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ABSTRACT  
Regenerative rotary air heaters are usually one of the large contributors to the reduction of 

boiler efficiency, due to high leakage rates and insufficient heat transfer. Dew point related 

fouling of air heater element packs is one of the factors that causes insufficient heat transfer. 

Coal fired power station air heaters can experience excessive dew point related fouling, which 

commonly causes high pressure differences over the air heater steel matrix, increasing FD 

(Forced Draught) and ID (Induced Draught) fan loading, along with elevated air heater leakage 

rates. Additional consequences are premature failure of element packs, due to inflated fly ash 

erosion rates that occur on localised areas of the air heater steel matrix, air heater hoods, 

dampers and ducts. It also contributes to exaggerated levels of dust emissions due to an 

augmented flow and velocity of flue gas. Excessively fouled element packs can only be 

rectified by either applying frequent high pressure washing or replacement of element packs. 

Both of these are costly activities which can be avoided through applying the correct operating 

conditions and maintenance strategies.  

 

Through modelling of dew point operating conditions of a rotary regenerative air heater, the 

onset of dew point related fouling was predicted. This modelling tool was developed using 

mass and energy balance methods applied to element volumes in the steel matrix to estimate 

the gas temperature, element surface metal temperature, and dew point temperatures (water, 

sulphuric acid and sulphurous acid) of the flue gas. The tool provides a platform to predict the 

temperature profiles and to identify where the onset of dew point related fouling exist. If the 

element surfaces and the flue gas experience temperatures less than the dew point temperatures, 

the onset of dew point related fouling is expected. The modelling tool was validated through 

plant experiments and historical test results from previous research projects. The plant 

experiments were conducted for three different load conditions, namely 99% MCR (Maximum 

Continuous Rating), 80% MCR and 68% MCR. The results indicated that the fouling region is 

located mostly in the cold end layer of packs, as predicted by the simulation model. The 

prediction of dew point related fouling regions correlated best for the full load condition, where 

the metal temperatures were below the 134˚C to 152˚C range (1% to 5% SO2 to SO3 conversion 

respectively) of sulphuric acid dew point temperatures. (Sulphurous acid and moisture dew 

point temperatures are mostly encountered during boiler shut-downs or light-ups, where 

transient states are experienced.) During sulphuric acid condensation in normal operation, ash 

particles start to adhere to each other and to the surrounding metal surfaces operating below 

the sulphuric acid temperature band mentioned above. For all three load conditions the 

simulated cold end metal temperatures compared quite well to the measured metal 

temperatures. The measured values were influenced by factors such as thermal inertia and 

contact resistance, which was caused by the selected method of installation. 

 

The modelling tool was developed to equip system engineers with the means to improve 

operating conditions and maintenance strategies in order to prevent the onset of dew point 

related fouling. This study contributes to the possibility of increasing the life expectancy of air 

heater element packs and draught group components. It provides a platform to improve boiler 

efficiency, reduce maintenance costs and production losses. 
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𝑚̇𝑖𝑛𝑔𝑟𝑒𝑠𝑠,𝑎– Mass flow of ingress air  

𝑚̇𝑙𝑒𝑎𝑘 − Mass flow of the air leaking to the flue gas stream internal to the air heater  

𝑚̇𝑝𝑎,𝑎– Mass flow of the primary air  

𝑚̇𝑝𝑎– Mass flow of primary air 

𝑀𝑠 – Mass of the solid material of the element pack 

𝑚̇𝑠𝑎– Mass flow of secondary air 

𝑚̇𝑠𝑙,𝑎– Mass flow of seal air 

𝑚̇𝑡𝑚𝑝,𝑎– Mass flow of tempering air 

𝑛𝑖 −  Number of moles  

𝑁𝑎𝑠𝑜𝑙 – Weight percentage of dilute-acid-soluble calcium in coal 

𝑝 −  Is density, with unit kg·m−3 
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𝑃 −  Pressure of flue gas  

𝑞 – Exchanger heat transfer (Watts) 

𝑄̇𝐶′ − Unburnt carbon energy loss 

𝑄̇𝑏𝑎 − Heat energy lost due to sensible heat in bottom ash 

𝑄̇𝑓𝑎 − Heat energy lost due to sensible heat in fly ash 

𝑄̇𝑓𝑔 − Flue gas energy loss 

𝑄̇𝑙𝑜𝑠𝑠 − Heat energy lost in the Boiler 

𝑄̇𝑟𝑎𝑑 − Heat radiation energy lost to surroundings 

𝑆 – Sulphur content in coal 

𝑇 – Temperature for flue gas 

𝑇𝑎1 – Temperature of air entering the air heater. 

𝑇𝑎2 −  Temperature of air exiting the air heater 

𝑇𝑑𝑝 − Dew point Temperature  

𝑇𝑓 − Fluid temperature 

𝑇𝑓
∗ − Dimensionless fluid temperature 

𝑇𝑔1 − Air heater inlet gas temperature 

𝑇𝑔2𝑁𝐿 – Undiluted flue gas exit temperature (temperature which excludes the influence of 

ingress air). This temperature accounts for temperature change due to leakage.  

𝑇𝑠1 − Corrugated solid temperature 

𝑇𝑠1
∗ − Dimensionless corrugated solid temperature 

𝑇𝑠2 − Undulated solid temperature 

𝑇𝑠2
∗ − Dimensionless undulated solid temperature 

𝑣
𝑣⁄ 𝑂2 𝑏𝑒𝑓𝑜𝑟𝑒 𝐴𝐻 − The oxygen in the flue gas measured before the air heater 

𝑉𝑖 − Volume of flue gas constituent  
𝑊 – Ash content of coal 

𝑥 – A fraction of coal sulphur oxidized to sulphur trioxide 

𝑥 – Length of the pack at a given time interval  
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1.  INTRODUCTION 

1.1. Purpose of the Study 
South Africa predominantly relies on coal for electrical power generation.  From as early as 

1880 coal has dominated the energy supply sector in South Africa. In 2018, 77% of South 

Africa’s primary energy needs were provided by means of coal. 224 Million tons of marketable 

coal was produced of which 25% was exported. The remainder of the coal production supplied 

various local industries of which 53% was used for electricity generation (Eskom, 2017). 

Eskom operates 23 power stations providing a nominal capacity of 42090MW. The power 

utility includes 15 coal fired stations contributing 85% of the total capacity (Eskom, 2017). 

Eskom claims that South Africa’s coal reserves are estimated to be approximately 53 billion 

tons. With the current production rate the reserves can still provide coal for almost another 200 

years (Laubscher, 2015).  

 

This is a clear indication that coal powered stations will still be an important platform for power 

generation in the future of South African energy. Important considerations will be to maintain 

the coal-fired generation plants in a sustainable fashion, reducing expenditure, increasing the 

life expectancy, and reducing environmental pollution. This sustainable environment can only 

be created by utilizing innovative engineering solutions that provide safe and efficient 

operation of power plants.  

 

Power Stations are designed to supply power according to design specifications. Certain factors 

influence the plant efficiency, which causes a reduction in the electrical output. This reduction 

in output is defined in Eskom terms as a partial load loss. Air heaters are usually one of the 

large contributors to partial load losses. These losses are incurred due to high leakage rates and 

insufficient heat transfer. The heat rejected in the boiler flue gas must be recovered to the 

combustion air supplied to the furnace, to enhance the boiler efficiency. Plant defects that 

influence the thermal properties of the boiler will cause a reduction in boiler efficiency. Load 

losses specifically related to this problem are usually associated with the following operating 

conditions (Kleynhans & Eganza, 2016): 

 

• Occurrences of high differential pressure across the air heater steel matrix, resulting in 

excessive FD (Forced Draught) and ID (Induced Draught) fan loading (FD and ID fans 

incapable of supplying the required capacity). This process also increases air heater leakage 

rates due to a back pressure created by the fouled heating elements. 

• Increased fly ash erosion rates occur on localised areas of the air heater steel matrix (Figure 

11), air heater hoods, dampers and ducts up to the electrostatic precipitators or fabric filter 

plant inlet casing. 

• Accelerated wear and premature failure of element packs on the steel matrix periphery. 

Failing elements result in a loss of heat transfer and can also cause unplanned load losses. 

This can be caused through falling element packs that get stuck preventing air heater 

rotation. An unplanned unit shutdown is required to rectify the problem (Figure 1.1). 

• Exaggerated dust emission levels occur due to augmented flows and velocities caused by 

entrained air leakage to the flue gas stream. The flue gas velocity may be increased to a 

point that it exceeds the velocity which allows the ash particles to migrate towards and 

adhere to the precipitator screens of the electrostatic precipitator plant. This will influence 

the amount of ash particles captured by the precipitator screens. In the case of filter bags, 

the erosion will damage the bags reducing the life expectancy of the filter bags. In essence 

the particle count for the emissions will increase. If the air leakage to the flue gas stream 

increases, the gas flow becomes diluted and this will also increase the toxic gas emission 

count and ID fan loading. 
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These conditions are usually symptoms of excessive fouling of air heater element packs, which 

can only be rectified by either applying frequent high pressure washing or replacement of 

element packs. Both of these are costly activities, which can be avoided through applying the 

correct operating conditions and maintenance strategies.  

 

 
Figure 1.1: Element pack blockage, high erosion and failure of element packs experienced at 

Eskom coal fired power generation plants (Brandt, 2015). 

The purpose of this study was to develop a methodology to improve the life expectancy and 

efficiency of air heaters, through prevention of dew point related fouling. A simulation tool 

had to be developed to predict onset of dew point related fouling in order to set critical 

parameters in place to prevent the condition from occurring. A modelling tool was required on 

an operational level to provide guidance to draught group system engineers to improve the 

condition of dew point related fouling. This tool therefore fulfils its purpose as a condition 

monitoring and performance analyses tool. The fouling prevention tool can be a guide to 

improve maintenance strategies, maintenance procedures, operating conditions and operating 

procedures that could increase the life expectancy of air heater elements.  

 

 

1.2.  Research Background/ Context 

1.2.1 Air heater Thermal Performance 
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Figure 1.2: Basic air heater operation. 

 

Air heaters are used to transfer the thermal energy contained in the flue gas to the combustion 

air entering the boiler (Figure 1.2). This process improves the boiler performance. If the thermal 

performance of an air heater deteriorate, a decrease in boiler performance can be expected. 

Therefore air heaters must at all times be maintained and operated in a way that extends its life 

expectancy and maintains its optimal thermal performance. There are three main modes of air 

heater element pack failures that influences air heater performance for rotary regenerative air 

heaters, namely erosion, corrosion and fouling. Figure 1.3 is an illustration of the three different 

modes of failure. Excessive levels of ash content in flue gas, conduce to increased element pack 

failures. In coal fired power generating stations, ash produced in boilers is deposited on the 

boiler walls and super-heater tubes. The deposited ash is then discharged as slag and clinker 

when boiler soot blowing is applied. A portion of the ash, along with the slag and clinker either 

gets caught up, or passes through the narrow passages of the air heater elements. The particles 

passing through collide with the steel surfaces, causing erosion on the surfaces. The entrained 

particles cause fouling if not removed by the air and flue gas passing through the elements or 

by means of air heater soot blowing. When these entrained ash particles are not removed it 

experiences dew point related operating conditions that cause blockage of these element packs. 

 

 
Figure 1.3: Three modes of failures for Air heater element packs (Brandt, 2018). 
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Erosion in air heaters is mainly caused through collision of fly ash particles with the steel 

surfaces. During these collisions the metal surfaces start to erode away.  The components 

experiencing the highest reduction in operational life will be the element sheets, due to the fact 

that the sheets are not thick enough to withstand continuous collision of ash particles. Corrosion 

is damage caused to air heater components by means of a chemical reaction that occurs from 

the gases internal to the air heater. Corrosion is mostly caused and accelerated by condensation 

of sulphuric acid. Sulphur dioxide and sulphur trioxide are formed in the combustion process. 

When these two constituents combine with the moisture in the flue gas, sulphuric acid and 

sulphurous acid are formed. The acid then reacts with the alkaline ash, and with the mild steel 

plates of the air heater. Sulphuric acid is the most common corrosive chemical reaction in air 

heaters, especially in Europe due to the high sulphur content in the coal supplied in these 

countries along with the ambient conditions affecting the inlet air to the air heaters causing 

condensate formation. Based on these conditions important factors are the sulphur and moisture 

content in coal and the metal temperature of the element packs (Mabena, 2003). This research 

project mainly focused on addressing the third factor, namely regenerative air heater dew point 

related fouling. Corrosion formation correlates with dew point related fouling formation, but 

the only difference is that more ash particles are present in fouling, causing the particles to 

adhere to each other and to the metal surfaces operating below the dew point temperatures. 

 

1.2.2 Regenerative Air heater fouling  

Fouling is the accumulation of unwanted material on solid surfaces, affecting the functional 

operation of a system. In the case of heat exchangers, the actual energy exchange process is 

affected by deposit formations on the heating elements. Whether it is tubes, plates or any other 

form of conducting material, the heat transfer process will be affected by the unwanted 

deposits. Focusing on rotary regenerative air heaters, fouling occurs as a result of ash particles 

and other deposits that accumulate in the passages of the air heater elements. The overall heat 

transfer performance is degraded to the extent that boiler efficiency deteriorates.  The Power 

Station used for testing has a history of frequent blockage of air heaters. With insufficient 

cleaning fouling occurs in the air heaters (Van Alphen, 2018).  Fouling can usually occur in a 

chemical and a physical sense. After an investigation was done, it was assumed that sulphuric 

acid and anhydrite (gypsum) were present in the deposits that accumulated on the cold end 

elements. A Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

(QEMSCAN) analysis of the samples indicated that the proportion of anhydrite was relatively 

low, but was present. It was lower than the proportion of "calcium reactive" fly ash particles. 

This would suggest that anhydrite conditions are not the main contribution to fouling of 

elements. There was however sulphur associated with fly ash particles in deposit samples that 

form on the surfaces of oxidised steel. This would suggest either sulphuric acid, hydrogen 

sulphide or some other form of sulphur is present. The main problem comes from operating 

below dew point conditions, associated with fly ash particles which deposit on the cold end 

element packs. Excessive fouling inside the cold end layer also allows accumulation of ash in 

the higher layers of the air heater element packs.  

Physical fouling 

Physical fouling is associated with plugging, also known as hot end fouling. Plugging is 

associated with incomplete combustion, and can also be caused by sintered and fused deposits, 

or loose light weight coarse ash which is transported by means of flue gas to the air heaters 
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(Mabena, 2003). During the cleaning process of boiler tubes, this material is dislodged into the 

flue gas stream carrying particles ranging from 1µm to 100 mm and in some cases even larger 

particles. Another cause of plugging is wet ash which is created by economiser leaks or 

defective soot blowers (Raask, 1985). If water vapour condenses it creates an environment 

where ash particles can adhere to each other, forming larger particles that are carried to the air 

heaters. Inconsistent grinding by the milling process can also produce coarse stone fragments, 

introducing rock fragments in the ash which also promotes plugging (Van Alphen, 2018). 

Figure 1.4 is an illustration of the different ash deposits found in air heaters. Figure 1.5 indicates 

how these deposits cause a plugging affect. 

 

 
Figure 1.4: Visual features of the different air heater ash deposits. (Van Alphen, 2018) 

 

 
Figure 1.5: Effect of physical fouling of air heater elements 

 

Dew point related fouling (Chemical fouling) 

Chemical fouling is related to the accumulation of fly ash because of its chemical composition. 

When the fly ash particles start to adhere to each other and the element surfaces, a chemical 
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reaction occurs that changes the binding forces between ash particles. Sulphur dioxide and 

sulphur trioxide react with calcium rich fly ash to form anhydrite, and moisture. This occurs 

when sulphuric acid precipitates on the surface of the ash particles. These reactions are 

dependent on the temperature of the surroundings. The critical temperature is the dew point 

temperature. For instance, if the surrounding temperature is less than the acid dew point 

temperature, condensation of sulphuric acid, sulphurous acid and calcium sulphate will start to 

occur along with the formation of anhydrites. This temperature is not a fixed temperature, and 

varies according to the oxygen, sulphur dioxide, sulphur trioxide, and water vapour content in 

the flue gas. A reaction will occur according to the partial pressure of the sulphuric acid, 

sulphurous acid and water vapour (Van Alphen, 2018). Any alteration in the operating 

condition can change this temperature and pressure. Van der Hoven (1998) reports that in South 

Africa’s coal fired power stations, the dew point is around 116-123°C. This estimate depends 

on the sulphur content in the coal, along with the moisture content in the flue gas. Sulphur 

trioxide already reacts with water vapour to form sulphuric acid but a condensate layer will 

exist on the surface elements when the metal temperature is less than the dew point as indicated 

in Figure 1.6.  

 

 
Figure 1.6: Effect of chemical fouling on air heater elements. 

 

Moisture in coal plays a critical role as an impurity. From the inherent moisture and the surface 

moisture water vapour is released during combustion of coal. When this vapour is carried 

through to air heaters, condensation can occur causing fouling at the cold end of the air heater. 

Air heater fouling is stimulated by ineffective soot blowing. If the soot blowing system has any 

leaks, pressure losses will occur within the system. If the soot blower nozzle pressure is not 

maintained, the system will not produce enough energy to remove the deposits. Another 

problem that occurs is the fact that moisture is injected into the operating environment of the 

air heater. At the time of soot blowing dry steam is injected, but during periods after soot 

blowing, dry steam diffuses in to the perforated spaces of the element packs. This creates a 

change in the moisture content in the flue gas and also changes the partial pressure of water 

vapour along with the dew point temperature of the flue gas. Air at a temperature well below 

the dew point, enters the elements and condensation occurs on the element surfaces. This 

moisture layer then allows fly ash to adhere to the elements. Through applying high 

temperatures and drying air from the forced draught fans, the attached ash particles start to 

harden (can be seen in Figure 1.7). The soot blowing system is incapable of removing the 

hardened deposits. At this stage of fouling complete blocking of element packs is evident. This 

effect causes an increased pressure difference across the steel matrix.  
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Figure 1.7: Blocked element packs due to ineffective soot blowing (Scheidegger, 2013) 

 

1.2.3 Regenerative Air Heater model 

The thermal analysis of air heaters is complex due to all the variables continuously influencing 

the dynamics of the system. The Regenerative Air Heater model, also known as the RAH 

model, was developed by Habbitts (1998) and De Klerk (2001) to provide detailed information 

on the thermal performance of these heat exchangers. This model is a simulation tool that 

accommodates both rotating-hood and rotating-matrix types of air heaters as explained in 

Chapter 2.2. It provides a platform to indicate what the effect of changes to variables will be 

such as flow rates, flow velocities, pressure rises and temperature excursions (De Klerk, et al., 

2013). Another feature of the RAH model is to evaluate different packing arrangements of 

corrugated steel plates (element packs) with specified profiles and any given thicknesses and 

lengths. This model can be used to find the metal temperature profiles of the element packs, 

along with fluid temperature profiles. Input parameters such as rotational speeds, leakage, 

blockage and non-uniform inlet flow distribution, can also be simulated to illustrate what effect 

they will have on the thermal performance of the system. An additional feature is to evaluate 

the erosion rate on the elements caused by the fly ash particles (De Klerk, et al., 2013).  The 

theoretical frame work of the RAH model is used in this project to develop a similar model in 

Excel Visual Basic Analysis format, where the factor of dew point related fouling is added to 

the capability of the simulation model. This simulation model is referred to here as VBA RAH 

model.  

 

In the previous model the code was developed using Delphi. The Delphi format is not user 

friendly in terms of accessing and further altering and developing the code. This platform 

requires extensive training and measures to add different pack configurations and code 

alterations. The license to operate on Delphi is not freely accessible. The Visual Basic Analysis 

package exists within the freely accessible standard Excel platform and makes it easy to access 

and alter code to optimize a program. Therefore it was decided to redevelop the RAH model 

using VBA Excel. This also makes it easier to access the detailed calculations and to track any 

discrepancies in the calculation process. Any system engineer using Excel can now therefore 

use the VBA RAH model freely. 
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1.3. Research Motivation and Objectives 
The aim of the project was to develop a rotary regenerative air heater simulation model to 

predict the onset of dew point related fouling. The simulation model should equip system 

engineers with the knowledge to enhance operating conditions and maintenance strategies, in 

order to prevent the onset of dew point related fouling. The study will also contribute to the 

possibility of increasing the life expectancy of air heater element packs and draught group 

components such as ducting, dampers and supple joints. The study also provides a platform to 

improve boiler efficiency, reduce maintenance costs and production losses, which will 

contribute to improved and sustainable operating of coal fired power generation plants. The 

current maintenance approach is reactive; creating preventative maintenance measures will be 

beneficial to Eskom.  

 

The objectives of this research were defined by the following: 

1) Identify dew point related fouling parameters with regard to coal composition, flue gas 

composition and process parameters 

2) Carry out modelling of dew point related fouling conditions of a rotary regenerative air 

heater using the new VBA RAH model. 

3) Verify the fouling conditions and simulated results by means of plant experiments to prove 

the accuracy of the model. The plant experiments were to include: 

 air heater fluid temperature measurements, 

 air heater metal temperature measurements, 

 air heater dew point temperature estimations, 

 coal analysis to give coal composition, 

 Flue gas analysis. 
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1.4. Research Methodology 
Figure 1.8 is a schematic diagram illustrating the research methodology for this project.  

 

 
Figure 1.8: Research Methodology flow diagram 

 

The method followed is divided into four sections. Section A is the Investigating phase, where 

coal properties are analysed to find the fouling parameters with regard to the chemical reactions 

that accompany fouling conditions. The coal composition also contributes to the second 

component which relates to the flue gas properties. The flue gas properties are found through 

the application of a mass balance. The chemical reactions formed during combustion, and in 

the downstream conditions, are analysed to find the reactions that cause dew point related air 
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heater fouling in the air heaters. These results are then used in Section B, where the dew point 

related fouling factors are incorporated into the VBA RAH model.  

 

In Section B, the VBA RAH program was developed, based on the previous RAH program, to 

simulate temperature profiles for the regenerative air heater element pack metal surfaces, and 

the fluid temperatures. The model then also considers dew point related fouling through 

calculating the dew point temperatures for the identified critical parameters and comparing 

them to the metal surface temperatures of the elements. Chapter 3 elaborates on the theoretical 

basis used for the VBA RAH development.  

 

Section C focuses on an experimental programme to verify the accuracy of the VBA RAH 

simulation model. The experimental design includes measuring of dew point temperatures, 

metal surface temperatures, and fluid temperatures. The method of installation is explained in 

Chapter 4. An important consideration is the procedure required to perform the experiment. To 

evaluate the accuracy of the model, all the input parameters had to be verified as accurately as 

possible.  
 

Section D covers the method followed to verify the accuracy of the VBA RAH model. The 

gathered data were used as input parameters to the VBA RAH simulation tool. The fluid, metal 

surface and dew point temperatures were generated, giving graphical representations of the 

temperature profiles for the metal surfaces and fluids. An average dew point temperature was 

calculated and plotted with the metal surface temperature profiles. When the metal surface 

operates below the dew point temperature, condensation is expected to occur. The plant 

measurements were compared to the simulation results, and this information was used to 

indicate whether the model can be an acceptable method to predict the onset of dew point 

related fouling.  Furthermore, methods of altering design configurations and operating 

parameters were identified and analysed to find a method of reducing dew point related fouling. 

(Discussed in Chapter 5) 
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2.  LITERATURE REVIEW 

2.1 Function of Air Heaters 
Figure 2.1 is a schematic representation of the operation of the boiler in a coal fired power 

station. Coal is supplied to a milling plant, which pulverises the coal to a specified combustible 

size. A Primary Air fan generates a draught to dry and transport the pulverised coal to the 

burners of the combustion chamber. The FD (Forced Draught) fan supplies secondary air to 

the burners for complete combustion of coal. Both the primary and secondary air are first heated 

by means of a recuperative or a regenerative air heater. During combustion a large portion of 

the generated heat will be transferred to the boiler steam pipes and walls, to generate steam. 

The remainder of the gases, also known as flue gas, will be extracted by means of an induced 

draught (ID) fan. The heat from the flue gas is transferred downstream in the regenerative and 

recuperative air heaters to increase the primary and secondary air temperatures for optimal 

efficiency. To maintain the optimal boiler performance, most of the rejected heat exiting the 

system must be recovered effectively to increase boiler efficiency.  

 

If the boiler efficiency is not maintained, higher volumes of fuel and air are required to maintain 

the required electrical load. As a result the FD fans need to supply increased volumes of air 

and the ID fans need to extract greater volumes of flue gas. Due to the fact that these volumes 

pass through the air heaters (Figure 2.1), it is required that flow is not restricted to the extent 

where the fans are incapable of supplying, or extracting these volumes. If the restriction in flow 

increases to an extent that the fans cannot maintain the required capacity, it is required to reduce 

the generated electrical load to allow safe operation. Air is supplied in excess to promote 

complete combustion and safe operation. As per the Fossil Fuel Firing Regulation requirement 

(ESKOM, 2018), the excess air must at all times be adequately higher than stoichiometric 

conditions, to prevent an increase of carbon monoxide levels. Carbon monoxide is generated 

during the combustion process. High levels of carbon monoxide after combustion usually 

indicate that the air supplied is less than the required stoichiometric quantity. This occurrence 

promotes boiler explosive and implosive conditions. Therefore excess air must always be 

maintained above the design quantity for each power station (ESKOM, 2018). This calculated 

excess air consists of a safe oxygen percentage which allows the boiler to run above 

stoichiometric conditions. This oxygen value is compared to a measured oxygen reading taken 

at the air heater flue gas inlet duct.  

