD results

1.7.7 Chapter Seven

The seventh chapter presents the conclusion, findings and recommendation for future work
1.7.8 Appendix

This section contains the MEB calculations, CFD simulations and a 2D/3D Layout of the

Plant’s boiler
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CHAPTER TWO
LITERATURE REVIEW

This chapter is firstly focused on the different flow measurement techniques used for the coal,
air and flue gas streams in a coal-fired boiler. Thereafter, the basic theory of the MEB method

and CFD modelling is reviewed.

2.1 Flow Measurement in a Coal-fired plant

The demand for electrical energy worldwide has resulted in increased demand for more cost-
effective power production, and tough policies to reduce pollution. In effect, the coal-fired
power suppliers are searching for new solutions to optimize different processes during the
production of electricity. Coal is still largely used in the production of electricity in many
countries, and accounts for 40% (Constenla et al., 2013) of global electrical energy production.
PF coal boilers are among the most reliable and largest suppliers of electrical energy in the
world. In this regard, it is critical for the optimization of the combustion process to be
implemented in order to increase boiler efficiency and reduce operational costs. The
optimization of the combustion process in these power stations can be done in many ways,
such as replacing old equipment with new measurement technologies, or re-calibrating the

existing instruments for accurate control of all power plant operations (Constenla et al., 2013).

However, it is very difficult to accurately control the combustion processes taking place in many
coal-fired furnaces due to limited measurement methodologies particularly for flow of coal. The
improved stability of critical parameters for sustainable operations has been requested by
many coal-fired power stations to be implemented with advanced control systems, in the last
decade. There is an increasing demand for ideal and flexible operations systems in coal power
plants in order for them to achieve economic and profitable performance. Many research
experiments done on coal combustion process have contributed to the optimization of power

plants by in-depth analyses of process input and output parameters (Huang et al.,2010).

2.1.1 The Measurement of the flow of coal

In many coal fired plants, the accuracy of measurement of the coal flow rate is a critical
requirement to maintain the reliability of operations (Matthews, 2016). In effect, the efficiency
of electrical power production in a thermal coal-fired power plant is indicated by the heat rate,
which is the measure of the energy used to generate a kilowatt-hour per coal quantity burnt.
In effect, the heat rate of the plant is a clear indicator of the plant’s performance that can help
to reduce coal consumption. Production cost can be reduced by continuously improving the
heat rate (Walsh et al., 2015).
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A power plant’s heat rate is the most common indicator/parameter, used in the electrical energy
generation industry, to assess their performance and efficiency. The heat rate of a power
station is mainly influenced by the flow of coal at full load operation. The actual plant heat rate
is generally higher than the design value in many coal-fired power plants due to operational
inconsistencies that vary according to the various process systems in place (Sargent, 2009).
Sharp increases in the cost of coal has led many power plants to search for ways to reduce
their annual fuel bills (Edward, 2009).

Blondeau et al. (2015) conducted a study based on online monitoring of coal particle size and
flow distribution in coal-fired power plants. The size of the pulverised coal and the consistency
of the mass flow rate of coal supplied to the burners were critical parameters for an efficient
combustion process. The project illustrated a system for online control of the PF particle
distribution and flow across all burners from the coal mill outlets in a 660 MW coal-fired power
plant. The results obtained when changing the speed of various mill centrifugal classifiers was

analysed and the PF flow inside the burners was improved enormously.
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Figure 2.1: (Left) Coal ball mill (IHI Corporation, 2017), (Right) PF Coal Ball Mill (ESKOM, 2018)

However, the average size of the pulverised coal from the PF mill as shown in Figure 2.1 is in
the range of 60 to 70 microns in diameter. The benefit of pulverised coal is the fast and efficient
combustion rate that results, because the fine particles are-highly flammable in the complete
combustion when mixed up with hot air. This allows PF boiler manufacturers to design various
size coal-fired boilers with the same efficient combustion process that is useful for steam
generation (Tootla, 2015). The fine size of the PF particles and the consistency of the coal flow

supplied to the burners are very important parameters for efficient combustion.
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Coal consists of pure coal, mineral matter and moisture as detailed in Figure 2.2. The pure
coal consists of fixed carbon and volatile organic matter. The mineral matter consists of volatile
mineral matter with ash while the total moisture is made up of inherent moisture and surface
moisture. Moisture is essentially the water contained within the coal and typically ranges

between 3% and 7% for South African coals (Rousseau & Fuls, 2018).
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Figure 2.2: Coal composition (Rousseau & Fuls, 2018)

PF flow-meter

Coal-flow and distribution to boiler burners has, up until now, proved difficult to be measured
with a dedicated instrument like the PF flow-meter. The dynamics of the flow of coal is very
dependent on factors such as particle size, roping and the physical plant layout (Palmqvist,
2012).

The new generation of PF Flow-meters as shown in Figure 2.3 are capable of making
continuous measurements of the flow of coal in all the burner feed pipes simultaneously.

Measurements are continuously updated and hence the output signals respond accordingly.
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Each sensor features a completely smooth internal bore which enables the longest possible
interval between measurements (ABB, 2018).

Figure 2.3: PF Flow Meter (ABB, 2018)

Probes with Orifice Valve

The measurement system helps to monitor continuously the flow of coal from the PF pipe
supply to the burners. This measurement system is designed to work continuously in a closed-
loop. It can be easily integrated into an existing monitoring and control environment. A
systematic series of test measurements can be done to validate the reliability of the system.
The sensor probes, in combination with variable orifice valves displayed in Figure 2.4, allow
simultaneous measurements of the flow of coal and hence improve the combustion process at
burners’ level significantly. A robust, micro-wave based system is installed to continuously
measure the mass flow and velocity of the coal in all the PF pipes of the boiler (Suresh et al.,
2012).
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Figure 2.4: Coal Flow measurement in a PF pipe (Suresh et al., 2012)

All measurements are collected in a data acquisition unit and processed to determine the flow
of coal in each pipe, in real-time. All signals are permanently monitored to identify failures in a
very early stage (Suresh et al., 2012). Figure 2.5 shows the measurement of the flow of coal
during operation at various loads.
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Figure 2.5: Mass flow of coal at different loads (Suresh et al., 2012)

Gravimetric Feeder — measurement of the Mass of Coal

The gravimetric feeder control system helps in compensating the variation in density and
volume by facilitating precise feeding of fixed weight of coal in response to a boiler fuel
demand. This ability to accurately weigh the coal provides significant improvement over
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volumetric types in terms of matching the fuel delivered by the feeder to the actual process
required in a coal-fired unit. The gravimetric feeder thus facilitates proper planning of coal
requirement, feeding of coal as per demand and continuous monitoring of the fuel flow
(Ramulu, 2017).This special type of coal feeder as shown in Figure 2.6 monitors the weight of
coal and adjusts the flow speed to compensate for the change in density. This precise control
of feed rate allows maintaining of proper fuel to air ratio which leads to optimum combustion
(Ramulu, 2017).
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Figure 2.6 : Gravimetric feeder (Ramulu, 2017)

Online Analyser of the flow of coal

In a modern coal-fired power plant, online analysers as shown in Figure 2.7 are installed on
bypass conveyor belts to control the process of coal preparation plants. The coal analysers
are also installed on the main conveyor line but the accuracy of results is better on the bypass
conveyor as the PF particles flow with a constant distribution along a section profile. This
reduces the need for sample preparation as the PF particles in the stream are fine and are
usually optimized for large material streams on the main conveyor belt. Three major
components comprise the analyser system: a coal elemental analyser, a microwave moisture
and a trace element analyser for heavy elements. The analyser system is designed to measure
the ash content as well as the complete elemental composition of ash from sodium to

strontium, moisture, sulphur, calorific value and mercury. The material is taken from the main
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belt with the use of an automatic sampling system, sent to the bypass belt, crushed down to

the optimal size of around 6 mm and then sent to the analyser for analysis (Klein, 2013).

ﬁ /1 Detector

A » =

e — —l

Gamma

//—‘ radiation

| (¢
X

.7 _‘ Cs-137 + Am-241

Conveyer

Figure 2.7: Online coal ashmeter analyser (Klein, 2013)

An online analyser is a standard instrument used to measure online the ash content on a
stream of coal. It consists of a source and detector mounting that is generally installed across
the conveyor line. The detector is linked to the electronic control system which consists of a
computer that processes all the incoming signals from the detectors and shows the final

measurement results on a screen during operation (Klein, 2013).

2.1.2 Air and Flue Gas Flow Measurement

The flow measurement of fluids like air, regularly presents challenges due to the arrangement
of the boiler plant and sizes of the ducting system. Ducts in many coal power plants have an
odd geometry, with dampers, expansion joints, internal restrictions, conditioning vanes and
service access doors. The internal condition of ducts is always not easily accessible and not
documented accurately. Standard air flow instruments’ specifications usually require extension
in the straight upstream and downstream portion of the duct where there are no bends or
obstructions in front of the measurement point. In many coal-fired power plant units, it is difficult
to install instruments at the ideal measurement points. Instruments installation in some ducts

in the boiler are often obstructed by internal structures (Sabin, 2016).
In effect, to achieve an efficient combustion process, it is very important to control the flow of

primary and secondary air into the boiler. This is also critical in order to achieve the correct or

stoichiometric air fuel (A/F) ratio, which is an indicator of the combustion rate (Sargent, 2009).
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Aerofoil

Air flow measurement in the main supply and secondary ducts of burners at power station A is
accomplished by means of aerofoils which are permanently installed in these ducts (ESKOM,
2016). Aerofoils are designed to measure air and gas flow though ducting systems with a
square or rectangular cross section. They are used where other flow measurement instruments
like orifice plates are not suited. An aerofoil is a flow measurement instrument that has the
shape of an aircraft’'s wing, which creates a differential pressure between the upper and lower
surfaces. The aerofoil as shown in Figure 2.8 is made of a set of three foils which obstruct the
flow while creating the decrease in pressure known as differential pressure (DP). It is
connected to a piezo-metric system that calculates the average DP for the higher and lower
side in order to determine the flow’s velocity. In effect, a popular aerofoil like Eureka’s AF series
is a very appropriate device for the measurement of the velocity in ducting systems using air
or gas. The aerofoil has an aerodynamic shape that allows the fluid to flow over it with less
pressure loss (EUREKA, 2018).

Figure 2.8: Eureka AF Series Aerofoil (EUREKA, 2018)

Standard aerofoils are made of aerodynamic foils with a smooth profile on the upstream front
side, and a divergent cone on the downstream side which vary in size according to the duct
dimensions. They are fitted with HP and LP sensing ports as illustrated in Figure 2.9 (EUREKA,
2018).
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Figure 2.9: Aerofoil description (EUREKA, 2018)

In effect, the need to improve coal-fired power plant efficiency in the past few years has
motivated the development of reliable and accurate measurement techniques for air flow such
as the aerofoil, in order to have better control of the air-to-fuel stoichiometric ratio (Sabin,
2016).

Pitot tube

The pitot tube is a measuring device usually inserted parallel to the flow of air or gas in a duct
to measure its velocity. However, turbulent flow of air can cause great difficulty in the
measurement of its velocity. According to ASTM standards, pitot tubes require sufficient
upstream and downstream length of duct for accurate measurement. In most power plants,
there are rarely sufficient straight lengths of ducting to permit accurate measurements (Sabin,
2016).

Figure 2.10 illustrates a pitot tube mounted in a duct facing the stream in order to measure
accurately the flow’s velocity. This is achieved by introducing the pitot tube facing the air or

gas stream through a small hole in the duct (Matthews, 2016).
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Figure 2.10: Pitot tube flow measurement in air/gas ducting (Matthews, 2016)

The advantage of the static pitot tube is that it is possible to obtain a quick measurement with
reproducible results. Compared to other techniques for measuring velocity in air or gas flows,
it offers another key advantage: the medium does not flow through the measurement
apparatus. This eliminates the possibility of errors occurring due to changes in the system
(Sabin, 2016). The fact there is no flow through the apparatus also prevents dust deposits
accumulating in the pitot static tubes. This makes the method simple to use even with

contaminated media like exhaust gases containing dust or combustion residues (Sabin, 2016).

Pitot tubes should be carefully calibrated when used in uncommon ducts with restricted straight
lines for measurement’s accuracy. The calibration can be done in-line for uncommon ducts as
shown in Figure 2.11 if there is a considerable amount of the turbulence in the flow. This
involves the analysis of the flow at different sampling points to determine accurate flow profile

measurements in a coal-fired boiler plant system (Sabin, 2016).
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Figure 2.11: Air flow measurement in a duct with in-line calibration test ports (Sabin, 2016)

Traverse measurement with Pitot tube

Traverse measurement is a technique that consists of manually inserting instruments like a
pitot tube in open points on the flue gas duct in order to measure the flow’s velocity. Several
points as shown in Figure 2.12 can be used in an array to increase the number of sample
locations and improve the accuracy of the measurement. The number and type of instruments
required for conducting traverse measurement depends on the unit being tested (ESKOM,
2016). Figure 2.12 is an illustration of the ideal location for the traverse measurement in the
ducting system of the flue gas for accurate measurement. The traverse plane on the flow of
the flue gas has to be as far downstream from the location of the air heater so that the air
ingress from the mechanical collectors or the ESP does not slip through into the flue gas
stream (ASME, 2010).
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Figure 2.12: (Lft): Traverse sampling (ASME, 2010), (Right): Traverse ports measurement (Catia 3D
View)
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2.2 MEB (Mass and energy balance)

The MEB method is widely applied for the thermal analysis and performance test as well as to
calculate the boiler’s efficiency. This technique, has been detailed by both the European
standard EN12952-15 and American standard ASME PTC-4-2008 for its application, in order
to evaluate the boiler performance and determine the coal, air and flue gas flow rates at
different power loads (Tootla, 2015).

However, the MEB method can also be used to verify the consistency of online measurements
from installed/existing control system and evaluate the plant’'s performance as per design
specification. Figure 2.13 and 2.14 illustrate the different MEB energy inputs and outputs of a

coal-fired boiler (Rousseau & Fuls, 2018).

Energy Inputs (i.e.: entering the boundary)

m_.CV+m__h

coal coal” "coal

mair.A/H.outhairA/H.out

seal.qir” "air.amb

=P +P

chedi ts mills PA.fans

m

fw.econ.in" " fw.econ.in

msh.att h fw.econ.in

mrh.in hrh.in + mrh.atthrh.att

gogooasd

air.ingress *" ‘air.amb

Figure 2.13: Boiler Energy Inputs (Rousseau & Fuls, 2018)

The main MEB energy inputs are the mass flow rate and enthalpy of coal, the heated ambient
air from the air heater supplied to the boiler for combustion process and the water fed into the
economiser. The energy outputs of the boiler as specified in Figure 2.14 are indicated by the

steam energy gained from combustion flue gas and heat losses (Rousseau & Fuls, 2018).
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Energy Outputs (i.e.: leaving the boundary)

@ msh.outhsteam.sh.out
@ mrh.outhsteam.rh.out

Losses

@ Energy of exiting flue gas: m fg.A/H.inh fg.AlH.in

@ Sensible heat in ash + Carbon in ash:
Qloss.ash + QIass.UBC

@ Radiation losses to surroundings:

Qloss. rad

@ Fuel moisture evaporation loss: Q,Oss_evap

@ Flue gas humidity loss: Q,mhumi dity

Figure 2.14: Boiler Energy Outputs (Rousseau & Fuls, 2018)

2.3 CFD Modelling

Computational fluid dynamics (CFD) is used for the evaluation of concepts and a better
understanding of the complexity of fluid systems. CFD has been extensively applied in flow
analysis and simulation (Scholtz, 2016).

Constenla et al. (2013) conducted a numerical CFD study of a 350MW tangentially fired
pulverized coal furnace at the A’'s Pontes power plant. The purpose of their research was to
predict the flow characteristics with actual operations’ data of the boiler in order to analyse the
phenomena occurring inside of the furnace and to validate the simulation model. Figure 2.15

is an illustration of the simulation done with the CFD flow software ANSYS Fluent.
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Figure 2.15: Flue gas computational flow analysis (CFD) in a coal-fired boiler (Ferreira et al., 2010)

Ferreira et al. (2010) performed a CFD study as shown in Figure 2.16 to assess the air flow in
a coal-fired boiler. The simulation’s solutions proved to be logically relevant to the parameters
available and confirmed the efficiency of the air flow in the tertiary system running into the
boiler. In their research, CFD simulations were completed in order to analyse the configuration

of the ports used by the secondary and tertiary air.

Veloci
lCnmom 1)

1.000a+001
. 9.000a+000
8.000e+000
7.000e<000
y 6.000e<000
| 5.000e+000
' 4,000e+000
3.0000+000
2.000e+000
I 1.0008+000
0.000a+000

[m &1

40s Steady state

Fig 6. Velocity field evolution at the secondary air kevel in the furnace for the first 40 s
of transient simulation and comparison with the veloaty field for the boiler operating
under same conditions at steady state.

Figure 2.16: Tertiary Air Flow Simulation (Ferreira et al., 2010)

Yang et al. (2007) implemented an ideal way to perform CFD simulation modelling for a coal-
fired plant furnace by means of the ANSYS Fluent software. The model represented the entire
turbulent flow of air supplied to the furnace using the regular k — € equations. The k — € equation
was selected since the flow of air in the boiler was turbulent and the simulation results indicated

the points where important measurements could be taken.
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Miltner et al. (2007) developed a CFD simulation of the flow of gas with ANSYS Fluent to
determine the turbulent flow condition in a coal-fired boiler with 1.5 million mesh elements. The
simulation’s results were validated with online measurements.

In effect, CFD software like Fluent is still the most commonly used method for fluid flow
analysis. It provides solver tools for the simulation of turbulent flow and uses a wide database
of parameters based on the nature of the flow and process. It is a popular CFD tool for

modelling and simulation of flow in coal-fired boilers (Ferreira et al., 2010).
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CHAPTER THREE
BOILER MASS AND ENERGY BALANCE METHODOLOGY

The mass and energy balance (MEB) method was designed to establish a coherent set of input
and output data for boilers. The MEB is used to troubleshoot existing measurements from the
plant, provide a foundation for future modifications to the combustion process, and also help
with effective communication between various the various groups such as operating,

maintenance, performance and testing at coal-fired power stations.

3.1 Boundary Selection

The MEB boundary limitation depends on the availability of installed instrumentation for the

measurement of necessary inputs in order to evaluate processes at coal-fired plants.

Air: AJH Inlet
Pressure

Steam drum
Pressure

Super heater (3H| & 5H
Artemporator:
Temperature, Pressure,
mass flow rate of steam
and SH att. water

Ra-heater {RH)} & RH
Attemporator:
Temperature, Pressure,
mass flow rate of steam
and RH att. water

|,-" Mass flow
[ rate.of Air
! 3

%c ; ;
¥ Tera
ash Pressure, mass
- flow rate of
Fower to FO' Fan Piiwer. b4 Fan Flue Gas; O3 concentration | Air: SEC ASH wiatar
outlet
Flue Gas: 5EC A/H Temperature
Bx=ll Mill: Powwer to mill & outlet Temperature
zeal zir fan, mass flow rate
of =aal air Flue Gas: SEC AfH
Fue Gas: Primary &/H

outlet Temperature

inlet Temperature

Figure 3.1: MEB boundary for a coal-fired boiler plant at Power Station A
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The most important phase of the MEB methodology is to clearly define the system’s boundary.
The boundary limit that has been defined, shown in Figure 3.1, is also the boundary used for
the MEB (as per ASME standards) to calculate the boiler’s efficiency for acceptance tests. The
MEB boundary includes all the coal, flue gas, air and steam systems with all respective
parameters (temperature, pressure and mass flow rate).

The MEB will be applied to the C-schedule (Plant design data), acceptance tests and current
operating parameters for the ESKOM coal power station. Comparison between the design
specifications and operating parameters will be conducted to analyse the plant’s process

performance.