 

The critical air for combustion is supplied through primary and secondary air. If air heaters 

have high leakage rates and fouled element packs, a risk becomes evident that the flow of the 

secondary air and flue gas are restricted. During this occurrence the safe excess air condition 

may not be maintained, which then leads to a required reduction in load to ensure that the FD 

fans supply enough air for safe operation and the ID fans maintain the furnace pressure with 

adequate capacity to extract the flue gas. This is a common occurrence at Eskom coal fired 

power plants, and this research aims to reduce the restrictions caused by air heater blockages. 
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Figure 2.1: Boiler Plant with a recuperative- and regenerative air heater. 

 

Air heaters are the medium for the exchange of thermal energy between the flue gas and the 

cold air supplied for combustion. Power stations may either have the two air heaters 

(regenerative and recuperative) combined or separated (Figure 2.2). The combined design 

incorporates both primary and secondary air into one air heater, exchanging heat with the 

extracted flue gas. These designs allow flue gas to enter a steel matrix and pass through stacked 

element plates, where the heat from the flue gas is transferred to the plates. Both primary and 

secondary air then pass through the stacked element packs which allow the heat from the plates 

to be transferred to the air passing through.  

 

In the case of separated air heaters, usually the primary air will be preheated by means of a 

recuperative (tubular) air heater and the secondary air with a regenerative (rotating hood or 

rotating matrix) type of air heater. A recuperative air heater consists of a bundle of tubes 

containing the extracted flue gas, transferring heat to the primary air, which is forced by means 

of cross flow through the passages between the tubes. Therefore the two streams are designed 

to be completely isolated to avoid leakage from the air stream to the flue gas stream. The 

secondary air will be heated using a rotary regenerative air heater, also using flue gas that is 

forced through a steel matrix of stacked plates to transfer heat to the secondary air that is forced, 

in counter flow, through the heated plates.  For this research the focus will be on rotary 

regenerative air heaters of both the rotating hood and rotating matrix types. Recuperative air 

heaters do not promote high blockage and leakage rates in comparison with the rotary 

regenerative air heaters and are therefore excluded from the study. 
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Figure 2.2: Air heater types for a split air preheating setup for primary and secondary air 

(Spot, 2016; Mathebula, 2014). 

2.2 Air Heater Types 
 

There are two types of rotary regenerative air heaters, namely rotating hood and rotating matrix 

types (traditionally known as Rothemühle and Rothemühle/Ljungström respectively). The 

distinguishing factor between the two types is the design of the steel matrix assembly.  

 

2.2.1 Rotating Matrix Type  

These air heaters are rotary, counter-flow, steel plated matrix regenerative air heaters. They are 

used with either a vertical or horizontal axis of rotation. The vertical axis installation is 

preferable because it is easier to be maintained (De Klerk, 2001). Most power stations have 

two 50% duty air heaters. The rotational speed of the rotor is between 0.5 and 3 revolutions per 

minute, depending on the required heat exchange and flow properties of the air and flue gas 

(Chojnowski, 1981). There are three types of rotating matrix air heaters, as shown in Figure 

2.3. The first type is a Tri-sector, containing one flue gas passage, a primary air passage and a 

secondary air passage. The Bi-sector type has one passage for secondary air and one passage 

for flue gas. The Quad-sector consists of two secondary air passages that are divided by a 

primary air passage, along with one flue gas passage on the opposite end. 
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Figure 2.3: Rotating Matrix Air heaters (Larsen & Toubro, 2018). 
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2.2.2 Rotating Hood Type 

The rotating hood air heater operates with similar heat transfer principles to the rotating matrix 

air heater, but the rotary part is the hood and the steel matrix is stationary (stator).  The hoods 

are designed to provide the air passages, and the open areas between are the passages for the 

counter flowing flue gas. There are two types of rotating hood air heaters, which are illustrated 

in Figure 2.4. The two types are the single flow and dual flow air heaters. The single flow has 

a bottom and top hood which guide the secondary air through the steel matrix. The flue gas 

passes through the open areas. The dual flow type has an inner and outer hood and provides for 

heating of the secondary air. The inner hoods are located in the centre of the rotor. The outer 

hoods are located in the outer shell as shown in Figure 2.4. 

 

 
 

Figure 2.4: Rotating hood Air heater types (Kleynhans, 2015) 

 

2.2.3 Air Heater Steel Matrix Layout 

Each boiler design requires a calculated quantity of heat to be gained by the inlet air utilizing 

the air heaters. To achieve the design value of the required heat gain, there are certain design 

aspects of the air heaters that can be altered to enhance the heat transfer in the air heater. One 

of the design aspects is the layout of the steel matrix. The layout can change in terms of the 

layer quantity and the element pack heights. Layers are the vertical stacking of the element 

packs. Most Eskom power stations use two, three or four layer setups. Figure 2.5, is a 

representation of the three different layer setups. The steel matrix is constructed with radial and 

circumferential braces. These braces form pockets, also known as sockets, for the element 

packs to be inserted. In Figure 2.5 the blue blocks can be seen as the element packs and the 

grey area is the steel matrix. The elements are closely packed corrugated metal sheets, formed 
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according to a specific profile.   The Hot End is the side where the flue gas enters, and therefore 

these element packs are exposed to higher temperatures.  

 

 
Figure 2.5: Different layer setups of the element packs in the steel matrix (De Klerk, et al., 

2013). 

 

At the Cold End all the element packs are exposed to the incoming air, which is at a lower 

temperature at the bottom of the steel matrix. The intermediate area is the set of element packs 

in between the hot end and cold end element packs. Blockage tends to start at the cold end of 

the steel matrix due to the fact that the metal temperature at times could operate below the dew 

point, causing components in the flue gas to condense, which then creates acid deposition and 

also increases the adhesiveness of the fly ash particles to the corrugated plates. It is critical to 

maintain the metal temperature above the dew point temperature to avoid blockage of the 

element packs (Figure 1.7 section 1.2.2). 

 

Air heater element packs are metal sheets packed closely together to ensure that the heat 

transfer area is increased. The plates are thin steel sheets. The close stacking of the plates allows 

enough resistance in the flow to increase the time of the exposure to the heat source for optimal 

heat transfer to occur. To ensure that efficient heat transfer occurs, the profile of the plates 

becomes an important property to consider during the designing of an air heater. The packs are 

usually packed with many pairs of plates, with each plate having a different geometry. One of 

the plates will have gas flowing in line with the corrugation, while the other plate will have the 

gas flowing at an angle to the corrugation. The plate with a profile allowing corrugation to be 

in line with the flow is known as the notched plate. The plate that allows flow at a specified 

angle is known as the undulated plate. In some cases plates are also packed with double 

undulated plates. The element packs are supplied in different packing configurations. They can 

be supplied with a frame keeping all the plates together as one cased pack, or a basket can be 

used for each pack of elements. During installation, the packs without casings may be trimmed 

unevenly to fit into the steel matrix, causing high erosive areas due to increased flow areas. 

Erosion rates are increased to the extent that the element pack supports are eroded away. Figure 

1.1(Section 1.1) also illustrates this effect, where the erosion tends to be higher in the areas 

with large gaps between the steel matrix and the element pack. Figure 2.6 is an illustration of 

the different types of packing methods as explained above. 
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Figure 2.6: Element plate packing types (De Klerk, et al., 2013) 

 

The profile of the plates depends on the design criteria for the application, which was 

investigated by Gruen (Gruen, 1998). Air heater elements can generally be evaluated according 

to their pressure drop, thermal properties, fouling, and corrosion and erosion performance. 

Figure 2.7 illustrates various design profiles, which affect the thermal performance of the air 

heater as well as the other criteria. Important design considerations are the material, geometry 

and the thickness. A high performance in one aspect can result in poor performance in another 

aspect. If the profiles restrict flow more, the possibility of fouling will increase, due to expected 

lower outlet temperatures for the flue gas. If the thermal performance is high, the flue gas outlet 

temperature can be affected to the extent that the metal temperature will be below the acid dew 

point at the cold end, also promoting fouling. The required system efficiency and coal 

characteristics will establish what the desired performance will be, which will provide guidance 

to choose the correct profile. By selecting the correct profile, the life expectancy will be 

maximized and maintenance costs will be minimized.  
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Figure 2.7: Various profiles of heat transfer elements (Gruen, 1998) 

The thermal performance of rotary regenerative air heaters has been researched in a 

collaborative effort by Eskom’s Technology Services International and the School of 

Mechanical, Industrial and Aeronautical Engineering at the University of the Witwatersrand. 

This research activity established a sound platform to provide sufficient knowledge to optimise 

the design and operation of rotary regenerative air heaters. Part of this knowledge was the 

development of a computer simulation program by Habbitts (1998). This program simulates 

the air heater thermal performance, allowing the flue gas stream outlet temperatures to be 

generated. The program further estimates pressure drop across the steel matrix and the surface 

metal temperature of the steel elements. The program was later enhanced by De Klerk (2001) 

through adding the capability of having non-uniform inlet flow velocity and also the option to 

alternate the plate thicknesses of the element sheets. Research with regard to erosion wear was 

investigated by Crookes (2000), to establish the erosion experienced on various geometries of 

steel elements. Fouling was later investigated by Mabena (2003), to identify and rank factors 

causing fouling in boiler regenerative heat exchangers. The correlation of fouling rates with 

respect to the operating conditions for various coal fired power generation stations were 

investigated, along with the comparison of fouling problems specific to each station. This 

information was researched to establish a set of guidelines to reduce fouling. Further 

investigations were done to establish composition of flue gas entering the air heater along with 

formation of corrosive conditions generated downstream. The classification of the fouling 

mechanisms in a regenerative rotary air heater was investigated by Mathebula (2014). 
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2.3 Research related to Regenerative Air Heater Modelling 
 

An experimental investigation of heat transfer in regenerative air heaters was done by Caby 

(1996) with the objective to build and commission an experimental facility (Figure 2.8), 

suitable for high performance regenerative heat exchanger surfaces.  

 

 

 
Figure 2.8: Schematic view of the test rig used by Caby (1996). 

 

A computational procedure was developed to determine the heat transfer performance and flow 

friction characteristics of these surfaces. Mullison and Loerhke (1986) developed a numerical 

technique using a finite difference method, which was the basis of the numerical procedure for 

heat transfer performance developed by Caby. The fluid region and wall region are divided into 

a network of nodes using an implicit formulation equation that was converted to a finite 

difference equation as explained in chapter 3. This research contributed to the development of 

a computer simulation of power station rotary regenerative heat exchangers by Habbitts (1998). 

The technique considers an elemental volume, which consists of half of the fluid thickness and 

half of the plate thickness with an incremental length Δx. This element is extracted from a 

series of parallel flat plates (Figure 2.9).  
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Figure 2.9: Basic element on which the model is based with the relevant heat transfer. 

 

The heat transfer across a finite area is analysed, and by using numerical methods the complete 

temperature profile of the surface temperature and gas temperature are established. Kumar 

(1998) researched the heat transfer characteristics of air heater elements. The various 

geometries of the commercially available element profiles were considered to evaluate the 

effect each type has with regard to the heat transfer characteristics and heat transfer coefficients 

of the elements. Kumar used the test rig, commissioned by Caby, to evaluate the performance 

of various air heater packs used in Eskom power plants. A computer based data acquisition 

reduction program was used to find the heat transfer coefficients. A comparison, by means of 

the direct curve matching method, was done between the theoretical exit fluid temperatures, 

estimated through the finite difference analysis method, and the measured values. The heat 

transfer coefficient of each element pack type was obtained along with an equation illustrating 

the relationships between the Colburn j factor and Reynolds number, and the Fanning friction 

factor and Reynolds number. These relationships provided a theoretical method of calculating 

heat transfer coefficients and pressure drops across the packs respectively. The method is 

elaborated in Chapter 3, sections 3.2.2 and 3.2.3.  

 

The Fanning friction factor relationship was used by Gruen (1998) to establish the pressure 

loss for the commercially available element packs. Gruen compared the hydraulic and thermal 

performance of these elements, and tested eroded packs using the same procedure in 

comparison with a new set of element plates. Twelve different non-eroded element pack 

profiles were tested along with one eroded element pack. A Rothemühle H8 type test pack was 

tested to verify the accuracy and reliability of the test facility in comparison with the results 

found from the Rothemühle test facility in Germany. The results showed that the test facilities 

provided closely-correlating results.  

 

The measurements also confirmed the theoretical expectation of an inversely proportional 

relationship between the heat transfer coefficient and the hydraulic diameter, and differential 

pressure and hydraulic diameter. A lower heat transfer coefficient was found with profiles 

consisting of a flat counter plate than profiles with an undulated counter plate. The eroded pack 

was tested three times, with a 20% mass loss during the first test, a 30% mass loss during the 

second test and a 40% mass loss for the third test. The test results were compared to one non-

eroded element pack. This test concluded that irrespective of the extent of erosion, the results 

yielded a 15% lower pressure drop for the eroded plates with no significant change in the heat 

transfer coefficient.  
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Caby (1996) and Gruen (1998) used a multiple plate model to determine the heat transfer and 

pressure drop correlations of a complete pack. These correlations were later used in the model 

of Habbitts (1998).  The pack type, inlet conditions, and geometry can be selected to analyse 

the thermal performance for each section for every point in time, until a full rotation is 

complete. This model was used to simulate a rotating hood (Rothem𝑢̈hle) air heater located at 

an Eskom Power Station. For this station, Unit 5 was selected as it was instrumented for 

monitoring the change in thermal conditions as part of the basket modification to the element 

packs (As indicated in Figure 2.6).  According to Habbitts various factors affecting the real 

plant were not considered in the simulation model, which influence the results for the model. 

These factors were the following: 

 

 Non-uniform velocity distributions across the faces of the matrix exposed to a 

particular stream.  

 Heat transfer to the surroundings. 

 Fouling. 

 The mass of the basket support framework. 

 Thermal conduction in directions other than parallel to the direction of flow. 

 The effect of the gaps that exist between the layers. 

 Heating or cooling of the plates under the seals. 

 Radial temperature variations. 

 

Comparing the measurements with the simulation model results of Habbitts, an adequate result 

was yielded with regard to thermal performance. The pressure drop from the simulation was 

still a concern, with an error of 30%, which was a result of external factors such as the effect 

of leakage on pressure drop and fouling of elements, not considered in the model. In addition 

the model also had the capability to generate an economical forecast of the air heater. It could 

be used to predict the increase or decrease in cost due to a particular change made to the input 

data of the thermal performance calculation.  

 

De Klerk (2001) improved the simulation model by extending the model with the option of 

using alternating thicknesses of plates, simulating the effect of non-uniform velocities, and 

determining the effect of misdistribution of flow. De Klerk also implemented a numerical 

procedure developed by Gruen to accommodate perforated packing. The model was verified 

through plant experiments. The economic model developed by Habbitts was enhanced through 

basing the improved model on the net present value of costs.  

 

 

2.4 Research Related to Dew Point Related Fouling  
Eskom power plant air heaters experience conditions of fouling, which initiated research to 

analyse fouling. In 2003 Mabena researched fouling in regenerative air heaters, with the 

objective to identify and rank factors causing fouling. Previous research and Eskom power 

station information were used to complete the objectives of the research. Fouling rates were 

correlated with relevant operating conditions, along with a comparison of regenerative air 

heater fouling problems between Eskom power plants. These results were used to create a set 

of guidelines for boiler operation and maintenance of regenerative air heaters, to prevent the 

occurrence of fouling. The results concluded that fouling improvement for a particular air 

heater cannot be a general solution due to the amount of variables influencing the occurrence 

of fouling. These variables are the type of fuel used during combustion, heat transfer surface 
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geometries, soot blowing conditions and operating conditions. Fourteen guiding points for 

draught plant engineers were proposed to reduce the occurrence of fouling.  

1. The excess oxygen after combustion, measured at the air heater inlet should be maintained 

between 3% and 3.5%.  According to Mabena (2003) the SO3 production is lowered which 

also reduces the deposition rate of sulphuric acid. This can reduce the risk of fouling. 

 

2. It is recommended that the air inlet temperature of the air heater should be above 45 ºC to 

ensure that the cold end element surfaces do not operate below the acid dew point set point 

temperature of 90ºC. 

 

3. The flue gas flow rate must preferably be high to provide higher velocities, without 

exceeding the allowable pressure drop. The air heater performance is increased with higher 

velocities (RAH model to be used for optimisation). 

 

4. The acid deposition rates are reduced when the rotational speed is high. Ideally small air 

heaters should operate at a speed of 1.6 rev/min and larger air heaters should operate at 0.9 

rev/min (RAH model to be used for optimisation). 

 

5. The total layer height should be chosen according to the selected plate profiles during 

routine pack replacements. This would ensure enhanced air heater performance, which will 

not promote fouling (RAH model to be used for optimisation). 

 

6. To avoid high pressure drops across the air heaters, the number of layers should be 2 or 3 

layers. When the number of layers exceeds this range, the change in thermal performance 

becomes negligible, although the pressure drop will be increased. High pressure drop 

across the air heater is not an ideal practice, due to the fact that the fans would operate at 

a higher capacity to overcome the resistance from the element packs in the steel matrix. 

 

7. During a pack installation it is required that the cold end elements are installed at a height 

of 150 mm from the soot blowing nozzle to ensure all the deposits are removed. 

 

8. Mild steel sheets are the correct material and not Corten, to reduce the capital costs by 

20%. The material properties are similar and therefore the performance will remain the 

same. 

 

9. For draught plants having ash hoppers at the economiser, careful consideration should be 

given to the method of emptying the ash hoppers, to prevent coarse ash and debris from 

reaching the hot end heating elements. 

 

10. Soot blowing must be applied according the required time intervals. For stations 

experiencing fouling of air heaters, soot blowing must be done every 8 hours. It must be 

noted that soot blowing is installed to avoid ash deposition and not to remove previous 

build-up ash deposits. 

 

11. Leaking economiser tubes and fire system tubes must be detected to limit the occurrence 

of fouling. Water causes a sticky ash deposit that adheres to the element surfaces causing 

blockage of elements. Soot blowers do not remove these deposits effectively. The pressure 

at the nozzle must be checked to ensure that adequate pressure is supplied to remove 

deposits.   The soot blower drainage system must be used effectively to ensure the use of 

dry steam for soot blowing at all times. 
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12. The soot blower nozzles can be fouled when fly ash, from the flue gas, erodes the nozzles 

to the extent where ash accumulates inside the system causing insufficient soot blowing of 

heating elements. The nozzles need to be inspected on a regular basis, specifically the 

nozzles located on the flue gas outlet side. 

 

13. Low pressure washing is required immediately after economiser tube leaks or fire system 

leaks.  This will avoid drying and hardening of deposits in the element packs. The air heater 

rotational speed must be reduced to enhance the washing process. 

 

14. According to research done by Bailey (1999), higher fouling rates are found on fouled 

surfaces. Therefore, during high pressure washing, it is important to thoroughly clean the 

element packs to their original condition to avoid higher rates of fouling. 

 

Mabena also concluded that the deposition rate was directly affected by the amount of CaO in 

the ash. High CaO level in the ash would usually be associated with low acid deposition, and 

low CaO would result in high ash deposition, although it will contribute to the hardening of 

fouled deposits. Figure 2.10 is an illustration of the variation in temperatures within a heat 

storing matrix of a rotary regenerative air heater (Raask, 1985). In this figure, van der Hoven 

(1998) also illustrated that at the cold end sections of the element packs, temperature below the 

acid dew point temperature is experienced. During the phase where cooled segments of the 

heat exchanger leave the air stream and enter the flue gas stream, the temperatures of the 

elements increase rapidly at first, but then change to a slow increase in temperature. In this 

period T1 and T2 in Figure 2.10 shows the change in temperature and also indicate in which 

region condensation will occur due to the surface temperature operating below sulphuric acid 

dew point conditions. 

 

 
Figure 2.10: Dew point and metal temperature of rotary regenerative air heaters: T1 - Heat 

exchanger inlet temperature, T2 - heat exchanger outlet temperature, TAD - acid dew point 

temperature, AD - Acid deposition, F - heating phase of air, A - cooling phase of flue gas (Raask, 

1985). 
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The typical curves for high and low rates of acid deposition on a cooled probe inserted into an 

air heater of a coal fired boiler can be seen in Figure 2.11. A test was conducted by Raask 

(1985) and Peterson (1991), where air cooled probes were used to measure the rate of sulphuric 

acid deposition. Curve “A” shows that the dew point temperature is approximately 405 K and 

the deposition rate is 4.0 mg/m2s. This rate corresponds to about 10 ppm (parts per million) of 

SO3 in the flue gas. Another test was conducted on a different coal fired boiler, and the 

maximum deposition rate was only about 0.8 mg/m2s, as show in Figure 2.11 curve “B”. This 

is equivalent to about 1 ppm of SO3 in the flue gas. The sulphur content of the coal used in test 

“B” was 1.5% versus 0.9% for test “A”. According to Raask (1985), the sulphur content of fuel 

itself cannot be used as the only factor of prediction of the rate of acid deposition. The rate of 

acid deposition was low with coal “B” due to the high calcium content in the coal and a large 

quantity of SO3, formed in the combustion flame, reacted with the calcium oxide to form 

sulphate (Mabena, 2003). 

 

 
Figure 2.11: The effect of ash composition on acid deposition in pulverised coal fired power 

boiler air heaters: A - low calcium ash and 0.9% sulphur in coal, B - high calcium ash and 1.5% 

sulphur in coal (Raask, 1985). 

 

The results presented by Raask (1985) yielded that deposition was also affected by the 

alkalinity of ash, mainly calcium oxide content. Therefore, not only sulphur must be considered 

when calculating the deposition rate. The following equation is an illustration of the deposition 

rate for a system consisting of flue gas and ash (Raask, 1985): 

 

𝑅 = 𝑚 {
𝑥𝑆−[(0.8𝐶𝑎𝑠𝑜𝑙+0.7𝑁𝑎𝑠𝑜𝑙)(1−𝑘𝑊2/3)]

𝑆
}
3/4

         (mg/m2s)                                                   (2.1) 

𝑚 – A constant depending on boiler combustion conditions 

𝑥 – A fraction of coal sulphur oxidized to sulphur trioxide 

𝑆 – Sulphur content in coal 

𝐶𝑎𝑠𝑜𝑙 – Weight percentage of dilute-acid-soluble calcium in coal 

𝑁𝑎𝑠𝑜𝑙 – Weight percentage of dilute-acid-soluble calcium in coal 

(1 − 𝑘𝑊2/3) – Represents the fraction of calcium and sodium captured by fused ash at high 

temperature and sulphur not available for reactions with SO3 

𝑘 – Constant 

𝑊 – Ash content of coal 
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The above equation can be used together with Table 2.1 to estimate the deposition rate of 

sulphuric acid. This table was generated by using an excess oxygen percentage of 4%. 

 
Table 2.1:SO3 concentration, dew point temperature, and acid deposition in coal fired boilers 

(Raask, 1985). 

  
 

A deposition sampler was mounted in the economiser exit gas duct to determine the 

relationship between boiler operating parameters and acid condensation rates. The test was 

conducted by D’Agostini et al (1989a), where a gold plated deposition surface was kept at a 

constant temperature below the acid dew point. Operating conditions were varied to evaluate 

the effect on acid deposition. When the operating parameters were kept constant and the excess 

air was increased the acid deposition rate increased, and the rate decreased at lower excess air. 

1%, 2% , 4% and 5% of excess oxygen were used during this test. The results found by 

D’Agostini correlated with the results found by Raask. Figure 2.12 is an illustration of the 

experimental setup used by D’Agostini, and Figure 2.13 is a graphical representation of the 

results from the research done by Raask (1985). 

 
 

Figure 2.12: Location of the deposition sampler installed at the economiser exit duct 

(D'Agostini, et al., 1989). 
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Figure 2.13: The effect of flue gas oxygen on acid deposition in pulverised coal fired boiler air 

heaters: A = 3.9% oxygen, B= 3.1% oxygen, C = 2.1% oxygen (Raask, 1985). 

The effect of variations in flue gas flow rate was tested by varying the unit load from 300 MW 

to 585 MW, while all the other control parameters were kept constant. The condensation rate 

was found to be higher at higher loads and lower at lower loads. A study done by Jones (1993) 

came to an opposite conclusion. Jones stated that increasing the flow rate caused a reduction 

in residence time, therefore less time is available for acid deposition. This contradiction 

revealed that the position of the sampler plate is important. The mass of sulphuric acid and the 

partial flue gas composition in the duct varies at different positions, which could influence the 

deposition rate accordingly. Figure 2.14 shows the results found from the tests conducted by 

changing the load (Raask, 1985). 