3.2 MEB Calculation

The main goal of the MEB is to calculate the mass flow rate of the coal in order to determine
the heat rate of the plant using the measured input parameters. The MEB is also used to
determine the flue gas and air flow rates that are critical boiler parameters related to the mass
flow rate of the coal. In effect, the mass flow rate of air and flue gas can be expressed in terms
of the mass flow rate of coal, since they are critical parameters influenced by the consumption
of coal.

The 3D model of power station A in Figure 3.1 can be simplified for the derivation of the mass

flow rate of coal as shown in Figure 3.2.
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Figure 3.2: Simplified MEB boundary
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3.2.1 Coal flow rate derivation

The following steps illustrate how the mass flow rate of the coal is determined based on
equation 3.1 (Rousseau & Fuls, 2018):

Ein - Eout 31
Where Ejis the total power inputs and E..: the total power outputs in MegaWatt (MW)

Equation 3.1 can also be expressed as shown:

Qin = Qout* Qioss 3.2

The inputs consist of the energy put by coal, air and feed water into the system as:

Ein = mcoalCfo.coal + mcoalhcoal + mair.AH.outhair.AH.out + chedits +
mfw.econ.inhfw.econ.in + msh.atthsh.att + mrh.atthrh.att + mair.ingresshair.amb 3.3

Where m is the mass flow rate in kg/s and h the enthalpy in kd/kg

The outputs consist of energy transferred to the steam and losses from the system

Eout = msh.outhsteam.sh.out + mrh.outhsteam.rh.out + mfg.AH.inhair.AH.in + Qloss 3.4

Taking into consideration all the different flows as shown by the equation below:

Inflows = heoq + HAR. %Airy g . hrgmp + (HAR — HAR. %Airig)- hrir anoutier 3-5

OutFlows = —mgg. heg apintet — FloWash — Xp20- Rz0.vap 3.6

Where Flowash is the bottom and fly ash flow as calculated below:

FlOWAsh = (XAsh- %bAsh- hash.BA.exit) + (XAsh- %fAsh.fg.AH.inlet) 3.7

By substituting equations 3.3 to 3.7 in 3.1 and solving for m,,;:

Qout—CQcredits
[Cfo.coal-(l_meC_%Qinsul.loss)] +X FRh

Thcoal = 3.8

flows

3.2.2 Analysis of Coal
The outputs of the BMEB are highly sensitive to the input data from the coal analysis. It is thus

important that time and care is taken to ensure that the analysis of the coal is correct. The
analysis should be converted from an air-dried basis to an as-received basis using the formula

given (Rousseau & Fuls, 2018):

Xl' - TM. ( 100—TM)

100—Mgq

3.9

30



The Xi is the coal constituent elements: carbon, hydrogen, oxygen, nitrogen and sulphur,
generally noted as CHONS, as well as ash. The total of the coal’s elements percentages is
equal to one.

Xe+Xy+Xo + Xy + Xs + Xasn + Xonoise = 1 3.10
TM stands for total moisture in the coal which is the combination of surface moisture SM and
inherent moisture IM as shown

™ Z%SMad+%1Mad 311

Energy contained in the coal comes from the HHV/CV (High heating value/Calorific value) of

coal and the enthalpy of coal. The enthalpy of the coal is expressed as:

heoat = [, CpdT 3.12
Where the C, of coal is taken as 1.38kJ/kgK. The C, of coal can vary with the coal quality and
composition (moisture content, etc.). The ultimate analysis provides the elemental chemical
composition of the coal in the form of percentage weight. These can be written as a mass
fraction X; for each component i (carbon, hydrogen, oxygen etc.) in kg of coal. During
combustion, only pure coal which is referred as fuel, participates in the process. This leaves
unburnt carbon which is not useful in the combustion analysis expressed as:

Xe =x¢c — Xxyc 3.13

In the equation above only pure carbon percentage participates in combustion; it will be further
used in the coal's HHV (High Heating Value) calculation to verify the CV measured at the

laboratory.

Table 3.1: Heat release from combustion reaction by coal elements (Rousseau & Fuls, 2018)

Reactant Formation heat Latent heat (Qlat)
(Qf) [kJ/kg]
[kJ/kg]
C (Carbon) 32765 0
H (Hydrogen) 119 959 21820
N (Nitrogen) -6 446 fnox 0
S (Sulphur) 9 256 0

The values contained in the Table 3.1 are used in the matrices with 4 rows starting from zero

to three (i = 0...3) as illustrated below, to calculate the coal’'s HHV using equation 3.14.

32765 0 Xc

_| 119959 |k _ (21820 kI _ [ Xu
O =\ _6446. fyoy kg Q=\"0" kg *"=|x,
9256 0 Xs
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HHV = ¥3 ,(Qf; + Qlaty). Xn; 3.14

Alternatively the HHV of the coal can also be calculated using the Dulong equation:

HHV, = (33.83X; + 144.25X, — 18.04X, + 9.42X) 3.15

The total heat released per kg of coal is the mass weighted average of the heat production of
all the constituent reactions. It includes the heat produced and directly utilized for evaporating
any liquids, and it is generally called HHV or gross Calorific Value as determined in equation
3.14. One can also make use of the lower Heating Value (LHV), which excludes the latent heat
component because it is argued that the latent heat of any moisture is not useful energy
(Rousseau & Fuls, 2018).

3.2.3 Coal combustion
Table 3.2 is very important for the combustion calculation as it specifies the molar mass of the

elements of the coal’s composition as well as the combustion products (CHONS) contained in

the flue gas such as CO;, SO, and H20 as well as dry air.

Table 3.2: Molar mass of elements of the coal’s combustion (Rousseau & Fuls, 2018)

Element/Composition Rounded Accurate
[kg] [kg]
C (Carbon) 12 12.01
H (Hydrogen) 1 1.000795
O (Oxygen) 16 15.9995
N (Nitrogen) 14 14.0065
S (Sulphur) 32 32.07
H.O (Water) 18 18.015
CO; (Carbon dioxide) 44 44.01
NO (Nitric oxide) 30 30.061
SO; (Sulphur dioxide) 64 64.064
Air (dry) 29 28.958

To calculate the mass of unburnt carbon per kilogram of coal (if fly ash in total ash is unknown,
an assumption may be made that 10 % by mass of the total ash is bottom ash and the
remaining 90 % is fly ash) given the percentages of carbon in fly ash, carbon in bottom ash

and the percentage of ash in the coal.

mfy = Xpon. [(%Cfa.%fasn) + %Cha.%b,g,)] 3.16
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3.2.4 Theoretical air required

The theoretical air (TAR) required for stoichiometric combustion can be calculated per kilogram
of coal using the unburnt carbon, sulphur, nitrogen and oxygen percentage (Rousseau & Fuls,
2018) as shown:

TAR = [11.51X, + 34.29Xy — 4.32X, + 4.31Xg + (4.932fyox- Xn)] 3.17

Table 3.3: Stoichiometric coefficient (Rousseau & Fuls, 2018)

Coal Element Stoichiometric
coefficient

C: Carbon 1

H: Hydrogen Ya

O: Oxygen -1/2

N: Nitrogen 1/2fnox

S: Sulphur 1

Alternatively, the theoretical air required can be calculated using Table 3.3 containing the
stoichiometric coefficients of the coal composition elements. These coefficients are thus used

in the matrices and equation below:

1 c
1/4 H
1/szOX N
1 S
Mg 4 Xi
TAR = —Z (st 3.18
Yozair i=0 Mco;

3.2.5 Excess Air
Excess air is very critical inside the boiler to ensure that complete combustion takes place. The

oxygen content in the flue gas at the boiler’s exit that indicates the excess air in the combustion

process (Rousseau & Fuls, 2018) can be calculated by:

_ TAR+1-X4sn %02 aHfginlet
EA —

e o 3.19

— %02 4Hfginlet
Pratio fginle
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3.2.6 Humid Air
The total humid air (HAR) required by the boiler is related to the specific humidity (w) of the air

and dry air which are influenced by the excess air and the stoichiometric air ratio (Rousseau
& Fuls, 2018). This expressed in kg of air per kilogram of coal is given by:
HAR = (1 + w).DAR 3.20

Where DAR (Dry air required)
DAR = TAR. (1 + fgs) 3.21

3.2.7 Flue gas enthalpy

The coal combustion process produces the flue gas as the result of the coal and the air flow
mixture. The flue gas contains unburnt carbon, argon, fly ash, CO;, SOz, NO, N2 and H>O
(Rousseau & Fuls, 2018). The mass flow rate of flue gas per kilogram of coal can be calculated

as follows:

FGR = HAR + 1 — Xuq1,. f3a 3.22

The percentage concentration of the flue gas composition elements is calculated using:
m
X: = (l—fg) 3.23
L1g Y1 Mifg

The enthalpy of various gases such as carbon dioxide (CO2) contained in the flue gas is
calculated with equation (3.24) and the corresponding constant (C1.4) value as specified in
table 3.4:

h(T) = (C,.T + C,T? + C3T3 + C,T*) inkJ/kg 3.24

Where T is the temperature of the flue gas at the economiser at the boiler’s exit.

Table 3.4: Coefficient for calculating the enthalpy of various gases at 1 bar (Rousseau & Fuls, 2018)

(o)) N: CO: SO, Argon NO
C 8.974E-01 | 1.015E+00 | 8.437E-01 | 6.426E-01 | 5205601 | P01
C: 1004E-04 | 1.037E-04 | 4.258E-04 | 1.850E-04 0 32095
Cs -7.432E-08 | 5.452E-09 | -1.705E-07 0 0 0
Cs 1.255E-11 | -6.693E-12 | 2.819E-11 0 0 0
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By calculating all the enthalpies of the elements in the flue gas composition, the flue gas
enthalpy can thus be determined by means of the matrices with row numbers starting from

zero to height (i = 0...8) and the following equation (3.25):

hCOZ Xcoz
hso2 Xso2
hno Xno
hos Xo2
Hfg = | hw2 Xfg=| Xnz
hu20 Xu20
hArg XATg
hUC XUC
hrga Xra
hrg = X3-0(Xf9i- Hf 91) 3.25

However, there is a general formula that can be used to calculate the enthapy and Cp of any

substance. This is applicable to the flue gas as well and elements in its composition like water,

ash etc.
T
hf Garnintee = (Jr” ; CrrqdTyg) 3.26
Table 3.5: Cp for Typical solids (Rousseau & Fuls, 2018)
. Specific heat (Cp) . 3

Solid (kJ/kgJ] Density [kg/m?]

Coal 1.38 1500

Carbon

(graphite) 0.71 2500

Fly Ash 0.73 2300

3.2.8 Air enthalpy:

This refers to the heat energy of air gained through the heat exchange with the flue gas in the

secondary air heater as supplied to the boiler. Air enters the boiler's boundary at the secondary
air heater at ambient or atmospheric temperature. Its enthalpy can however be calculated
using the matrice and equation (3.27) or alternatively, using the ASHRAE equation (3.28),

taking into account specific humidity and ambient temperature (Rousseau & Fuls, 2018).
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Air
9.816 1071
Coir =| 1.245107%

—-1.30810°8

—2.154 10712
hTamb = (Cairl- Tamb + CairZ- Tamb2 + CairS- Tamb3 + Cair4- Tamb4) 3.27
Rgir antin = [1.006 Tamp + @. (2501 + 1.86 Tamp)] 3.28

3.2.9 Credit Power load:

This load is the combination of the Electrical energy power input of the motors driving the mills

and the PA/FD fans, together with the energy from the air at ambient temperature, being

supplied directly to the mills in the form of seal air.

Qcredits = Pmins + Pfans + Pothe 3.29

3.2.10 Steam heat energy

This refers to the energy transferred from the flue gas used to drive the turbine. It is the heat
balance between the enthalpies in the economiser water, and the steam in the super-heater

and re-heater (Rousseau & Fuls, 2018) calculated by:

Qsn = [(mfw.econ.in + msh.)- hsteam.sh.out] - (mfw.econ.in- hfw.econ.in) — (Msn.aee- Rsnatt)
3.30

Where the enthalpy (h) of steam/water at the economiser, super-heater, re-heater and
attemperator’s outlet is a function of pressure and temperature. This can be calculated using

the MathCAD formula which extracts values from online steam tables.

P rrr o rerrorrry
hsteam.sh.out- - hsteam- (Psteam.sh.outl Tsteam.sh.out: ’ ) ) 3.31

3.2.11 Heat loss

This is the energy loss in the boiler’s system boundary such as flue gas, ash and radiation loss

to the surroundings. Even though the boilers are well insulated, the insulation cannot guarantee
no heat loss. This means that a certain amount of heat is lost to the surroundings due to the

temperature difference with the boiler’s walls.
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1
Qloss = Qfg.AH.in + Qloss.fa + (5) Qinsut.loss 3.32

3.2.12 Air and flue gas mass flow rates

The additional important boiler parameters (humid air & flue gas mass flow rates) in kg/s
related to the mass flow rate of the coal can be calculated as follows:

Mair at.total = HAR. M;oq 3.33

Myganin = FGR.Meoq 3.34

Where HAR is the humid air required and FGR is the mass of flue gas per kg of coal.

The specific air flow rate at the secondary air heater outlet (SEC A/H) can be calculated using
the total mass flow rate of air, the percentage amount of ingress air into the boiler and the

mass flow rate of seal air in the following equation:

Myir.AH.out = Mair.AH.total — Mair.ing — Mseal.air 3.35

Since the air heater leakage is simply the difference in the air flow at the air heater’s inlet and
exit, the mass flow rate of air at the air heater can be expressed as:

Mair.an.in = Mcoal- %AiTing.HAR 3.36

3.2.12 Net Heat rate

This refers to the coal energy in kd to produce one 1 kWh of electrical energy that is supplied

to the grid. The net heat rate (Rousseau & Fuls, 2018) is calculated as:

_ Qout
Nboiler = Meoql-HHV 3.37
NHR = < 1+ aux ) in kJ/KW.hr 3.38
Nboiler-McycleNlgen

Where faux is the auxiliary power consumption percentage.
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3.3. MEB implementation

The plant’s inputs /parameters were selected based on three full loads to be used in MEB

calculations, with the coal’s analysis reports as shown in Table 3.6:

Table 3.6: List of plant measurements used for MEB at Full Loads for Power station A

Parameter ‘ Description ‘ Value ‘ Unit ‘ Source
Coal’s Analysis (Air Dried)
o Inherent .
%IM . 5.1 5.1 4.6 % Coal Analysis report
Moisture
%Ash Ash 404 40.4 40,6 % Coal Analysis report
%C Carbon 38.9 38.9 37.95 % Coal Analysis report
%H Hydrogen 1.97 1.97 2,06 % Coal Analysis report
%0 Oxygen 4.06 4.06 4.99 % Coal Analysis report
%N Nitrogen 0.95 0.95 1 % Coal Analysis report
%S Sulphur 11 1.1 0.76 % Coal Analysis report
%SM Surface 7.52 7.52 8.04 % Coal Analysis report
Moisture
Total Total 100 100 100 % Coal Analysis report
cv Calorific value 15.64 15.64 15.44 MJ/kg Coal Analysis report
Process Full Load ( 5 mills in operation)
Parameters
@521 @544 @530
MW MW MW
Patm Atmospheric 83 83 83 kPa Weather report
Pressure
Tatm Atmospheric 25 25 25 °C Weather report
Temperature
Relative 0
RH(w) humidity 7 7 7 % Weather report
:cl-\en;blirr:ture Performance and
Tamb remperat 28 28 28 °C Testing Total Air Flow
inside boiler
Rate Report
house
Temperature of
Tair.A/H.out air at air heater 291.4 294.7 293 °C ETAPRO CS
exit
Temperature of
. . ETAPRO CS/C-
Trg.A/M.in flue gas. at air 303.6 318 310 C SCHEDULE
heater inlet
Temperature of
Ttg.A/H.0ut flue gas at air 142.6 134 133 °C ETAPRO CS
heater outlet
Volume percent
oxygen in flue ETAPRO CS/C-
%0, i 4.08 4.08 4.08 9
%02113.n gas at air heater % VN SCHEDULE
flue gas inlet
%G, Carbon content 3.41 341 34 % m/m | Coal Analysis report
ot in fly ash ' ' : ? y P
Carbon content
() [s) 1
%Cba in bottom ash 3.41 3.41 34 % m/m | Coal Analysis report
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Mass flow rate

Mfw.econ.in of feed water 414.55 416.6 421.29 kg/s ETAPRO CS
prw Pressure of feed | ¢ 1 18.05 18.13 MPa | ETAPRO CS
water
Temperature of
Thw.cconin feedwater at 226.8 230 229 °C ETAPRO CS
economiser
inlet
I:e”;sg:;”;f of C-SCHEDULE Plant
wa.ecan.out . 277 277 277 °C Technical
economiser e
Specification
outlet
fsh
m.steam mass ot s 427.73 | 434.47 429.2 ke/s ETAPRO CS
steam out
Pressure of C-SCHEDULE Plant
Psteam.drum steam/water 19 19 19 MPa Technical
inside drum Specification
Temperature of
Taeamshour | SrEMALANAL ) oon 534.4 535.8 °C ETAPRO CS
superheater
outlet
Pressure of
t t final
Pteamshont | o com athina 16.37 16.24 16.3 MPa | ETAPRO CS
superheater
outlet
Zﬂ?j ftlecr)vf\:;:::r C-SCHEDULE Plant
Mm.sh.att P 10.29 10.3 10.3 kg/s Technical
attemporator e
Specification
spray water
Pressure of
heat
Pshatt super heater 17.88 17.5 17.6 MPa ETAPRO CS
attemporator
spray water
Temperature of C-SCHEDULE Plant
Tsh.att attemporator 249 249 249 °C Technical
spray water Specification
Pressure of re-
P.steam.rh.out | heater steam 2.89 3.02 2.91 MPa ETAPRO CS
out
Temperature of
T.steam.rh.out | re-heater steam | 532.4 533.5 531.5 °C ETAPRO CS
out
Pressure of re- C-SCHEDULE Plant
P.rh.att heater 4.1 4.1 4.09 MPa Technical
attemporator Specification
Temperature of C-SCHEDULE Plant
T.rh.att re-heater 165 165 164 °C Technical
attemporator Specification
Mass flow rate
m.rh.steam of re-heater 468 467.9 468 kg/s ETAPRO CS
steam out
xiﬁf:‘t’e?te C-SCHEDULE Plant
m.rh.att 10.86 10.8 10.3 kg/s Technical
attemporator e
Specification
spray water
Pmitis Mill A 1459.7 1451.5 1453.6 kW ETAPRO CS
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Mill B 1448.2 1451.3 1460.6 kW ETAPRO CS

Mill C 1444.6 1427.6 1460 kw ETAPRO CS
Mill D 0 1437.207 | O kW ETAPRO CS
Mill E 1448.8 0 1463.2 kw ETAPRO CS
Mill F 1440.5 1455.4 1457.5 kW ETAPRO CS
C-SCHEDULE Plant
Ppa fans Power to PA fan | 1850 1850 1850 kw Technical

Specification
C-SCHEDULE Plant
P.fd.fan Power to FD Fan | 3148 3148 3148 kw Technical
Specification
Power to mill C-SCHEDULE Plant
Pseal.fans . 75 75 75 kw Technical
seal air fans e
Specification
Volumetric flow C-SCHEDULE Plant
V'seal.air ) 2,65 2,65 2,65 m3/s Technical
rate of seal air e ..
Specification

The analysis of the coal was carried out at the ESKOM central coal laboratory. The analysis
was performed on an air-dried basis for each sample received at the lab. The amount of carbon
contained in the coal was adjusted by various iterations until the laboratory measured CV
matched the calculated HHV. The oxygen content was calculated by difference.

Table 3.7 specified other additional parameters beside the extracted data from the plant’s

control system to complete the MEB calculations.

Table 3.7: ESKOM MEB Assumptions

Parameter Description Value Unit
f.aux Auxiliary power 12 %
f.nox NOX coefficient 30 %
n.cycle Rankine cycle efficiency 42.3 %
n.gen Generator efficiency 98.7 %
%FA Percentage of fly ash in total ash 80 %
TBA.exit Temperature of bottom ash 790 °C

All specified in Tables 3.6 and 3.7 depend on coal-fired boiler operating conditions, such as
load, as well as the configuration of the coal milling plant and the arrangement of the burners
in the furnace. In the global MEB, it was estimated that the ingress air accounts for a

percentage, %Airingress, Of the total humid air entering the boiler.
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CHAPTER FOUR
COMPUTATIONAL FLUID DYNAMICS (CFD)

4.1 Introduction

This chapter focuses on the simulation of the secondary air system’s flow which is very critical
for coal combustion. The air system was analysed with the method of computational fluid
dynamics (CFD) using ANSYS Fluent Workbench. Figure 4.1 illustrates the secondary air
system used for the CFD method.

Figure 4.1: Secondary Air Ducting to boiler (Catia 3D View)

Secondary Air System - Inlet
The ambient air, after being heated by the air heater, enters the secondary duct at the inlet, as

highlighted in green in the 3D model in Figure 4.2 at 283 kg/s, at a temperature of 273°C at
520.56 MW full load.

0.000 10.000 20,000 (m)
| I

Figure 4.2: Air flow system’s inlet boundaries
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Secondary Air System - Outlet
Figure 4.3 specifies the outlets of the system where the secondary air is supplied to the
burners.

0.000 10.000 20.000 (rm)
L T ]

5.000 15.000

Figure 4.3: Air flow system’s outlet boundaries

4.2 Simulation process

ANSYS Fluent is a finite volume method using a flow numerical solution technique. In effect,
the computational domain is meshed into cells representing finite control volumes for which
the combination of the main equations for fluid flow are applied. The resulting equations are
then substituted into a system of algebraic equations so that they can be solved iteratively
(ANSYS, 2015).

The finite volume method considers a fluid element (see Figure 4.4) through which the fluid

flows.

e pressure node

L

z

Figure 4.4: Fluid element for pressure and flow analysis (ANSYS, 2015)
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4.2.1 Meshing Process
ANSYS Fluent uses a dynamic mesh as shown in Figure 4.5 to model flows where the shape

of the domain varies in part due to motion on the domain’s boundaries. The dynamic mesh
model can also be applied for a steady state solution. The volume mesh can be updated
automatically by ANSYS Fluent when necessary, depending on the new locations of the
boundaries (ANSYS, 2015). The application of the dynamic mesh model is facilitated by a
starting volume mesh that needs to be provided and the specification of the motion of the

moving zones in the model.

2D Elements

Triangular Rectangular Prismatic

3D Elements

Tetrahedral Pyramidal Hexahedral

Figure 4.5: Fluid element mesh type (ANSYS, 2015)

The motion can however be described using either boundary profiles to specify the inlets and
outlets of the fluid flow in the system. The description of the motion can also be specified on
either face or cell zones. If the model contains moving and non-moving regions, the respective
face or cell zones in the starting volume mesh should be identified. Furthermore, areas that
are deformed due to motion in their adjacent regions must be grouped into separate zones in
the starting volume mesh.

Meshing is an integral part of the computer-aided engineering simulation process that
influences the accuracy, convergence and speed of the solution. Furthermore, the time it takes
to create and mesh a model is often a significant portion of the time it takes to get results from
the flow simulation. Thus, the automated tools available during the meshing process gives a
better simulation solution. The tools also offer the flexibility to produce meshes that range in
complexity. The right mesh can be selected to ensure that the simulation will accurately
validate the physical model (ANSYS, 2015).

However, ANSYS has a variety of meshing types such as tetrahedral (triangular) or cut cell

(square). The tetrahedron type is mostly used due to its high level of accuracy in the fluid flow
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simulation. The mesh size varies from coarse, medium and fine; the type size of mesh selected

depends on the accuracy needed for the flow simulation.

ANSYS Fluent offers meshing solutions for fluid flow simulation that provides unstructured tri-
and quad-surface elements determined by curvature, proximity, smoothness and quality,
combined with a high level of capability that automatically removes unimportant features.

The mixture of automated surface meshing, boundary layer technology and an advancing front
mesh algorithm ensures high-quality, push-button meshing for fluid flow analysis. Extended
sizing, matching, mapping and sweep controls provide additional flexibility, if required (ANSYS,
2015).

4.2.2 Simulation Calculation

ANSYS Fluent is commonly used for flow simulation and uses a set of equations such as
continuity, momentum and energy equation. Additional transport equation is used when the

flow is turbulent. Figure 4.6 illustrates the basic workflow for any flow simulation in ANSYS.

| Set the solution parameters |

¥
| initialize the solution |

¥
| Enabile the solution monitors of interest |

Y

| Calculate a solution |.‘7 p;:‘g:iwgesrzlzlr]g;id

L

Y

Check for convergence jﬁ

()

:

Check for accuracy

Figure 4.6: ANSYS Simulation Process Flow Diagram (ANSYS, 2015)

The flow simulation process as shown in Figure 4.6 always starts with the setting of important
parameters of the fluid system and CFD equations. This is followed by the initialization of the
simulation solution and calculation with multiple iterations until the solution converges for

accuracy of results.
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Continuity equations

The continuity equation commonly known as conservation of mass used by ANSYS can be

described as follows (Versteeg & Malalasekera, 2007):
ap >
Frin V.(pv) =S, 4.1

Where the term Si represents the mass added to the continuous phase from the distributed

second phase.

The conservation of mass law can be applied so that the net flow of mass into the fluid element
is equal to the rate of increase of mass in the fluid element. The continuity equation for
unsteady three-dimensional (3D) mass conservation in a fluid element is in compact vector

notation (Versteeg & Malalasekera, 2007).

The continuity equation used for 2D axisymmetric geometries, is given by:

ap 7] 7] pYr
E + a (pvx) + E (pvr) + T - Sm 4.2

Where x is the axial coordinate, r the radial coordinate, v, is the axial velocity and v, is the

radial velocity.

Momentum Equations

The momentum equation used by ANSYS Fluent is based on Newton's second law. The rate
of increase ef momentum of a fluid particle is equal to the sum of the forces on the fluid particle.
For three-dimensional flow (3D), the flow equation can be used with respect to x, y and z axis.

The x-components of the momentum equation is calculated by:

Du _ 9(—p+Txx) , OTyx n 0Tz

Dt ax ay 9z T Swx 4.3

The y-component of the equation is:

O0Tyx

Dv — 0(—p+Tyy) +

0Tzy
Dt oy 0x + 0z +SMy 44
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The z-component of momentum is:

0Tyz 0Ty

D_w _ 0(=p+71zz) + +

Dt 0z oy ox + Suz 4.5

The momentum equation of a fluid flow including contribution to the body forces is shown by

the equation 4.6, Fluent uses a modified equation in the conservative form (ANSYS, 2015):

2 (p#) +V.(p%) = —Vp + V.(D) + pg + F 4.6

Where p is the static pressure (T) is the stress tensor and pg vector and F vector are the
gravitational body force and external body forces respectively.

The stress tensor is defined as
T = u[(V5 + VB") — V.31 4.7

With u is the molecular viscosity, I is the unit tensor, and the second term on the right-hand

side is the effect of volume dilation.

Energy equation
The energy equation used by the ANSYS fluent solver applies the first law of thermodynamics.

The rate of increased energy of a fluid particle is equal to the sum of the net rate of heat added
and the net rate of work done on the conservation of energy.

The energy equation of the 3D flow is described as follows:

DE _ N Autyy) | O(utyy) | O(utyy) | 0(vTxy) | 0(vTyy)  0(VTzy) | O(WTyy)
P Dt v. (,017) + [ ox + oy + 0z + ox + oy + 0z + ox +
a(wTyZ) 0(wt,;)

e 4 2 ]+v.(kVT)+SE 4.8

With Si being the source term for the potential energy changes and k the thermal conductivity.

Fluent solves the energy equation presented in the following conservative form as:
a - - = -
2 (pE) + V. (@ (0E + 1)) = =V (keyyVT = 5y Jj + (Teps. ) ) + S 4.9

With fj the diffusion flux of species j, keff the effective conductivity k + ki (with ki dependent
on the turbulence model used) and the first three terms on the right hand side being energy
transfer due to conduction, species diffusion and viscous dissipation respectively. The source
term S, is made up of the heat of chemical reactions as well as other heat sources where
applicable (ANSYS, 2015).
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Turbulence equation

For turbulent flow the instantaneous continuity and momentum equations are simplified into
the mean and fluctuating components and represented in the Cartesian tensor form as
(ANSYS, 2015):

ap 7] _
E-I_a_xi(pui)_() 4.10

op 0 ou; , ou; 2 ou;
at(p w) +5— (puu]) —ow T NGt o~ 385 3 ( pu';u'}) 4.11

oxj b Nox;
These are the Reynolds-averaged Navier-Stokes equations; or with velocities representing
mass-averaged values they can be interpreted as the Favre-averaged Navier-Stokes
equations for variable density compressible flow. In order to close the RANS equations, the
additional Reynolds stresses (—puiuj) that appear need to be modelled. This involves solving
the two additional transport equations given below. The wall boundary conditions as used in

the k-w models is the enhanced wall treatment method (ANSYS, 2015).

The k-w model turbulent kinetic energy transport equation with k the turbulence kinetic energy
is shown as:

(pk)+—(pkul)_—i<rka )+Gk Yi + S, 4.12

The specific dissipation rate transport equation with w the specific dissipation rate is shown
in Equation 4.13

(p )+ - (pa)u]) =— (rwgw) G,—Y,+D,+S, 413
Xj

Transport equation RNG k-£ model

ANSYS Fluent uses The RNG k-¢ model equation to increase the accuracy for rapidly strain
flows. The RNG k-¢ model is derived from the instantaneous Navier-Stokes equations, using
a mathematical technique called renormalization group (RNG) methods.

The effect of swirl on turbulence is included in the RNG model, enhancing accuracy for the
swirling flows. The RNG theory provides an analytical formula for turbulent Prandtl numbers
while the k-¢ model uses user-specified constants values. The RNG theory provides an
analytically derived differential formula for effective viscosity that accounts for the effects of
low-Reynolds number. Effective use of this equation does, however, depend on an appropriate
treatment of the near wall region (ANSYS, 2015).

The RNG k-£ model has a similar form to the standard k-¢ model as shown:

(pk) + —(pkul) = (akueff o ) + G, +G,—p€—Yy+Sk 4.14
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0 0 0 o€ € €?
a(p E) +6_xi(’0 € ui) = a_(aeueffa_x) + Cle;(Gk + C3eGb) - CZep? - Re + Se 4.15

xj

In these equations Gy represents the turbulence kinetic energy generated due to the mean
velocity gradients. G, is the generation of kinetic to buoyancy in the k-E model. Y, represents
the contribution of the fluctuation dilatation in the compressible turbulence to the overall
dissipation rate. The quantities a; and «, are the inverse effective Prandtl numbers for the k

and €, respectively. S, and S, are user-defined source terms.

Enhanced Wall Treatment equation
Enhanced wall treatment is a near-wall modelling method used by ANSYS Fluent, which

combines a two-layer model with enhanced wall functions. If the near-wall mesh is fine enough
to be able to resolve the viscous sublayer (typically with the first near-wall node placed y+ =
1), then the enhanced wall treatment will be identical to the traditional two-layer zonal model.
However, the restriction that the near-wall mesh must be sufficiently fine everywhere might
impose too large a computational requirement. Ideally, it is better to have a near-wall
formulation that can be used with coarse meshes (wall function meshes) as well as fine
meshes (low-Reynolds number meshes). In addition, excessive error should not be incurred
for the intermediate meshes where the first near-wall node is placed neither in the fully
turbulent region, where the wall functions are suitable, nor in the direct vicinity of the wall at
y+=1, where the low-Reynolds-number approach is adequate. To achieve the goal of having a
near-wall modelling approach that will possess the accuracy of the standard two-layer
approach for the fine near-wall meshes and that, at the same time, will not significantly reduce
accuracy for wall functions meshes, ANSYS Fluent combines the two-layer model with
enhanced wall functions as described the following sections (ANSYS, 2015).

The viscosity affected near wall region is completely resolved all the way to the sublayer. The
two-layer approach is an integral part of the enhanced wall treatment; it is used to specify the
turbulent viscosity in the near wall cells. In this approach, the whole domain is subdivided into
viscosity-affected regions. The demarcation of the two regions is determined by a wall

distance-based, turbulent Reynolds number, Re,, defined as:

Re, = 2% 4.16
u

Where vy is the wall-normal distance calculated at the cell centres, which is interpreted in
ANSYS Fluent as the distance to the nearest wall. y is the wall-normal distance calculated at
the cell centres and nearest wall

y = min ||F—T7,]| 417
Ty €Ty
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Where vector 7 is the position vector at the filed point, and 7, is the position vector of the wall
boundary. This interpretation allows y to be uniquely defined in the flow domain of complex
shape involving multiple walls. Furthermore, y defined in this way is independent of the mesh
topology. The two-layer formulation for turbulent viscosity is used as part of the enhanced wall
treatment, in which the two-layer definition is smoothly blended with the High-Reynolds

number.

Utenn = Acte + (1 — Ac)ﬂt,Zlaye 4.18

The enhanced thermal wall function used by ANSYS is calculated using the equation below:

T,—Ty)pC 1
T+ = SRR o T €Ty 4.19

The equation can be further specified as laminar or turbulent b the following equations:

Tiam™ = Pr (¥ g, + 5o 10.%) 4.20
P
Teurp ™ = Pr{u* y + P+ 507 = G = Dt )?(w)? 4.21

Where the quantity u* . is the value of u* at the fictitious cross between the laminar and the

turbulent region in the flow simulation.

4.3 Sensitivity study on the mesh

Mesh’s sensitivity is very critical as it defines the convergence of the simulation results. These
results are sensitive to the size of the mesh that can be coarse, medium or fine. Finer mesh
results converge to provide an accurate solution however they need more elements that
require a lot of computational time. Therefore, it is ideal to find out the suitable mesh size that

will give accurate results (Kulkani et al., 2016).

The sensitivity study on the mesh is necessary to analyse the variation depending on the mesh
type selected in order to compute the air flow simulation throughout the secondary air ducting.
This CFD will help to visualize the flow velocity in different sections of ducting to identify where
useful measurements can be taken. Figure 4.7 is an illustration of the secondary air system’s

meshing using a coarse type for the simulation process.
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Figure 4.7: Air flow system’s meshing for the simulation process

The different mesh type that will be used for air flow simulation process are illustrated in

Table 4.1.
Table 4.1: Mesh size used for the air flow simulation

Mesh Min Max Max Node Elements | Type

Size(m) Face size | Size (m)
(m)

Coarse 4.1335e- | 5.29090 1.850 148515 | 668573 Tetrahedrons
002

Medium | 1.3227e- | 1.32270 2.64540 | 180373 | 870037 Tetrahedrons
002

Fine 7.7481e- | 0.774810 | 1.54960 | 182875 | 880250 Tetrahedrons
003
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CHAPTER FIVE
MEB CALCULATION RESULTS AND SENSITIVITY ANALYSIS

5.1 The boiler’'s MEB Results

The main results of the boiler’'s MEB using the different inputs at full load are listed in Table
5.1:

Table 5.1: MEB calculation results

Description Symbol Unit @521MW | @544MW @530MW
Mass flow rate of coal m.coal kg/s 80.25 81.07 82.88
Mass flow rate of air at A/H inlet M.air.AH.total | ke/s 541.2 545 542.7
Mass flow rate of flue gas at A/H . 611.7 616.3 615.5
inlet mf fg.AH.in kg/s

Net Heat Rate NHR '\(/Jv/: 3191 3.22 3.207

The results as illustrated above are based on the input parameters of a boiler unit at ESKOM
coal-fired power station A and will be further compared to the plant’'s C-Schedule to determine
if the plant is performing as per technical specifications. Additionally, it is to ensure accuracy
of online measurements.

Table 5.2 and 5.3 show a comparison of the different values of mass flow rate of coal, air and

flue gas. This is further displayed on graphs in Figure 5.1 and 5.2.

Table 5.2: Comparison MEB results with ETAPRO Plant operation Data

i . MEB Plant operation | .
Description Symbol Unit Load Results Data-Etapro CS %Difference
Mass flow kg/s @521MW 80.25 91.24 13.69%
rate of coal m.coal .
(Total flow of . kg/s @544MW 81.07 85.5 5.46%
5 mills) kg/s @530MW 82.88 89.5 7.99%
kg/s @521MW 541.2 498.4 7.89%
Mass flow
rate of air at m.air.AH.total kg/s @544MW 545 531.4 2.49%
A/H inlet
kg/s @530MW 542.8 498.6 8.13%
kg/s @521MW 611.7 615.2 0.58%
Mass flow
rate of flue .
gas at A/H mf.fg.AH.in kg/s @544MW 616.3 608.2 1.31%
inlet
kg/s @530MW 615.5 599.5 2.61%
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MEB Results and ETAPRO Plant Control Data comparison-Flow rates at
different full loads
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Figure 5.1: Flow rates comparison between MEB results and Etapro Control System Data

Table 5.3: Comparison between MEB results and plant design specification data

MEB Plant Design
Description Symbol Unit Load Specification- | %Difference
Results
C Schedule
kg/s @521MW 80.25 71.97 10.32%
Mass flow rate of
coal (Total flow m.coal kg/s @544MW 81.07 71.97 11.23%
of 5 mills)
kg/s @530MW 82.88 71.97 13.16%
kg/s @521MW 541.2 504.9 6.70%
Mass flow rate of , o
. : m.air.AH.total kg/s @544MW 545 504.9 7.36%
air at A/H inlet
kg/s @530MW 542.8 504.9 6.97%
kg/s @521MW 611.7 598.3 2.19%
Mass flow rate of
flue gas at A/H mf.fg.AH.in kg/s @544MW 616.3 598.3 2.92%
inlet
kg/s @530MW 615.5 598.3 2.80%
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Comparison between MEB and Plant Design Specification - Flow rates at
different plant loads
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Figure 5.2: Flow rates comparison between MEB results and plant design specifications

The MEB results have been calculated by means of a Mathcad model that was developed
using boiler mass energy balance methodology to facilitate traceability of different calculations.
However it was found that there is between 5.46 % to 13.69 % difference of the mass flow
rates extracted from the ETRAPRO control system and those obtained from mass balance
calculations. The mass flow rate of coal is the total flow supplied by the five mills to the boiler
unit when the plant operates at full load. The mass flow rate of coal obtained from the MEB
calculation is between 10.32 % to 13.16 % more than the one specified in the C-Schedule/Plant
specification. This can be caused by many factors such as overall plant efficiency, inputs
variation depending on the measurement instruments, or test applied. The MEB results will be

further analysed with a sensitivity study for input parameters at 521MW full load.

5.2 Sensitivity Analysis

The sensitivity analysis is very important to test the level of accuracy of measurement input
parameters, as well as consistency of assumptions and the effect on the outputs in normal coal
power plant operation. There are recognised approaches for the calculation of the systematic
uncertainty transmitted in a calculated result from the separate uncertainties of the input
parameters (Tootla, 2015).
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However, by considering a set of data inputs x;, Xxo...xn with uncertainties uUxs, Uxz...Uw
respectively, if y is a plant output such as coal, air or flue gas mass flow rate and a function of

these inputs, the uncertainty of Y = f(X4,X,,..,Xy) can be calculated as follows:

uy = J(;TYI)Z e + () wia? + 4 () uy? 5.1

Where the partial derivatives are calculated as illustrated in the equation below:

av _ Y(Xituyx;)-Y(X;—uy;)
aXi Zuxl-

5.2

This is to be applied to the plant's operation parameters that were used as inputs in the
Mathcad calculations, as well as output values.