 
 

Figure 2.14: Acid condensation rates when load variation of 300MW and 585MW were applied, 

while the excess O2 was fixed at 4%. 
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The rate of condensation of sulphuric acid in a turbulent gas stream can be written in the form 

of equation 2.2. The results from the model developed using equation 2.2 (Mabena, 2003) 

showed that a portion of the condensed sulphuric acid evaporated into the incoming air stream. 

The results further showed that the rate of evaporation strongly depends on the moisture of the 

incoming air. The fact that evaporation occured, indicated that the mass transfer rate becomes 

negative. D’Agostini further demonstrated the effect of moisture in the incoming air into the 

air heater, which showed that for dry inlet air, the net acid deposition was less. Therefore dry 

air causes more evaporation to occur. The rate of fouling is determined by rate, quantity and 

mechanism of acid condensation and deposition.  

 

𝑅 =  ℎ𝐷(𝐶𝑏 − 𝐶𝑖)                                                                                                                   (2.2) 

    

𝐶𝑏 – concentration of the sulphuric acid vapour at the deposition surface  

𝐶𝑖 – concentration of the sulphuric acid vapour in the flue gas stream 

ℎ𝐷 – heat transfer coefficient 

 

The classification of the fouling mechanisms in a regenerative rotary air heater was investigated 

by Mathebula (2014). The objective of the research was to identify the mechanisms and extent 

of fouling, observe the distribution of the fouling across the steel matrix, and verify the velocity 

profile of the fluids entering the air heater. The velocity profile was required to estimate the 

influence it has on the temperature distribution of the element packs and fluids passing through 

the air heater. A QEMSCAN surficial and cross sectional analysis was done to indicate the 

phases of fouling of ash deposits from Eskom Power Plants. These phases were anhydrite, 

AlSi-sulphate, Si(Al)-sulphate, iron sulphate and sulphur. These phases are formed due to a 

reaction between sulphuric acid and fly ash components, and some are also formed from a 

reaction between sulphuric acid and fuel oil catalysts. The surficial analyses indicated that the 

four most dominating phases are AlSi-sulphite, aluminosilicate, cenospheres and Al(Si)-

sulphate. The cross sectional analysis revealed a similar trend but included a fith dominating 

mineral being quartz. In samples two, three and four, ALSi-Sulphate was found to be more 

than 25% in both surficial and cross sectional analyses. In samples three and four specifically, 

Al(Si)-sulphate was the highest volume percentage of the constituents for both tests. Spherical, 

cooled molten slag particles, also known as cenospheres, usually form from pulverised fuel 

exceeding the fusion temperature of the coal in the combustion zone. This results in a physical 

fouling form also known as plugging due to the formation of increased ash particles. In the first 

and second samples the surficial analysis showed a volume percentage of more than 20% 

cenospheres (Mathebula, 2014).    

 

Considering the dew point temperature calculation for sulphurous acid (H2SO3), the main 

contributor to variations is the partial pressure of moisture (H2O). The dew point temperature 

calculation for sulphuric acid (H2SO4) mainly experiences variations due to changes in the 

partial pressure of moisture (H2O) and sulphur trioxide (SO3). The results also showed that a 

0.2% volume increase in sulphur from the coal supplied, will only influence the sulphuric acid 

dew point temperature by 2ºC and has almost no effect to the sulphurous acid dew point 

temperature. The change in hydrogen and moisture also showed a similar result, which shows 

that the dew point temperatures are not sensitive to changes in hydrogen, moisture and sulphur 

in coal. If high volumes of moisture would leak into the flue gas stream, due to tube leaks or 

defective soot blowers, the partial pressure of moisture will change enough to influence the 

acid dew point temperatures (Mathebula, 2014).  
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A Power Station operates with a dual rotary regenerative air heater that consists of a inner 

primary air duct and an outer secondary air duct as shown in Figure 2.4b. A dual rotary hood 

air heater was simulated with the RAH model by Mathebula (2014) to analyse the velocities 

and performance of the air heater. The model indicated that higher velocities are experienced 

in the primary air duct when compared to the secondary air section (as seen in Figure 2.15). 

This also affects the element surface temperature causing a higher average element surface 

temperature for the secondary air side, than for the primary air side. The RAH results indicated 

the simulated metal temperatures never operated below the dew point temperature of H2O and 

H2SO3. Therefore condensation of moisture and sulphurous acid will only occur when the 

surface temperature operates below 40 ºC (H2O dewpoint) and 36 ºC to 38 ºC (H2SO3 dew 

point). The dew point temperature for sulphuric acid (H2SO4) was reached and the result 

showed that 34% of the steel matrix volume experienced metal temperatures below the 

sulphuric acid dew point temperature (133 ºC to 149 ºC).  

 

 
 

 
Figure 2.15: Flow distribution results for an Eskom Power Station duel flow regenerative air 

heater (Mathebula, 2014). 

The investigation also concluded that fly ash may adhere to the sulphuric acid that condenses 

onto the air heater plates, along with the fly ash particles adhering to each other when the gas 

temperature reduces below the sulphuric acid dew point temperature. The phase formation 

indicated that sulphuric acid reacts with fly ash components and fuel oil char. When the plate 

temperature heats up the condensate and fly ash mixture experiences a baking effect. This 

hardens the mixture to create severe fouling that requires either high pressure washing or a 

complete element pack replacement. The presence of lime in the fly ash contributes to the 

hardening process. Lime forms when calcium monoxide combines with oxygen and sulphur 

dioxide to form calcium sulphate. The amount of lime is usually less than 5 %; therefore it is 

not severely influential. Another factor that that plays a role in hardening of the ash deposits, 

is minerals such as quartz with a Moh hardness of 7. As indicated in the QEMSCAN results, 

the cenospheres present also contribute to hardening of ash deposits. The critical parameters 

for dew point related fouling include coal and flue gas properties. Therefore the coal 

composition and flue gas composition need to be considered in this research. 

 



29 

 

There are two frequently used methods for predicting acid dew point of flue gas, namely direct 

measurement by special instruments and calculation by empirical formulas and charts. The 

special instruments for direct measurement of acid dew point are based on the main resistance 

method, current method, and acid deposition quantity method. The measuring results are 

preferential according to the different principles of measurement apparatuses. Factors such as 

sensitivities of determination parameters, probe setups, measuring steps affect the measuring 

accuracy. Even with continuously measured acid dew points under the same operating 

condition, inconsistencies exist because of the complexity and instantaneity of actual flue gas. 

The following table shows the different empirical formulas for predicting acid dew point of 

flue gas reported in previous studies. 

 
Table 2.2 Prediction models on acid dew point in previous studies (Qin K F, 1994; Müller, 1959; 

Haase R, 1963; Verhoff F H, 1974; Okkes A G, 1987; Halstead W D, n.d.; Feng J F, 2003; Wei 

W, 2017). 
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The calculating formulas are divided into two categories according to whether considering 

sulphur content and ash content in coal. The formula results calculated under the same 

parameters are shown in Figure 2.16. From these results the largest temperature difference is 

up to 40 °C. The researches indicated that there are certain differences between the calculated 

data and experimental values with the various contents of acid vapour and water vapour. 

Consequently, the applicability of the empirical formula is strictly limited, and the predicted 

values are generally not so perfect under the unit operation conditions. 

 

 
Figure 2.16: Prediction models on acid dew point (Wei W, 2017). 

ZareNezhad and Aminian (2010) presented a multi-layer feed forward artificial neural network 

for predicting acid dew point temperatures of the flue gas. Xiang (2014, 2015, and 2016) tested 

the acid dew point of flue gas by using the plug-measuring device and the extraction-measuring 

device respectively. From this an improved thermodynamic correlation formula between acid 

dew point and its influencing factors was derived. A semi-empirical prediction model of acid 

dew point was proposed and Wang (2016) numerically calculated the acid dew point on a heat 

transfer fin surface by considering both the gas-liquid equilibrium effect and multi-component 

diffusion effect. Influential factors such as the wall temperature, velocity of flue gas and fin 

parameters were identified. But there was no new calculation method of acid dew point. In 

conclusion, the above-mentioned prediction methods of acid dew point are strictly limited, and 

in general the predicted values were not consistent. 

 

Abel (1947) initially derived the method of calculating the pressure of water vapour and 

sulphuric acid vapour based on the fugacity equation at the gas-liquid interface. Wilson (1989) 

further fixed the fugacity equation of ideal gas to obtain the real vapour partial pressure at 

interface by importing the apparent fugacity coefficient. Hodge (1994) studied the calculation 
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of sulphuric acid condensation rate and He (2015) carried out the numerical simulations of the 

sulphuric acid condensation. The numerical model considered both the gas-liquid equilibrium 

effect and multi-component diffusion effect. Sulphuric acid condensation influence factors 

such as the wall temperature, flue speed and fin parameters etc. were analysed. It was found 

that it would be feasible to study the sulphuric acid condensation by using the fugacity 

equations of water and sulphuric acid at the gas-liquid interface considering both the gas-liquid 

equilibrium effect and multi-component diffusion effect. The air heater flue gas exhaust 

temperature affects the low temperature corrosion. And the low temperature corrosions on the 

low-temperature sections of the equipment are more severe than those of the high-temperature 

sections. Thus it can be seen that the surface temperature of heat exchangers is crucial to the 

low temperature corrosion and also contribute to fouling.  

 

Based on the fugacity equations of water and sulphuric acid at the gas-liquid interface, the 

thermodynamic iterative calculation method is put forward for the prediction of sulphuric acid. 

The impact of temperature, acid vapour content and water vapour content on the acid 

condensation are obtained via single-factor and orthogonal calculations. Besides, the safe 

operating temperature of the heat exchanger is put forward on account of the analysis of 

corrosion mechanism and acid condensation calculation results. 

 

Kunze (2000) proposed the acid dew point concept based on the gas-liquid equilibrium. This 

method showed that the acid dew point can be defined as the temperature of gas-liquid 

equilibrium interface when the apparent partial pressures of sulphuric acid vapour and water 

vapour at the interface equal to those in the flue gas. The accuracy calculates the apparent 

partial pressures of sulphuric acid vapour and water vapour at the gas-liquid equilibrium 

interface.  

 

Wei (2017) compared the experimental data from previous methods to the predicted values 

using empirical formulas (Müller, 1959; Haase R, 1963; Verhoff F H, 1974; Okkes A G, 1987; 

Halstead W D, n.d.; Feng J F, 2003) and an iterative calculation model. The following 

assumptions and simplifications were made by Wei (2017) to perform the condensation 

calculation and iterative computations. 

 The flue gas is assumed to be an ideal gas mixture with a variety of gas compositions 

 The content of SO3 completely transforms to H2SO4. 

 The condensation system is simplified to the binary systems of H2SO4-H2O 

 Gases such as CO2, NO2, SO2 in the flue gas are assumed for inert gas and not soluble 

in sulphuric acid solution, which only have the effect of formation of total pressure. 

 In order to simplify the calculation of the effective diffusivity of component i Di,m, 

other gases are assumed to air in the calculation 

 The condensation of water vapour and sulphuric acid vapour is computed only on the 

gas-liquid equilibrium interface. 

Small deviations between the calculation results and experimental data were noted except for 

the studies of Haase & Borgmann and experimental constants-1. The results of Haase & 

Borgmann were abnormally low while the results of experimental constants-1 showed a large-

span increase, and the greatest deviation was around 41 °C. Müller ignored the influence of the 

content of water vapour on acid dew point. Halstead took the content of water vapour into 

consideration, but the results did not concur with the experiment data. The predictions of 

Verhoff & Branchero agree well with the experimental data, the same as the results shown in 

the previous study. Verhoff & Branchero were the lowest compared with other deviations 

between other formula results and experimental data. Therefore, the prediction of Verhoff & 

Branchero is of great accuracy and has wide range of application (Kiang Y H, 1981).  
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Figure 2.17 Comparison between the predicted values in this work and experimental data in 

previous research (Wei W, 2017). 

 

2.4.1 Coal Composition 

Coal is classified into three major types, namely anthracite, bituminous, and lignite (Figure 

2.18). The types are classified further as semi-anthracite, semi-bituminous and sub-bituminous. 

The oldest coal is known as anthracite, which is a hard type of coal mainly consisting of carbon 

with low volatile content and no moisture. Lignite is known to be the youngest type of coal in 

terms of a geological perspective. The coal is usually soft and consists mostly of volatile matter 

and moisture with low quantities of fixed carbon. The phrase “fixed carbon” refers to carbon 

in its free state which is not combined with other elements. The volatile matter is all the 

constituents that vaporize during heating of coal. Bituminous coal, also known as black coal, 

is a relatively soft coal containing a tarlike substance called bitumen or asphalt. It is a higher 

quality coal compared to lignite coal, but of poorer quality than anthracite. During the 

formation phase of coal it was the result of high pressure being exerted on lignite. Semi-

bituminous is an intermediate between bituminous coal and anthracite and averaging from 10 

to 20 percent of volatile matter. Sub-bituminous coal has properties that range from those of 

lignite to those of bituminous coal and is used primarily as fuel for steam-electric power 

generation. Another coal intermediate between anthracite and bituminous coal is known as 

semi-anthracite. Semi-anthracite is coal approaching anthracite in non-volatile character. The 

following table is an illustration of the types of coal (Williams, et al., 2018). This composition 

becomes important when the constituents in the flue gas are determined to find the reactions 

causing dew point related fouling. 

 



33 

 

 
Figure 2.18: Classification of coal. 

When coal is received it is analysed according to its chemical composition. The analysis is 

done by considering three main groups of composites (Figure 2.18). The first group is the pure 

coal composite. The coal composite consists of the portion of volatile matter, volatile organic 

matter and fixed carbon. The second composite group is mineral matter that consists of ash, 

volatile mineral matter and the remaining portion of volatile matter. The third group is the total 

moisture of the coal. This portion looks at the quantity of inherent and surface moisture. To 

fully understand the flue gas composition the coal composition must be analysed to know what 

chemical reactions will occur during combustion. Figure 2.19 shows the variations of coal 

analyses. 

 

 
Figure 2.19: Composition of coal (Van Wyk, 2010). 

Two methods are used to analyse coal, namely ultimate analysis and proximate analysis. The 

ultimate analysis considers all the coal component elements, solid or gaseous. The proximate 

analysis only indicates fixed carbon, volatile matter, moisture and ash content of the coal. The 

ultimate analysis will be used to find the coal composition in order to establish the flue gas 

composition by means of a mass balance calculation. Moisture plays a critical role with regard 

to fouling. The amount of moisture largely contributes to the dew point temperature of the flue 

gas. To measure moisture content, powdered raw coal of a size of 200 microns is placed in an 
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uncovered crucible in an oven at 108 +/-2 °C. The sample is then cooled down to room 

temperature and weighed again to show what the weight lost is. The weight loss is the 

representation of the moisture content. This measurement is used to estimate the amount of 

moisture to be present in the flue gas. The partial pressure of moisture is calculated accordingly. 

The ash content is an indication of the impurities that will not burn and typically ranges between 

5 to 40%. Ash reduces the handling and burning capacity and affects the combustion and boiler 

efficiency. This is also the constituent causing slagging and clinkering in the furnace. It 

promotes higher deposition rates along with increased hardening when the deposits are 

combined with moisture and heating in the air heater elements. 

 

2.4.2 Flue gas composition    

Eskom power stations use three sources for combustion. These three sources are fuel oil, 

propane gas and pulverised coal. The propane gas is used to ignite the fuel oil, and the fuel oil 

provides support for the ignition of pulverised fuel. During light-ups, de-loading or loading of 

units, all three fuel sources are used. Each also generates a specific type of composition in the 

flue gas, which is also transported to the air heaters during extraction of flue gases. Due to the 

fact that the amount of propane gas, in relation to the rest of the fuel supplied, is relatively 

small its effect can be neglected. The assumption of a steady state condition only considers 

when the system has stabilized and all the fuel oil support is removed. Therefore fuel oil 

combustion and composition is not considered for this research. Pulverised fuel is assumed to 

be the main source of fuel and therefore the coal analyses are used to determine the flue gas 

composition. Pulverised fuel mainly consists of combustibles such as carbon, hydrogen, 

oxygen and sulphur. The following equations represent the oxidation process of the 

combustibles in the coal. 

 

𝐶 + 𝑂2 → 𝐶𝑂2 

𝐻2 +
1

2
𝑂2  → 𝐻2𝑂 

𝑆 + 𝑂2 → 𝑆𝑂2 

2𝑁2 + 2𝑂2  → 2𝑁𝑂2 + 𝑁2  
 

A study done by Sathyanathan and Mohammed (2004) stated that 80-90% of the total ash 

produced from pulverised fuel is fly ash. For this study the assumption of 90% for fly ash and 

10% boiler bottom ash will be used.  

 

2.5 Literature Survey Summary  
 

The onset of dew point related fouling in rotary regenerative air heaters was not included in the 

previous regenerative air heater (RAH) model. A finite difference technique, to analyse the 

heat transfer for transient tests by Mullison and Loerhke (1986), was used by Habbitts (1998) 

to develop a heat transfer simulation model. This model was further developed by De Klerk 

(2001), to estimate the gas temperatures, element surface metal temperatures and differential 

pressure across the steel matrix. The recently developed VBA RAH simulation model is based 

on the study done by Ganapathy (1989) and Mathebula (2014), which is explained in section 

3.3.3, to calculate dew point temperatures (water, sulphuric acid and sulphurous acid) of the 

flue gas, utilizing the partial pressures of the flue gas. If the element surfaces and the flue gas 

experience temperatures less than the dew point temperatures, the onset of dew point related 

fouling is expected.  
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3.  THEORETICAL ANALYSIS 
 

3.1 Boiler Performance 
Coal fired power generation plants are diverse with regard to the design of each plant, but the 

basis of energy conservation remains the same.  Figure 3.1 shows the heat sources entering and 

leaving the control volume. Taking the conservation of energy into consideration, the 

relationship of the boiler efficiency and heat gained from the air heater can be expressed. The 

boiler efficiency is a relationship between the difference in heat energy entering the boiler and 

the heat energy exiting the boiler, divided by the product of the mass flow rate of coal and net 

calorific value of the coal (Equation 3.1 and Figure 3.1). Equation 3.1 is a representation of the 

boiler efficiency based on the Lower Heating Value or Net CV (Calorific Value). From 

equation 3.2, the relationship of heat losses in the boiler indicates, that there is a direct influence 

on the boiler efficiency, when the energy lost is not recuperated or regenerated in the 

downstream conditions, to heat up combustion air (Van Wyk, 2010). Equation 3.2 shows all 

the energy losses. The flue gas energy loss is directly related to the heat transferred in the air 

heater, which is illustrated in equation 3.3 and Figure 3.1. 

 

𝒏𝑳𝑯𝑽 =  
𝑸̇𝒊𝒏−𝑸̇𝒍𝒐𝒔𝒔

𝒎̇𝒄 𝑪𝑽𝑳𝑯𝑽
                                                                                              (3.1) 

Where 𝑄̇𝑖𝑛 is the heat energy input from the coal to the boiler along with the energy input 

from the fan and the motors to the boiler in the form of  𝑚̇𝑐 𝐶𝑉𝐿𝐻𝑉 + 𝑄̇𝑐𝑟𝑒𝑑𝑖𝑡𝑠. 

 

𝑸̇𝒍𝒐𝒔𝒔 = 𝑸̇𝒇𝒈 + 𝑸̇𝑪′ + 𝑸̇𝒓𝒂𝒅 + 𝑸̇𝒃𝒂 + 𝑸̇𝒇𝒂                                                           (3.2) 

 

𝑸̇𝒇𝒈 =   [ (𝒎̇𝒇𝒈,𝒔𝒂𝒉,𝒊𝒏𝒉𝒇𝒈,𝒔𝒂𝒉,𝒊𝒏) + (𝒎̇𝒇𝒈,𝒑𝒂𝒉,𝒊𝒏𝒉𝒇𝒈,𝒑𝒂𝒉,𝒊𝒏) + (𝒎̇𝒍𝒆𝒂𝒌𝒉𝒂,𝒍𝒆𝒂𝒌) ] − [ ((𝒎̇𝒂 −

𝒎̇𝒕𝒎𝒑,𝒂 − 𝒎̇𝒔𝒍,𝒂 − 𝒎̇𝒑𝒂,𝒂 − 𝒎̇𝒊𝒏𝒈𝒓𝒆𝒔𝒔,𝒂)𝒉𝒂,𝒔𝒂𝒉,𝒊𝒏) + (𝒎̇𝒕𝒎𝒑,𝒂𝒉𝒂,𝒔𝒂𝒉,𝒊𝒏) + (𝒎̇𝒔𝒍,𝒂𝒉𝒂,𝒔𝒂𝒉,𝒊𝒏) +

(𝒎̇𝒑𝒂,𝒂𝒉𝒂,𝒔𝒂𝒉,𝒊𝒏) + (𝒎̇𝒊𝒏𝒈𝒓𝒆𝒔𝒔,𝒂𝒉𝒂,𝒂𝒎𝒃𝒊𝒆𝒏𝒕)  + (𝒎̇𝒄𝒉𝒄) ]                                                  (3.3)                                                                                                                                         

                                      
𝑄̇𝑙𝑜𝑠𝑠 − Heat energy lost in the Boiler 

𝑄̇𝑓𝑔 − Flue gas energy loss 

𝑄̇𝐶′ − Unburnt carbon energy loss 

𝑄̇𝑟𝑎𝑑 − Heat radiation energy lost to surroundings 

𝑄̇𝑏𝑎 − Heat energy lost due to sensible heat in bottom ash 

𝑄̇𝑓𝑎 − Heat energy lost due to sensible heat in fly ash 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 −  Mass flow of the flue gas entering the secondary air heater 

𝑚̇𝑓𝑔,𝑝𝑎ℎ,𝑖𝑛 − Mass flow of the flue gas entering the primary air heater 

𝑚̇𝑙𝑒𝑎𝑘 − Mass flow of the air leaking to the flue gas stream internal to the air heater  

 𝑚̇𝑎– Mass flow of the total air as determined from the coal analysis and 𝑂2 at the boiler 

outlet 

𝑚̇𝑡𝑚𝑝,𝑎– Mass flow of tempering air 

𝑚̇𝑠𝑙,𝑎– Mass flow of seal air 

𝑚̇𝑝𝑎,𝑎– Mass flow of the primary air  

𝑚̇𝑖𝑛𝑔𝑟𝑒𝑠𝑠,𝑎– Mass flow of ingress air  

𝑚̇𝑐– Mass flow of coal 

ℎ𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 −  Enthalpy of the flue gas entering the secondary air heater  

ℎ𝑓𝑔,𝑝𝑎ℎ,𝑖𝑛 − Enthalpy of the flue gas entering the secondary air heater 
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ℎ𝑎,𝑙𝑒𝑎𝑘 −  Enthalpy of the air leaking to the flue gas  

ℎ𝑎,𝑠𝑎ℎ,𝑖𝑛 −  Enthalpy of the secondary air entering the secondary air heater 

ℎ𝑎,𝑎𝑚𝑏𝑖𝑒𝑛𝑡,𝑖𝑛 −  Enthalpy of the ambient air 

ℎ𝑐 −  Enthalpy of the coal entering the boiler 

 

 
 

Figure 3.1: Heat energy gained and lost during the operation of a boiler. 

 

The simulation model developed for this research has an option of simulating the air heater 

performance according to the design input parameters of the boiler. A mass and energy balance 

across the boiler calculates the boiler efficiency and performance. It is then used to identify 

what the effect of changes to the air heater input parameters will have on the performance of 

the boiler. The change in coal flow is identified along with the variation in boiler efficiency, 

steam flow and air flow. Therefore, heat entering and leaving the system are used to determine 

the required air flow and flue gas flow, which become input parameters to the simulation model 

to generate a temperature profile for both air and flue gas along with the surface metal 

temperatures. The coal properties of the coal for the specified design are used to estimate the 

flue gas composition. The flue gas composition provides a platform to determine what the dew 

point temperatures in the air heater will be based on the partial pressure of sulphur trioxide, 
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sulphur dioxide and moisture in the flue gas. Based on these results, the possibility of fouling 

can be evaluated.  

 

3.2 Air Heater Performance 
The efficiency of a coal fired power station is typically 35%. This efficiency is the ratio of the 

energy extracted and used, from the fuel, to the total heat energy available in the fuel. 

Approximately 45% of the energy is lost in the condenser, 10% is lost in the turbo-generator 

and an additional 10% is lost in the boiler (Kumar, 1998). The air heater takes up about 60% 

of the energy contained in the flue gas. There are two main sources of loss in air heaters, namely 

air leakage to the flue gas stream and poor heat recovery. The standard conventional method 

of calculating air heater efficiency relies on the following (Mallikarjuna, et al., 2014; Maskew, 

et al., 1998):  

 

 
Figure 3.2: Air heater heat exchange model (Maskew, et al., 1998). 

 

- flue gas temperature drop 

This temperature is the difference between the inlet- and outlet-flue gas temperatures. 