The main objective of the sensitivity analysis is to increase awareness of output parameters
that are highly sensitive to input variations. This is achieved by varying the input parameters
one at the time into the developed model by means of Mathcad and Excel programs. The
output values impacted by this variation is carefully observed and recorded. The variations of
output parameters as a result of autonomous changes in input variables are arranged to
determine the most sensitive parameters. In the case of the sensitivity analysis, a £ 1%
variation is applied to each of the input parameters. Although the sensitivity analysis provides
understanding of how sensitive the outputs are relative to the variation in the inputs, it does
not account for what the actual uncertainties of the inputs are, which may be less or even more
than £ 1% (Tootla, 2015).

The MEB calculation input data will however be used for the sensitivity analysis with
uncertainty given as percentage variation, as specified in Table 5.4. In effect, the sensitivity
analysis of all of the MEB inputs are varied by 1% of the value. These uncertainties are valued
bearing in mind the expected accuracy level of the measurement’s instrumentation as well as

the variation of the tests used in the process’ evaluation of the coal-fired power plant.
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Table 5.4: Input parameters at 521 MW Full load values for MEB sensitivity analysis

Il\:‘::‘\tber Parameter Value Unit Uncertainty Value
X1 %Ash 40.4 % 0.404
X2 %C 38.9 % 0.389
X3 %H 1.97 % 0.0197
X4 %0 4.06 % 0.0406
X5 %N 0.95 % 0.0095
X6 %S 1.1 % 0.011
X7 %TM 12.5 % 0.125
X8 Total 99.88 % 0.9988
X9 cv 15.64 MJ/kg 0.1564
X10 Patm 83 kPa 0.83
X11 Tatm 25 °C 0.25
X12 RH(w) 7 % 0.07
X13 Tamb 28 °C 0.28
X14 Tair.A/H.0ut 291.5 °C 2.915
X15 Ti.Armin 303.6 °C 3.036
X16 Trg.a/H.0ut 142.6 °C 1.426
X17 %02.4/H fg.in 4.08 % v/v 0.0408
X18 %Cta 3.41 % m/m 0.0341
X19 %Cba 3.41 % m/m 0.0341
X20 Mfw.econ.in 414.5 kg/s 4.145
X21 Prw 18.19 MPa 0.1819
%22 Tfw.econ.in 226.8 °C 2.268
X23 Tw.econ.out 277 °C 2.77
X24 m.steam 427.7 kg/s 4.277
X25 Psteam.drum 19.02 MPa 0.1902
X26 Tsteam.sh.out 533.2 °C 5.332
X27 Psteam.sh.out 16.37 MPa 0.1637
¥28 Mm.sh.att 10.29 kg/s 0.1029
X29 Psh.att 17.88 MPa 0.1788
X30 Tsh.att 249 °C 2.49
X31 P.steam.rh.out 2.89 MPa 0.0289
X32 T.steam.rh.out 532.4 °C 5.324
X33 P.rh.att 4.1 MPa 0.041
X34 T.rh.att 165 °C 1.65
X35 m.rh.steam 467.9 kg/s 4.679
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X36 m.rh.att 10.86 kg/s 0.1086
X37 1459.7 kW 14.597
X38 1448.2 kW 14.482
X39 Prmits 1444.6 kw 14.446
X40 1448.8 kw 14.488
X41 1440.5 kW 14.405
X42 Pra fans 1850 kW 18.5
x43 P.fd.fan 3148 kw 31.48
X44 Pseal fans 75 kW 0.75
X45 V'seal.air 2.65 m3/s 0.0265
X46 %FA 80 % 0.8
X47 Taa.exit 790 °C 7.9
X48 Qinsul loss 0.8 % 0.008
X49 %Airing 10 % 0.1
X50 %Ingressfurnace 100 % 1

As a result of the sensitivity analysis, the graphs illustrated in Figure 5.3, 5.4 and 5.5 present
the variation of the outputs based on +/-1 % variation input. The result on each graph is focused

on the most influential inputs on the different output parameters.
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Figure 5.3: Coal mass flow rate sensitivity variation

It can be seen in Figure 5.3 that the mass flow rate of coal is most sensitive to the CV of the
coal and the water flow in the economiser of the boiler. Table 5.5 below shows the variations
of the mass flow rate of coal when each input parameter with +/- 1 % variation is substituted
in the Mathcad model.

Table 5.5: Sensitivity variation of mass flow rate of coal

Value Xi Uxi y(Xi+Uxi) y(Xi-Uxi)
cv 15.64 | 0.1564 79.17 81.03
mfw.econ.in 414.5 | 4.1455 81.028 79.48
Tsteam.sh.out | 533.2 5.332 80.749 79.755
Tfw.econ.in 226.7 2.267 79.923 80.584
Tfg.AH.in 303.6 3.036 80.438 80.07
T.air.AH.out 291.5 2.915 80.138 80.368
%FA 80 0.8 80.29 80.218
Qinsul.loss 0.8 0.008 80.262 80.246
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%02.AH.fg.in 4.08 | 0.0408 80.272 80.236
%Airing 10 0.1 80.265 80.243
T.fw.econ.out 277 2.77 80.254 80.254
%C 38.9 0.389 79.556 80.965
%H 1.97 | 0.0197 80.101 80.407
%Ash 40.4 0.404 80.476 80.339
%Moist 12.5 0.125 80.41 80.358

Mass flow rate of Air

Mass flow rate of air resulting from the various inputs'

variations
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Figure 5.4: Air mass flow rate sensitivity variation

The graph shown in the Figure 5.4 illustrates the air flow sensitivity analysis, which is mostly
influenced by inputs such as CV, mass flow rate of water in the economiser, ash percentage
and oxygen concentration at the economiser’s exit. In effect, the combined uncertainty of the
air mass flow rate is 541 +/- 9.764 Kg/s using equation 5.2. For example, CV input value is
15.64 +/- 0.1564 MJ/kg which gives 533.9 and 546.4 kg/s of total mass flow rate of air when

substituted in the Mathcad model, as shown in Table 5.6.
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Table 5.6: Sensitivity variation of mass flow rate of air

Value Xi Uxi y(Xi+Uxi) y(Xi-Uxi)
cv 15.64 0.1564 533.7 546.4
mfw.econ.in 414.5 4.145 546.4 535.9
Tsteam.sh.out 533.2 5.332 544.5 537.8
Tfw.econ.in 226.8 2.268 538.9 543.4
Tfg.AH.in 303.6 3.036 542.4 539.9
T.air.AH.out 291.5 2.915 540.4 541.9
%FA 80 0.8 541.4 540.9
Qinsul.loss 0.8 0.008 541.2 541
%02.AH.fg.in 4.08 0.0408 542.6 539.7
%Airing 10 0.1 541.2 541
T.fw.econ.out 277 2.77 541.1 541.1
%C 38.9 0.389 542.8 539.4
%H 1.97 0.0197 540.9 541.4
%Ash 40.4 0.404 543.6 539.2
%Moist 12.5 0.125 541.5 540

Mass flow rate of flue gas

Mass flow rate of flue gas resulting from various inputs'
variations

Ccv
Tfw.econ.in
T.air.AH.out

%H
T.fw.econ.out
Qinsul.loss
%Airing

%FA

%Moist

%C

Tfg.AH.in
%02.AH.fg.in
%Ash
Tsteam.sh.out

Input

i

mfw.econ.in

5

Yo

5 600 605 610 615 620
Kgls

B Input + 1% variation  ®Input - 1% variation

Figure 5.5: Flue gas mass flow sensitivity variation
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Similarly to air flow, the mass flow rate of flue gas is also very sensitive to the coal CV, mass
flow rate of water in the economiser, temperature of flow gas at the boiler economiser’s exit or
secondary air heater’s inlet, as well as oxygen concentration and carbon content percentage
in the coal. Table 5.7 below is an illustration of the different value of the mass flow rate of flue

gas when each input parameter with +/- 1 % variation is substituted in the Mathcad model.

Table 5.7: Sensitivity variation of mass flow rate of flue gas

Value Xi Uxi y(Xi+Uxi) y(Xi-Uxi)
cv 15.64 0.1564 603.5 617.6
mfw.econ.in 414.5 4.145 617.6 605.8
Tsteam.sh.out 533.2 5.332 615.5 607.9
Tfw.econ.in 226.8 2.268 609.2 614.2
Tfg.AH.in 303.6 3.036 613.1 610.3
T.air.AH.out 291.5 2.915 610.8 612.5
%FA 80 0.8 612 611.4
Qinsul.loss 0.8 0.008 611.7 611.6
%02.AH.fg.in 4.08 0.0408 613.1 610.2
%Airing 10 0.1 611.8 611.6
T.fw.econ.out 277 2.77 611.7 611.7
%C 38.9 0.389 612.7 610.6
%H 1.97 0.0197 611.3 612
%Ash 40.4 0.404 614.2 609.9
%Moist 12.5 0.125 612.1 610.6

The MEB output variations from the sensitivity analysis are summarized in Table 5.8 with the

respective values of the mass flow rates of coal, air and flue gas.

Table 5.8: Sensitivity variation of MEB outputs

Description Symbol Unit Value

Mass flow rate of coal m.coal kg/s 80.25 +/- 1.545

Mass flow rate of air at A/H

inlet m.air.AH.total kg/s 541.1 +/-9.764

Mass flow rate of flue gas at

A/H inlet mf.fg.AH.in kg/s 611.7 +/- 10.823
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CHAPTER SIX
CFD RESULTS

6.1 Results from the CFD model

The different simulation results for the different type of mesh have been grouped by sections
to give a better overview of the mesh sensitivity study and shown the Figure 6.1, 6.2, 6.3 and

6.4.

Figure 6.1: Air flow simulation in Main Ducting (3D View)
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Figure 6.2: Air flow simulation in Main and distribution Ducting (Top View)
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Figure 6.3: Air flow simulation in Front Main and distribution Ducting (Front View)
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Figure 6.4: Air flow simulation across aerofoil
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Figure 6.5: Results of the analysis of the size of mesh in the air flow simulation

Figure 6.5 illustrates the simulation results using coarse, medium and fine mesh across the
aerofoil in the distribution air duct. The result using a coarse mesh differs significantly from the
medium mesh whereas there is no change when changing from medium to fine meshing. A

fine mesh was, however, used throughout to ensure that we have a more accurate result.

Iso-Velocity Diagram — Fine mesh

The velocity profile after the aerofoil at the location shown by the yellow line in Figure 6.6 is
illustrated on the XY axis where Z is the vertical distance in meters with respect to the yellow
line across the ducting; the X axis represents the corresponding velocity of points along the
yellow line. The extreme point on the yellow line has a velocity of 4.5 m/s and the centre point
9.5 m/s.
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Figure 6.6: Iso-velocity diagram after the aerofoil in the burners’ ducting
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Figure 6.7: Iso-velocity diagram in the distribution ducting

The velocity profile in the distribution ducting at the location shown by the yellow line in Figure
6.7 is illustrated on the XY axis where Z is the vertical distance from 11 to 17 m with respect
to the yellow line across the ducting. The corresponding velocity of each point, which varies
from 7.5 to 17.5 m/s along the yellow line, is displayed by the X axis. The extreme point on the

yellow line has a velocity of 7.6 m/s and the centre point 16.3 m/s.
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Figure 6.8: Iso-velocity diagram in the main ducting

The velocity profile in the main ducting at the location shown by the yellow line in Figure 6.8 is
illustrated on the XY axis where Z is the vertical distance from 0 to 10 m with respect to the
yellow line across the main ducting. In effect, the velocity at the points along the yellow line
varies from 1 to 12.5 m/s. The highest point on the yellow line has the velocity of 1 m/s and the

centre point is 9.7 m/s.
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6.2 Discussion

The sensitivity study that was conducted to determine the level of mesh needed also included
additional local refinement in areas that have higher rates of change in the solution, such as
the velocity of the air flow in the secondary air duct. It was found that the results from the air
flow simulation in the main duct were not as accurate when using the coarse mesh, compared
to those when using the medium and fine mesh.

The results using a coarse mesh were significantly different from the medium mesh ones,
whereas there was no change when changing from medium to fine meshing. The results were
converging, and this gave an indication that accurate results have been simulated for the air

flow system.

The velocity of the air flow simulated in the distribution ducts supplied to the burners, (that is
critical for the combustion process) was found to be in the range of 22.8 to 30.51 m/s during
full load operation. However, there is a lot of turbulence in the main air duct due to internal flow
guide plates separating the flows to the distribution ducts supplying the burners. The CFD
results indicated that the ideal location for measurement points necessary for an analysis of
the air flow required for combustion, is in the distribution duct because of the high level of
turbulence that could be better controlled. Measurements can be taken as well on the main
duct to investigate any eventual internal structure obstructions that can affect the required air
flow for the combustion process. An insufficient secondary air supply contributes to very poor
combustion, resulting in PF coal waste and loss of heat energy for steam generation.

Figure 6.9 illustrates the measurement points on the secondary air ducting system that resulted

from the flow simulation.
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Figure 6.9: Measurement points for the analysis of secondary air flow
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7. CONCLUSIONS, RECOMMENDATIONS AND FUTURE STUDY

7.1 Conclusions

The primary objective of this study was to determine the heat rate of the plant using
measurements and MEB calculations. An additional goal of the project was to determine with
MEB the flue gas and air mass flow rates which also influence the efficiency of the coal power
plant. Furthermore, CFD was used for air flow simulation as part of the 3D plant visual system
implemented to analyse the flow velocity in the different sections of the secondary air ducts

and to identify where useful measurements could be taken.

Initially, the fundamental concepts of the boiler and its auxiliaries were studied to lay the
foundations of the coal, air and flue gas systems in a coal-fired boiler plant. From literature
survey emerged that coal consumption is defined as a critical indicator of plant performance in
terms of cost and efficiency. The different methods used for flow measurements (coal, air and
flue gas) in a coal-fired boiler plant, MEB and CFD were further reviewed. The MEB method
was used to determine coal, air, and flue gas mass flow rates and the plant’s heat rate.
Furthermore, CFD was used for air flow visualization and optimization in the secondary air
system. The air flow in the secondary ducting system (extracted from the 3D plant layout) was
simulated with CFD, using ANSYS Fluent. This was done in order to visualize the velocity of
the air flow in each section of the ducting system and at burners’ exits. As part of the simulation
process, the type of mesh used was tetrahedral, and the simulation calculation was done using
a continuity, momentum and energy equations solver. The simulation process was done
gradually using coarse, medium and fine mesh sizes with respect to the boundaries of the
secondary air duct, which has an inlet located at the air heater’s exit and 18 outlets, each

supplying 18 burners.

The velocity of the air in the distribution ducts (supplied to the burners) is critical for the fuel
(PF coal) mixture ratio during the combustion process. It was found to be in the range from
22.8 to 30.51 m/s during operation under full load. There was significant turbulence in the
main air duct due to internal flow guide plates separating the flows to the distribution ducts
supplying the burners. The CFD indicated that the ideal location for measurement points
necessary for the analysis of the air flow required for combustion, is the distribution duct.
Measurements can be taken as well on the main duct to investigate any eventual internal
structure obstructions that can affect the required air flow for the combustion process, as
insufficient secondary air supply contributes to very poor combustion, PF coal waste and loss

of heat energy for steam generation.
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In effect, the MEB method was used to establish a coherent set of input and output data for
the boiler, as well as to troubleshoot the existing data of the coal-fired power plant. The MEB,
which primarily focused on the calculation of coal, air and flue gas mass flow rates, was studied
in detail, and expanded to allow reliable results. The entire MEB method was applied using
actual plant data extracted from the plant’s operating control system, and the MEB results were
further analysed with the plant’s C-Schedule to determine if the plant is performing as per
technical specifications. The plant’s coal consumption and heat rate results were calculated by

means of a Mathcad model that was developed using boiler MEB methodology.

However, it was found that there was between 5.46% to 13.69% difference in the coal’'s mass
flow rates extracted from the ETRAPRO control system and those obtained from the mass
balance calculations. The mass flow rate of coal is supplied by the five mills to the boiler unit,
when the plant operates at full load. The mass flow rate of coal obtained from the MEB
calculation was between 10.32 to 13.16% more than the values indicated in the C-
Schedule/Plant specification, due to many factors such as overall plant efficiency and
measurement variations.

This variation was further analysed with a sensitivity study to increase awareness which of the
output parameters such as coal mass flow rate were sensitive to variations of the inputs. This
was done by varying the input parameters to the model independently, one at a time, and
observing the impact on the outputs. Using the Mathcad model and Excel program, the
changes in an output variable as a result of independent changes in input variables were then
ranked to determine the most sensitive parameters. In the case of the sensitivity analysis, a +
1% variation was applied to each of the input parameters. Although the sensitivity analysis
provides understanding of how sensitive the outputs are relative to the variation of the inputs,
it did not account for what the actual uncertainties of the inputs are, which may be less or even
more than + 1%. As result of the sensitivity analysis, it was found that the variation in the mass
flow rate of coal at 520.56 MW full load was 80.254 +/- 1.545 kg/s. The air and flue gas mass
flow rate variations were 541.145 +/- 8.431 kg/s, and 611.68 +/- 10.823 kg/s respectively. The
MEB has proven that it is a very important tool for the analysis of the plant’s performance
based on the actual input parameters and the design specifications. Since the outputs from
the MEB method are key indicators for plant performance, they can be used to advise the
power plant operators on heat rate and fuel consumption, which affect enormously the

operation costs.
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7.2 Recommendation and future project

Future work arising from this research study could comprise the following:

1. The entire MEB methodology should be applied to develop standard models for coal

power stations of different load configurations.

2. The MEB method can be applied to the new supercritical boilers, utilising
measurements of temperature of the furnace’s walls to better determine the heat
transfer

3. Further improvements to the CFD model for the power plant that could be done:

- Include the effect of heat transfer between air and flue gas through the rotary air
heater.

- The secondary air flow through the coal burner

- Flue gas flow across boiler tubes during steam generation

The topics suggested above and the outcomes of these investigations can form part of

EPPEI's inter-university project to improve overall plant condition monitoring.
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9. APPENDIX / APPENDICES

APPENDIX A: MEB-MATHCAD CALCULATIONS

ﬂ Reference:C:Ysers\andr'\Desktop\MathCAD UCT\MathCaADYWater-Steam IAPWS-IF97 rev 1.0, xmcd
MEB Calculations - @ FULL L OAD 520.56 MWW
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MPeor 10 mot
my ke
Vo = B 2242 _ 3885
Mep N2 10" mol
m Iror
Vinog = Ok 24 ™ o7
Mep o 107 mol
M50 kg = §
Vsoa = & 224 % _77x007°
c  Mcpo, 3
S02 1 mol
MNO2, kg e
VNo2% = 37 B 224—"F  _4s56x 1077
YENO2 107 mol
_ 02 kg <
PGQ‘.% = -22.4 = 0073

. = 3
MCPO-: 10 mol

ltjfg = VCG}_,%’ + E"‘\ﬂ_)fg + VH)% + VSG.?_,%’ + Ff‘;ﬂ%@' + VGP_,%’ = J. 394
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ENERGY BALANCE

Flue Gas Input Data

T 4H inlet = 303.614°C

{fé’iﬁ’.auﬂgz = [42383°C

Flue Gas Enthalpy

Lyer = 0.01°C Cpw = 4183
; gy e s i B
[ 8427.207" [ 8974207 [ 101510
4258007 199470~ 7 1037-10 ¢
C 002 = g Co2 ’ C N2 = ;
-1705-10° " -7.432-10° 5.452-10
\ 281026 225520 %) \—6.603.26~ 12
f A { _
([ 6.426.207 "] f iy (58611071
— 0 —4
C S02=| 1.85-10 C Arg = € NO = | 3.263-10
0 0 0
\ o ) & ) L d
A5 T A intet = Trgr
I 2 - k)
T\ { I\ (&Y | & K
hepy =[C_CO2; = co2, oF sioe] ] e o2 —l = = 200.867-—
0k Ng) """k \k) | ke k
iy i p
o s b5 ‘w (B | & k7
hgpy = | C_S02;= + C_S02 | BT e $02,1 = | +C_s02,] x = 22148 =
K \k ) \x) kg kg
Tx ”rx (Y (Y| w K7
hyg = | CNOG=- + CNOy| | + CNOy| | +C_NO; | = =
: 3 \x i\x) % ke
] B L i
s (B} (B | & K7
hpp=|C02;= + €02, =1 +C 02, = | +C 02, = | | = =238.861—
ale \x) " &) e 2
] o by i
(T 3 (EY | & kJ
hyy=|CN2p = + CN2p = | + CN2 2| + CN2{ = | | = = 317,812
L2 \z) &) [ -

T
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ﬁHQG = CF“-I‘}"E_.{R:HEEI = 2.4‘1’3 et fﬂ3

Ix
fij{rg = [C_Arga-E +

b

it
kg
(e (Y (Yt 9
C drg - —\ + C _Arg —1 + C_Arg o —1 — = (35026 —
LK) SE S NKE) | kg £

(=]

PO )
i A hve = o fp Ao~ 002
hso2 Xso2p o
hpy = CpraT, : = 421038 —
Eyo XNQ@ FA FA “fg AH inlat kg
ho2 X026z
XMz =| A Hfz =| Xnog
Ao Ao
‘Eiffrg XArgfg
.ﬁL?C XL‘("—"?‘S.
\ "F4 \ R
&
; ; KT
he, = Z (4 Hf | = 485'_,-04‘-5
i=0 % Cpge, = == = 1583
% keK
Tte = Tto AH inlet
. T
Flue Gas enthalpy using Cp: —( Cpfgdl’j%
Lot
(0% ) e 20
%‘gﬁfﬂgf = /[ C'_pfg dl’j%, !I = 480.704- (E
" Trgr /
Air Input Data & Enthalpies
Air enthalpies coefficients :
Ty = 28 (°C)
) f Air b
%.-{;rmg = J0% _;
0816-10
Tatr AH outler = 291432 (°C) Cip = _;_245.1‘9—4 _
g Tan = Tap 4H outlet
RH =7% —1.308-10
o o] e
Ty = 25°C \-2.154.10 faig AL 5
m
sl 2 3 A 107 SR
A Ty = :i\_cairf'ramb * Cair;'ramb * Cafrg'rmb = Caird'rm.!: Jlr - = ?:.JSQ-IC.—?
3
( 2 3 N 0T K
| F 3 =
ATir AH outlet = :,kcafrf'rafi * Cafrz' Tan + Capr ;'Tafz s cafr4' Tan j ke = 29'5'323'_5

(=]
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k7
Pgir AHin = [ 1-006-T g, p+ w2501 + 186-Ty, bﬂ—_gf}ﬁggg_

T
=4
"{D

Water and steam enthalpies

Economiser Feed water

P, = 18I9MPa Do, oo in™22676°C Ty oron oy = 277 °C
ok
mﬁ-‘.gcm:r_fn = 41455 T

Superheater & Superheater attemperator

Psha” = [7.88MFa Isﬁ:r_aa'z' = 249°C Mlop o = IGQPT
. ] i _.’cg

Psream.drum = I19.02MFa PR 27 73 T

F = 16.37 MPa T =J332°%C

steam.shout - steam.shout

Re-heater & Re-heater attemperator

kg

Pehan = 41MFa That =163°C My e = 10.86 o
467.995 %%
Q m = ! T
Pteam rhout = 2-89MFa Tsteam rhour = 33236 °C PRl 5

Enthalpies of steam-water system are determined with reference to the IAPWS-IFIT worksheet

%ﬁr_gcﬂnjn = Fzﬂgm{_Pﬁ”Iﬁr_gmnm, Ehi ki ""j = 970 I28- ;
irer rer rrer o 4 3 M
gﬁ"ﬂ-‘.smnauz‘ = hszeam{_P ﬁ-‘fr‘;&-'.ecanour : I' 1217 % 107 fc_r:r
s B 3 KT
Hop it = hsrgam{_Psharr Lshaw:"""" s } = 1.082x 10" k_ﬂ
h =h (P Al I — N .El'.'J':r s
steam. drum sreaml_ steam. drum I' = ;
- rer PrFPF rrrr‘ 3 M
hszeam.shuur ; sreamlpsream.sh_ﬂur ’rsream.sfr_ﬂuz’ Lo I' B i ,'c_cr
_ -' we_ e o I &7
hszeam_rhuur - ﬁsmam{_‘psmam_rkuw ’rsrgam_r&ﬂuz’ : I' 3331 % 10 Ic_cr
(=}
Boy te = 'asream{_‘nrharr Dt i' 699.278-—

(=4
(=]
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Enthalpy vapourisation at:

7
. = 100%C Cp,, = 4.183 ——
kg X

. i
RE120 vap = CPy- Ty = 1.361 MI-E

Energy losses

Using the graph provided in EN 12952, boiler convective and radiative losses to the
surroundings can be estimated as follows.

* -
&0 o
E
A A

=
Bt
Y

100
4,80

0,60 -

| &
Vi

—

NN

a3

NN
I

0,10 -~ B
) 7

//
.08 -
0,0 e 3 bl

0,0L /./ 7 .
A
00 /,-/

]

1 2 L 6 @1 ] G0 GQBOMWD 200 LOO 60D 1000 MW 3400

it

LR

Key
a Radiafion and convestion losses, -

b Maximum uscful heat ouput, &y
Brown coal, Elasifurmace gas and fluidized-bed boilers

Hard coal bollers
Fucl oil and natumal gos boilers

[ELR S

260

Yinsul loss = 0.8%

Energy from credits

At full load, only 5 of the 6 mills are running. Using the rated power of the mills and the effciency
of 90% the total power added to the fluid stream in the mills is as follows:
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Mill Load:

(1459.668" [ "Ml A"
1448 242 ALl BT
1444.62¢ il O
Pamill = K
o "Ml D
14‘48.8.?3 "ﬂ{iﬂ Err
"\ 1440 527 ‘I\ il F
5
Ponill load = Z Pmill = 7.242-MW
i=0

Primary air and forced draught fans all add energy to the air entering the boiler.
B = IE50kW-2 =37 106 W
pajfans T ekt
< 6.
Pt ans = 3148KW-2 = 6.296 x 10" T

Pothers = TSKW-5=375x IO W

Pfans_mraf = Fpafans * Pfdfam + Fothers

3
. _m
Vieal air = 463 T
= T F = 90895-k—g
Meealair = Pair *amb ¥ seal air = 7% &

s ol
Ocredits = Pmill load + Pfans.z'araé’ + Fotheps = 1799 % 107k

KT
kg K

Crpgsh = 073

Aepal = Proar Lams = 33"54'_5

Pash fg AH inlet = CPFash g AH inler = 421-038-1—

]

Tgy = 700°C
, . 1 RJ
A =1 38-Tg4)- =J 33 I -—
ash BA exit { BA.} ;CgK ICg
Steam Energy:
;iBJ‘f = hFJ{

Och = tmﬁt‘.emnm + mskarr,"ksream.sfmur] - [mﬁf.ecu}ifn'}ﬁﬁf.e?canml' i {msff.an'hs&azr,l'

A

9 ri:i.arrj'

Yk = {_mrﬁf_:zeam + mrkarz,l"ﬁsream.rhaur o {_mri:i.sream'h

steamrhout T Mrhatt

Qout = Gspn+ Gy
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Mass flow rates of coal:

InFlows = kA |!'+ E‘:R%A!?!ngkrmb + |HAR e HAR.%AIerg_:I.hTG!:f_AHGHFEIEF

cod

Flow gop =\ a5 %68 gsiPrash BA exie) + \Xasi i Pash fr A imlet)
OutFlows = ~Mg-Rey 4r intet = FI0W 4sh ~ XE20ge AH20.vap

FRitggnps = InFlows + OutFlows Chgeopr == H0K

Qu ut — chs‘d!a‘s

Czip.f':ﬂaf"[.f - Mec - %Q.fnsue'_f'ﬂss,:] ] FRhﬁuws

Meoal = |:

m

. ke
coal = 80234?

Mass flow rates of air.

o kg
Total air in the contral valume: P s S

: ke
: = Bgdir. = 34115
Ingress air flow: Mair.ing = Mair AH total A.»f:rmg 54115 =

Mass Flowrate of air leaving the air heater:

ke
Mair A/Hout = Mair AH total = Mairing ~ Msealapr = 370136 Tﬁ

I

AR~ SLIISE

Mass flow of A/H leakage air: m_;. 4 ey 0 = mcua!'%AfrInD
E o 5

Mass flow rates of flue gas:

I
=4
iE

Mass flowrate of flue gas at A/H inlet:  my . = FGR-m = 6116825
ffg..iﬁm coal 2

faH teaic = 86%

Meoal = _ kg
Mool = JAH leak “HAR = 30947 =
_Lean
HAR . kg
L e S
f4H leak 5
2
! FAH loak : o
Mt 4ty = | FOR + —————— HAR |m = 662597 =
. \ I~ f48 teak ) s
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Heat Rate:

h

fawr = [2% *.IjCJ.mug =42 3%
8]
Yout
Mg = ————— = B4.075-% N gy = P87 2
lboiler m__r HHV Tgen
S T KT
NHR = |- = 3181
| KW -hr EW-hAr

\ Tboiler Meycle Mgen )

Steam(p_.T_.v__x__s] = [Inputs « IsScalar(p)
Inputs « Inputs + 10-1sScalar(T)
Inputs < Inputs + 100-IsScalar (v)
Inputs < Inputs + 1000-IsScalar ()
Inputs < Inputs + 10000-Is5calar(s)
h_pT(p.T) if Inputs=(1+ 10)
h_px(p.%) if Inputs= {1+ 1000
h_ps(p.s) if Inputs= {1+ 10000)
h_pvip.v) i Inputs=(1+ 100)
h_Tx(T,x) if Inputs= {10+ 1000)
hd_s(s) if Inputs= 10000
h_pv(p_Tv(T.v},v) if Inputs=(10+ 100}
if Inputs= (10 + 10000)

pg < plim_low-1.001

p « root(T - T_ps(pg. s). pg)

h_ps(p.s)
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APPENDIX B: POWER STATION A-OPERATION PARAMETERS
(ETAPRO CONTROL SYSTEM)

Fa sy auees contac Pracess Fagareerg Dy atmond

Y2y ‘o

1 A1 §508

178 oo

m Yo
300 g2

HOT REHEAT

N Temparature |C]
— R E 1
!- § 59
328 6508

Wiills in Service
ABCDEF

§000000

60 40 1109
@ w1 2000000
oIt i B 30 00000

8 12 12 77 02
XS 16 1S5 317 40 00000
K7 M8 12 JWeM2

Bo 11111
WO 18 ML BOO) X6 1 00

Feed Pump Operation (kg/s]
BFPT EFPA EFPB
00 0)
00 03
00 0
00 0
4896 o)
4493 0)

Total Coal Flow [th]

00 63479

90

Turbine Speed [rpm)
100 400

im b 20493
300 6 20000

Backpressure [Pi]
1850 40518
2[R 603
%55 608

CWin Temp [C]
1215 4256

2B 558
341 6165

ID Fan Amps

Total Air Flow [kgs) R
1580 400 100 00

Y BT ]

o0 o0
300 66400

i =

5 502 5621
"H 6 6125 6480
JAVAVAVAVA'

Ambient Air Temp [C]
1

Derir Cons [kg/s]
100 400

l=t'A'l’t=t'l 2| 561

Jo0 600

EMISSIONS [mg/Nm3]
Correlated Extrapolated

1 41 13
208 EE
376 69

450 28

§987 94—
1




APPENDIX C: POWER STATION A- OPERATION PARAMETERS

DATASHEET

Start date 2017/08/01 00:00 % Air ingress between 9 - 10%
End date 2017/11/01 00:00
Tags Unit
GEMNERATOR LOAD US-055E11C210-AB3 MW
Feedwater [befare TOTAL FEED WATER FLOW US-05RLOOFOO1-AZ25 kgfs
' bDIIEI’} FEED WATER TEMPERATURE US-05RLBOTOO2-AS04 *C
FEED WATER PRESSURE US-05RLEBZPOO2-AS07 Mpa
Main Steam {{:—ut of MAIN STEAM FLOW US-05RA00FDO1-ABS k%fs
bOilEf} MAIN STEAM TEMPERATURE US-05RA0OTCOL-ALS C
MAIN STEAM PRESSURE US-05RAD0POO1-AT1S Mpa
PRIM REHEATER STEAM INLET PRESSURE (into boiler) US-05MECIPO31-A572 Mpa
PRIM REHEATER STEAM INLET TEMPERATURE (into boiler] |US-0SNEQ1TOS0-AS77 g 0
Reheat steam i
HOT REHEAT STEAM TEMPERATURE [out of boiler) US-05RBOOTOO1-A20 G s
HOT REHEAT STEAM PRESSURE (out of boiler) US-05RBO1POOZ-A472 Mpa
TOTAL FD FAM INLET AIR FLOW (total air inlet flow) US-05NGOOFE00-Co0 keg/s
LH FD FAN IML AIR FLOW 1 US-05NG10OF100-AL72 kgf=
RH FD FAN INL AIR FLOW 1 US-05NG20F100-A1593 kg/f=
LH FD FAN INL AIR TMP 1 US-05SNGLiITI00-ALT77 C
RH FD FAM IML AIR TMP US-05NGZ21T100-A198 C
TOTAL PRIMARY AIR FLOW US-05NMO0oUG00-C8 kgf=
MILL A PRIMARY AIR FLOW US-05SNM10C015-A129 kg/s
) MILL B PRIMARY AIR FLOW US-05NMZ0C015-A130 kg/s
o MILL C PRIMARY AIR FLOW US-05MNM30C015-A131 kg/s
MILL D PRIMARY AIR FLOW US-05MNM40C015-A132 kg/s
MILL E PRIMARY AIR FLOW US-05MNMS0C015-A133 kg/s
MILL F PRIMARY AIR FLOW US-05NME0C0L5-A134 kg/s
LH SECONDARY AIR HEATER OUT AIR TMP 1 US-05NGLIITIO7-A182 C
EH SECONDARY AIR HEATER OUT AIRTMP L US-05NG2LITIO7-A203 C
LH PRIMARY AIR HEATER OUT AIRTMP 1 US-05MNG12T118-A192 C
EH PRIMARY AIR HEATER OUTL AIRTMP 1 US-05NG22TL18-A213 C
LH ECOMOMISER GAS OUT TEMP US-05MJ10T138-AZ38 *C
RH ECOMNOMISER GAS OUT TEMP US-05NI10T140-A239 Ly e
i LH SECONDARY AIR HEATER GAS OUT TEMP 1 US-05MRI1IT144-A277 C
Flue gas EH SECONDARY AIR HEATER GAS OUT TEMP 1 US-05MR21T144-A2R8 "
LH PRIMARY AIR HEATER GAS OUT TEMP 1 US-05MRI1IT142-A276 C
EH PRIMARY AIR HEATER GAS OUT TEMP 1 US-05MR21T142-A2R7 by o
LH PRIMARY AIR FAN CURRENT US-05MNGI2ECDI-AB Amps
: EH PRIMARY AIR FAN CURRENT US-05MG22ECOL-AS Amps
Ui LH FO FAN CURRENT US-05MNG1IECDI-AT Amps
EH FD FAM CURRENT US-05MNG21ECOE-A124 Amps
MILL A LOAD US-05MNM10LB01-C307 lew
MILL B LOAD US-05NM2Z0LB01-C308 lew
MILL C LOAD US-05MNM30LB01-C309 lew
MILL D LOAD US-05MNM40L601-C310 kw
MILL E LOAD US-05MNMS50LE01-C311 ew
i MILL F LOAD US-05MNME0LE01-C312 kw
plitis MILL A CURRENT US-05MNM10EDD1I-ASL Amps
MILL B CURRENT US-05MNM20ECD1-A32 Amps
MILL C CURRENT US-05NM30ECO1-ASS Amps
MILL D CURRENT US-05MNM40ECDL-A34 Amps
MILL E CURRENT US-05NMS0OECO1-ASS Amps
MILL F CURRENT US-05MNMEBOECDL-ASE Amps
Coal TOTAL COAL FLOW IMU.COT A T/H
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Main Steam (out of boiler) Reheat steam
IlE':lnEIAMI'ER RE:FE:HTE " HOT REHEAT HOT REHEAT
Date and Time GENERATOR TOTAL FEED FEED WATER | FEED WATER | MAINSTEAM | MAINSTEAM | MAIN STEAM STEAM INLET | STEAM INLET STEAM STEAM
LOAD WATER FLOW | TEMPERATURE PRESSURE FLOW TEMPERATURE PRESSURE TEMPERATURE | PRESSURE [out
PRESSURE TEMPERATURE 5 £
(out of bailer) of boiler)
[into boiler} {into boiler)