This difference also shows what the expected heat transfer from the flue gas to the air 

will be. The flue gas temperature drop is used as part of the estimation of the heat energy 

extracted from the flue gas. 

 

∆𝑇𝑔 = 𝑇𝑔1 − 𝑇𝑔2𝑁𝐿  …………………………………. (3.4) 

- Air side temperature rise 

The air side temperature rise is defined as the difference between the air temperature 

leaving the air heater and the air temperature entering the air heater. The change in 

temperature is caused by the dissipated heat from the flue gas flow through the 

elements. The air side temperature rise is used as part of the estimation of the heat 

energy absorbed from the flue gas. 

∆𝑇𝑎 = 𝑇𝑎2 − 𝑇𝑎1 ………………………………….. (3.5) 

 

- X – ratio 

The X-ratio is a measure of the operating conditions. This ratio is defined by the flue 

gas temperature drop, taking leakage into account, divided by the air side temperature 

rise. The ratio does provide a measure of thermal performance, but is mostly used to 

measure operating conditions. A low X-ratio (𝑋𝑅) either indicates that excessive gas 

volumes pass through the air heater, or that air is either leaking or bypassing the air 
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heater. This ratio can be affected by moisture in coal, air infiltration, air and gas mass 

flow rates, leakage from seal setting and specific heats from air and flue gas. 

 

𝑋𝑅 = (𝑇𝑔1 − 𝑇𝑔2𝑁𝐿)/(𝑇𝑎2 − 𝑇𝑎1)                                      (3.6) 

 

𝑇𝑔1 - Air heater inlet gas temperature 

𝑇𝑔2𝑁𝐿 – Undiluted flue gas exit temperature (temperature which excludes the influence 

of ingress air). This temperature accounts for temperature change due to leakage.  

𝑇𝑎2 - Temperature of air exiting the air heater 

𝑇𝑎1 – Temperature of air entering the air heater. 

 

 

- Air in - leakage 

Due to the fact that a rotary regenerative air heater has a rotational component (either a 

rotating hood or a rotating matrix), the risk of leakage will always be evident. The flue 

gas is extracted by means of an induced draught fan. This draught is a suction pressure 

usually maintaining the furnace pressure at approximately -0.24 kPa gauge pressure. 

The air supplied to the air heater is a forced draught, which implies that it will have a 

positive operating pressure. When a system has high pressure and low pressure zone, 

the fluid will always tend to flow to the low pressure area. In the case of air heater 

operation, the air will tend to dissipate through the seals to the flue gas stream. Air 

heater leakage can be calculated by using air heater mass balance principles (Van Wyk, 

2010).  

 

𝑚̇𝑙𝑒𝑎𝑘 = 𝑚̇𝑎,𝑜𝑢𝑡 − 𝑚̇𝑎,𝑖𝑛                                                      (3.7) 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = (𝑚̇ 𝑙𝑒𝑎𝑘 / 𝑚̇𝑎,𝑖𝑛)  ×  100                                      (3.8) 

 

 

𝑚̇𝑙𝑒𝑎𝑘– Mass flow of the air leaking to the flue gas stream internal to the air heater  

𝑚̇𝑎,𝑖𝑛– Mass flow of the air entering the air heaters  

𝑚̇𝑎,𝑜𝑢𝑡– Mass flow of the air exiting the air heaters  

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 – Mass flow of the flue gas entering the secondary air heater 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡– Mass flow of the flue gas exiting the secondary air heater 

 

 

Using the derivation as indicated in Appendix A4, the mass fraction of 𝑂2 is used to 

predict leakage, assuming that no flue gas leaks into the air stream and that the mass 

fraction of 𝑂2 at both the inlet- and outlet-airstreams is 23%: 
 

% 𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
]  ×

 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

 𝑚̇𝑎,𝑖𝑛
×  100                                      (3.9) 

 

 

In the case where volume fractions for 𝑂2 are used: 

 

% 𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(0.21−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛𝑣/𝑣)

(0.21− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 𝑣/𝑣)
]  ×

 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

 𝑚̇𝑎,𝑖𝑛
×  100                                      (3.10) 
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𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛𝑣/𝑣 – Volume fraction of the oxygen in the flue gas entering the secondary 

air heater 

𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡𝑣/𝑣– Volume fraction of the oxygen in the flue gas exiting the secondary 

air heater 

 

 

In the case where air leakage is defined as the air to gas ratio per kilogram of flue gas 

entering the air heater, the following equation is used (volume fraction of 

measured 𝑂2 ): 

% 𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡𝑣/𝑣 −𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛𝑣/𝑣)

(20.9− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡𝑣/𝑣 )
]                                           (3.11) 

 

When the flue gas is sampled on a dry basis for certain analysers a dryness factor must 

be taken into account. The readings taken at the flue gas inlet duct of the air heater are 

measured with a portable analyser which requires a dryness factor when the leakage is 

calculated. For the permanent analysers, a zirconia cell analyser is used, which samples 

flue gas on a wet basis and therefore does not require a dryness factor. The dryness 

factor can be calculated by: 

𝐹𝑎𝑐𝑡𝑜𝑟 =  (
1.28701

𝜌𝑔
−  1.6011 × 𝑘) × 99                                           (3.12) 

 

𝑘 - % mass moisture in the flue gas entering the air heater 

 

The final leakage calculation for dry basis measuring equipment is: 

% 𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒(𝐴𝐿) = [
(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 −𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(20.9− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
] × 𝐹𝑎𝑐𝑡𝑜𝑟                                  (3.13) 

 

 

- Undiluted gas exit temperature 

If no leakage occurs the flue gas outlet temperature would slightly change. This 

temperature can be calculated by: 

 𝑇𝑔2𝑁𝐿 = 𝐴𝐿 × (𝑇𝑔2 − 𝑇𝑎1) + 𝑇𝑔2 = …………………………………. (3.14) 

 

The undiluted temperature estimated by the VBA RAH model is used to estimate the 

mixed flue gas temperature, which includes the leaked air to the flue gas stream 

exiting the air heater. 
 

- Gas side efficiency/effectiveness (𝜂𝑔) 

The gas side efficiency is the ratio of the gas temperature drop, to the difference 

between the air inlet temperature and the gas inlet temperature. 

𝜂𝑔 = 
𝑇𝑔1−𝑇𝑔2𝑁𝐿

𝑇𝑔1−𝑇𝑎1
 × 100= …………………………………. (3.15) 

 

- Air side efficiency/effectiveness (𝜂𝑎) 

Air side effectiveness is the ratio of the air temperature drop, to the difference 

between the air inlet and the gas inlet temperature: 

𝜂𝑎 = 
𝑇𝑎1−𝑇𝑎2

𝑇𝑔1−𝑇𝑎1
 × 100= …………………………………. (3.16) 

 

 

- Differential pressure across the steel matrix 
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Section 3.2.3 elaborates on the effect and measurement of pressure drop across the steel 

matrix. If the excess air is greater than expected, the pressure drop will be greater. If 

the element packs are fouled a differential pressure rise can be expected. The variations 

in pressures are directly related to the change in temperatures of the fluids passing 

through the air heaters, due to fluctuations in density. These changes are incorporated 

by calculating the average temperature for each layer at every time step by using the 

outlet temperature from the previous time step and the inlet temperature at the current 

time step. This average temperature becomes an input parameter to calculate density 

and fluid properties for each time step. The fluid properties are used as input parameters 

to the Fanning friction factor calculation to estimate the pressure drop for each layer at 

every time step. 

 

The air heater performance relies on the effectiveness of the heat transfer process. This process 

is based on the mass and energy balance across the air heater, leakage rates, and differential 

pressure across the steel matrix. The mathematical model takes these calculations into 

consideration to formulate a method to estimate the temperatures for the fluid and solid regions. 

The heat transfer process also requires the heat transfer coefficient, and the pressure drop is 

required to find the partial pressure at the cold end of the air heater. The heat transfer coefficient 

is calculated using the Colburn j factor and the pressure drop estimation use the Fanning friction 

factor. Both values are obtained from tests of plate elements of the various geometries, as 

mentioned in section 3.2.2. 

3.2.1 Heat transfer model 

For the simulation model the rotational speed is used to calculate a time step and a size step, 

also known as the angle step (Figure 3.3). The entire heat exchanger is modelled by dividing 

the steel matrix into sectors depending on the time step specified by the user. The solid 

temperature calculation is time dependent, in the sense that the temperatures change during 

every time step and length step. 

 
 

Figure 3.3: Steel matrix divided up into sectors according to the time step and angle step 

The following assumptions were made by Habbits, and were reviewed by De Klerk (2001), 

which were used for the development of the VBA RAH model: 

 Steady flow conditions are experienced flowing into and out of the air heater. 
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 The width and number of plates are sufficient to essentially reduce the problem to a 

one dimensional setup, with one-directional flow in each block. 

 Finite thermal conduction occurs in the solid parallel to the direction of flow, with no 

traverse temperature gradients. Thus the boundary conditions for the side walls of the 

elements are adiabatic. (as indicated in Figure 3.4 below along the top and bottom 

plate centre lines) 

 
Figure 3.4: Basic plate/channel element. (De Klerk, et al., 2013) 

 Convection heat transfer occurs at the solid surface interfaces within the element, the 

magnitude of which is determined by a heat transfer coefficient h (temperature 

dependent). A single h value is assumed to apply throughout a particular block of 

plates at a particular instant in time. This is a space averaged convective heat transfer 

coefficient assumed to be applied across a series of parallel plates for a particular flow 

rate. 

 The plates are made from the same material. 

 The fluid thermal capacity is negligible in comparison with the solid thermal capacity. 

 The effect of heat transfer by radiation is neglected due to its small contribution to the 

temperature difference between plate regions. The symmetrical gas molecules do not 

participate in radiation, and the concentration of water vapour in air is too small. 

Therefore radiation from the air stream can be neglected. Radiation from the flue gas 

to the plates can be significant owing to temperatures differences of up to 40°C 

between gas and the plates. This effect is ignored due to this temperature difference 

occurring only over small regions at the hot end of the matrix. Once a temperature 

drop is experienced, the effect of radiation decreases rapidly. 

 The fluid flowing into and out of the control volume is considered to be at a steady 

state. This assumption is used for the formulation of the energy balance of the volume 

in Figure 3.4 above. The energy exchanges across the boundaries of each region are 

assumed to be represented by conduction in the solid parallel to the direction of flow, 

(this is known as longitudinal conduction), convection between the solid and fluid 

region, and enthalpy flux into and out of the fluid region. Energy is stored within the 

solid regions and is proportional to thermal capacity of the solid. 

 The mass flow rate for each block of plates for a specific fluid stream is constant, but 

the temperatures along with densities and velocities do change with time. 

 

 

The enhanced model for energy balance for the fluid region can be expressed in the following 

way (De Klerk, 2001): 
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𝜕𝑇𝑓

𝜕𝑥
+

ℎ∙𝑊

𝑚̇𝑓𝑙𝑢𝑖𝑑∙𝐶𝑓
(2𝑇𝑓 − 𝑇𝑠1 − 𝑇𝑠2) = 0                                                                                 (3.17) 

Each solid region will be formulated using: 

Solid 1 
𝜕𝑇𝑠1

𝜕𝑡
=

𝑘

𝜌𝑠𝐶𝑠

𝜕2𝑇𝑠1

𝜕𝑥2
+

ℎ

𝜌𝑠𝐶𝑠𝑎
(𝑇𝑓 − 𝑇𝑠1)                                                                                      (3.18) 

 

Solid 2 
𝜕𝑇𝑠2

𝜕𝑡
=

𝑘

𝜌𝑠𝐶𝑠

𝜕2𝑇𝑠2

𝜕𝑥2 +
ℎ

𝜌𝑠𝐶𝑠𝑎
(𝑇𝑓 − 𝑇𝑠2)                                                                                      (3.19) 

 

Dimensionless parameters are used as part of the numerical method. 𝑇∗ is the dimensionless 

temperature and can be calculated using the following equation: 

𝑇∗ = (𝑇 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)/(𝑇ℎ𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)                                                                  (3.20) 

 

The following equations are used to convert the heat transfer parameters to non-dimensional 

parameters: 

 

b. Dimensionless time, 𝜃 =  
𝑚̇𝐶𝑓

𝑀𝑠𝐶𝑠
                                                                     (3.21) 

c. Conduction Parameter, 𝜆 =  
𝑘𝐴𝑐𝑜𝑛𝑑

𝑚̇𝐶𝑓𝐿
                                                              (3.22) 

d. Dimensionless length, z= 
𝑥

𝐿
                                                                         (3.23) 

e. Number of transfer units, 𝑁𝑇𝑈 =  
ℎ𝐴𝑐𝑜𝑛𝑣

𝑚̇𝐶𝑓
                                                     (3.24) 

f. Thickness Ratio, 𝛽 = 
𝑎

𝑏
                                                                                (3.25) 

 

𝑚̇ – Mass flow of fluid  

𝐶𝑓 – Heat capacity of the fluid 

𝑀𝑠 – Mass of the solid material of the element pack 

𝐶𝑠 – Heat capacity of the solid material of the element pack 

𝑘 – Conductivity of the solid material of the element pack 

𝐿 – Length element pack (height of the element pack along the flow direction) 

𝑥 – Length of the pack at a given time interval  

𝑎 – Half of the thickness of the corrugated solid region 

𝑏 – Half of the thickness of the undulated solid region 

𝐴𝑐𝑜𝑛𝑣 – Area of convection at the given time interval 

𝐴𝑐𝑜𝑛𝑑 – Area of conduction at the given time interval 

ℎ – Average heat transfer coefficient 

 

Dimensionless Temperatures must be calculated for both solid regions and the fluid region: 

𝑇𝑓
∗ = (𝑇𝑓 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)/(𝑇ℎ𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)                                                                (3.26) 

𝑇𝑠1
∗ = (𝑇𝑠1 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)/(𝑇ℎ𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)                                                              (3.27) 

𝑇𝑠2
∗ = (𝑇𝑠2 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)/(𝑇ℎ𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑐𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡)                                                              (3.28) 

 

 

Therefore rewriting the equations 3.17 to 3.19 by substituting in the non-dimensional 

parameters 
𝜕𝑇𝑓

∗

𝜕𝑧
+ 𝑁𝑇𝑈 (𝑇𝑓

∗ −
𝑇𝑠1

∗ −𝑇𝑠2
∗

2
) = 0                                                                                            (3.29) 
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Solid 1 
𝜕𝑇𝑠1

∗

𝜕𝜃
= 𝜆

𝜕2𝑇𝑠1
∗

𝜕𝑧2
+

𝑁𝑇𝑈

2
(1 +

1

𝛽
) (𝑇𝑓

∗ − 𝑇𝑠1
∗ )                                                                             (3.30) 

 

Solid 2 
𝜕𝑇𝑠2

∗

𝜕𝜃
= 𝜆

𝜕2𝑇𝑠2
∗

𝜕𝑧2 +
𝑁𝑇𝑈

2
(1 + 𝛽)(𝑇𝑓

∗ − 𝑇𝑠2
∗ )                                                                              (3.31) 

 

Where: 

𝑇𝑓 - Fluid temperature 

𝑇𝑠1 - Corrugated solid temperature 

𝑇𝑠2 - Undulated solid temperature 

𝑇𝑓
∗ - Dimensionless fluid temperature 

𝑇𝑠1
∗  - Dimensionless corrugated solid temperature 

𝑇𝑠2
∗  - Dimensionless undulated solid temperature 

 

The above-mentioned equations  are solved using the standard difference approximations and 

the Crank-Nicholson implicit method. These three equations (equations 3.29 to 3.31) are used 

to calculate the surface metal temperatures for both solid regions and the fluid region along the 

elements at any point in time. The ends of the plates in a pack were taken into account by 

modifying these equations. This requires that the conduction term at the free end of the element 

must be replaced with a convection term and then rederiving the equations (De Klerk, 2001). 

Figures 3.5 are an illustration of the descretization of a flat  double- and single-plated region 

into finite difference elements respectively. 

 

 
Figure 3.5: Discretization of a flat double plated region into finite difference elements 

 

 A system of equations can now be formulated in a matrix form. These equations are used in a 

finite difference scheme in the following way: 

 
𝑇𝑓

∗(𝑖,𝑛)−𝑇𝑓
∗(𝑖,𝑛)

∆𝑧
+ 𝑁𝑇𝑈 (𝑇𝑓

∗(𝑖, 𝑛) −
𝑇𝑠1

∗ (𝑖,𝑛)−𝑇𝑠2
∗ (𝑖,𝑛)

2
) = 0                                                        (3.32) 

 

Solid 1 
𝑇𝑠1

∗ (𝑖,𝑛+1)−𝑇𝑠1
∗ (𝑖,𝑛)

∆𝜃
= 𝜆(𝑋 + 𝑌) +

𝑁𝑇𝑈

2
(1 +

1

𝛽
) (𝑇𝑓

∗(𝑖, 𝑛) − 𝑇𝑠1
∗ (𝑖, 𝑛))                                  (3.33) 
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Solid 2 
𝑇𝑠2

∗ (𝑖,𝑛+1)−𝑇𝑠2
∗ (𝑖,𝑛)

∆𝜃
= 𝜆(𝑋 + 𝑌) +

𝑁𝑇𝑈

2
(1 +

1

𝛽
) (𝑇𝑓

∗(𝑖, 𝑛) − 𝑇𝑠2
∗ (𝑖, 𝑛))                                  (3.34) 

 

X and Y can be substituted with: 

Solid 1 

𝑋 =
𝑇𝑠1

∗ (𝑖+1,𝑛+1)−2𝑇𝑠1
∗ (𝑖,𝑛+1)+𝑇𝑠1

∗ (𝑖−1,𝑛+1)

2∆𝑧2                                                                                (3.35) 

 

 

𝑌 =
𝑇𝑠1

∗ (𝑖+1,𝑛)−2𝑇𝑠1
∗ (𝑖,𝑛)+𝑇𝑠1

∗ (𝑖−1,𝑛)

2∆𝑧2                                                                                           (3.36) 

 

Solid 2 

𝑋 =
𝑇𝑠2

∗ (𝑖+1,𝑛+1)−2𝑇𝑠2
∗ (𝑖,𝑛+1)+𝑇𝑠2

∗ (𝑖−1,𝑛+1)

2∆𝑧2                                                                                (3.37) 

 

 

𝑌 =
𝑇𝑠2

∗ (𝑖+1,𝑛)−2𝑇𝑠2
∗ (𝑖,𝑛)+𝑇𝑠2

∗ (𝑖−1,𝑛)

2∆𝑧2                                                                                           (3.38) 

 

The assumption of an insulated end is applied here. To satisfy the condition of zero heat 

transfer from ends of the plates elements are added to the ends as indicated in Figure 3.5. The 

following assumptions are made (De Klerk, 2001): 

 

𝑇𝑠1
∗ (0, 𝑛) = 𝑇𝑠1

∗ (1, 𝑛)                                                                                                          (3.39) 

 

𝑇𝑠1
∗ (𝑚 + 1, 𝑛) = 𝑇𝑠1

∗ (𝑚, 𝑛)                                                                                                 (3.40) 

 

𝑇𝑠2
∗ (0, 𝑛) = 𝑇𝑠2

∗ (1, 𝑛)                                                                                                           (3.41) 

 

𝑇𝑠2
∗ (𝑚 + 1, 𝑛) = 𝑇𝑠2

∗ (𝑚, 𝑛)                                                                                                  (3.42) 

 

Equation 3.43 can be substituted into 3.33 and 3.34: 

 

𝛾 = 𝜆∆𝜃/2∆𝑧2                                                                                                                     (3.43) 
 

Rewriting equations 3.33 and 3.34 as a system of equations in matrix form the matrices A, B 

and D can now be generated to exemplify the system of equations: 

 

Matrix A is the m × m matrix that will form part of the augmented matrix to solve matrix B. 

Matrix B is the solid temperature matrix for the next time step. Matrix D can be calculated for 

each time step. To solve Matrix B either the inverse method can be used or Gaussian 

elimination method can be used. 

  

A= 

[
 
 
 
 
 
1 + 𝛾 −𝛾 0 0 0 0
−𝛾 1 + 2𝛾 −𝛾 0 0 0
0 … … … 0 0
0 0 −𝛾 1 + 2𝛾 −𝛾 0
0 0 0 … … −𝛾
0 0 0 0 −𝛾 1 + 𝛾]

 
 
 
 
 

                                                             (3.44) 
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B= 

[
 
 
 
 
 
 
𝑇𝑠1/𝑠2

∗ (1, 𝑛 + 1)

𝑇𝑠1/𝑠2
∗ (2, 𝑛 + 1)

…
𝑇𝑠1/𝑠2

∗ (𝑖, 𝑛 + 1)
…

𝑇𝑠1/𝑠2
∗ (𝑚, 𝑛 + 1)]

 
 
 
 
 
 

                                                                                                          (3.45) 

 

 

 

D=

[
 
 
 
 
 
𝐷(1)
𝐷(2)
…

𝐷(𝑖)
…

𝐷(𝑚)]
 
 
 
 
 

                                                                                                                            (3.46) 

 

 

The augmented matrix form: 

A×B=D                                                                                                                                 (3.47) 

 

Using the inverse method equation 3.48 is found: 

B= 𝐴−1𝐷                                                                                                                               (3.48) 

 

In the simulation model the following boundary conditions are used to calculate the Matrix 

D. 

 

For i=1: 

 

𝐷𝑠1(1)= 𝛾𝑇𝑠1
∗ (2, 𝑛) + (1 − 𝛾 −

𝑁𝑇𝑈

2
(1 +

1

𝛽
)∆𝜃)𝑇𝑠1

∗ (1, 𝑛) +
𝑁𝑇𝑈

2
(1 +

1

𝛽
)∆𝜃𝑇𝑓

∗(1, 𝑛)          (3.49) 

 

𝐷𝑠2(1)= 𝛾𝑇𝑠1
∗ (2, 𝑛) + (1 − 𝛾 −

𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃)𝑇𝑠1

∗ (1, 𝑛) +
𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃𝑇𝑓

∗(1, 𝑛)         (3.50) 

 

 

For 2≤i≤m-1: 

𝐷𝑠1 (i)= 𝛾𝑇𝑠1
∗ (𝑖 + 1, 𝑛) + (1 − 2𝛾 −

𝑁𝑇𝑈

2
(1 +

1

𝛽
)∆𝜃) 𝑇𝑠1

∗ (𝑖, 𝑛) + 𝛾𝑇𝑠1
∗ (𝑖 − 1, 𝑛) +

𝑁𝑇𝑈

2
(1 +

1

𝛽
)∆𝜃𝑇𝑓

∗(𝑖, 𝑛) 

 (3.51) 

 

𝐷𝑠2 (i)= 𝛾𝑇𝑠2
∗ (𝑖 + 1, 𝑛) + (1 − 2𝛾 −

𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃) 𝑇𝑠2

∗ (𝑖, 𝑛) + 𝛾𝑇𝑠2
∗ (𝑖 − 1, 𝑛) +

𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃𝑇𝑓

∗(𝑖, 𝑛)   
(3.52) 

 

 

 

For i=m: 

𝐷𝑠1(m)= 𝛾𝑇𝑠1
∗ (𝑚 − 1, 𝑛) + (1 − 𝛾 −

𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃)𝑇𝑠1

∗ (𝑚, 𝑛) +
𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃𝑇𝑓

∗(1, 𝑛)  

(3.53) 
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𝐷𝑠2(m)= 𝛾𝑇𝑠2
∗ (𝑚 − 1, 𝑛) + (1 − 𝛾 −

𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃)𝑇𝑠2

∗ (𝑚, 𝑛) +
𝑁𝑇𝑈

2
(1 + 𝛽)∆𝜃𝑇𝑓

∗(1, 𝑛)  

(3.54) 
 

Through solving equations 3.32, 3.33 and 3.34 iteratively in the form of matrices A, B and D 

the fluid and solid region temperatures can be predicted.  

 

3.2.2 Calculation of the heat transfer coefficient  

As described in Chapter 2, a thermal test facility was built by Caby (1996) to measure the heat 

transfer coefficient and pressure drop of a sample pack. The facility was built to test all the 

available element packs, but packs with equal thickness plates were only considered. Gruen’s 

research indicated how significantly the thermal properties change when different thicknesses 

are used. The heat transfer model from Habbitts (1998) did not take this aspect into account. 

De Klerk (2001) reviewed the simulation code to add the capability of simulating alternating 

thicknesses of the element plates. Table A1 in Appendix A is a representation of the results 

from the above mentioned tests, showing the constants for calculating both the Colburn j factor 

and the Fanning friction factor in relation to the Reynolds number. Area of conduction, area of 

convection, mass and plate thickness are included. This information is used to calculate the 

thermal properties to estimate the gas and metal temperatures of the air heaters. The change of 

the heat transfer coefficient is calculated at every time step for each layer. The calculation 

process is explained in detail in Appendix A, section A2. 