17,/08/01 12:00:00 AM 398.193 328.711 211.514 17.385 331.534 531.1532 16.138 3.146 315:273 527.228 2.1B65
17,/08/02 12:00:00 AM 506 8BS 394,922 232.828 17.920 413.086 532,617 16,235 3.820 324,234 532.647 2T
17/08/03 12:00000 AM 506.885 405.762 234 805 17.96% 416.855 532.031 16.272 3. 814 324334 530.365 2783
17/08/04 12:00:00 AM £13.857 479,580 232.008 18.652 501.270 531,738 16.284 &.491 229,573 533.788 2.419
17/08/05 12:00:00 AM 566.016 450.875 231.055 158.347 460.547 531.152 16.272 2187 323.2338 532.647 3.138
17,/08/06 12:00:00 AM 480.225 406,055 223.428 17.908 395.801 527.920 16.260 2.674 321,946 531.507 2.637
1708 /07 12:00:00 AM 518.164 4238.906 225.391 18.018 422,168 531.738 16.243 3.873 325.188 532.647 2.830
17,/08/08 12:00:00 AM 547,559 423,926 232E.13% 18201 444 141 531.152 16.248 %081 225.950 533.788 2021
17/08,/09 12:00:00 AM 557.813 458.785 230.078 18.311 454 888 529.980 16.272 4157 326.713 531.507 3.085
17/08/10 12:00:00 AM 400,586 322.852 213.477 17.480 334.570 530.273 16.235 3.190 216.608 526.942 2,194
17/08/11 12-00-00 AM R1AR 2R0 486 117 233 6948 18 ARG 498 A3 635 264 1R 248 4512 2 433 532 RAT 3 454
| 17,/08/12 12:0C:00 AM 520,557 414,551 226.758 18,188 427.724 | £23.203 16.370 3.922 226,522 £32.362 2.886
L4108 13 L& UUARS A et - S2i.933 PRy 17435 S3%.2dd 554%.000 10.£33 313D Slo.030 STUoU e
17/08/14 12:00-:00 AM 485 352 411.621 222.461 18.091 400,195 535.254 16.431 3.683 324,044 533.503 2.651
17/08/15 12:00:00 AM 500.391 408.105 223.438 17.847 412793 533.456 16.101 3.773 324044 532.362 2.757
17/08/16 12:00:00 AM 401.270 328,711 177.529 17.480 323.438 528.223 16.321 3.214 218,705 526.657 2.206
17/08/17 12:00:00 AM 401.611 3059.668 212.891 17.480 328.125 530.273 16.296 3.182 316.608 523.233 2.183
17/08/18 12:00:00 AM 576.611 455,234 230.664 18.408 471.094 531.021 16.243 4.201 227.667 532.362 3.164
17/08/15 12:00:00 AM 398.802 323.730 214063 17.358 325.883 526.758 16.150 3.152 315.845 530.080 2177
17/08/20 12:00:00 AM 507.227 411.914 222.828 17.932 413.265 533,496 16.174 3.791 324,997 532.382 2774
17,/08/21 12:00:00 A 404.004 340.137 213.867 17.593 334.863 528.809 16.809 3.1599 315.845 530.080 2218
17/0R2 7 12-00-00 ant ca1 ane 437 178 239 2697 18 14n aaz 293 537 274 15174 4 nan 278 238 537 FAT 2 941
| 17/08/23 12:00:00 Am 543.799 416.602 225883 18.054 434473 | 534.375 16.235 4046 330.335 533.503 3.023
17 /dB) 4% L AT A Sus Hed ELTR- Ld8. 245 ifH3s 413.965 b33.£U3 1o.i9a 384U S5 /06U 533,903 &.792
17/08/25 12:00:00 AM 535.938 417.480 28.711 18.091 435.352 533.496 16.187 3.993 328.048 532.362 2950
17/08/36 12:00:00 AM 494922 272.070 222.622 17.932 299.202 534.275 16.357 2.741 224.997 533.503 2.712
17,/08/37 12:00:00 AM 579.004 472882 231 641 18.567 470.215 539 980 16.332 4571 327.476 532 647 3.252
17,/08/28 12:00-:00 AM 501.074 377.930 223.828 17.932 406.055 532.617 16.321 3.800 324,807 534,530 2,783
17,/08/29 12:00-00 AM 511.670 387.891 225.781 17.965 414.258 531.545 16.296 3.854 325.188 533.783 2859
17/08/30 12:00:00 AM 574,561 451,465 232.813 18.237 4E8.457 532.789 16.113 4.295 331.282 533.788 3.217
17/08/31 12:00:00 AW 401.953 297.363 2145453 17.432 333.984 522 363 16.260 3.214 313.939 530.385 2.212
17/09/01 12:00:00 AM 495 605 377.344 222.818 17,898 405.762 532.224 16.272 3.820 224,997 533.788 2.760
17/09,/02 12:00-00 AM E14.883 452.051 233 584 18.433 501.270 532.324 156.085 4 506 330.717 533.788 3.448
17/09/03 12:00:00 AM 553.027 404,883 229.492 18,212 438.574 532.617 16.332 4.122 229.001 536.070 32.091
1?;’09}’04 12:00:00 AM 587.891 472.852 232.227 18.518 480.469 529.355 16.296 4.362 327.667 531.507 3.290
17,/09/05 12:00:00 AM 451,172 264,453 219.141 17,725 275.000 £27.930 16.272 3.507 218.515 531.647 2,492
17,/09,/06 12:00:00 AM 615.576 485.551 233.984 18.652 504.155 530.566 16.211 2508 3258.573 §33.788 3.428
17,/09/07 12:00:00 AM 451.514 361.816 218.945 17.700 370.313 532.021 16.260 3.521 321.184 533.783 2,505
1?}09}{1& 12:00:00 AM 501.758 405.004 223 252 17.969 415258 533.789 16.235 3.820 325.569 533.7B8 2.751
17,/09/09 12:00:00 AM 613.525 472,559 233.594 18.579 505.957 532.617 16.150 4.515 221670 532.647 2.419
1?3’0’9.."10 12:00:00 AM 513 525 489.258 233008 1B.616 500.391 §33.203 16.238 £ 532 330.908 §31.807 32.454
17,/09/11 12:00:00 AM 563.623 472.266 230.4569 18.272 4E67.285 529.385 16.235 4225 326.141 532.647 3.152
17,/09,/12 12:00:00/AM 465 629 405.469 223 766 17.820 353750 534,121 16.309 3656 318.277 531.507 2.59%9
17,/08/13 12:00:00 AM 487 402 403,418 223.047 17.957 407.520 526.7538 16.235 3.732 320.040 532.647 2.663
17/09/14 12:00:00 AM 402.295 291.504 212 891 17.419 325.005 532.324 16.296 3.179 318.705 531.507 2.159
17/09/15 12:00:00 AM 481.934 393,456 221.094 17,834 394,922 528809 16.211 3.650 219.277 531.507 2.607
17/09,/18 12:00:00 AM 0.000 0.000 135.156 0.354 4 BEE 454 980 5.042 1.087 243 942 453 806 0.223
17/09/17 12:00:00 AM 0.000 0.000 71.084 0.000 0.000 309.668 0.000 0.829 86.068 335.852 0.000
17/09,/18 12:00:00 AM 0000 0.000 70.703 0.305 7031 229980 0.000 0.7E8 S5B.B46 255.453 0.000
17,/09/19 12:00:00 AM 571826 441,797 229.883 18.262 456.728 530.272 16.223 4.212 327,667 531.507 2.158
17,/08,/20 12:00:00 AM §65.420 440.625 228.711 18.347 458 445 529 395 16.309 £.204 528 780 §31.507 3.149
17,/05/21 12:00:00 AM 581.738 451.133 230.859 18,384 433.691 525.688 16.187 £4.310 325.569 530.355 3.237
17/089,/22 12:00:00 AM B03.855 475.550 233.358 1B.616 501 270 532.031 16.211 4 462 325.954 532.647 3.353
17,/009/23 12:00:C0 AM 545.584 433.887 230.273 18.286 450.000 533.496 16.260 4.110 329.191 530.365 3.041
17/08/24 12:00:00 AM 429.639 355.180 217.773 17,580 353.320 532.324 16.260 3.266 319.849 528.083 2.361
17,/09/25 12:00:00 AM 423.145 351.563 218.750 17.676 350.684 527.051 16.321 3.260 317.943 525.942 1.228
1708 ME 17NN AR a3N &84 AN STT F1E BT 17 208 ST 273 £2% 810 18 32 2 IET 218 Qag E7R 827 7 241
17/05/27 12:00-:00 AM 520.127 421.289 228.135 18.127 429198 | 535.840 16.296 3937 329.001 531.507 2.909
17U/ 1250000 Al AUU.5EB 325,195 212,408 17494 432224 L2990 1b.258 312k EFRr Y S3U.des 216l
17,/09/29 12:00:00 AM 0.000 24,609 114.844 2.430 0.000 411,621 2.917 0.914 221.667 454,760 0.123
17,/09,/30 12:00:00 AM 0.000 0.000 B2.227 0.000 0.000 282.715 0.000 0.773 B5.409 336.233 0.000
17/10,01 12:00:00 AM 359.902 326.367 213.672 17 468 335,448 528.80%9 16.211 3.184 316.759 524345 2.209
17/10/02 12:00:00 AM 547.559 41B.068 22B.906 1B.213 445 605 534375 16.296 %.078B 329.573 534 359 3.070
17/10/03 12:00:00 AM 489.111 390.234 221.875 17.822 404.520 533.789 16.162 3.668 323.472 531.752 2.681
17/10,/04 12:00:00 AM £02.979 332,820 213 086 17.817 339 5851 530.566 16,238 3.199 317,862 5§28 368 2.221
17/10/05 12:00-00 AM 450,148 352.1438 218.555 17.737 376.758 531.445 16.260 3472 315.845 531.792 2470
17/10,/06 12:00:00 AM 351.709 283.B87 208008 17.200 286.523 530.8538 156.159 2.804 315,273 530.650 1.869
17/10,/07 12:00:00 AM 400.586 322,559 213.086 17.432 335.328 530.566 16.211 3.158 316.799 528.358 2.191
17/10/08 12:00:00 AM S70.996 3B0.5E65 221.094 17.822 3B6.133 530,273 16,248 3.857 321.375 531.792 2.581
17/10/09 12:00:00 AM 427.246 345.117 215.430 17.615 352.441 530.273 16.260 3.302 318.324 531.792 2.329
17/10,/10 12:00:00 AM 617 965 482,227 232,813 18.640 S08.301 530,273 16,223 & 453 328.191 530.650 2437
17/10/11 12:00:00 AM 4593.213 405,485 213.828 17.871 405.534 528.809 16.199 3.680 320.040 530.650 2.707
17/10/12 17:00:00 AM E02.588 4E0.547 232.227 18,396 497 168 531.445 16.040 4 359 329.191 531.792 3.328
17,/10/13 12:00:00 AM 511.132 433.691 232.617 18.640 423.633 532.021 16.272 £.433 328.620 532.233 3.287
17/10/14 12:00:00 AM 544 4B2 423 928 22BE.516 1B.140 454,102 529 688 16,128 4.028 325,950 528 368 3012
17/16/15 12:00:00 AM 545 584 445.777 228.516 18.335 450.253 533.456 16.357 4065 327.285 531.752 3.038
17/10/16 12:00:00 AM 548.92& 444 434 229 688 18.213 449 414 530.566 16.211 4055 327.094 531.792 3.026
17/10/17 12:00:00 AM 513.184 455.703 233.203 18.604 504 452 529.980 16.138 4438 329.191 535.215 3.413
17/10/18 12:00:00 AM S507.910 401,074 224.023 17.969 407.227 534,375 15.272 3.7EB 326,332 535.215 2,810
17/10/19 12:00:00 AM 458.682 374,121 223.242 17.725 407.520 537.553 16.040 3747 327.285 535.215 2738
17/10,/20 12:00:00 AM 583.701 446,777 233.203 1B.347 <481 524 E2B.516 1E.185 4 383 328,810 531.792 33240
17/10,/21 12:00:00 AM 569.434 440.035 228.711 18.323 452530 533.7858 16.296 2134 325.810 532.533 3.123
17/10/22 1Z:00:00 AM 512.354 406,934 225.977 18042 408.398 529.688 16.321 3.803 324,997 535.074 2.804
17/10/23 12:00:00 AM 501416 390.527 224.023 17.920 411.914 534.6638 15.15% 3.791 326.904 534.074 2.795
17/10/24 12:00:00 AM 599 554 470.801 232.617 18,518 <488 379 §27.637 16,235 4371 327 476 531,792 3,352
17/10/25 12:00:00 AM 550.283 486.035 232 813 18.604 485.156 528.8059 16.321 4383 327.857 531.752 3337
17/10/26 12:00:00 AM 399,902 326.660 213.281 17 444 341309 531,152 15,211 3.205 316.417 523.805 2,224
17/10/27 12:00:00 AM 432.715 3438.926 216.797 17.651 358.008 534.375 16.272 3.369 322.137 534355 2.382
17/10/28 12:00:00 AM §50.977 449 707 227.539 18,286 452 2448 534 668 16,272 4.028 327 476 534,359 3.050
17/10/29 12:00:00 AM 550.283 430,884 237.539 18.262 445 313 534.082 16.284 4048 327.857 535500 30684
17/10,/30 12:00-:00 AM S556.787 446.191 228.711 18.323 448 828 534,668 16.309 & 096 328.620 535642 3.08B5
17,/10/31 12:00:00 AM 585.156 444 727 232.422 18.457 474502 531.738 16.354 4.338 530.145 525.795 3.296
17/11/01 12:00:00 AM £10.791 459,375 233.328 18.396 494,531 531,445 16.113 &.477 331.098 534,930 2. 445
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Alr
TOTALFD | | wen RHFD (U] RH LH RH
FAH IHLET FAMINL | FAN INL LH FD RHFD TOTAL MILL & MILLE MILLC MILLD MILLE MILLF |SECONDA | SECONDA | PRIMARY | PRIMARY
Date and Time AIR FLOW AIR FLOW | AIR FLOW FANINL | FANINL | PRIMARTY | PRIMARY | PRIMART | PRIMARY | PRIMARY | PRIMARY | PRIMARY | RY AIR RY AIR AlR AlR
[retal air 1 1 AIRTMP 1| AIR TMP |AIR FLOW | AIR FLOW | AIR FLOW | AIR FLOW (AIR FLOW | AIR FLOW | AIR FLOW | HEATER | HEATER | HEATER | MEATER
inlet Flow) OUT AIR | OUT AIR | OUT AIR | OUTL AIR
OG0 12,00:00 AM | 433,063 221.533 211588 27543 2720 3523 25543 26421 26,123 0.000 24544 ATs 210308 261341 212485 244173
10802 12:00:00 AM 457010 260156 231685 25.550 23588 125653 24.123 28535 25554 0.000 &d4.085 25216 288161 281020 #67.5454 254581
THOGH0S 12:00:00 AR SOL36T 260156 240430 21510 27744 126772 24731 25.353 26,073 0000 24,180 25336 285843 21401 265164 BE025
1TA0B04 12:00:00 AR SRE.354 230520 267,363 23,326 23,355 133,138 26,335 21061 21344 0,000 25,353 26,660 255022 266423 211520 263,138
TTHBI05 12:00:00 AM 530.213 215,135 PRI 27,049 28,501 127,952 25,086 26,850 b4 0.000 24 25154 23351 284110 216040 264945
TI0EI06 12:00.00 AR 465,400 24454 221464 28,623 28,504 103,667 25.353 26747 26,317 0.000 24370 0.000 23311 26345 216543 265,353
ATHEHDT 12:00:00 AW $32357 258,398 23614 2745 21538 126,636 23,158 2511 25344 0.000 21.258 24861 234350 283317 213427 263878
T8RS 12:00:00 AM 0,156 a4z 245508 andiid Fil-Ell 130,618 24,968 25840 26231 0.000 20335 FrE L] FELEL]] 283,145 200.440 8504
1108403 12:00:00 AM 525586 P 257.221 HAa4 .28 121917 25,104 24626 28430 0.000 26151 2442 2071 25113 2535 213316
TA0E10 12:00:00 AR 401.03 204,102 202,330 30.520 30520 33,102 23334 25253 25447 0.000 2458 0.000 276545 262.121 2604072 246135
ATAWEE 120000 & RA [T ¥ag nad 243 ACR A1 AR AN &30 iE AR ATATH o7 R aEATA 11 ik T AT A TR &7 7R 2Ta ot TS (0
T2 120000 AM | 430438 | o054 20089 | S0ahs S48 136.565 4.8 25T | 2RES bR 2087 25583 21452 25 269333 | 260562 |
TG4 12:00:00 AM 452103 240,234 221875 30,463 30,367 11135 26,028 26,150 26,317 5.042 25,925 0,000 266561 211325 21130 268,353
TH08HE 1 00:00 AR 453554 54102 2a2h.a8l 30.10% 0.1 1886 @705 2fene @B 5024 2hsTd 0,000 FLINEl] R £10.843 61341
AT0EE 12.00:00 AM 421034 223.000 203,306 32.607 32.385 103,394 23,606 23105 25413 S04z 24661 0,000 224z 264070 260757 237
ATAGET 12:00:00 AR 422070 222352 242 26.104 26131 104,812 23083 24575 25,054 5007 24783 0.000 275376 2E5.630 2E5.630 2363
| ATHOB 12.00:00 AM 52041 215,391 243,213 1.0 (ENGE] 153,13 24,566 26,028 26,231 hERd 25156 254601 236,281 25340 218,554 FHLTF
1710513 12:00:00 Ab 2300 213867 197266 21703 22500 04846 23.81 25.020 26544 0.000 21450 0.000 2500826 211081 261.963 FEICEL]
1TA0EF20 12:00:00 AR 451.103 243414 223.297 22.201 22,363 127,533 24,336 25518 25557 25523 26483 0.000 232411 2E0213 261074 2453
1108421 12,00:00 AM 406 354 208984 134,727 2619 26,367 8762 25,806 23926 23.30% 0.000 26, M5 0.000 283320 213421 21413 233911
| o2z 120000 AM | 530445 | 2Ti08d #2add | 21478 20553 136.375 25058 2ea05 | 26284 26216 £.426 57131 234136 28373 2635 | 28743
1TH00125 12:00:00 AM 531500 216563 259,881 26824 26836 137457 3521 FUAED @n.eor ib.Eu ib.abl b2 FLERR 284487 dnease dHIATE
1TI0G2E 12:00:00 AW 481635 253516 2Rt 24.055 24544 10343 26.555 0,000 21754 2TEH 26,353 0.000 271520 27283 210,533 @bt
Ti0E£27 12:00:00 AM sin4az 281303 260742 23180 265,945 131,30 24,331 25353 26150 26162 25321 0,000 236,083 286,815 262365 211867
T8RS 12:00:00 AM 485352 52044 230,664 21012 21656 24 656 24114 25413 25510 25,549 0000 25088 28313 254437 211130 210.15 |
1108423 12:00:00 AM 502539 20391 254005 H.i2a #4068 126,038 24.421 25310 25663 25418 0,000 251 232225 252113 2050 265554
1TA0E30 12:00:00 AR 530033 00,135 280,463 33363 32813 138,206 21122 21634 27.328 27.543 0.0 21318 236053 232337 273463 21672
0831 12,00:00 AM 424 603 218,211 203.520 0068 0.1 103,018 1521 25596 25,652 25131 0.000 25318 265017 273859 218653 265743
1001 1200:00 Ab 508203 62500 241952 35506 35,156 126,670 .67 2542 20925 25400 0o00 5,583 LI FE] FErALE] 213238 SHIATE
ITAOS02 12:00:00 AR 552053 033 253.453 244734 25.020 147.347 23326 23445 30000 23.3% L0 23255 232597 253306 276351 2003
TAOSS 12:00:00 AR 550556 274603 261525 21.510 27450 136,307 26,152 27070 21463 21310 0,0 26,55 236055 230452 51020 213516
OG04 12:00:00 AM S636T2 256,680 264141 2,063 28,150 133,574 0.000 b4l FLLE b b2 2h.113 FLEEL] absd 15T LT
11005 12:00:00 AR 458783 240033 223438 3123 31025 104573 0.00a 26.250 0.000 26,284 25635 2614 218105 271418 #63.333 260057
1THIEH06 12:00:00 AM ST N353 285,156 1641 31023 141,743 0.000 26,563 26,173 26,062 2651 26964 234,350 23065 21150 2TL0ET
THHOT 12,0000 AM 434141 252530 243,750 33281 .01 108,717 0,000 26,55 3550 26,653 26ETT 26,552 215166 210503 265,554 aaren
TON0S 12:00:00 AM 430023 262635 241952 3052 35427 128,655 0.000 25655 26482 26.501 24.500 25614 254,304 2ras0 26iiTd 251853
1TA0H03 12:00:00 AR BILA4E F2E.155 02734 3105 31238 147,417 0.000 23.25 23.13% 2A.560 30123 23,0681 231255 286515 21551 26335
TG 12,00:00 AR BI3ET2 TH B4 233,345 35,566 35473 143,173 0,000 25367 23,309 28,156 21574 28350 253770 263306 217310 211672
AT 12:00:00 AM SE8.555 288844 FLINED ELETH 5474 136,514 0.000 I FI FIEL] 26.568 26,850 FEFET 4133 FIERE]] FLLE]
T2 12:00:00 AR 430625 230331 23641 368.21 36.034 noo4z 2.000 27130 0.000 21258 26548 26,334 286815 286042 27310 213622
ATHEHS 12:00:00 AR 456536 231103 213,141 STATE 656 113,535 1812 25574 3536 28150 25565 2044 282113 ZTE.T40 265435 254,123
TS 12:00:00 AM 350.625 0564 185,352 FIACT ELEIL) 104521 23840 0,273 4,050 21686 23883 24 465 FLra e 2BLE 5860 240,455
ATHIHS 12:00:00 AR d5zdzd 245508 234766 35547 35508 13432 3518 21N 5417 27674 218N 21656 2500054 274011 263333 23352
ATAOGHIE 12:00:00 AR 350585 H1.500 0,355 368,555 3621 000 0.000 0,000 0.000 0.000 0.0y L0 234500 230z 2828524 236,533
AT 12:00:00 AR 0.000 0.000 0.000 24,229 25672 0.000 0.000 0,000 0.000 0.000 0,000 0,000 45628 168 120,113 35T
TR0 12:00:00 AR 126,154 00,547 64,063 11430 18.047 0,000 0.000 0,000 0.000 0.000 0,000 0.0 44516 34931 18432 14584
TS 12:00:00 AR SELTHS EI0ET 268.353 F2054 2578 132,376 26.04% 26514 0.000 26.585 26333 26634 232417 286238 21328 21551
1TAH20 12:00:00 AR SE03 231055 262,103 35566 34688 130,601 25,663 26,387 0,000 26,605 25857 26250 230,872 252155 201328 213622
1021 12:00:00 Al STh.506 238408 271084 5918 35625 141367 27 ik 28188 2165 21423 e 286235 atas0 265,800 e
1TA0S22 12:00:00 AR SERT42 3306 28150 35654 35559 133097 27.036 21634 28.3m 21353 2600 0.000 293363 261202 216545 2i.283
TAIEE25 12:00:00 AR s34z BT 251,367 LAl 37363 132808 25130 26,165 26472 3435 25840 25354 289321 264583 2TLE6T 3525
PO 12:00:00 AM 43R008 Pkl 204,102 8,180 HA6TE 107558 FLNFE] 25,108 a6.043 ST AR 0000 FATH FLIELE] FH40T0 51053
1710525 12:00:00 AM 430664 224025 204102 34854 Sd.654 107666 25686 23403 24.063 5435 50243 0000 2823712 214207 265744 26251
TMAIR 12-N10- BB AR OAF, 237 251 97157 ETETY] an g2 A0 41 24 BFR o€ &7 3, 1% 2 AR, o€ 207 1 i 73 987 ZRE AT 54 NN 957 727
THOST 120000 AM | 458633 | 25273 235667 | 25204 253M 132,284 25,020 56| 260 51T 24,268 25635 233130 2F3527 2M0305 | 268353 |
TIOR3 12:00:00 &M 255N a2 23.107 30076 0.000 0,000 0.000 0.000 QL0 0.000 1E1E47 160U 134,303 Ti4.281
1TA0ES0 12:00:00 AM 0.000 0.000 23.027 22,133 0,000 0,000 0,000 0,000 0,00 0,000 w00l 24650 58 33381
TN 12:00:00 AM 412500 2M.258 N4 e 24,306 26660 21008 0.000 25601 0000 274.386 PR ahl486 20028
TIN02 12:00:00 AR 533008 275135 23.735 23.358 25663 26455 26,518 0.000 2525 26318 236281 291258 213353 278.105
T3 12:00:00 AR 471034 250135 31230 31BN 27438 2nsze 25.284 0,000 27053 0.000 278105 210635 2ELAED 261341
ATI0N04 12:00:00 AM 4081t 206445 h5E0 565 25,057 FEEL FLRI (0.000 25031 0.000 Td.207 241963 #5002 24024
1110505 12:00:00 AR 443750 24520 IR 3155 26.552 IR 21446 0.000 26,565 210 2iiaas e 262301 2638
TG 12:00:00 AR ST6563 135.047 30152 50,550 2653 25435 25130 25447 23.303 ey 280633 2TLEET 262301 25TE3E
TTH0MT 12:00:00 Al $aLas 200,331 R 33,7150 25464 26,370 26,520 0,000 24661 0,000 213853 265630 236465 245163
1710408 12:00:00 A 161135 244336 30,254 30,967 21241 21633 25181 4238 26568 0003 26321 76,108 I 266,594
TN 12:00:00 AR 4FR207 223242 0.3 30.264 1771 26,531 0.000 26.383 25.205 26381 260247 263325 h32n 255740
AT 12:00:00 AR S13.297 235,70% 23,150 25,534 21122 276548 0,000 21556 2161 21361 230,232 283531 21283 264,554
TN 12:00:00 AM 438047 6055 23057 23086 R FIAEE] 0.000 .85 I 26,885 21180 F1E 261,084 Th5.405
T2 1200000 AR SE5E2T 2RE 3052t 30234 215 21574 0.000 2175 2858 2160 230232 285843 265164 261183
TS 12:00:00 AR 256250 252617 330138 32635 27.036 27463 0.000 27480 26565 21252 234,323 2RI 215151 272647
AT 12100000 AM SET.ME 218367 2154 25 25276 FIALH 0.000 2603 2541 Pl 253520 FLIRE]] FELHS 210503
1705 12:00:00 AR 545242 2iasa 35852 4424 26014 26,865 0.000 26,53 26523 26,381 289520 252565 2TL0&t 266934
ATHOHE 12:00000 AR 532221 265164 5604 5008 2T.446 2583 0.000 26152 25133 25823 235102 28714 215766 2T14TE
TN 12:00:00 AM SERET2 233,805 G2 4a0 2543 141401 26,585 26,574 23,056 26,574 26161 0,000 254,156 255656 213252 267189
1TH0E 12:00:00 AR 481250 252044 21063 27510 126516 2d.507 25ddf 25621 FERET 4.3 0,000 &858 2831338 211130 243528
A0 120000 AR 435047 2h0.352 34211 4,072 14510 0.000 26,374 24155 26.52F 0.0 28455 26410 215766 212452 261183
TN20 12:00:00 AR SE3A06 282221 351 EENIES 136,635 27,258 21668 27,358 21583 0,00 25,183 235133 23255 214731 21063
TH0S21 12:00:00 AM S5 T4 23404 F365Y 33,955 123,356 25044 26047 @635 26.250 2520 0.000 2ET4T FLrRE 2T 2r0aT
110622 12:00:00 Al STz 2513 3ETD 32.080 123.473 24,35 25325 26113 26133 25156 0,00 234,923 2EEMD 21310 213232
TIN23 12:00:00 AM 45183 250422 32080 I2.3M4 130,242 25543 26,182 26.523 26.472 25840 0,000 287314 28LIEE 265435 260562
TI0FA 12:00:00 AM STaS XM 351N 5530 i aee IR 25,062 26250 2T 23013 0.000 230292 234504 213232 263723
110425 12:00:00 A ssaeit 0.3 36,103 6,768 139,556 26,180 21258 FIRE] 2i.am 25030 0.000 234523 283013 55T 2idead
ATH26 12:00:00 AR 411383 2165.332 S3.84d 33873 103.052 25464 26152 26.404 0000 25455 Q00 2T 261537 255417 246525
TTHOSET 12:00:00 AR 458,086 226,367 31523 dnERe 104,521 2412 2421 26,150 25,306 24 566 0.000 251406 2TET66 2n2a42 263528
170528 12:00:00 AR Sib2i 4 bl 24.287 254N 127,678 25087 25458 26182 26.01% £t 0,000 58381 213850 FirElT 261158
AT023 12.00:00 AR S24.805 275.125 26,324 21563 130737 23464 26,367 261 26472 25552 0,000 230673 264437 218.300 212547
TS0 12:00:00 AR S0z 263322 3504 3516 135,420 26,335 26,317 27224 27508 26575 0,000 231634 2HLEIE 218.500 274.207
TN 12:00:00 AM 564,250 215,586 34534 ELALL 42,754 26,550 4614 an.608 2704 2125 25308 232597 230,872 P 274,401
17BN 12:00:00 AM 576153 239,805 4B 34688 1400436 28073 1777 28,162 28535 29,053 26,660 235851 234156 213232 213427