 

3.2.3 Calculation of the pressure drop 

The results of the pressure drop tests were formulated in terms of the Fanning friction factor 

versus the Reynolds number. For an air heater element pack the Reynolds number can be 

calculated using the hydraulic diameter multiplied with the fraction of the average velocity 

(m/s) of flow in the pack divided by the kinematic viscosity (m2/s). Habbitts used the mass 

velocity (kg/ m2s) and the dynamic viscosity (kg/ms) as indicated in Appendix A3. This 

calculation takes into consideration the entrance and exit factors to isolate the losses associated 

with the fluid flowing through the pack. The Fanning friction factor relationship is explained 

in detail in Appendix A. section A3. 
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3.3 Analysis of Dew Point Related Air Heater Fouling 

 
Figure 3.6: Schematic illustration of the dew point temperature estimation process. 

Figure 3.6 is an illustration of the simplified methodology used to estimate the dew point 

temperature. The process is followed for each time step of the mathematical model. For this 

calculation process the coal composition, flue gas composition and flue gas partial pressure 

estimation is done using the following: 

 

3.3.1 Coal composition 

The simulation model uses the coal composition as input parameters, to estimate the fluid 

properties for flue gas. The theoretical process starts with estimating the amount of unburnt 

carbon using equation 3.55: 

 

𝐶′ = %𝐴𝑠ℎ 𝑖𝑛 𝑐𝑜𝑎𝑙 × [(%𝐶𝑓𝑎
′  × %𝑓𝑙𝑦 𝑎𝑠ℎ) + (%𝐶𝑏𝑎

′  × %𝑏𝑜𝑡𝑡𝑜𝑚 𝑎𝑠ℎ)]                   (3.55) 

 

𝐶𝑓𝑎
′ - Unburnt Carbon in fly ash  

 

𝐶𝑓𝑏𝑎
′ - Unburnt Carbon in bottom ash 
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There is an amount of carbonite (carbon dioxide) in the coal that must also be taken into 

consideration to find the final carbon content in the flue gas (equation 3.56): 

 

𝐶 =  
%𝐶

100
− 𝐶′ + 

12

44
𝐶𝑂2                                                                                                      (3.56) 

 

𝐶 - Carbon in coal 

 

𝐶𝑂2 - Carbon dioxide in coal 

 

If insufficient combustion occurs it would be a result of insufficient combustion air supplied 

causing sub-stoichiometric conditions. Stoichiometric air refers to the theoretical amount of air 

required for full combustion to occur. In the case of sub-stoichiometric conditions there is 

simply not enough oxygen and therefore a highly explosive gas accumulates during combustion 

namely carbon monoxide (𝐶𝑂). To avoid this, the required air is calculated along with an 

amount of excess air to maintain a safe operation. These forms part of the basis of the mass 

balance that occurs during combustion. The following process shows how the air requirements 

are calculated: 

 

Theoretical Air required 

𝑇𝐴𝑅 = 𝐴𝐹𝑠𝑡𝑜𝑖𝑐ℎ = 
1

0.23
 [

32

12
(𝐶 − 𝐶′) + 

32

32
(𝑆) +  8(𝐻) +  0.3

32

14
(𝑁) − (𝑂)]             (3.57) 

 

𝐴𝐹𝑠𝑡𝑜𝑖𝑐ℎ- Stoichiometric Air Fuel Ratio 

S - Sulphur in coal  

H - Hydrogen in coal  

O - Oxygen in coal  

N - Nitrogen in coal 

 

Excess Air 

𝐸𝐴 𝑎𝑓𝑡𝑒𝑟 𝐴𝐻 = [
𝑇𝐴𝑅+1−% 𝐴𝑠ℎ

𝑇𝐴𝑅
] × [

𝑣
𝑣⁄ 𝑂2 𝑏𝑒𝑓𝑜𝑟𝑒 𝐴𝐻

21− 𝑣 𝑣⁄ 𝑂2 𝑏𝑒𝑓𝑜𝑟𝑒 𝐴𝐻
]  × 100%                     (3.58) 

 
𝑣

𝑣⁄ 𝑂2 𝑏𝑒𝑓𝑜𝑟𝑒 𝐴𝐻 - The oxygen in the flue gas measured before the air heater 

 

Dry Air required 

𝐷𝐴𝑅 = 𝑇𝐴𝑅 × (1 + 𝐸𝐴 𝑎𝑓𝑡𝑒𝑟 𝐴𝐻)                                                                           (3.59) 

a) Humid Air required 
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𝐻𝐴𝑅 = 𝐷𝐴𝑅 × (1 +  𝜔)                                                                                         (3.60) 

 

           𝜔 – Air humidity ratio 

b) Composition of flue gas by means of mass balance  

Considering the basic principles of mass balance: 

 

 
Figure 3.7: Mass balance of the coal combustion process (Van Wyk, 2010). 

 

Mass ratio of flue gas per kilogram coal 
𝑚̂𝐹𝐺 = (1 − %𝐴𝑠ℎ 𝑖𝑛 𝑐𝑜𝑎𝑙) − 𝐶′ +  𝐻𝐴𝑅                                                                       (3.61) 

 

Mass ratio of CO2 per kilogram coal 

𝑚̂𝑪𝑶𝟐 = 
44

12
 × (𝐶 − 𝐶′)                                                                                                       (3.62) 

 

Mass ratio of SO2 per kilogram coal 

𝑚̂𝑺𝑶𝟐 = 
64

32
 × (𝑆)                                                                                                                (3.63) 

 

Mass ratio of N2 per kilogram coal 

𝑚̂𝑵𝟐 = 0.77 ×   𝐷𝐴𝑅 + (%𝐹 ×
1

2
(N))                                                                               (3.64) 

Where; F- Nitrogen conversion factor                                                                                              

 

Mass ratio of H2O per kilogram coal 

𝑚̂𝐻2𝑂 = 𝐻2𝑂𝑐𝑜𝑎𝑙 + (𝜔 × 𝐷𝐴𝑅) +
18

2
 𝐻                                                                             (3.65) 

 

Mass ratio of NO2 per kilogram coal 

𝑚̂𝑵𝑶𝟐 = 
46

14
 × (𝑁)  × (100 −  %𝑅𝑒𝑚𝑎𝑖𝑛𝑑𝑒𝑟 𝑜𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 )                                          (3.66) 

 

Mass ratio of O2 per kilogram coal 
𝑚̂𝐹𝐺 = 𝑚̂𝑪𝑶𝟐  + 𝑚̂𝑺𝑶𝟐+ 𝑚̂𝑵𝟐 + 𝑚̂𝐻2𝑂 +𝑚̂𝑵𝑶𝟐 +𝑚̂𝑶𝟐                                                             (3.67) 

 

Rewriting equation3.78: 
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𝑚̂𝑶𝟐 = 𝑚̂𝐹𝐺 − 𝑚̂𝑺𝑶𝟐 − 𝑚̂𝑵𝟐  𝑚̂𝐻2𝑂 − 𝑚̂𝑵𝑶𝟐 − 𝑚̂𝑪𝑶𝟐                                                           (3.68) 
 

The flue gas constituents can now be established by using the constituent masses per kg of 

coal and dividing each constituent by the flue gas ratio per kg of coal. The following equation 

is a general expression of this conversion: 

 

𝑚
𝑚⁄   𝑖𝑥,𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 = 

𝑚̂𝑐𝑥,𝑓𝑙𝑢𝑒𝑔𝑎𝑠

𝑚̂𝐹𝐺
                                                                                                   (3.69) 

 

The volume percentage can also be determined by using Amagat’s law of additive volumes for 

a gas mixture. The assumption made is that all components are at the same temperature for the 

flue gas mixture. The gas mixture volume should then be the sum of all the individual volumes. 

This effect was illustrated in a study done by Rathore (2010). The ideal gas law can be used to 

derive the volume for each constituent.  

 

𝑃𝑉𝑖 = 𝑛𝑖𝑅𝑇 =  
𝑚̂𝑖

𝑀𝑖
𝑅𝑇                                                                                                         (3.70) 

 

𝑉𝑖 = 
𝑚̂𝑖𝑅𝑇

𝑃𝑀𝑖
                                                                                                                           (3.71) 

 

Where: 

 𝑉𝑖 − Volume of flue gas constituent  
𝑚̂𝑖 − Mass of flue gas constituent 

𝑛𝑖 −  Number of moles  

𝑃 −  Pressure of flue gas  

𝑅 – Gas constant for flue gas  

𝑇 – Temperature for flue gas 

𝑀𝑖 – Molar mass of flue gas constituant 

 

The volume per kilogram of coal can be determined and the volume percentage can be used 

by dividing each constituent volume per kilogram coal, by the total volume of flue gas per 

kilogram coal. 

 

3.3.2 Critical Parameters for dew point related fouling 

There are certain operating parameters that play a critical role in the formation of deposits in 

air heaters. Firstly the correct atmospheric pressure must be taken into consideration when 

estimating the absolute pressure of flue gas. This requires a correct value for the altitude at 

which the power station is operating. Secondly acid dew point temperature of the flue gas plays 

a role as it relies on the sulphur dioxide, sulphur trioxide, water vapour and oxygen in the flue 

gas. The third critical parameter is the air heater flue gas inlet temperature to ensure that the 

correct initial flue gas temperature is used for the estimation of the fourth parameter, namely 

the air heater element metal surface temperature, estimated by using the regenerative air heater 

simulation model. This temperature will establish where fouling can be expected in element 

packs. The fifth parameter is the air inlet temperature, which forms an integral part in ensuring 

that the cold end of the air heater operates at gas- and metal temperatures higher than the dew 

point temperature. The sixth parameter is the air heater leakage, as it also adds air that contains 

some moisture to the flue gas mixture, which increases the rate at which fouling will occur. As 

mentioned before the final condensed sulphuric acid equation is the following: 
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SO2 +   H2O     →       H2SO3 

 

SO3 +   H2O     →       H2SO4 

 

 

Absolute pressure of flue gas 

To determine the flue gas absolute pressure, the correct atmospheric pressure will be required; 

based on the altitude this can be calculated by using an equation 3.72: 

 

𝑃 = 𝑃0(1 −
𝐵𝑧

𝑇0
)

𝑔

𝑅𝐵                                                             (3.72) 

 

𝑃0- 101.325 kPa  

𝑇0- 288.16 °K 

𝑧- Altitude in metres 

𝐵- 0.0065 °K/m 
𝑔

𝑅𝐵
 – 5.26 (for air) 

 

Dew point temperature 

Sulphur is the critical parameter for fouling and corrosion. This constituent affects the 

tendencies of clinkering and slagging. It promotes corrosion and dew point related fouling in 

the downstream conditions or any areas where the surfaces operate below the acid dew point 

temperatures. The chemical formation after combustion is the following (Ganapathy, 1989): 

 

• 1% to 5% of the SO2 in the flue gas will be converted to SO3:  

SO2 + O2    →    SO3 (in the flame) 

 

• Low temperature zone between 602 ºC to 752 ºC:   

SO2 + Catalyst (Vanadium pentoxide and iron oxide) → SO3 + catalyst product 

Vanadium pentoxide (V2O5) is generated from burning of fuel oil, and Iron oxide 

exposure comes from the boiler materials and fuel ash. 

The SO3 further reacts with moisture to form sulphuric acid vapour 

SO3 + H2O  →  H2SO4   (below 350 °C) 

 

• Condensation of the water vapour in the flue gas takes place at temperatures below the 

water dew point:  

SO2 + H2O      →       H2SO3 liquid 

SO3 + H2O  →  H2SO4 liquid    

 

Raask (1985) stated that the concentrated solution of H2SO4 would combine with alkaline ash 

and a reaction would occur with the air-heater element surface. These reactions are the critical 

chemical reactions that cause dew point related fouling. A mass balance from the coal to the 

flue gas state is required to find the partial concentration of SO2, SO3 and H2O in flue gas. 
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These results determine the dew point temperatures for sulphurous acid, sulphuric acid and 

moisture. This process is shown in Figure 3.8. During condensation of the water vapour in the 

flue gas, sulphurous and sulphuric acids are formed. The dew point temperature is therefore 

one of the critical parameters to ensure that limits are identified in terms of the metal 

temperature control. If the metal temperature is kept above the acid dew point temperature, 

deposition can be avoided. The three critical dew point temperatures to be taken into 

consideration are the dew point temperature of water vapour, sulphurous acid and sulphuric 

acid. The critical common factor is the partial pressure of the water vapour. Sulphur dioxide 

partial pressure also plays a role in the dew point temperature calculation for sulphurous acid. 

For sulphuric acid the partial pressure of sulphur trioxide becomes a critical parameter. The 

following figure illustrates the formation of the flue gas in relation to the critical reactions 

regarding dew point temperatures (Mathebula, 2014). 

 

 
Figure 3.8: Sulphurous acid and sulphurous acid formation in Air heaters. 

 

The developed VBA RAH simulation model estimates the dew point temperatures, which also 

makes it possible to change some parameters to keep condensation in air heater elements to the 

minimum. The correct partial pressure is required to ensure accurate results are obtained to 

reduce condensation. This pressure can be determined by using the inlet pressure to the air 

heater. The Dalton model indicates that the sum of the partial pressures of the individual gases 

forms the flue gas pressure. To use the Dalton model, the flue gas must first be proven to be an 

ideal gas mixture. This condition was verified by Mathebula (2014). Kunz (2011) determined 
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the compressibility factor (Z) of the air, which was used to determine the compressibility factor 

of each flue gas constituent. From these results water vapour was the only gas not acting 

according to an ideal gas at 300°K. But for higher temperatures water vapour reacted 

accordingly. Considering the fact that water vapour only forms 10% of the flue gas, the concern 

of this effect is minimized. Given the fact that Eskom air heaters usually have a flue gas exit 

temperature of about 400°K, the compressibility factor for water vapour would be close enough 

to one. Therefore the flue gas may be modelled as an ideal gas. The compressibility factors for 

the flue gases can be seen in the table in Appendix A5, along with the method followed to find 

the compressibility factor 

 

Equation 3.75 can be used to calculate the partial pressure (Þ𝑖) of the flue gas components. The 

partial pressure for sulphur trioxide would be the percentage conversion initially assumed for 

the formation of sulphur trioxide. 

 

Þ𝑖 = (
% 𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

100
) × 𝑃                                           (3.75) 

 

Using the partial pressure for water vapour the steam tables can be used to find the saturation 

temperature of water vapour. This will then be the dew point temperature for water vapour. 

 

Þ𝐻2𝑂 = (
%𝐻2𝑂

100
) × 𝑃   ; Find 𝑇𝐻2𝑂 from the steam tables                                   (3.76) 

 

For the sulphurous acid dew point a different approach is used. Ganapathy (1989) illustrated 

that equation 3.77 (Verhoff & Branchero –C method) could be used to determine the dew point 

temperature for 𝐻2𝑆𝑂3. The partial pressures for water vapour and sulphur dioxide will be used 

in equation 3.78 and 3.79 for the variables “a” and “b” in equation 3.77. 

 

                                         
1000

𝑇𝑑𝑝
= 3.9526 − (0.1863 × 𝑎) + (0.000867 × 𝐵) − (0.000913 × 𝑎 × 𝑏) 

 (3.77) 

 

 

𝑎 = ln (Þ𝐻2𝑂)                                                                           (3.78) 

 

𝑏 = ln (Þ𝑆𝑂2
)                                                                           (3.79) 

 

 

For the sulphuric acid dew point, equation 3.80 may be used to determine the dew point 

temperature for 𝐻2𝑆𝑂4. The partial pressures for water vapour and sulphur trioxide will be used 

in equation 3.81 and 3.82 for the variables c and d in equation 3.80. 

 
1000

𝑇𝑑𝑝
= 2.276 − (0.0294 × 𝑐) − (0.0858 × 𝑑) + (0.0062 × 𝑐 × 𝑑)         (3.80) 

𝑐 = ln (Þ𝐻2𝑂)                                                                          (3.81) 

 

𝑑 = ln (Þ𝑆𝑂3
)                                                                          (3.82) 
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Mass flow rate of coal, flue gas, air 

For the dew point related fouling simulation model, the option of using the mass and energy 

balance (MEB) model developed by Govindsamy (2014) is included. The MEB model 

considers both energy and mass transfer for the boiler, and the flows can be selected as input 

parameters to the dew point related fouling simulation model. This provides an additional 

capability of the model, to consider design changes to the boiler, which influences the flow 

rates of coal, air and steam. The effect of these changes can then be quantified in terms of the 

change in air heater performance (Govendsamy, 2014). The detail pertaining the boiler mass 

energy balance can be seen from section 3.1. 

Mass flow rate of coal (kg/s) 

𝑚̇𝑐𝑜𝑎𝑙 = 
𝑄̇𝑜𝑢𝑡− 𝑄𝑐𝑟𝑒𝑑𝑖𝑡𝑠

𝐶𝑉𝑐[1−𝐶′′′−
0.8

100
]+ℎ𝑐+𝐻𝐴𝑅(ℎ𝑠𝑎,𝑎ℎ,𝑖𝑛−(%𝑙𝑒𝑎𝑘×ℎ𝑙𝑒𝑎𝑘))−𝑚̂𝑓𝑔ℎ𝑓𝑔 

+

𝑄̇𝑜𝑢𝑡− 𝑄𝑐𝑟𝑒𝑑𝑖𝑡𝑠

−[%𝐴𝑠ℎ×% 𝐵𝐴]ℎ𝑏𝑎−[%𝐴𝑠ℎ×% 𝐹𝐴]ℎ𝑓𝑎−(%𝐻2𝑂×ℎ𝐻2𝑂
𝑣 )) 

                                                                      

(3.84) 
 

Mass flow rate of flue gas (kg/s) 
 𝑚̇𝑓𝑔 = 𝑚̂𝑓𝑔  ×  𝑚̇𝑐𝑜𝑎𝑙                                                                                                                       (3.85) 

 

Mass flow rate of Air (kg/s) 
𝑚̇𝑎𝑖𝑟 = 𝐻𝐴𝑅 × 𝑚̇𝑐𝑜𝑎𝑙                                                                                                                     (3.86) 

 

 

3.4  Dew Point Related Fouling Simulation Model Methodology 
The theoretical background from sections 3.1 to 3.3 was integrated into a VBA format to 

generate a graphical representation of the onset of dew point related fouling. Figure 3.9 is a 

schematic representation of the steps followed within the model interface to generate this 

graphical representation.  
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Figure 3.9: Flow diagram for the VBA RAH model interface. 
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The method of calculating the temperature profiles starts with the case detail. From this first 

step a power station is selected, which is shown in Figure 3.10 and the applicable unit where 

the case study is conducted. The type of air heater shown here as an example is a rotating hood, 

single flow air heater. The selection options for the rotating hood are a single flow type or a 

dual flow type. For the rotating matrix three types can be selected, a bi-sector, tri-sector or a 

quad sector. Figure 3.10 is an illustration of the interface display in the program. Figure 3.10 

is the selection flow diagrams for section A – Case detail.  

 

 
Figure 3.10: Case detail RAH VBA – Interface 

 

The case detail interface also consists of a selection between Mass Energy Balance or Direct 

input methods. The mass energy balance method consists of a path to analyse a boiler according 

to its mass and energy balance properties. The energy input to the boiler is compared to the 

energy outputs to calculate the flow rates for coal, air, flue gas and steam. This method also 

considers the coal properties through applying a mass balance across the combustion process 

to find the flue gas composition, which then contributes to the calculation procedure of the 

theoretical air required for combustion and the above mentioned flow calculations. This option 

provides a platform to consider a boiler design and then selecting an appropriate air heater for 

the application. The direct method uses plant measurements as input parameters. In both 

options temperature profiles are generated for the fluids and the metal surfaces of each ring, 

including the average dew point temperatures for sulphuric acid, sulphurous acid and water 

vapour. 
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Figure 3.11: VBA RAH - Case detail flow diagram. 

 

After the Case detail is completed the geometry detail is required, which is captured into the 

model using the interface shown in Figures 3.12 and 3.13. The detail consists of two main 

groups of input parameters, namely steel matrix properties and layer properties. For the steel 

matrix properties the layout of the steel matrix is configured. The steel matrix configuration 

consists of the number of rings, the number of circumferential and radial divisions, the width 

of the grease lubrication channel and the thickness of all the plates. The information is used to 

establish the amount of area available for flow. The total area per stream is calculated according 

to the area available for flow. The next interface for input parameters is the sector angles to 

ensure that the flow areas are calculated according to the streams passing through the air heater. 

Figure 3.12 illustrates where the sector angles must be inserted to calculate the flow areas. The 

steel matrix properties referred to in Figure 3.13 include the seal plates.  

 

 
Figure 3.12: Sector angle and area calculation – Interface 
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Figure 3.13: Geometry detail – Steel matrix properties – flow area – Interface 

 

Figure 3.14 shows the interface for the VBA RAH model to insert all the steel matrix properties 

into the model. The layer height, pack type, material and blockage per layer are selected. 

 

 
Figure 3.14: Layer Properties – Interface 

 

If the uniform option is selected the layer properties for that section are copied to all the 

remaining sections. If the non-uniform option is selected Figure 3.15 will appear as an interface 

for a non-uniform pack selection. In this section the ring number is selected along with the 

layer in which a different pack is installed. The section where the pack is installed is selected 

and the pack profile used in this section is selected. The input parameters are then submitted 

until all the different packs are inserted into the model. Figure 3.16 is a flow diagram explaining 

the latter. 
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Figure 3.15: Non-uniform pack selection – Interface 

 

 
Figure 3.16: VBA RAH - Geometry detail flow diagram. 

 

After all the geometrical detail is captured the user will be required to insert the process 

parameters. In the case of a direct input method, the coal ultimate analysis is required to include 

the coal composition into the model. This method will still allow the calculation to apply a 

mass balance to estimate the flue gas composition. If the option of plant data is used, the 

measured flue gas and air properties will be required as indicated in Figure 3.17. These 

parameters are used to calculate the fluid properties for each time interval. For each layer, the 

inlet temperature and pressure for each time interval are added to the outlet temperature and 
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pressure from the previous time interval and then divided by 2 to find an average temperature 

and pressure per time interval. The pressure and temperature are then used to calculate the 

density, viscosity, thermal conductivity and heat capacity for each time interval. These fluid 

properties are then used to calculate the fluid temperature and metal surface temperature for 

each length step until the outlet temperatures for the full pack height is reached. The outlet 

conditions are then used as the inlet condition to the next layer and the same process is followed 

to calculate the outlet conditions per layer. Figure 3.17 is an illustration of the interface used 

to capture the process parameters into the model. 

 

 
Figure 3.17: Process Input parameters – Interface 

 

The VBA RAH model has one method of capturing air heater leakage. The volumetric 

percentage of oxygen measured at the inlet of the air heater and the volumetric percentage of 

oxygen measured at the outlet of the air heater are entered into the model where the percentage 

leakage is then calculated. This percentage is then used to amend the air flow entering the air 

heater. The temperatures of the flue gas and air mixture are also calculated using the leakage 

rates. There are three forms of leakages in a rotary regenerative air heater namely, direct 

leakage, entrained leakage and bypass leakage (as shown in Figure 3.18): 
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Figure 3.18: Various Air heater leakage types 

 

A. Direct leakage 

The direct leakage is the amount of air directly leaking to the flue gas stream due to 

insufficient sealing from the air heater seals. The method explained in section 3.2 calculates 

the total air heater leakage and therefore this portion of leaked air is included into this 

calculation. Direct leakage is considered to occur on the cold end of the air heater. This is 

caused by the thermal expansion of the air heater creating high leakage areas at the 

periphery of the steel matrix. The inlet air flow is reduced, but the flue gas stream flow 

leaving the air heater is increased by the amount of leaked air.  

 

B. Entrained leakage 

Entrained leakage occurs as a result of the rotation effect of the air heater. As the steel 

matrix rotates, a portion of the fluid is trapped in the element packs passing through the seal 

area. The fluid portion is therefore lost by the one stream, but added to the other stream. 

For the VBA RAH model entrained leakage is ignored until the outlet temperatures have 

been calculated. Equation 3.87 is then used to calculate the mass flow of the entrained 

portion. This formula is derived by considering the product of the average density of the 

stream and the volume per second of the section underneath the seals.  

 

𝑚̇𝑒𝑛𝑡𝑟𝑎𝑖𝑛𝑒𝑑 = 𝜌. 𝜋. (𝑟𝑜𝑢𝑡𝑒𝑟
2 − 𝑟𝑖𝑛𝑛𝑒𝑟

2 ). 𝐿 . 𝑛                                                                      (3.87) 

 

The temperature of the entrained flow is assumed to be the outlet temperature of the stream 

that it came from. This temperature is then used to calculate the density for the entrained 

leakage stream. The mixed fluid stream temperature takes the latter into consideration in 

the results interface. 

 

C. Bypass Leakage 

 

Rotary regenerative air heaters experience bypass leakage when a rotating matrix has a gap 

on the periphery that allows the fluid to bypass the steel matrix. This is caused due to gaps 

around the circumference of the heat exchanger or due to gaps in the steel matrix itself. For 

the rotating hood type of regenerative air heater, the steel matrix is stationary and therefore 

no flow passes through the circumferential sections of the steel matrix. This is a common 
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leakage for a rotating matrix type of air heater. To accurately incorporate this leakage into 

the simulation model is impossible, therefore an estimate of bypass leakage is used which 

is then accounted for in the mixed stream temperature calculated at the outlet of the air 

heater. 

 

Another process input parameter that is required for the calculation is the specific heat capacity 

of the ash in flue gas, along with the flow rate of the ash. The ash present in the flue gas stream 

increases the net thermal capacitance of the stream. As the ash passes through the heat 

exchanger thermal energy is exchanged. The heat energy provided by the ash is taken into 

account in the simulation model by using the mass flow rate of ash and the thermal heat 

capacity to calculate the amount of thermal energy added to the stream through the ash content. 

The present model uses a default value of 757.2 J/kgK for the specific heat capacity of ash. 

This value is accurate for ash with a composition of 60% silicon dioxide and 40% aluminium 

oxide by mass. For this calculation it is assumed that the temperature of the ash particles is the 

same as the surrounding flue gas temperature at all times. According to Wilson (1998), the 

typical size for ash particles is 45μm, and the approximation of the above mentioned is 

therefore accurate for this ash particle size (Wilson, et al., 1998). Figure 3.19 is an illustration 

of the flow diagram for the process input parameters required for the calculation procedure. 

 

 
Figure 3.19: Process input parameters flow diagram. 

 

The next interface, illustrated in Figures 3.20 and 3.21, assists in adjusting the simulation 

controls. Four main inputs are required to initiate an iterative calculation procedure. The 

simulation model uses a default value which is the average between the inlet temperature of 

the flue gas and the inlet temperature of air. The simulation will then recalculate the 
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temperature until the two streams fully converge. The convergence tolerance is selected as a 

guide to find an accurate temperature profile.  

 
Figure 3.20: Simulation control flow diagram. 

 

 
Figure 3.21: Simulation properties – Interface 

 

There are two types of convergence effects. The one type of convergence is for a uniform case, 

and the other is for a non-uniform case. When different element packs are selected in a layer, 

the case becomes non-uniform. A cycling effect of temperatures is caused by thermal 

performance of the varying layers. Therefore to check for convergence in a non-uniform case 

study, two full revolutions must be completed. The difference between the corresponding 

temperatures per time step of the two revolutions must be less than the convergence tolerance. 

For the uniform case the outlet temperature of the current time step is compared to the outlet 

temperature of the previous time step. For convergence, the difference between the outlet 

temperatures must be less than the converging temperatures. 

 

The next input parameter is the time step, which is linked to the number of radial divisions 

according to the rotational speed. The length step is equal to the distance of each finite element 

length used per time step. The length step also determines the amount of elements used per 

layer height for elemental analysis. Based on previous research results from De Klerk (2001), 

0.333 seconds is the ideal time step which is used as a default setting in the simulation model 

along with a length step of 10 mm. 

 

From Figure 3.20 the calculation button is selected to initiate the calculation to provide results. 

The simulation starts by considering ring one. In this ring, layer one is then considered where 

the inlet flue gas temperature is used at the initial time step to calculate the temperature change 

for the flue gas and the metal surface temperature at every length step until the complete height 
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of the layer is reached. The outlet temperature of the layer one becomes the inlet temperature 

for layer two at the same time step. The same calculation is followed to calculate the outlet 

temperature for this layer. This process continues until the final layer outlet temperature is 

calculated. During this calculation the solid temperatures for the next time step for each length 

step is calculated and stored in a matrix. In the next time step the outlet temperature of the 

previous time step is added to the inlet temperature of the current time step and divided by two, 

to find an average temperature for the time step. This temperature is then used to find the fluid 

properties for the calculation. The following fluid properties are calculated: 

 

3.4.1 The specific heat capacity 

The specific heat capacity for both air and flue gas use the same calculation procedure. 

Nitrogen, oxygen, argon, carbon dioxide, water vapour and ash are the main components for 

flue gas. Carbon monoxide and oxides from nitrogen and sulphur are ignored due to their small 

concentrations. The volume fraction and the molar mass of each constituent are required to find 

the heat capacity of the fluid. Another requirement is the specific heat capacity per constituent, 

which is found using linear interpolation of a constant pressure specific heat capacity table 

against the temperature. This method predicts the specific heat of each constituent at a specified 

temperature. This specified temperature is the average temperature per time step as explained 

previously. The mixture of the specific heat capacity of the fluid is calculated according to the 

sum of the proportion of each component according to its mass as explained in equation 3.88. 

 

𝑐𝑝 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 =
(𝑉𝑀𝑐𝑝)𝑁2+(𝑉𝑀𝑐𝑝)𝑂2+(𝑉𝑀𝑐𝑝)𝐴𝑟+(𝑉𝑀𝑐𝑝)𝐶𝑂2+(𝑉𝑀𝑐𝑝)𝐻2𝑂

(𝑉𝑀)𝑁2+(𝑉𝑀)𝑂2+(𝑉𝑀)𝐴𝑟+(𝑉𝑀)𝐶𝑂2+(𝑉𝑀)𝐻2𝑂
                                           (3.88) 

 

V - Volume fractions 

M – Molar mass (kg/kmol) 

 

To include the effect of the thermal energy from the ash, the ratio of flow rates is used to 

calculate the mixture of ash and flue gas heat capacity as indicated in equation 3.89. 

 

 𝑐𝑝 𝑚𝑖𝑥 =
𝑐𝑝 𝑓𝑙𝑢𝑒 𝑔𝑎𝑠∙𝑚̇𝑔𝑎𝑠+𝑐𝑝 𝐴𝑠ℎ∙𝑚̇𝐴𝑠ℎ

𝑚̇𝑔𝑎𝑠+𝑚̇𝐴𝑠ℎ
                                                                                     (3.89) 

 
For the specific heat of air calculation, the volume percentage of carbon dioxide and the mass 

flow rate of ash are set to zero. 

 

𝑐𝑝 𝐴𝑖𝑟 =
(𝑉𝑀𝑐𝑝)𝑁2+(𝑉𝑀𝑐𝑝)𝑂2+(𝑉𝑀𝑐𝑝)𝐴𝑟+(𝑉𝑀𝑐𝑝)𝐻2𝑂

(𝑉𝑀)𝑁2+(𝑉𝑀)𝑂2+(𝑉𝑀)𝐴𝑟+(𝑉𝑀)𝐻2𝑂
                                                                 (3.90) 

 
 

3.4.2 Viscosity 

The viscosity of the fluid is calculated using a derivative of a kinetic theory approach ignoring 

second order effects, which is a method developed by Wilke (Reid, et al., 1986). This method 

is valid for a mixture of gases at a low pressure and is illustrated in equations 3.91and 3.92. 

 

𝜇𝑚 = ∑
𝑦𝑖∙𝜇𝑖

∑ 𝑦𝑗∙𝜑𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1                                                                                                            (3.91) 

 

Where  
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𝜑𝑖𝑗 =
[1+(

𝜇𝑖
𝜇𝑗

)

0.5

∙(
𝑀𝑗

𝑀𝑖
)
0.25

]

2

[8∙(1+
𝑀𝑖
𝑀𝑗

)]

2                                                                                                      (3.92) 

 

The constituents assumed for the fluid are dry air, carbon dioxide and water vapour.  The 

viscosity of each constituent is tabled at various temperatures. Linear interpolation is used to 

find the viscosity of each constituent. The flue gas mixture viscosity is then estimated using 

equations 3.91 and 3.92. The effect of ash in the flue gas is neglected for this calculation. For 

the viscosity of air calculation, the volume percentage of carbon dioxide is set to zero. 

 

3.4.3 Thermal conductivity  

A method to calculate the conductivity for a mixture of gases was developed by Wassiljewa, 

which was modified by Mason and Saxena (Reid, et al., 1986). This method is used for the 

estimation of the thermal conductivity of the fluid, which is similar to the equations used for 

the viscosity. The only difference is that the viscosity variable is replaced with the conductivity 

variable as shown in equations 3.93 and 3.94.  

 

𝜅𝑚 = ∑
𝑦𝑖∙𝜅𝑖

∑ 𝑦𝑗∙𝜑𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1                                                                                                            (3.93) 

 

 

Where  

𝜑𝑖𝑗 =
[1+(

𝜅𝑖
𝜅𝑗

)

0.5

∙(
𝑀𝑗

𝑀𝑖
)
0.25

]

2

[8∙(1+
𝑀𝑖
𝑀𝑗

)]

2                                                                                                      (3.94) 

 

The constituents assumed for the fluid are dry air, carbon dioxide and water vapour. The 

conductivity of each constituent is tabled at various temperatures, and the same method of 

linear interpolation is used to find the conductivity of each constituent as seen from the method 

to calculate the viscosity. The flue gas mixture conductivity is then estimated using equations 

3.93 and 3.94. The effect of ash in the flue gas is neglected for this calculation. For the 

conductivity of air calculation, the volume percentage of carbon dioxide is set to zero. 
 

3.4.4 Density 

The ideal gas law is used to find the density of the fluids which consist of air, water vapour and 

carbon dioxide. Equation 3.95 is an illustration of this relationship, where the complete 

equation is used for the estimation of the flue gas mixture density. For the air the carbon dioxide 

volume percentage is set to zero. 

 

𝜌𝑚𝑖𝑥 = +(
𝑃𝑀𝑉

𝑅𝑇
)
𝐷𝑟𝑦 𝐴𝑖𝑟

+ (
𝑃𝑀𝑉

𝑅𝑇
)
𝐶𝑂2

+ (
𝑃𝑀𝑉

𝑅𝑇
)
𝐻2𝑂

                                                            (3.95) 

  

After the above mentioned properties are calculated the calculation procedure completes the 

total time for each stream until one full revolution is completed. The calculation procedure then 

moves to next stream applying the exact same procedure until the outlet temperatures for all 

the rings have been calculated. The same process follows for the pressure calculation; each 

pressure drop is calculated for each layer and ring.  In the case of a non-uniform matrix the 

final temperatures will be copied to the rings that have the same element packs installed, but 

for the sections where different packs are installed the temperatures and pressures will then be 
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calculated for these sections. Once all the pressure differences are calculated the values are 

stored in matrix used later to find the dew point temperatures of sulphurous acid, sulphuric acid 

and the water dew point. A final temperature and pressure per stream will then be calculated 

using equations 3.96 and 3.97 respectively. 

 

𝑇𝑓 𝑜𝑢𝑡 =
1

𝑀
∑ (𝑇𝑓(𝑖))

𝑀
𝑛=1                                                                                                       (3.96) 

 

𝑃𝑓 𝑜𝑢𝑡 =
1

𝑀
∑ (𝑃𝑓(𝑖))

𝑀
𝑛=1                                                                                                       (3.97) 

 

 

The final interface will be the results sheet. In this sheet a summary of the air heater 

performance is given. The temperature profiles for the metal surfaces for each ring and section 

can be selected and displayed.  The summary gives an average inlet temperature, outlet 

temperature, inlet pressure and outlet pressure, various leakages, inlet specific heat capacity, 

outlet specific heat capacity, inlet velocity, outlet velocity, inlet density, outlet density, and the 

amount of energy exchanged per stream. The dew point temperature for sulphurous acid and 

water are also calculated per layer. Based on the percentage of sulphur dioxide that converted 

to sulphur trioxide the sulphuric acid dew point is calculated. An average sulphuric acid dew 

point temperature is calculated for 1% to 5% conversion per layer. Figure 3.22 is a 

representation of the result sheet interface. 

 

For a non-uniform case the section where different pack configurations are used can be selected 

and the temperature profiles for these specified regions can be viewed in selection options as 

shown in Figure 3.22. If the mass energy balance method was followed the option of viewing 

the MEB results can be selected to view the two different cases. The important results regarding 

this comparison are the dry flue gas loss, boiler efficiency and the change in coal flow rate, 

which is seen in Figure 3.23 after two cases have been compared. These changes will indicate 

whether the change in operating conditions is ideal or not. This capability is important when 

the design configuration of the air heater is changed. The effect on the efficiency and coal usage 

can be quantified, providing a platform to do feasibility studies. Chapter 6 is an example of a 

feasibility study done using this tool to improve the condition of dew point related fouling by 

removing the third layer of the air heater element packs. 
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Figure 3.22: Result Sheet interface. 

 

 
Figure 3.23: Mass Energy Balance Results Comparison Sheet.  
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4.  EXPERIMENTAL METHODOLOGY 

4.1 Background 
Through focusing on energy conservation methods, the VBA RAH dew point related fouling 

prediction tool has been developed to provide a platform for failure prevention and efficient 

operation of regenerative air heaters. The modelling tool is used to avoid operating the 

regenerative air heaters in dew point conditions that promote fouling. To ensure accuracy of 

this VBA RAH simulation tool, the VBA RAH model was verified by means of a plant 

experiment. There were measuring points which were installed and were used in the (DCS) 

Digital Control System, which are also linked to Visual Automation (VA) system. The Digital 

Control System is used as an interface for operating control parameters for plant operators to 

operate the plant. Some of these signals are connected to the VA system used by system 

engineers for condition monitoring signals for the operating plant. This system stores a history 

of data which can be used for this research project. The data were collected for three days (Day 

1- 90% maximum continuous rating (MCR), Day 2 – 80% MCR and Day 3 – 68% MCR) and 

then analysed for the verification test. Due to the risk of a 60 day life expectancy of measuring 

equipment installed inside the air heater, a pre-test was done for the same load conditions that 

were taken during the allocated testing period. The available VA readings were used along with 

the installed measuring thermocouples for comparison to the actual test data, which could only 

be done three months after the installation. The experiment conducted consisted of the 

following: 

 

a) Coal sampling to measure coal composition.  

b) Continuous flue gas composition measurement using HORIBA analyser (measuring 

CO2, CO, NOx, O2, SO2 and H2O measured with a moisture analyser). 

c) Measure pressures at the air heater inlet and outlet.  

d) Measure the metal surface temperatures of the elements (Ring 2 and Ring 6) 

e) Measure the fluid temperatures of the fluids flowing through the elements (Ring 2 and 

Ring 6). 

f) Estimate the dew point temperatures for the measured flue gas composition considering 

moisture, oxygen, and sulphur dioxide and an assumption of 1% to 5% of sulphur 

trioxide formation. 

 

This data was analysed to conclude whether it will be possible to prevent dew point related 

fouling through ensuring an operating environment where the metal temperature exceeds the 

dew point temperature.  

 

 

4.2 Experimental design 
The simulation model is formulated to consider a full steel matrix of a regenerative air heater. 

Therefore, each layer is considered in the iterative calculation process along with each segment. 

A temperature profile can be varied in any ring to verify the temperature changes when 

different element pack profiles are used. The simulation model was applied to a rotating hood 

air heater for the verification process. Test points for measuring the metal surface temperature 

and fluid temperature were installed at Ring 2 and Ring 6. The dew point temperature was 

estimated measuring the pressure at the outlet of layer 3, and then determining the partial 

pressure for each gas constituent according to theory explained in section 3.3.3.  Figure 4.1 is 

an illustration of the location of test points that were installed for the verification test. The 

complete experimental design drawings with the drawing register for working drawings are 

illustrated in Appendix B. 
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Figure 4.1: Location of test points installed at the Eskom Power Station 

 

The operating parameters were collected along with the test data for a three day period (from 

00:00 until 04:00) at three different load conditions namely 670 MW, 544 MW and 465 MW. 

The gathered data were used as input parameters for the model, which generated temperature 

profiles for the air heater.  The experimental setup and execution preparation are discussed in 

Appendix B2 – Experimental Preparation & Execution. 

 

4.2.1 Fluid and Metal Surface Temperature Measuring 

 

The left hand air heater was used for the verification test. From this area a sector was selected 

and test points were installed in Ring 6 and Ring 2 as shown in Figure 4.2 and 4.3. 

 

 
Figure 4.2: Location of test points in the steel matrix 
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The selected section was equipped with vertical cable channels routing the compensating 

cables for the thermocouples from the data logging cabinet to each thermocouple. For layer 

one, Ring 2 and Ring 6 had type K thermocouples installed at the hot end inlet of the element 

pack. A type K thermocouple was also mounted onto the metal surface of the inlet of the hot 

end element pack. This gave a temperature reading for both the solid and the fluid region at the 

inlet of layer one. Layer two, Rings 2 and 6, had type K thermocouples installed at the 

intermediate inlet of the element pack, for both the fluid region and the metal surface 

temperatures. Layer three, Rings 2 and 6, had type K thermocouples installed at the cold end 

inlet and outlet of the element pack for both the fluid region and the metal surface temperatures. 

 

 
Figure 4.3: Location of test point in the element packs located inside the steel matrix 

Figure 4.4 is an illustration of the physical installation on the thermocouples for both the fluid 

and the metal surface regions. Type K thermocouples were press fitted and insulated to measure 

the metal temperature. The compensating cables were routed to the middle of the element sheet 

using mild steel channelling. These steps are illustrated in Figure 4.4 from A to D. Section E 

and F is an illustration of the type K thermocouple and erosion protection installation to 

measure the fluid temperature passing through the element sheets. The cables were then routed 

vertically in Rings 6 and 2 to the logging cabinet mounted outside the air heater. A Madincos 

MPR5000S universal colour paperless recorder was installed as a data logging system, which 

had 16 recording channels. Figure 4.4 - G is an illustration of the logging system used for these 

measurements.  
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Figure 4.4: Installation of the air heater thermocouples. 

 

The effectiveness of the use of a type K thermocouple, for the surface metal temperature 

measurements, was tested beforehand. A method of first attaching the thermocouple to the 

metal surface, with a thermal conduction adhesive, and then to thermally insulate the area to 

prevent any thermal convection to affect the readings, were tested. The tests were conducted 

on a small scale element surface. A thermal scanner was used to verify the surface temperature 
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to the reading from the type K thermocouple. The following experimental setup was used for 

this test. 

 

 
 

Figure 4.5: Experimental setup to verify the accuracy of the use of a type K thermocouple as a 

metal surface temperature measurement. 

 

The blower heated the air up to a temperature of 85ºC. The heated air was forced through a 

sample of three stacked element plates. A type K thermocouple was initially mounted onto the 

surface of one plate to measure the meatal surface temperature. The plate was heated until a 

plate temperature of 80ºC was reached from the type K thermocouple reading. The plates were 

then allowed to cool down for 120 seconds. During this period the surface temperature was 

measured by a thermal scanner and the attached type K thermocouple. The three data sets were 

compared and the results are illustrated in the following graphs.  
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Figure 4.6: Trial 1 results from the type K thermocouple verification tests. 

 

 
Figure 4.7: Trial 2 results from the type K thermocouple verification tests. 
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Figure 4.8: Trial 3 results from the type K thermocouple verification tests. 

 

For the first trial the results yielded from the thermal scanner indicated an inconsistent reading 

with a large variation in temperature. The scanner was held by hand during these trials and it 

introduced a form of human error to the results due to the change in the focus point when the 

scanner changed position. During the second trial the positioning was steadier, which resulted 

in an improved set of data, and indicated a temperature difference of about 1.5ºC. During the 

third trial the results indicated that the temperature differences between the two readings were 

0.5 ºC to 1 ºC. This result provided guidance to find a standard temperature offset when type 

K thermocouples are used to measure the metal surface temperature.  

 

For the experimental setup used for the verification of the VBA RAH model, careful 

consideration had to be taken with regard to the installation process of the thermocouple. The 

thermocouple was exposed to highly erosive conditions. Therefore, each thermocouple was 

protected with a protection channel. For a gas measuring thermocouple, a high temperature 

silicone was injected into the protection channel to protect and keep the thermocouple out of 

contact with the surfaces of the protection channel and surrounding fly ash. Figure 4.9 is an 

illustration of the protection channel used for the thermocouple. 

 
Figure 4.9: Thermocouple protection channel. 
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4.2.2 Dew Point Temperature Measuring 

To verify the dew point temperatures, a probe was installed at the outlet of layer three to 

measure the flue gas pressure at this point. The flue gas composition was measured before the 

air heater inlet, which was used to find the partial pressure of each constituent in the flue gas 

at the cold end outlet of layer three. This technique had to be used due to the high ash content 

in the flue gas that fouls the sensors of analyser probes for a sensor type technique of acid dew 

point temperature measurement. One of these techniques were considered, but the option of 

using a LANCOM 200 system was rejected based on the amount of ash in the flue gas, 

exceeding the required amount for operation. Other methods such as the Isopropyl Alcohol 

Method (IPA) and Controlled Condensation Method (CCD) tests were also considered but 

these options exceeded the allocated budget for the research project.  

 

The dew point related fouling simulation tool was used to determine in which region 

condensate would be expected. Eskom Power Station specific input parameters were used for 

the simulation which generated fluid, solid and dew point temperature profiles. The 

combination of these three profiles for one rotation of the air heater in Figure 4.10 indicated 

that 42% of the time for one rotation, the cold end metal surface and flue gas temperatures 

operate below the sulphuric acid dew point. The experimentation described in Chapter 5 aimed 

to measure the metal temperature and accordingly measure the operating pressure in this region 

to calculate the dew point temperatures for verification of the results from the VBA RAH 

model. 

 

 
 
Figure 4.10: A combined graphical representation of the simulated metal surface, fluid and dew 

point temperatures for all three layers in an air heater. 
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4.2.3 Coal Analyses 

Two methods are used to analyse coal namely ultimate analysis and proximate analysis. The 

ultimate analysis method was used to find the coal composition in order to establish the flue 

gas composition by means of a mass balance calculation. This analysis incorporates 

constituents such as carbon, hydrogen, oxygen, and sulphur.  It becomes useful in the process 

of obtaining the quantity of air that is required for combustion, along with the volume and 

composition of the combustion gases. Coal samples were taken every 30 minutes, for four 

hours, for the three tests to create a history of coal composition for the duration of the plant 

experiment conducted to verify the operation of the simulation model (as per Table B1 in 

Appendix B). The samples were collected at the feeders of the mills. These samples were sent 

for proximate and elemental analyses to establish the following constituents: 

 Proximate Analysis (excluding surface moisture) 

o Gross Calorific Value 

o Inherent moisture 

o Volatile matter 

o Fixed Carbon 

o Ash 

 

 

 Elemental analysis 

Carbon  

Hydrogen 

Oxygen (determined by difference) 

Nitrogen 

Sulphur 

Ash 

Carbonates (as CO2) 

Ash Elemental Analysis 

 

The simulation model has the capability to use the coal analyses to predict the flue gas 

composition by means of a mass balance. An ultimate analysis is therefore required as input 

parameters to the VBA RAH model. The analyses also provide a platform to estimate the acid 

deposition rates based on the method investigated by Raask 1985 (as explained in Table A5 – 

Appendix A). 

 

  



77 

 

5.  RESULTS AND DISCUSSION 
 

This chapter elaborates on the collective results from this research project. Figure 5.1 is a road 

map showing how the results were collected, interpreted and analysed to verify whether the 

VBA RAH model is a suitable tool to identify the onset of dew point related fouling. Section 

5.1 classifies the importance of parameters and shows which parameters must be correct to 

ensure reliable results.  

 

Section 5.2 summarises the operating conditions taken into account during the collection of 

Data Set 1 (Pre-testing phase). Data set 1 is the phase where pre-testing was done to identify 

the accuracy and functionality of the experimental setup and results. Three load conditions 

were measured that correlated with Data set 2 operating parameters. The results can be found 

in Appendix C3. The experimental results were compromised due to failure of thermocouples 

and the unavailability of calibration gas to calibrate the analysers used for flue gas composition 

measurement, therefore a data set had to be collected from the first 30 days of operation of the 

installed equipment (Data set 1). The calibrated analysers were only available three months 

after the installation. Therefore a pre-testing phase was selected which is called Data Set 1. 

Factors such as functionality of the installed measuring equipment, air heater leakage, air heater 

differential pressures and plant operating conditions were considered for the Data set 1 results. 

In this section possible challenges from the experimental design were identified to show where 

errors were expected to occur during the experimental phases of the research project. In this 

section only measured data was considered. 

 

The correlation between the simulated and measured results for three identified periods where 

a 99% MCR, 80% MCR, and 68% MCR load condition was set, was recorded and discussed. 

This results is shared in Appendix C3. The data collected from Data Set 1( from the three 

identified load conditions), were used as input parameters to the VBA RAH and de Klerk RAH 

models to compare and evaluate the air heater performance using these models(generating 

simulated results) and the available experimental data(generating measured results). Data Set 

1 only considered the measurements taken from the DCS and the installed thermocouples; the 

coal analysis and flue gas analysis were not done.  

 

Section 5.3 shows the VBA RAH model correlation with the Data Set 2 results from a 68% 

MCR and 99% MCR load condition (The 80%MCR load condition is discussed in Appendix 

C4). The correlation between measured flue gas composition and simulated flue gas 

composition (using the measured coal composition as input parameters to simulate the flue gas 

composition results) was also considered. The flue gas and coal analysis were completed during 

the second set of experiments (Data Set 2). Data Set 2 was taken three months after the 

installation was done when the gas analysers were available. Due to the erosion experienced in 

three months, only the cold end thermocouples remained available for verification of the VBA 

RAH model for the actual testing phase.  