Flue gas Tans
v mp ] AH LH RH i prv

) Ecomnomi | EConon | SECONDA | sECoNDA | PRIMARY | PRIMARY | LMV | L B | LHFD RH FD

Date and Time SER GAS SER GAS RY AlR RY AlR AR AR AR FAN AlIR FAN FAN FARN

OUT TEMP |OUT TEMp | HEATER | HEATER | HEATER | HEATER | nyppeyt | coppent | SURPENT | CURRENT
GAs OUT | GAs ouT | GAs ouT | GAS ouT

TP IZ0000 AT | 254368 54057 125.905 e EAE T EE EETE] TIETE 336773 335798 R
THDGIZ 1200:00 1A | 304528 306 055 V36014 0643 716 258 ELE 352 590 556057 Z53 662 257 504
TDEIIE 1Z00:00 A4 | 302089 301175 Ti4.549 23221 115648 08,885 ZonaET 60,254 To5.027 Te8.2TT
70604 1Z200:00 A | 314,284 315,808 T9.823 EERE] 126.34E T4 262,207 Ze6.113 ZE0.086 FEEREE]
170EMS 12:00:00 A0 311,845 214589 136 638 129978 126.955 Ne775 263 E82 253,033 253.TEB 2E4.404
170510 12.00:00 AW | 305308 30455 155,455 EEEE 125505 14254 236355 235408 445 45 361
0607 1200:00 A1 | 305,748 308452 157772 FRET] 20,750 Wo.438 254050 255621 350483 T83 562
170G 12:00:00 A | 208.406 309,711 145,345 17127 124,295 114 681 258.057 261476 250,000 ZEL71S
T7I0GI09 1Z00:00 AfA | 318,264 F17.057 WE 523 755.959 130 545 1268 S53662 Z60.010 FE1466 Z64.545
17106710 120000 AR 583801 286952 Ti7.088 8515 21561 05,328 EELIGE 240723 224 608 735 840
17i0EH2 120000 ana | I0TE14 304 833 142 583 133 8E5 12451 110,813 ZE0 010 255 883 | 242432 246 582
TGS R UL Sy S, Bl L 130350 Ri-N Fe=d TLLE P M. F4D 5% Hed 21211 Ll UL 230201
TFI06I4 120000 AT | 302355 304.855 55280 152735 50,995 RS 313896 545251 235.748 FZERTTY
TFI06415 120000 A4 57 691 335505 T35 526 55506 (FEEED 004 46526 552097 Z45.023 753506
17I0G/E 120000 Af | 2ez.860 Z62.950 Teraas R 20 730 70 237081 Fad.380 FEFET] PR
ATAGSAT 120000 A0 286,218 285,218 122,703 14, 234 7.z W0E 281 235,362 241455 236,107 238037
1FI0EHE 1200000 AN 315 808 218.247 128,958 12781 1ME451 14871 258,301 ZE4180 2E3428 263531
17105413 12.00.00 A Fo2 021 252021 (FZRT 6608 .97 0E47S 25 528 ETTRIT 251683 236 508
1705120 12:00:00 A0 | 308.053 306.055 152569 HATH Wo.513 01478 258.057 FEET] 245.023 T65.174
TFI06121 120000 A0 | 20545 354,269 34,3654 TH.100 FFREN WEETZ S35.007 FIEEET] 326,760 F5e07E
17222 120000 Sk 212 RN 2173 2R 172 2EN 126 2N9 124 491 "9 1722 PRT 1A 2E4 1EN 2RR T PEN N
708123 120000 AM | 3247 38,247 134 158 131649 #8711 112 940 261983 288555 | 258277 266 357
170825 12:00:00 AR 10,018 12,150 133,383 1324898 17484 N3e17 ZE3 428 ZBE.739 2E2.835 263.043
TTDBIZE 120000 AMA | 257974 59355 152 440 e 545 ETRED] WWa.507 346355 R ER 755545 62595
TPI0EIE7 1200:00 A4 | 318,694 518547 40216 150,445 29663 20,098 359055 FLE 365,068 T7ae0%
TFiDEIEE E0000 A | 305198 306 053 Tz 401 25,178 Ta 648 4457 Z55074 555277 Z45.023 754305
70829 120000 A | 05108 310,930 #1103 98299 11268 17 291 252481 358301 Za3a5 Ze2999
170Er20 120000 A8 2137 221,805 141,498 140,905 127.903 22z 262,207 283521 273928 2820 512
170831 120000 A0 294.573 234,289 132,438 127323 121659 MN4a74 233,887 242.188 228,738 233643
70501 200,00 A4 | 308557 306,053 155,695 55670 13500 W78 252 530 255759 255308 758 057
1709102 1200:00 A | 317553 320655 136.507 136.405 W3.091 115 541 273450 Z75560 354,180 790.059
1708703 12:00:00 A4 | 3148494 318,247 [EALH FE0H FERLE] fEREE 364645 259287 364,648 7140
170908 120000 5T | 1z 455 37027 (S 3573 20194 TE503 50254 56 799 F739%8 379541
T7iDGI0S 12:00:00 A4 | 264 573 295423 123,276 122,088 EE (EEE 236928 247070 245361 780977
1FI0AME 1200000 AR 7,333 F21.805 138,820 138944 122928 13.225 2ER.0473 277832 274302 283,938
1709007 12:00:00 AW | 295.707 298.825 127.323 123.709 124491 12451 ETIETE 349.058 250.488 257080
1705108 12.00:00 AW | 302699 30561 157 255 35250 .05 ([EXER E] T52655 245773 SERTTA
1705005 12:00:00 A0 EIRIE F15.466 W2 780 41635 (ER ] 4593 277506 255651 251016 500697
7105410 12.00:00 AT EIEERE] EIEES 68l BEE 6444 3 805 ZFA0 F75.500 575758 TEe.00E
170571 1Z:00.00 £ EETS) 319,466 202 EET] ] Zz.049 264404 EETE] 267 394 Frean
17022 12:00:00 A0 J02918 307,272 138,085 1365428 128008 126077 240,234 243,758 252441 252,301
170N T 1200000 AN 297,374 238,355 137.772 122401 122.635 N3.520 243164 251853 240473 245,361
7105014 120000 A1 752 100 T54651 152557 EEREYd =] 64,455 EREET Z32676 225145 Z3E074
7705415 120000 Af4 | 297974 259.352 5670 129.050 R 15355 248535 355,571 S45.773 753595
TFI0G/1E 120000 A0 332881 336609 45,206 E073 {CEAIE 53842 B.000 .00 307 764 510 205

17105017 120000 AFA sz B 1902 37.909 TTe SA.725 B.000 B.000 000 000
A7I0S8E 120000 A0 SE 318 B7.21& 28,745 23,746 E7 03z 54201 0000 O, O 172083 177.002
AT 1S 120000 A0 J0E. TIE 15,138 137381 134 340 127.323 130 838 269277 ZEG B4E 2T14E4 278.564
17109020 12:00:00 AW | 305.138 310321 137.772 135.963 128.104 128454 255.057 Z62.635 Ze5.463 270.020
FI09/E1 20000 Afa | 508357 307852 159 725 (EIET] Ta.802 1554 FEE ] S5 14E Z65.043 573926
TPI05¢22 15:00:00 A4 | 512468 513978 41802 41,488 26,695 50,155 364 855 572207 FR AR FeraT1
a3 120000 6 | 3076577 ELER] (K 59334 5 541 5397 58545 353 916 ] 57 668
17409724 12.00:00 ATA 29171 Za1455 TE7.a0 120,134 .128 4397 297,793 Zaa873 235107 278,770
17025 12.00:00 AR 295,707 257,124 13,819 126053 125.370 122.342 24612 240.723 230226 233,398
1FIAIPE 120000 AN Sas anh R 125 %4% 156 Afd [EXEL T TEELT] LT ELT] Fan ATS EFFRTT] S4B a%8
17409027 12.00:00 A0 | 310016 315978 135280 132488 165857 15547 258 754 284404 | 250877 254 583
IF PR E O RE DU M) LD, Tt A=t - L= R I 1R R LT =12 LR =R i) YD) - 32 s . ]
70928 12.00:00 &0 | 15807 2,140 35370 10426 EFEED (EF 000 D000 TBd.082 .05