 

Section 5.4 shows the correlation between the performance of the HC11 elements packs and 

the 2.78DU element packs. This correlation was done by simulation from the OEM model to 

indicate that the thermal performance is the same, but the results were further compared to the 

VBA RAH model and RAH model to show the deviation between the models. 

 

Section 5.5 further verifies the VBA RAH model through using the input parameters from the 

research conducted by Habbitts in 1995, and then comparing the VBA RAH results to the RAH 

model results generated in the research conducted by Habbitts . This comparison was required 



78 

 

to also show the validity of the VBA RAH model when compared to more accurate measured 

data sets. A numbers of factors influenced the measurements and therefore further verification 

was required.  

 

Section 5.6 focuses on the capability of the VBA RAH model in terms of how the model can 

be used to find a solution to reduce dew point related fouling, and how these changes affect the 

overall air heater and boiler performance. 

 

 

Section 5.7 considers how an error in flue gas flow measurements influenced the results. A 

method was also identified to show what the ideal flow should be. The impact of this error was 

analysed to indicate how the outcome would have affected the results when using the correct 

flue gas flow.  
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Figure 5.1: Results and discussion road map. 

 

 

5.1 Air Heater Input Parameter Reliability  
An important consideration for the experimental results is the quality of the input parameters. 

If a simulation model is verified the measured data must be accurate to ensure that the model 

generates reliable data. Unreliable data leads to unreliable decision making regarding plant 

design optimisation which leads to wasteful cost expenditure. Most of the data used for the 

experimental results were taken from the DCS measurements, which can sometimes be 

inacurate. A sensitivity table regarding input parameters was created by De Klerk (2001). The 

same approach was used for the test simulations done with DCS input parameters. The 

following table shows the sensitivity of the input parameter, based on the importance of the 
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parameters measured. This table shows which signals require high accuracy to generate reliable 

results, and which signals are less important. A sensitivity of 1 indicates that a good accuracy 

is required. A sensitivity of 2 has a noticeable effect, and a sensitivity of 3 shows that standard 

values are sufficient. 

 
Table 5.1: Input data sensitivity table 

Geometry:  Sensitivity: 

Flow area of inner and outer 

radii (Measured) 

m 1 

Stream and seal sector angles Degrees 1 

Direction of flow of each 

stream  

Hot end to Cold end or Cold 

end to Hot end 

1 

Layer Heights m 1 

Pack types and plate 

thickness (As per installed 

design) 

Profile type HC11(similar to 

2.78 DU) and plate thickness 

of 0.5 

1 

   

Operating Data:  

Rotational speed (As per 

design) 

Rev/min 2 

Flue gas inlet temperature 

(Measured from installed 

thermocouples) 

ºC 1 

Flue gas pressure at inlet 

(gauge) (From DCS) 

kPa 3 

Flue gas inlet flow rate 

(Excluding ash) (Measured) 

kg/s 1 

Flue gas CO2 content 

(Measure) 

%v/%v 3 

Flue gas H2O content 

(Measure) 

%v/%v 3 

Ash Flow rate (As per design 

data) 

kg/s 2 

Secondary air inlet 

temperature (Measured) 

ºC 1 

Secondary Air inlet pressure 

(Measured from DCS) 

kPa 3 

Secondary air inlet flow rate 

(Measured from DCS) 

kg/s 1 

Secondary air H2O content 

(As per design data) 

%v/%v 3 

Change in flue gas O2 

content (Measured) 

%v/%v 1 

 

The rate of energy transferred from the flue gas to the air stream can be expected to be about 

50 MW per air heater (100% MCR) for a power unit with a generating capacity greater than 

500 MW. During the simulation this energy exchange is calculated and used as an indication 

that the data are reasonably accurate. A similar approach can be used with the data collected 

from the experimental results. A method of identifying good accuracy was used by de Klerk, 
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where the difference between the input and output thermal energy should always be less than 

1 MW. If the difference is less than 1MW, the data can be seen to be reasonable. The following 

equation is used to calculate the difference in energy exchange rates of the two streams (Δ𝑄̇), 

and the results are displayed in the result sheet as shown in Figure 3.22 in Chapter 3. 

 

∆𝑄̇ = ((𝑚̇ − 𝑚̇𝑙𝑒𝑎𝑘)𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛))𝑎𝑖𝑟 + ((𝑚̇𝑓𝑔 − 𝑚̇𝑎𝑠ℎ)𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛))𝑓𝑔 +

𝑚̇𝑙𝑒𝑎𝑘𝑐𝑝(𝑇𝑓𝑔_𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟_𝑖𝑛)                                                                                                   (5.1) 

 

The flue gas flow rate was not measured using the DCS system, therefore a different method 

was used to determine the flue gas flow. This method consisted of measuring the differential 

duct pressure, which was then used to calculate the velocity in the flue gas duct. The density 

was also measured. With the flue gas duct geometry known the area could also be calculated. 

Once the area, velocity and density was known the flue gas mass flow rate was estimated. A 

mass balance calculation can be done to find the flue gas flow rate through the air heater 

(equation 5.2). This calculation is applicable to steady state conditions (De Klerk, 2001). 

 

𝑚̇𝑓𝑔 = 𝑚̇𝑝𝑎 + 𝑚̇𝑠𝑎 + 𝑚̇𝑐(1 − 𝑓𝑎𝑠ℎ ∗ 𝑟𝑎𝑠ℎ)                                                                   (5.2)        

 

Where 

 𝑓𝑎𝑠ℎ - Mass fraction of ash in coal 

 𝑟𝑎𝑠ℎ - Ratio of coarse ash to fly ash 

𝑚̇𝑝𝑎– Mass flow of primary air 

𝑚̇𝑠𝑎– Mass flow of secondary air 

𝑚̇𝑐– Mass flow of coal  
 

 

 

5.2 Operating Conditions for the Pre-Testing Phase (Data Set 1)   
 

During the installation of thermocouples, the plan was to do the first set of tests after thirty 

days, but the tests were delayed due to the calibration gas not being available in time for the 

HORIBA analyser which was used to measure flue gas composition. The thermocouples 

installed in the plant had a life expectancy of sixty days taking the abrasive environment of the 

air heater during operation into consideration. After eleven days, the Ring 2 cold end metal 

temperature thermocouples started showing signs of failure, and seven days later the hot end 

fluid temperature thermocouple at Ring 6 failed. The data for each thermocouple was captured 

prior to these component failures (for the pre-testing phase-Data Set 1). Using DCS load 

history, three load conditions were identified and used to compare the results to the results 

gathered during the actual tests (Data Set 2) following the availability of the flue gas analyser 

calibration gas. The Data Set 1 results can be found in appendix C3. Section 5.2 is a summary 

of the data collected during the first phase of testing, which is termed as the “pre-testing phase 

– Data Set 1”. This section identifies what challenges affected the results and how they would 

influence the validity assumption of the VBA RAH model. 

 

5.2.1 Effect of air heater leakage and differential pressure 

For Data set 1 it was found that the temperature profile for one cycle of Ring 6 had a greater 

rate of change in temperature in comparison to the temperature profiles generated from Ring 
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2. This effect is due to the fact that the single-flow rotary regenerative air heater has a tendency 

of augmented leakage air to the flue gas path on the cold end periphery of the air heater steel 

matrix as explained in Figure 5.2. During thermal expansion the air heater steel matrix will be 

forced to expand upward into the hot end hood seals at the centre, which is also known as 

capping of the steel matrix. When seal setting is applied to the air heater, the thermal expansion 

of the air heater is taken into consideration. The periphery gap between the seals and the steel 

matrix has a pre-set value of 25mm. Therefore, if the air heater experiences lower temperatures 

at low loads, higher leakage rates are expected. But at high load conditions the flue gas 

temperature increases, which then leads to increased thermal expansion of the steel matrix. The 

gap between the steel matrix and periphery seals decreases, causing more effective sealing to 

occur at the periphery as shown in Figure 5.2.  

 
Figure 5.2: High leakage on the cold end of the steel matrix peripheries. 

 

For the pre-test (Data Set 1 ) simulation, leakage was assumed to be constant due to the fact 

that leakage tests was conducted after an outage in January 2020 at a load of 678MW 

(maximum generated load). The results for the Data Set 1 (pre-test) did not take the leakage 

into account for each load condition (83%MCR, 80% MCR and 99%MCR). But due to the fact 

that the pre-test results were taken in December 2019 it is safe to say that the leakage would 

not deteriorate much from December 2019 to January 2020, therefore the 99% MCR Data Set 

1 results should be more accurate than the lower load results. The leakage trend for the air 

heaters can be seen from Figure 5.3. This trend shows that the leakage improved after the 

outage when the installation of the testing equipment was done. The result also shows that the 

leakage deteriorated from January 2020 to May 2020. For Data Set 2 the leakage was measured 

for each load condition. As explained in section 5.3. 

 

Air heater leakage is measured using a probe with three suction pipes each cut at a different 

length. The Longest suction pipe takes the bottom level of the duct oxygen reading, the shortest 

pipe takes the oxygen reading from the top level of the duct and the middle length pipe 

measures the oxygen content of the middle layer. This probe is then inserted into three different 

measuring ports located on the right hand, middle and left hand of the cross sectional area of 

the duct. This traverse measurement then gives a 3x3 matrix of measuring point. The average 

of this matrix is then calculated. The process is followed for the measurements taken at both 

the inlet and the outlet of the flue gas ducts of the air heater. The average inlet and outlet oxygen 
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measurements are then inserted into equation 3.13 to estimate the amount of air that leaked to 

the flue gas stream. 

 

 
Figure 5.3: Air heater leakage test results for unit 5 before and after the pre-test phase for the 

Data set 1 results. 

 

Figure 5.4 is an illustration of the history for the differential pressures for both the flue gas and 

air side of the air heater. This shows that the air differential pressure improved after the outage 

but the flue gas differential pressure remained the same. The flue gas differential pressure is 

also influenced by the Tubular air heater condition, due to the fact the induced draught for the 

flue  gas stream flows through both the secondary and the tubular (Primary) air heaters. If the 

tube bundles consist of leaking pipes it influences the suction pressure from the ID fans. The 

secondary air only receives air from the forced draught fan and stays in an isolated flow path, 

and the tubular air hater receives primary air from the PA fan in an isolated stream. So a 

difference in performance can be expected from the two differential pressures for air and for 

flue gas measurements. The differential pressure (Figure 5.4) showed that there were signs of 

deterioration in the fouling condition from December 2019 until May 2020. This is an 

indication that the third layer could have experienced fouling in the third layer by the time the 

actual tests for Data Set 2 were conducted. The simulation model does allow the option of 

including a blockage factor per layer. This effect was taken into consideration for the results 

shown in section 5.6. It is expected that when the third layer pack is fouled the differential 

pressure should increase along with increased flue gas exit temperatures. 
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Figure 5.4: Air heater differential pressure test results for unit 5 before and after the pre-test 

and actual test. 

 

5.2.2 Air heater performance differences between Ring 2 and Ring 6 for Data 

set 1 

The effect of the difference in the rate of change in temperature due to leakage can be seen in 

the graphical representation of the temperature profiles for Ring 2 and Ring 6 illustrated in 

Figures 5.5 and 5.6. The average cold end metal temperature for Ring 2 was found to be 7.02% 

higher than the cold end metal temperature for Ring 6. The average cold end fluid temperature 

for Ring 2 was 5.09% higher than the hot end fluid temperature for Ring 6. The slight difference 

in temperature between the two rings is assumed to occur due to the leakage being higher closer 

to the periphery. This shows that the periphery rings could experience more dew point related 

fouling at the cold end due to the reduced operating temperatures at the periphery. The average 

temperature refers to the average of the measured temperatures as indicated in the red blocks 

from the two figures below. This data represents a 100 seconds of measurements collected on 

the 23 of December 2019, to see verify which signal was still working and what the typical 

behaviour were of the two rings. 
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Figure 5.5: Ring 2 Temperature profile for the air heater fluid and metal temperatures at 99% 

MCR 

 

 
Figure 5.6: Ring 6 Temperature profile for the air heater fluid and metal temperatures 99% 

MCR 
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There is a clear difference between the temperature fluctuation at the hot end and the cold end. 

This difference between the hot end and cold end, is due to the average difference in 

temperatures for the inlet and outlet temperatures of the fluids at each end. The hot end 

experiences an incoming flue gas temperature of 315ºC-340ºC with an air temperature of 

295ºC-315ºC which gives an average temperature difference of 20ºC-25 ºC. Therefore, the 

fluctuation in temperature is expected to be within this region of 20ºC-25 ºC. For the cold end 

the inlet temperature of air is 35ºC-60ºC, and the flue gas outlet temperature 105ºC-130ºC. An 

average temperature difference of 70ºC can be expected, which is why the rate of temperature 

change decreases at the higher layers in steel matrix. Figure 5.5 and 5.6 is a clear indication of 

this effect. These figures shows the temperatures recorded for +/-100 seconds of 1 rotation for 

the metal and fluid temperatures from the hot end to the cold end for ring 2 and ring 6 at 

99%MCR conditions.(HE- Hot end, IM – Intermediate, CE – Cold end, FT – Fluid temperature, 

MT – Metal Temperature) 

 

The average cold end metal outlet temperature for Ring 2 was 72.6ºC, and Ring 6 was 67.8ºC, 

which is well below the sulphuric acid dew point temperature range. Therefore, the formation 

of sulphuric acid can be expected in the third layer. The temperature was above the normal 

sulphurous acid and moisture dew point temperature, but during a light-up or shut-down the 

metal and flue gas temperatures will pass through these temperature ranges causing further dew 

point related fouling. Other factors such as accumulation of ash on the thermocouple and the 

wear protection of the thermocouple could also affect the reading. The ash has a heat capacity 

and stores heat, and reduce heat transfer for longer periods and this effect influences the 

measurements taken in the open space and on the surface of the element packs. The 

accumulated ash in the open spaces of the element packs can also obstruct flow through the 

perforated area, which has a negative impact on the fluctuation in temperature.  
 
 

5.2.3 Effects of dew point related fouling during shutdown 

 

Figure 5.7 is a representation of the temperature profiles of an air heater during a shutdown of 

the unit used for the experiment on 01/01/2020. The figure shows how the metal and fluid (flue 

gas and air) react when a generating unit is taken out of service. For both the light up and the 

shutdown periods the air heaters pass through a transient state where the operating temperature 

of the air heater pass the sulphurous acid, moisture and sulphuric acid dew point temperatures. 

These periods become critical fouling periods. From this data set it is clear that during the 

draught group (PA, FD and ID fans) rundown period the air heater elements and fluid 

temperatures operate below the dew point temperature ranges. It is expected that during this 

phase, entrained ash captured in the elements experiences temperatures that allow condensation 

of surface moisture on the entrained ash surfaces to occur for the periods where the flue gas 

passes through the areas of accumulated ash.  This causes the formation of anhydrite (calcium 

monoxide in ash reacting with sulphuric acid forming a cement type of paste) and excessive 

fouling is experienced during this period. Soot blowing is applied to remove the deposits, but 

this exercise is not always successful. In some cases, where the reaction was followed by drying 

and hardening, only high pressure washing can remove the deposits. A possible solution for 

this problem is to run the forced draught fan for a longer period before fuel is admitted (light 

up conditions) to the furnace or after fuel supply is stopped (during shut down conditions), with 

the pre-steam air heater in service allowing air to enter the air heater above 50 ºC (above the 
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dew point temperature for moisture and sulphurous acid). Pre- steam air heaters are 

recuperative heat exchangers using auxiliary steam (installed before the air heater) to allow pre 

heating of air before it enters the air heater. This system serves as protection to avoid operating 

the air heaters in dew point conditions. Ideally this system must heat the inlet air to heat up the 

elements until the flue gas and most of the ash is removed from the air heater. The effectiveness 

of this method must be investigated and will be a recommendation for future operation. 

 

 

 
Figure 5.7: Air Heater Temperatures during a shut down 

 

An initial comparison was done to calculate a range of dew point temperatures with fluctuation 

in sulphur content of coal.  Table 5.2 is a representation of the as-received coal composition 

data that were used to calculate the dew point temperature, to see how the temperature varies 

with fluctuation in sulphur content. Table 5.3 shows how the change in sulphur content 

influences the dew point temperatures. This result indicates that during shut-down periods the 

entrained ash will be exposed to moisture and sulphurous acid condensate formation on ash 

particles and metal surfaces.  
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Table 5.2: Coal properties for pre-determining of dew point temperature fluctuation due to 

sulphur changes 

 

As Received 

Coal content unit 

C 51.29 v%/v% 

H 3.27 v%/v% 

O 4.24 v%/v% 

N 1.34 v%/v% 

S x v%/v% 

Ash 36.5-(2-x) v%/v% 

H20 1.5 v%/v% 

TOTAL 100   

UBC 2 

kg unburnt 

carbon/kg coal, 

measured from 

ash 

BA 0.1 Bottom ash ratio 

FA 0.9 Fly ash ratio 

Factor F 0.3 

Fuel Nitrogen 

conversion Factor 

O2 in flue gas 3.6 v%/v% 

humidity air 10 g H20/kg DA 

 
Table 5.3: Dew point temperature change due to changes in sulphur content of coal 

Moisture 

Dew Point 

°C 

Sulphurous 

Acid Dew 

Point 

Temperature 

°C 

 

Sulphuric Acid 

Dew Point (1% 

conversion SO3) 

Temperature °C 

Sulphuric Acid 

Dew Point (5% 

conversion 

SO3) 

Temperature 

°C 

 

Sulphur 

in coal 

(x%) 

Moisture 

in coal 

% (v/v) 

40.3 36.3 126.5 142.5 0.5 1.5 

40.3 36.5 134.8 151.9 1.2 1.5 

40.3 36.5 135.6 152.9 1.3 1.5 

40.3 36.5 136.3 153.7 1.4 1.5 

40.3 36.5 137.1 154.3 1.5 1.5 

40.3 36.5 137.7 155.2 1.6 1.5 

40.3 36.5 138.4 155.8 1.7 1.5 

40.3 36.5 138.9 156.5 1.8 1.5 

40.3 36.6 139.5 157.1 1.9 1.5 

40.3 36.6 140.1 157.6 2 1.5 

 

For the verification process for both the Data Set 1 and Data Set 2 the RAH VBA results were 

compared to the plant data and to the RAH model from De Klerk (2001). The results are shown 

in Appendix C - Tables C2, C3 and C4 which are explained in section 5.3.4. 
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The temperature differences between Ring 2 and Ring 6 were evaluated for the pre-testing 

phase at 80% MCR. The average cold end metal temperature for Ring 2 was 7.4% higher than 

the cold end metal temperature for Ring 6. The average cold end fluid temperature for Ring 2 

was 9.4% higher than the hot end fluid temperature for Ring 6. These results again correlate 

with the fact that lower temperatures are experienced at the cold end periphery due to the cold 

air stream leaking to the flue gas stream. The results indicated that during a 544 MW (80 MCR) 

load the cold end metal temperature was +/-10ºC higher than the 670 MW operating cold end 

metal temperature for Rings 2 and 6. This shows that the periphery rings are expected to 

experience more dew point related fouling at the cold end due to the reduced operating 

temperatures at the periphery, and that the possibility of dew point related fouling would be 

higher for air heaters operating at full load conditions.  

 

The same conclusion was found for the 68% MCR operating condition. The average cold end 

metal temperature for Ring 2 was 6.3% higher than the cold end metal temperature for Ring 6. 

The average cold end fluid temperature for Ring 2 was 7.7% higher than the hot end fluid 

temperature for Ring 6. The difference in temperature between the two rings is once again 

assumed to occur due to the leakage being higher closer to the periphery. The results also 

showed that during a 465 MW (68% MCR) load the cold end metal temperature was +/-16 ºC 

higher than the 670 MW cold end metal temperature for Rings 2 and 6. For the fluid 

temperatures the same occurred. During a 465 MW (68% MCR) load the average cold end flue 

gas and air temperatures were 15.0 ºC higher for Ring 2, and 10.1 ºC higher for Ring 6 in 

comparison to the 670 MW cold end fluid and metal temperatures. This again correlates with 

the previous indication that the periphery rings could experience more dew point related fouling 

at the cold end due to the reduced operating temperatures at the periphery, and that the 

possibility of dew point related fouling would be higher for air heaters operating at full load 

conditions. 

 

5.2.4 Effect of the difference in simulation and operating pack profiles 

 

For the simulation results of Data Set 1 it was initially assumed that all three layers had no 

blockage. With no fouling the pressure drop for the air side across the air heater should be 

0.720 kPa and for the gas side 0.778 kPa according to the design specification. Simulating the 

original selection of packs (Figure 5.8), the differential pressure was 0.638 kPa for the air side 

and 0.696 kPa for the gas side, which gives an 11% error on the air side and a 10% error on the 

gas side.  
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Figure 5.8: Element pack configuration 

 

Figure 5.9 is a representation of the fouling seen from each pack where the thermocouples were 

installed. The same amounts of fouling were seen in Ring 2 and Ring 6. High pressure washing 

was done after the installation to remove most of the fouled deposits.  

 

 
Figure 5.9: Blockage of each layer of the element packs where thermocouples were installed 

Considering the cold end image from Figure 5.9 severe fouling can be seen which motivated 

for an assumption of 2% blockage for the hot end, 5% for the intermediate layer and 10% for 

the cold end. The pressure drop from the simulation result was 1.036 kPa for the gas side and 

0.958 kPa for the air side. This simulation was done using the packs that have the same thermal 

properties as the currently installed HC11 packs. Different packs had to be selected for the 

simulation because the HC11 design specification is not available to Eskom. The 2.78DU 

element profile was proven to have similar thermal performance as the HC11 packs, according 

to the original equipment manufacturer. The possibility of introducing a form of error exists 

when a different type of simulation pack profile is compared to a different profile used in the 

plant. There was a clear difference in the measured differential pressure comparison between 

the two pack profiles. In the past the 2.78DU packs were used, but were replaced with the 

HC11 profile by the recommendation of the OEM. The HC11 packs were installed to allow 

more effective cleaning from the installed soot blowing system. Another factor to consider is 

that the HC11 element packs were never part of the test packs used during previous studies. 
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The original equipment manufacturer designed the packs according to the properties of the 

2.78DU packs, to ensure the thermal performance is maintained. The comparison data was not 

shared due to restriction in sharing of intellectual property. Therefore the pressure drop 

component of the HC 11 packs are an unknown. Section 5.4 elaborates on the effect of the pack 

differences. The original design had the following element pack configuration: 

 

Hot end: H8 – 0.5 mm 

Intermediate: H8 – 0.5 mm 

Cold end: KH11 – 0.8 mm 

 

The difference between the gas side simulated and measured values was 0,474 kPa. For the air 

side the difference was found to be 0,034kPa. For Data Set 2 these measurements were taken 

again for further verification at the three different load conditions. The high differential 

pressure is affected by the fouling of the element packs. During the installation of the 

thermocouples excessive fouling was evident in the cold end layer. High pressure washing was 

applied to the element packs after the installation to ensure that the fouling condition was 

improved. Table 5.4 shows what the differential pressures were during the measurement in 

January 2020 before the Actual tests Data Set 2 was collected. 

 

 

 

 

 
Table 5.4: Air heater differential pressure and leakage results 

          LH Air heater 

Leakage 12.59% Air Flow 

Total Date Air LH Gas LH 

22/01/20  1.07kPa 1.51kPa  
784.40 

kg/s 

 

 

 

5.2.5 Effect of location of measuring points 

A large error existed between the flue gas outlet temperature leaving the air heater (measured 

after the air heater outlet isolating dampers – DCS measurement) and the temperature measured 

at the outlet of the third layer of the steel matrix(directly at the outlet of the cold end element 

pack). When comparing the DCS measured value of 129.3˚C to the VBA RAH result of 90.7˚C 

an error of 30% exists, this error was related to an incorrect flue gas flow measurement, which 

is addressed in section 5.7. The cold end outlet gas temperature measured at the outlet of the 

third layer for Ring 2 (B in Figure 5.10) and Ring 6 (A in Figure 5.10) was 73˚C. This shows 

that for both readings A and B the actual gas temperature leaving the third layer is low in 

comparison with the measurement taken at point C further downstream in the flue gas path 

after the outlet dampers as shown in Figure 5.10.  
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Figure 5.10: A – Ring 6 test point, B – Ring 2 test point, C – DCS measuring point for flue gas. 

This measuring point is located at the secondary air heater flue gas outlet duct after the flue gas 

outlet damper. Point C experiences a continuous stream of flue gas. The points A and B in this 

figure experience a flue gas stream for period of +/-24 seconds and then a cold stream for +/- 

20 seconds. Therefore, a difference in temperature between points A and B compared to C can 

be expected. The local heat flux density for the two thermocouples is different. The heat flux 

density is illustrated in equation 5.3:  

 

𝑞 = −𝑘∇𝑇  (W/ (m°𝐾))                                                                                                                      (5.3) 

 

𝑞 − Local heat flux density 

𝑘 − Material conductivity 

∇𝑇 −Temperature gradient 

 

The heat flux density is a measure of the flow of energy per unit of area of time. Considering 

the fact that the material conductivity is the same for the thermocouples, but the temperature 

change that the thermocouples experience for the two locations (A or B, and C) are different. 