1709730 12.00,00 A4 5462 Z4.664 28157 B 35 670 73.058 B.000 B.000 0000 0,000
17HOF0T 12:00.00 AR 284,084 293234 124 940 7. 7756 122,733 W07 638 237081 242 432 228271 232178
1TI0I0Z 12:00:00 AN HDE2ZS 315,188 137.772 135428 124383 2440 Z57.080 22207 ZEDZS54 265,137
17110103 12:00:00 A1 Z51738 257124 [EIE 123,318 22637 120,487 240.967 346.825 341943 245,361
IO EO000 AT | 254955 555.053 2987 126641 20,194 V7001 EXERTE] 739558 Z14554 B0
TFH0I06 120000 A0 | 269757 3592560 507 134,061 2542 EFEL s5a500 45605 331446 557755
TTHOI0E 20000 AFA | 25e620 259057 30,250 1659 TAET 0523 T34 560 ) FEFE 773959
00T 120000 AR | 2EE 35T 289157 EEE) 20575 TS Wz 23572 Zaz 920 EIEEE] 227599
7HOME 120000 AR 02,335 F03 004 137.088 126 248 126832 120.383 244 141 248.231 243184 245 361
TFI0I0% 120000 A1 FEERL] FIERFH HEE 0750 Te.228 65,404 ERER L Z35.608 FEFALE] TIET
P0G 12:00.00 A 310830 05,901 T35 5236 FFE] 20,457 1653 ] Z55.045 ZE3 6585 769257
TF A0 1200-00 A LY S00.565 (AN 0.750 TW9.708 TE515 S04 547070 Z65.104 Tez207
TFHOFE 12:00:00 AR 508711 512,759 796 196.260 T8.515 Ei073 562999 270508 61475 FE6.957
TP 12:00.00 A 305,711 515,758 1,103 R 23007 25760 260,498 757 50 Z54633 758768
170N 12:00:00 &P 30 063 307,882 138162 1265916 124 881 124,393 255 863 283916 258277 2E4, =0
17HOMNS 12:00:00 20 J0TEE 305 4473 142,454 135344 122 830 121653 257 588 285137 249 288 255,815
TFIIOFE 12:00:00 A FZ0 35973 12555 139237 EATH 24568 LR Z52939 24T 752350
TFAOFT 12:00-00 A 510830 50321 ez eal 103 24491 PR 26631 ST 66 602 STies
TFA0FE 12:00:00 A 506158 304254 T36.600 T 756 W am SEE.A71 55277 45,561 Te0.244
TFHOFS 1Z:00:00 A 757874 297,024 T3E.208 B 124,381 22245 4650z 353906 Z5.174 757.080
17020 12:00:00 AR 215,808 218,966 145,937 143662 12B.737 126,272 ZB0 742 269227 258,301 264,993
17M0I21 12:00:00 AR 308.TH 10321 135.428 138748 123 958 128 834 267 324 262451 2BE.357 264 48
TFI0I22 12.00:00 AT ETERA] 310321 (ERFE 05T (EEXE] (FEATH 57 324 353425 80458 LTI
T0IE3 Z0000 A | 259558 302 653 AT T36.600 067 T SE5521 ZE5625 750.000 TETITA
T H0i24 200,00 A1 509,711 506,796 287 EEEE] 5074 25,558 569.775 Z76.6T F67 030 ST3A5%
70725 120000 A0 EERTE] 514,594 Bl 144 761 27,903 Eages 62,999 FrETE F7i484 F7e.07E
0026 20000 A | 282667 254368 (FERE] eraes (IR TE T 234865 R Z55.890 Zz8452
1FMOFZT 12:00:00 A0 293,155 295 330 132108 13522 128787 122 494 233.154 239.930 238328 238 268
TTIGIZE 120000 A | 305.053 T07.852 30543 25373 e TE.034 Z55.E53 R 51355 ZE0.458
023 120000 A | 306.567 50521 152455 3573 (FEALH] 21756 EF 263428 269057 373902
P I0/50 120000 ATA 51845 515978 (ETEIN V41498 3708 24 784 Z60.010 66 602 555953 62595
TF0I 1500:00 A 3064 F5196 1496 45445 FFAE {EEAIED] 564,897 F75.456 385053 66361
171101 12,00-00 A AT AT 38,552 142,080 {E¥E] Zi952 126 444 562,790 378320 373682 Z7a.705
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TOTAL
Date shd Tire MILL A MILL B MILL T MILL D MILL E MILL F MILL A MILL B MILL T MILL D MILL E MILLF COAL
LOAD LOAD LOAD LOAD LOAD LOAD CURRENT | CURRENT | CURRENT | CURRENT | CURRENT | CURRENT FLOW
ATI0E A 12:00:00 AR HEE B4 H48 828 HAE5TT 0aog M54 A5 D00y 07,01 317.188 295,33 00D 238 876 Qoo 254,280
1FIGE02 12:00:00 AM 435,067 14475945 WiEET4 0000 ME0.TE EE=EC]] 02344 16408 INLEES 0000 2579 313581 276254
ATHOEMES 120000 AW e 449 WEY ITE HWELI5S 0000 WER GAT WAL TTT 300,000 J1ETED 290435 0000 306250 32500 3726
1T 20000 AM HET 123 HWES, I 4R e [iki]uli] WES, TE2 W72 TEd A0 E0E 216,636 200,000 0000 210,156 290,15 385 3665
17085 20000 AM HE2 44 W52 E3T Ha7 %8 0000 H51LE55 Hal 848 301563 317188 29533 0000 303.125 303375 301438
1F0E0E 12:00:00 AM HES4TE WEHT4Z M52 051 [T M8 e [T ] 303808 36408 2AE438 0000 EITN=T] 000 258615
TFICE0T 120000 AM WEL 297 WES EEE 447852 0000 WE3223 WA B5Z 203125 18750 296,094 0000 200000 IN.TE SE2HD
AFIOEI0E £2:00.00 AR WAL EDA WEDERE HA5 201 a0n0g W4T ESZ 41203 200,78 23.: 298432 Q00D 280 Ha 20832 251182
1TI0EN0E 120000 AM 458008 W473E2 Haa 121 [T [T Hae108E 02544 5.E2S 298438 000 J0LEET 2.500 300,030
1700 12:00:00 AR HE4 851 WE4 004 W45 205 0000 HELIT2 0000 06250 307813 I0LBES 0000 02 344 0000 2R6 453
ATAOAD A T2 W AR ST RN MR A4 A0 VT i Al N e AT WD Ol O aYd 0 200 A iyl a7 CEC a el AT AT
1 17ipeie 20000 &0 | WE9.E88 wWag 24z | wadEa | 000 | w48828 w4027 | anzee | 4083 | 28E0E4 | 0000 29E.B75 12 B0 328 480
AFFADrED REITU M (Lol L Ly b DA 1) QLR IIE ) 23D LER IR AU D . 1) S LERALE ) L0842 [ERALE £19.ra33
ATI0E M 120000 AR HELE2S 443,419 h%.ﬂ'S [T 1452.344 0000 23943 LA 296575 0000 2349 0000 21307
TR 12:00:00 AR HEL12 W42 188 WaE Ba2 0000 WhE 324 0000 00,000 16 A0E 296,034 0 Q0 300,73 0000 208,240
1TI0B 8 12:00:00 &AM HELIM HA2 773 WAT B3 0aon HE5,273 [k 298438 214,844 05,459 0000 J04 ERE [ERui ] 248,026
TI0EIT 12:00:00 &AM WEZ A5 W42 188 H47. 53 000 [ Qs J04ERE 14544 J0LSES 0000 FEERaE] 0.0 245,208
TFI0ERE 20000 AR 49,505 WEE TS W23 0400 HEL4EE H43.215 295313 15625 296575 0000 200000 8544 206,555
TR 12:00:00 AR W45 242 HET T WES.H5 0400 WE2.530 000 300562 J2L094 297 E5E 0000 2960594 0000 245,292
FICEN0D t20000 AM HELAEE HER g HIL34E HaE 5B Z HEIBE 0 238 438 M7es 288,004 297 B5E A0 426 [nka] ] 2272
170621 12:00:00 &0 HEI T WED 742 [FRIEE 0000 W54 337 000 02344 IZLETS 297 SR 0000 08250 0000 239350
[anmzreononam I WEIAEE | WEIZ70 | W2FEs? | wazs07 | oooo | w6537 | ao2244 | =883 | aoie&2 | 3o07a) T —anmaEr 1 07 TEae
1rAERES T2 A [ARTINIIS HED, sL Wy e W ey Whe. by HhE, o [IETTET) 14,281 2uprh 2940k 24E 40 S0 AL 2ed AN
1FI062S 12:00:00 A0 0000 1455 469 WEE.074 “E.?ﬁz W4 BT H5390% 0000 314063 FEREE ] 233413 390,156 312500 334514
1F0ES2E 120000 AM W3 2E 0000 W27 46 HELEL: HEE 42 [T 297 ERE [ATi] 258 844 06250 EIERFL 0000 JEDE
1TI0EET 20000 AWM 4364 W58 38 WaE =57 WAl 7a7 W48, 326 0000 INLEEZ 37188 J00,000 0T 244 299,313 0000 31,419
TFI0E2E 20000 AM W4 T2T HESBET H47. 754 HAIESE Qo0 HEZ W0 284521 7. 188 2REETE 2a3.TE0 QU0 B A0LEIG
1TI0SZS 20000 AM Haa 512 WEIN 44524 1442 383 0.000 iR a7 296094 IR 298435 ELTETE] 0000 EITET) ETERFE]
1TI0EE30 20000 AW 447,754 WES 557 W41E55 MELTIA 0.000 HWET.123 300563 3Ta63 296 435 306,250 0000 ST 34605
70 120000 Al 0,000 #ED, 135 W2 B0 W72 IR 0.000 H45 215 0000 34 244 234 B2 03 506 0100 37553 264,523
17/0E¢00 12:00:00 AR HET BT HEDI52 Wi 0B2 HEIEN 0.000 HE) SEE 300,781 320372 29533 304 688 000D I 053 J00.455
1702 120000 AM AT B WE? 20 [TECRET WF0AEE 0.000 HETEIT A0LERS EIrETTS 2534831 304 658 000 16408 388 BE
1THEGA0 20000 AW WET 812 WED 445 W4 TEE HWTLER2 0.000 WED 65 203125 318844 297 E5E HEE [ 18544 248,458
ATIO: 120000 &M 0,000 HWER TRa W02 HTLETE HWE2 246 (LT3R ] 0000 320,13 283,750 e EI4 253,143 210,156 244,152
RIS 1200400 &AM 0000 W45 410 0,000 HES E2D W48 875 34375 a0 IMTE 00D A0S A01LE8R MBS 230 88T
1TI0E0E 12:0000 AN 0.000 W4T 6E Wz3.7a0 HT0NT Wis 20 40038 0000 3174984 297 E5E 210156 3325 IR 403,219
1THAN0T 20000 AWM 0000 a4 522 0.000 W57 BZ0 WELTEE 4B B [T I5EZR [ 307,813 06250 318,544 2E7.383
TFION0E 12,0000 AR 0,000 HWAE 373 HaEE21 WER 85T WE2 T4 A8 0 0000 26406 00,000 I08ITE 070631 LR J00.453
TFI0ENE 20000 AM 0,000 HED RS HALOE HELX2E HEE.152 HEDAFT [Tk J5E2S 295004 306,250 05 4653 B4 427 585
A7I0A80 12:00:00 AR 0000 445 242 1439 258 WELOGE WET 422 445 438 0000 318TE0 297 656 307 813 02344 EIEF]] 433804
A7#0 120000 AN 0000 W47 852 WIREET WE2EAT Wi 35 410HE 0000 317982 <93 08 F50 200,000 210,156 3FEAT
T7I0E¢E2 12:00:00 A 0,000 Ha4 W1 0.000 WET 422 HWET, 33 a2 ETE 0000 16408 0000 05 459 07,01 390,156 335,826
TI0E83 12:00:00 AM 0.000 HWEE 055 0.000 145 D5 HESEZE He41LED2 a0 185N 0000 255313 J0EITE F2.500 2TE.E4T
1TH0EH 20000 AM WED. 938 0000 0.000 WES BT Wih b5 ELETE] 02 344 [T 00 EIFRLT 09378 318,780 23713
T0EIE 12:00:00 AR 0000 “%.Jﬂ 0.000 WES 496 He2. 27 WE2 806 0000 320312 0000 207813 207 021 A 259 e84
1708498 120000 AR 0,000 0000 0,000 0000 0000 Qa0 0000 0000 000 0000 0000 0000 000
ATH0ENT 12:00:00 AM 0000 0000 0.000 0009 0.000 0400 0o00 QU000 000 0000 000 QLoD 000
TTHGENEE 12:00:00 AN 0000 [NTE]] 0.000 000 0.000 0000 0000 [T [ 0000 0000 i) [T
THEEE 120000 AR WES.TEE WES.371 0.000 WEE 055 HELEIE w05, 17E 300,781 3353 000 0938 35625 30,538 &7 E0E
1RI0E 20 120000 AR MWE2.TAT HWER TER 0000 HEE 324 e, ST W75 0EE JOLEES 214, 244 000D 200, 000 210,156 315,626 A.551
174080 21 12:00:00 AR 0.000 HUELOTS M43 848 H#22 553 H49.023 Ha3 707 0000 6406 233.750 306250 304 683 312500 3%8.208
1T 20000 AM WHEE.E95 WEL 41655 HELETR W49.502 [T EEEE] 34544 P E] 2303 S35 0000 384545
TR0 ES 20000 A0 WED.377 WER DS WET #0 0000 HELS1 W% 454 290625 1200 296,875 0000 304 ERE 308594 297,560
1T 24 120000 AM WE4 EBE HELH51 HWEZ 402 0a00 HEE e LRl 2A 438 218,750 A02.125 0O 20070 elai ] 2E2.H0
TGS BAOA0 A | WELTH | WET422 | WEATS HA00 WEZEA0 nAn0 ETHEE] 5281 305455 .00 300,731 000 EZ)
AT 20000 &R MFL S0 165} &R WET TS T [TTF%] 1 fe AN 198 T 2 19R 1A ANR 469 1 N 242 90
| 17097 20000 AM | WEIES HEDE4E |  HWEIE | 0000 | HE3IR4 WETEZD | GDaeRe | 317EER | e | 0000 259 22 I IR2.8E
PIPDares w i s T T o.ehe oL Ay e, i PR ST R, pRRT TR eI oo
17I0E023 120000 AM 0000 04800 0000 0400 0.000 [T 0and [T [T 0000 [T 0000 [T
1030 20000 A0 0000 0000 0.000 0000 0000 [T 0000 000 0000 0000 1000 0000 0000
709000 12:00:00 A M WELIZE HWET 422 HELS4 0000 HELATT Qo 308250 316408 298 432 0000 03126 .00 e
1TII0A02 12:00:00 A W50 HED.I54 HEZ EIE 0000 HED 840 HEE 055 J04 BB 136N 297 ESE 0000 3070 s 298 782
1703 12:00:00 AR WEEZTE WEI4TE HE2 441 a00 W58 EEE [T 04 EAS ETRE ] 01563 0000 288438 [i¥aT) 266655
17000 20000 AR WEE. 48 WEE 254 HELOTS 0800 MELZI0 [ 300,000 JELETH 296,004 000 200,78 0000 243,438
ATHINGS 120000 Al W43.262 W48 535 WD 000 HWEL4EE 0000 297 E5E 5626 200,000 Q000 305 453 0000 265,707
ATH0E §2:00:00 AM 0.000 HET 422 HEE 445 HErLx HELEEY 000 a0 08T 200,781 07,0 02,744 [eRal ] 228,802
1710007 12:00:00 AR WEE R4 WER 984 HEE R0 0000 MEE 334 [T 298578 398N 300, 781 0000 301863 0.00d 256 450
TS 12:00:00 AR WEL AT HEL F6 W3 AE 0000 M3 HE [T 00,000 H3ER 05469 0000 300,73 [EiT] 23047
TR 120000 AR 0,000 WES 254 0.000 W2 TE HA5 12 HWET ¥24 0000 319,531 L0 06250 209,000 e ] 2B, 480
7000 12:0aD: 00 A MY Has 1 HWED 158 0000 HILS4E HAS. 13 HEE B4 2EBAIE 4B 0000 200, 00 AVLEET bok & e | AT2. 530
1790000 120000 A 0000 L ENEL 0000 W23 438 [T 55 152 0000 ERELT] 0000 ERFE L] 318544 315625 306 804
171002 12:00:00 AN R WE4 257 0.000 B15.625 Hid a4 WD 538 304 B2 2TE 0000 313281 215625 316408 ELEE =T
171003 120000 AN WELTIE WES, 201 0.000 B17.678 517,188 HES 430 302,344 314 244 000 33E 2094 1244 4T EIR
1700 1206000 A I WTFE.2Z70 HWE4.ZAT 0000 B12.08 39,155 HER 436 296,094 M E2E 0o0aD 25825 02,744 525 292,320
17190075 12:00:00 AN WERETZ WTE T 0.000 [EETNRE] Lo R EL W74 EOS 297 56 318750 [T IZEEEE 300,751 .54 ATLASE
70096 12:00:00 AN a2 D WER 262 0.000 17,090 Wa4 525 WIS 304 ER5 314053 [T EIERLT 304 685 313281 12050
1711047 12, 00,00 AM HELE2 WET T72 HWEL2T0 017,188 W42 555 Q000 05,453 217182 300,721 2133 298,423 0000 370,825
17110498 12:00:00 AR 45703 HWEIZTT HW30.820 1520596 M5B 334 0000 2aR438 6408 J04 683 317.188 A0LEE3 000D 284 881
171001 120000 A M Q.00 WEEES WrEE0 AT 0000 WEIETE 0000 A640E 3070631 07812 [{TTE] 310088 252 588
17N 20 120000 A0 WES I HED IES WES 220 H20 808 0,000 WES 32 03125 218750 290,438 6406 0000 FE052 FRET
TI0RET 12: 0000 A MY HE4 02 WELEMN HE2e |red 1] HWES.TE Qa0 0B 534 JELOS4 07§13 AHOET J05 483 0000 2N2.T0E
17022 12:00:00 AM HELTT2 HES.1TE HE2 123 519,531 WE2 24E [T ELTN=T 330,313 00,000 ok 14111 302,508 [xlal ] ETRETY
TN ES 12:00:00 AR 454 452 W44 238 Ha2 422 e HA2 441 [T 298433 312500 07 813 3156260 201863 0000 304382
124 12:00:00 AR 55, E54 W47 E5E WL 55 WEYE4E W2 230 00 30326 AR 9.9 312500 297 E5E 0.000 368280
1T ES 12:00:00 AR TEDEAE WESIT HILA0E L | HE5.IT Q00 297 56 ABE2E 299213 05 453 304,628 (k] ] 393,608
1PN 26 12:00:00 AM WED.Z54 14540, 000 HEE TS [T HEEE41 [Tl J00.000 INTH 303,508 [Xa) 303125 0000 278.580
TN ET 12:00:00 AR 456 641 0000 WER 21 Hi6.016 Hh2 533 0000 30-3.12_5 [iTT] 01563 EIFERLT] 306250 0000 2R3 48
T ER 12:00:00 AR 149 HE W45 EDR WEE 426 BEH 45605 0000 296875 314244 296875 JW0ET 288432 0000 3874
1728 12:00:00 AR MWAE. 434 W93 eI 59 51,256 W42.772 0000 292 188 0938 207031 370,12 307,506 [elal ] JETH
170100 30 12:00:00 AM H43121 WET 422 WER. TS0 05371 Wa7 858 Q00 231408 AT988 259518 083 200,73 [eRalea] 2587
1740031 12:00:00 AM ED TS 0000 W58 THO7 520 W49.605 43555 0325 [T 200000 295N 0244 EIEN]] 355224
TR0 120000 &1 WED, 195 0000 WEI G2 HET. 03 W.078 WIS 02344 0000 239,49 314544 239319 12,500 346013
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APPENDIX D: COAL ANALYSIS REPORT

| 5 | (MI/kg) |
| Date ReportRef  Sample D  Analytical Moisture Ash  Volatile Matter Fixed Carbon(by difference) Carbon Hydrogen Nitrogen Total Sulphur Carbonate Owygen(by Difference) GrossCaInriﬁcVaIml
21-Jun-17 COA2017-010195 7991873 55 41,2 196 34 3977 2,13 095 03 1,99 7,56 15,07
| 27-%ep-17 COA2017-010332 8215883 16 40,6 203 345 40,48 2,06 1 0,76 2,06 8,44 15,44
31-Aug-17 COA2017-010279 8141855 51 404 199 346 11 | 197 | 035 11 2,01 8,36 15,64
| 3Luk7 COA2017-010233 8060671 57 398 192 35,3 207 197 1 0,78 21 6,01 15,64
01-Nov-17 COA2017-010417 8311094 52 399 201 348 41,72 2,64 1,01 0,83 2,08 6,61 15,65
| Oi-Nov-17 COA2017-010413 8311034 55 41,2 196 34 39,77 2,13 095 09 1,99 7,56 15,07
5,17 052 1978 3453 W65 215 098 0,88 2,04 742 1542
Component Wit Value
Analytical Moisture k- 52
Aszh % =R
\iolatle Matter S 20.1
Fized Carbon (by differance) %o 348
[ Cartan - % 4172
Hydrogsn g 284
Mitragen % 1.01
Tnt;i Sulphur % 0 33
Carmonats % 2.0
Creygen (by differsnce) %0 g.81
| Gross Calorific Valus Mlkg 15.85
Elemental Analysis
| sioz % 54,8
AL2OE g 203
Fe2d3 % 3B
Til2 & 1.5
P205 %o 0.37
Cald S 4.4
Mg % 1.0
Ma2 % a3
K20 % T
503 % 33
MnC S 001
Ash Fusion Temperature
Deformation Temperaturs i 1400
Softening Temperaiure 2 1430
IHem i=Ephere Ten*:plerazu.re kI 1450
Flow Temperature i 1500
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APPENDIX E: ANSYS CFD SIMULATION

5.000 15.000

Air flow simulation overview using coarse mesh
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Air flow in main and distribution ducting using coarse mesh (top view)
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Air flow in main and distribution ducting using coarse mesh (front view)
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Air flow simulation overview using medium mesh
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Air flow in main and distribution ducting using medium mesh (top view)
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Air flow in main and distribution ducting using medium mesh (front view)
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Air flow simulation overview using fine mesh
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Air flow in main and distribution ducting using fine mesh (top view)
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Air flow in main and distribution ducting using fine mesh (front view)
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Loading "C:\PROGRA~I\ANSYSI~1\v145\fluent\fluent14.5.7\lib\fl1114-64.dmp"'
Done.

Welcome to ANSYS Fluent 14.5.7

Copyright 2013 ANSYS, Inc.. All Rights Reserved.

Unauthorized use, distribution or duplication is prohibited.

This product is subject to U.S. laws governing export and re-export.
For full Legal Notice, see documentation.

Build Time: Mar 25 2013 17:12:51 Build Id: 10514
Loading "C:\PROGRA~I\ANSY SI~1\v145\fluent\fluent14.5.7\lib\flprim1119-64.dmp"
Done.

Host spawning Node 0 on machine "PLMCC_ TEST" (win64).
WARNING: No cached password or password provided.
use '-pass' or '-cache' to provide password
Platform-MPI licensed for FLUENT.
Host 0 -- ip 10.27.23.165 -- ranks 0

host | 0

|
0: SHM

Prot - All Intra-node communication is: SHM

ID Comm. Hostname O.S. PID MachID HW ID Name

host* net PLMCC TEST Windows-x64 8748 0 -1 Fluent Host
n0 pcmpi PLMCC TEST  Windows-x64 6116 0 404  Fluent Node

Cleanup script file is C:\Users\Student\Desktop\Fine Mesh CFD - Complete\cleanup-fluent-
PLMCC_TEST-8748.bat
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‘Sealed Residuals Aug 16, 2018
ANSYS Fluent 14.5 (3, phns, moke)

Loading "C:\PROGRA™1\ANSYSI™1\u145\Fluent\Fluent14.5.7\1ib\F1114-64. dnp" \'x

Loading "C:\PROGRA~1\ANSYSI~1\v145\fluent\fluent14.5.7\lib\fl1114-64.dmp"
Done.

107



APPENDIX F: COAL-FIRED BOILER 2D PLANT LAYOUT
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APPENDIX G: COAL-FIRED BOILER 3D PLANT LAYOUT
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