“A” and “B” have a greater difference in temperature due to the fact that these thermocouples 

experience the cold air stream and the hot flue gas stream within each air heater rotation. 

Thermocouple C is located in an area that is isolated from the cold air stream, therefore the 

change in temperature is less. Based on this fact a type K thermocouple was actually not the 

ideal instrument, although it was the only type that could withstand the abrasive conditions 

inside the air heater due to the high ash content in the flue gas, within the project budget 

estimate. This effect can be expected for all the results. 

 

The flue gas outlet duct in Figure 5.10 mostly experiences fluid temperatures well above the 

measured temperature at the element pack outlet. Considering the simulated mixed flue gas 

https://www.google.com/search?client=firefox-b&sxsrf=ALeKk0003IjwAVctsf7tGUz84HVylh0V3w:1609330718784&q=Temperature+gradient&stick=H4sIAAAAAAAAAOPgE-LQz9U3yMpOT1HiBLFMjcxzi7W0spOt9FNTSpMTSzLz8_TT8otyS3MSraC0QmZuYnqqQmJecXlq0SNGE26Blz_uCUtpT1pz8hqjKhdXcEZ-uWteSWZJpZA4FxuUxSvFzYWwgWcRq0hIam5BalFiSWlRqkJ6UWJKZmpeCQC-czYXkQAAAA&sa=X&ved=2ahUKEwi7ucaO2PXtAhVKThUIHQYJB5gQ24YFMBl6BAg8EAI
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stream outlet temperature of 117, 5 ˚C, this temperature is reached within 24 seconds of one 

revolution. Therefore it is possible that the physical structure at point C in Figure 5.10 with 

dampers, ducting and the surrounding material will experience higher temperatures when it is 

continuously exposed to the flue gas outlet temperature. The fact that the measured value at 

point A and B does not reach the measured value at point C of 129, 3 ˚C, shows that the 

thermocouple is not exposed to the flue gas stream long enough to reach the actual maximum 

flue gas outlet temperature. The ideal method for measuring would have been to measure an 

instantaneous temperature and not an average temperature. Equipment able to measure to such 

a level of accuracy will unfortunately not be able to withstand the air heater operating 

conditions.  

 

5.2.6 Errors in the simulation results 

As mentioned previously the collected input parameters from Data Set 1 were simulated for 

the RAH model and the VBA RAH model. The results of the comparison can be found in 

Appendix C1. Based on this it does seem that the simulation models tend to overestimate the 

outlet temperature at higher loads. In the time and length step calculations for the simulation 

models the values are rounded off to 1 decimal place in order to simplify and improve the 

calculation time of the model. This process introduces a form of overestimation of final outlet 

fluid and metal temperatures due to the fact that in some iterations it adds an additional iteration 

to the length and to the time step in order to complete the calculation.  

 

As mentioned previously the flue gas flow is also a variable that is calculated based on 

combustion air and coal flow. Therefore some error can also be introduced if one of these 

parameters are incorrect. The combustion air consists of total primary and secondary air along 

with excess air, which can be found from the readings produced by the DCS. These readings 

can be influenced by errors introduced in the measurement of primary air and secondary air 

flows. The coal flow on the other hand must be converted from MJ/s to kg/s using the calorific 

value of coal. A coal analysis was not done for these first tests (Data Set 1), therefore historic 

data were used to find an average calorific value for coal to estimate the coal flow in order to 

calculate the flue gas flow. Section 5.7 elaborates on the effect of the error in flue gas 

estimation, where a 17.7 % deviation in flow was found due to incorrect measurements from 

the plant.  

 

5.2.7 Summary of Data Set 1 Results 

 

There is always a risk of various forms of error that are introduced in an experiment that is not 

set up for ideal conditions. With this in mind, the verified RAH model developed by De Klerk 

(2001) was also used to compare and verify the VBA RAH simulation results. Tables C3, C4 

and C5 in Appendix C are the summarised set of input and output parameters for the measured 

data, VBA RAH simulation data and the RAH (GB de Klerk) data. The results were then used 

to estimate an error between VBA RAH results and the measured data from the DCS and the 

installed thermocouples. As mentioned previously there were a number of thermocouples that 

failed earlier than expected. The unit was shut down for three days from 1st of January 2020, 

during this time the thermocouples for the hot end and cold end were inspected. This inspection 

showed that the thermocouple insulation was already worn off and the hot end thermocouple 
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compensating cables were eroded off completely. During the actual tests no thermocouples 

were functioning for the hot end, but ring 6 cold end inlet and outlet temperatures were still 

functioning. As explained before the cold end layer is where fouling usually occurs, and 

therefore for the Data set 2 results could still be collected, due to the availability of these 

thermocouples.  

 

Due to the fact that no coal samples were taken for the coal composition during the pre-testing 

phase, the dew point estimations were not included in the results. These results are included in 

the actual test results for Data set 2. Comparing the three different load conditions all three test 

results showed reliable results for the verification of the metal temperatures. The fluid 

temperatures could at least be used to see whether the fluid regions correlate for the simulated 

fluid temperatures and the measured fluid temperatures but for the accuracy of simulated results 

the measured values could not be used as reliable data 

 

The large contributors for errors were assessed to be contact resistance, unaccounted-for 

thermal inertia, ash build, incorrect flue gas flow estimation and the use of incorrect measuring 

techniques for the application. Figure 5.11 is an illustration of these effects. During high 

pressure washing, fouled deposits could have caused localised accumulation of deposits around 

the thermocouples, influencing the flow through the area, and in turn also affecting the heat 

transfer to an extent where the results were compromised. Another problem is the thermal 

insulation that only lasted for a short period. Therefore, the measured values actually measured 

an average temperature of the metal surface and the fluid passing through. The ideal condition 

would have been to also measure temperature after a complete element pack replacement to 

avoid the possibility of uneven distribution of flow due to fouling in various localised areas, 

which was not removed by the high pressure washing (as shown in Figure 5.11). Although the 

method of installation was not ideal, it still provided guidance in terms of indicating what the 

possible temperature ranges could be for operating under different loads. This information is 

valuable and provides a platform to see whether the element packs could experience dew point 

related fouling. 
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Figure 5.11: Factors influencing the experimental results. 

 

 

 

5.3 Comparison of Measured Results and Simulation Results: Data Set 2 
 

The next set of tests was carried out from 24 to 26 February 2020. Initially the plan consisted 

of only doing plant measurements once, but there was a delay to conduct the tests due to the 

availability of the calibration gas for the Horiba flue gas analyser. This analyser was used to 

measure the flue gas composition to determine the amount of carbon dioxide and sulphur 

dioxide in the flue gas. As mentioned previously, thermocouples were damaged prior to the 

test. The important fact was that the metal temperature probes for the third layer in Rings 2 and 

6 were still available, where dew point related fouling is expected. The same method of leakage 

measurement was used as explained in section 5.2.1, to measure leakage for each test at the 

specific load and the results for the leakage test can be seen in Figure 5.12. The fact that the 
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leakage decreases as load increases shows that the articulation of the seal frames operated 

correctly (Figure 5.2). This information is critical in terms of understanding the impact on air 

heater performance at various loads.  

 

 
Figure 5.12: Air Heater Leakage Test results for Data Set 2 tests performed in February 2020. 

 

In Data set 2 the simulation results for all three loads were compared to the measurements taken 

from the plant and the DCS. The simulation results were also compared to the simulated results 

from De Klerk’s (2001) RAH model. An error deviation was estimated between the VBA RAH 

simulated results and the plant data, along with an error estimation of the VBA RAH model in 

comparison to De Klerk’s RAH model. Tables C7, C8 and C9 in Appendix C (C2: Data Set 2 

Results) contain the comparison results for the respective load conditions during the actual 

tests. The same approach was used as Data set 1 for the allocation of the tag names in the 

graphs. Table 5.5 illustrates the allocated tag names for the measured and simulated data points. 

The table also includes the estimated dew point temperatures for sulphurous acid, sulphuric 

acid and moisture. The 1% to 5% for the sulphuric acid dew point temperature is based on the 

assumption amount of sulphur dioxide that converts to sulphur trioxide post-combustion. This 

provides a range of dew point temperatures, which shows where fouling can possibly occur in 

the steel matrix. 

 
Table 5.5: Tag names for each temperature profile for Data Set 2. 

Tag name Description 

SIMFITHE Simulation Fluid Inlet Temperature Hot End  

SIMIFIT Simulation Intermediate Fluid Inlet Temperature  

SIMCEIFT Simulation Cold End Inlet Fluid Temperature  
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SIMCEOFT Simulation Cold End Outlet Fluid Temperature  

SIMHEIMT Simulation Hot End Inlet Metal Temperature  

SIMIMIMT Simulation Intermediate Inlet Metal Temperature  

SIMCEIMT Simulation Cold End Inlet Metal Temperature  

SIMCEOMT Simulation Cold End Outlet Metal Temperature  

HEIMTR6 Measured Hot End Inlet Metal Temperature Ring 6 

IMMITR6 Measured Intermediate Inlet Metal Temperature Ring 6 

CEIMTR6 Measured Cold End Inlet Metal Temperature Ring 6 

CEMTOR6 Measured Cold End Outlet Metal Temperature Ring 6 

CEOFTR6 Measured Cold End Outlet Fluid Temperature Ring 6 

CEIFTR6 Measured Cold End Inlet Fluid Temperature Ring 6 

IMFITR6 Measured Intermediate Fluid Inlet Temperature Ring 6 

HEFIR6 Measured Hot End Fluid Inlet Temperature Ring 6 

HEFIR6 Measured Hot End Fluid Inlet Temperature Ring 6 

H2SO4 DP 1% Sulphuric Acid Dew Point with 1% of SO2 converted to SO3 

H2SO4 DP 2% Sulphuric Acid Dew Point with 2% of SO2 converted to SO3 

H2SO4 DP 3% Sulphuric Acid Dew Point with 3% of SO2 converted to SO3 

H2SO4 DP 4% Sulphuric Acid Dew Point with 4% of SO2 converted to SO3 

H2SO4 DP 5% Sulphuric Acid Dew Point with 5% of SO2 converted to SO3 

H2SO3 DP  Sulphurous Acid Dew Point  

H20 DP  Moisture Dew Point 

 

During Data Set 2 tests, coal composition was measured for each test condition and the flue 

gas composition was also measured for the period of four hours during each test. The loads 

were kept constant to reduce variations in the measured input parameters. During the Data Set 

1 tests the error in flue gas outlet temperatures was identified; due to this the DCS values for 

the gas outlet temperatures were not used, but were rather measured during each test of Data 

Set 2.  

 

5.3.1 Air heater performance results vs. VBA RAH simulated results at 670 MW 

(99% MCR): 

During these tests the inlet temperatures for the fluid (Flue gas and air stream) and metal 

temperatures were not available due to the failure of the hot end thermocouples. The signals 

from the cold end element packs were still available for identifying possible dew point related 

fouling. The measured readings and the simulated values were combined for the metal and fluid 

temperatures to show that they operate in the same regions as expected. Figure C5 in Appendix 

C shows this comparison.  

 

No measured data points were available for Ring 2, all the thermocouples were out of service, 

and therefore the readings from Ring 6 were used for the metal temperatures.  The intermediate 

layer inlet metal temperature thermocouple showed erratic behaviour, but for the times it was 

in operation the corresponding simulated temperature fell in the same region. The simulation 

once again indicated a higher rate of temperature change in comparison to the measured values. 

The same argument holds that the effects explained in Figure 5.11 affected the results from the 

measured data. Thermal inertia in reality changes the rate of heat transfer due to the various 
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sources that absorb and store heat for longer periods, causing reduced fluctuation in 

temperature. This condition could have deteriorated further due to excessive wear, increasing 

the contact resistance between the thermocouples and the metal surface.  

 

Figure 5.13 shows the metal temperature profiles that were simulated in comparison with the 

measured metal temperatures at the inlet and outlet of the third layer. The metal temperatures 

showed good correlation and also indicated that the third layer would experience sulphuric acid 

dew-point related fouling during normal operation. Figure 5.14 illustrates the results for the 

simulated and measured fluid (flue gas and air stream) temperatures.  The results show that at 

a high load, as expected, dew point related fouling would increase. This condition will occur 

due to an increase in heat transfer that occurs with higher flows, which causes lower flue gas 

outlet temperatures to occur. Although the leakage is less at higher loads, the actual metal 

temperature at the outlet of the cold end is expected to be less than at lower load conditions. In 

Figure 5.13 the dew point temperature is also estimated for sulphuric acid, sulphurous acid and 

moisture. The results show that the third layer operates in sulphuric acid dew point conditions. 

Figure 5.13 also shows the measured and simulated metal temperatures for each layer, where 

the solid lines indicates the simulated profiles and the dashed lines illustrates the profile for the 

measured temperatures. 

 

 
Figure 5.13: Data comparison for Ring 6 Metal temperatures for the 99% MCR Data Set 2.   

The fluid temperatures showed poor correlation, but the measured fluid temperatures showed 

better correlation with the measured metal temperas. This is a definite sign of thermal inertial 

affects that influenced the measurements, which was also evident for the cases of the 80% 

MCR load condition (Discussed in Appendix C4) and for 68%MCR condition(discussed in 

section 5.3.2. Figure 5.14 is an illustration of the measured and simulated fluid temperatures, 

where the solid lines indicates the measured profiles and the dashed lines illustrates the profile 

for the simulated temperatures. 

Fouling Region 
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Figure 5.14: Data comparison for Ring 6 fluid temperatures for the 99% MCR Data Set 2. 

 

For a single rotation the simulated cold end inlet metal temperatures showed that for a 1% 

conversion of SO2 to SO3, 61.2% of these cold end inlet temperatures of the flue gas stream 

operate below the dew point temperature. For 5% conversion of SO2 to SO3 all the simulated 

cold end inlet metal temperatures operate below the sulphuric acid dew point temperatures. 

The simulated cold end fluid temperature showed that for a 1% conversion of SO2 to SO3, 4.7% 

of the temperatures operate below sulphuric acid dew point temperatures, and for 5% 

conversion of SO2 to SO3 54.1% operates below the sulphuric acid dew point temperature. 

Figure 5.13 illustrates that the measured metal temperatures were fully exposed to sulphuric 

acid dew point temperatures for all cases of SO2 to SO3 conversion. As expected, the 

temperatures never reach the sulphurous acid dew point temperatures or moisture dew point 

temperatures during normal operation. This result shows that at maximum load conditions 

sulphuric acid dew point temperatures are experienced in the cold end of the steel matrix (As 

seen in Table 5.6). 

 

 

 

 

 

 

 

 

 

 

Fouling Region 
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Table 5.6: Sulphuric acid formation time for the simulated and measured metal- and fluid 

temperatures (99%MCR). 

Conversion SO2 to 
SO3 

Inlet Cold end 
metal temperature 
exposure to 
sulphuric acid dew 
point 
temperatures 

Inlet Cold end flue 
gas temperature  
operating below 
the sulphuric acid 
dew point 
temperatures 

Measured 
cold end inlet 
metal 
temperatures 
operating 
below the 
sulphuric 
acid dew 
point 
temperatures 

Measured cold 
end fluid inlet 
temperatures 
operating 
below the 
sulphuric acid 
dew point 
temperatures 

1% 61,20% 4,70% 100% 100% 

5% 100,00% 54,10% 100% 100% 

 

 

The question remains what the actual conversion of sulphur dioxide to sulphur trioxide could 

be. To estimate this amount the following was considered: The sulphur dioxide measurement 

was normalised with two oxygen correction factors namely 10% and 6%. A value of 0.17% by 

volume of SO2 in the flue gas was measured, which relates to a 10% O2 normalised 

measurement, and for the 6% O2 normalised a 0.23% SO2 was measured. Using the 10% 

normalised value of 0.17% of measured SO2, means that 1% to 5% conversion will give a range 

of 0.00171% to 0.00855% of SO3 contained in flue gas, with an estimated excess air of 19.26%. 

The simulation results from the mass and energy balance indicated a 0.16% volume of SO2. 

Table 5.7 shows the results for SO3 content in flue gas for varying sulphur content of coal 

concluded by Ganapathy (1989). If this table is followed to determine the amount of SO3 in the 

flue gas the expected amount would be based on a 1.43% (as received) sulphur in coal. 

According to the table the amount would be 16.03 ppm SO3 (0.0016%) when using linear 

interpolation. The amount measured from the 99% MCR Data set 2 test was 17.1 ppm, which 

shows the estimated and measured values correlate well. If the 6% O2 normalised value of 

0.23% SO2 was considered it would have given a range of 0.0023% to 0.0115% of SO3 formed 

in the flue gas, which did not correlate well with the simulated value or the value estimated 

from Table 5.7.  Based on the table (0.0016%)  and the measured (0.017% SO2 @10% & 0,0023% 

SO2 @ 6%) result, the assumption that +/-1% SO2 converted to SO3 holds, which further confirms 

that the cold end was indeed experiencing dew point related fouling for the 99% MCR 

conditions as explained in Table 5.8. 

 

 
Table 5.7: SO3 content in flue gas for varying sulphur in coal (Ganapathy, 1986). 

 



101 

 

 
Table 5.8: Summary of the Sulphur trioxide formation from the simulated and measured results 

(99%MCR). 

  
Measured SO2 @ 10% 

normalised 
Measured SO2 @ 6% 

normalised Simulated SO2  

SO2  0,17% 0,23% 0,16% 

1% SO2 converted to SO3 0,00171% 0,00230%   

5% SO2 converted to SO3 0,00855% 0,01150%   

Ganapathy Table 5.6    

Based on 1,43% Sulphur 
in coal (As received) 0,0016%    

Conclusion 
 Based on the Table 5.6 and the measured SO2 it seems that +/-1% of 
SO3 formed. 

 

The area and time of sulphuric acid formation must now be estimated. During the calculation 

process a metal temperature matrix was stored from the inlet to the outlet over the full height 

of a layer. For the third layer this was a 32 x 307 size matrix which contains the final set of 

cold end layer temperatures for the full height of the third layer. Figure 5.15 is a representation 

of a typical matrix formed for the cold end layer during a simulation process. 

 

 
Figure 5.15: Temperature matrix formed during the iterative calculation process 

This matrix shown in Figure 5.15 was used to estimate the area exposure to dew point related 

fouling that was experienced for one gas stream consisting of a subset of 32 x 84 temperatures 

of the total matrix. The 32 x 84 selection from the matrix takes into consideration time steps 

where the flue gas stream passed through the air heater and in this case specifically the third 

layer at the cold end of the air heater. For this subset the metal temperature was exposed 90.29% 

of the length and time step. Due to the fact that this will occur for every annular division it can 

be seen that the all of the cold end element pack will experience sulphuric acid deposition for 

24.70 seconds of the total of 27.36 seconds of flue gas stream exposure. This time includes the 

time when the ash is captured in the seal area directly after the flue gas stream. This becomes 

a critical period which allows ash particles to condense and adhere to each other and the metal 

surfaces. The measured surface metal temperatures operated below the sulphuric acid dew 
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point temperatures for the full range of 1% - 5% conversion of SO2 to SO3. It shows that as 

expected dew point related fouling does occur in the third layer for the 99% MCR condition. 

 

Figure 5.16 shows the results for the estimated sulphuric acid dew point temperatures 

experienced for the 99% MCR condition. This was for a 1.43% sulphur content in coal and 

4.49% moisture in flue gas (as measured). Based on the 1% formation assumption the critical 

fouling temperature is estimated to be +/-133˚C. 

 

 
Figure 5.16: Sulphuric acid dew point temperatures for 1% to 5% SO2 to SO3 conversion for 

99% MCR. 

 

When fouling occurs the pressure drop across the third layer is expected to increase, as well as 

the overall differential pressure across the steel matrix. This effect will have an impact on the 

dew point temperatures. This impact was evaluated for the dew point temperatures for 

sulphuric acid, sulphurous acid and moisture for increments of 0.5kPa differential pressure 

increases across the steel matrix. These increments were calculated for a differential pressure 

range of 0kPa to 2.5kPa. The normal assumption is always made that when the differential 

pressure across the steel matrix is above 1kPa, the packs are assumed to be partially blocked. 

The results are illustrated in Figure 5.17. These results show that the increase in differential 

pressure from 0kPa to 2.5kPa does not change the temperature for sulphuric acid dew point 

temperatures by large margins, and therefore it can be assumed to have a negligible effect. The 

change in temperature with an increase in pressure will also not change the sulphurous acid 

dew point temperature to a large extent during normal operation. For sulphurous acid dew point 

temperatures the change was found to be less than 0.4 ˚C. The moisture does change to a large 

extent, the dew point temperature increases with +/-6.5 ˚C. But these temperatures will not 
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create a condition of fouling, because during normal operation the metal temperatures operate 

well above these moisture and sulphurous acid dew point temperatures. 

 

 

 
Figure 5.17: Effect of increasing differential pressures on dew point temperatures for 99% 

MCR. 

Table C7 in Appendix C (C2: Data Set 2 - Results) is a representation of the results from the 

99% MCR load actual test conducted from 00:00 – 04:00 on 24/02/2020. During this time the 

secondary air heater air inlet and outlet temperatures and pressures were measured using the 

DCS system. The flue gas inlet and outlet temperatures, leakage, flue gas composition pressure, 

density, and velocities were measured by the performance and testing team from the Eskom 

Research, Testing and Development department (RT&D). RT&D is a specialisation centre for 

plant performance measurements for the Eskom. Coal samples were collected by the onsite 

P&T (Performance and Testing) team and then prepared and sent for coal ultimate analysis. 

The onsite P&T team assist with power station based plant measurements specific to one power 

station. The coal samples were collected at the mill feeders and the process is explained in 

Appendix B2 – Experimental preparation & execution section. 

 

Air heater gas outlet temperatures 

The mixed flue gas temperature that takes leakage into consideration was measured to be 

120˚C. This temperature showed a 13.2 % deviation from the VBA RAH result of 104.2˚C. 

This result was influenced by various factors such as leakage and errors in flue gas flow 

measurement. The undiluted temperature (temperature of the flue gas leaving the air heater 

before it is mixed with the leakage streams as illustrated in equation 3.14) leaving the pack was 

simulated to be 113˚C. The average cold end outlet fluid (flue gas and air) temperature 

measured was 85˚C.  The difference in temperature is related to the explanation given in section 

5.2 – Figure 5.10, which refers to the secondary air heater flue gas duct mostly experiencing 
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fluid temperatures well above the measured temperature at the element pack outlet. Through 

considering the maximum simulated outlet temperature at the outlet, a simulated temperature 

of 132˚C was reached within 24 seconds of one revolution, therefore it is possible that the flue 

gas temperature leaving the air heater after the outlet dampers, will experience higher 

temperatures due to its continuous exposure to this flue gas temperature. On the other hand the 

temperature measured at the element pack will experience both a hot flue gas and a cold air 

stream, therefore measuring a lower temperature. The method of using type K thermocouples 

unfortunately did not make it possible to reach the maximum temperature within the time that 

it was exposed to the flue gas stream. The same input parameters were simulated for the RAH 

model and an error of 0.09% between the VBA RAH model and the RAH model was evident. 

Based on this result, the simulation models again showed that the outlet temperatures were 

overestimated at higher loads. As explained in Section 5.7, a 17.7% deviation in flow was 

found due to incorrect measurements from the plant. Flue gas flow is also a variable that is 

calculated based on combustion air and coal flow, this value had to be used instead (due to 

incorrect measured flow) to simulated reasonable results. 

 

Air heater air outlet temperatures 

A 2.79% error occurred between the VBA RAH model and the measured value. This was a 

difference of 8.6˚C at the outlet for the air side. The error between the VBA RAH and the RAH 

models was 1.69%. This shows that the possible flue gas flow error compromised the simulated 

results, in this case the outlet air temperatures were also affected due to higher heat transfer 

rates. 

 

Cold end metal temperatures 

The comparison between the VBA RAH maximum plate temperatures and the measured 

maximum plate temperature indicated a 14.3% error. The minimum VBA RAH metal 

temperature was found to be 2.3% less than the measured value. Once again the temperatures 

operated in the same region but the error showed that the simulated value was higher in general 

in comparison to the simulated value. This error was once again incurred due to the factors 

mentioned in Figure 5.11.  A 24.5% difference in the inlet metal temperature occurred between 

the results from the VBA RAH and RAH models, with a 2.9% deviation on the outlet metal 

temperatures. When comparing the measured value and the RAH value it is seen that the results 

from the RAH simulation are problematic. The rate of change in temperature for the solid area 

is higher in comparison to what is seen from the measurements. The minimum metal 

temperatures show values that correlate better with the simulated outlet temperature for the 

diluted flue gas stream (takes leakage into account). The simulated and measured minimum 

metal temperatures correlate, which is ideal for identifying the dew point fouling areas.  

 

Flue gas properties 

The flue gas properties were verified through measurements. A HORIBA analyser was used at 

the oxygen matrix system located at the flue gas inlet duct of the air heater to determine the 

composition. The oxygen matrix system is illustrated in Figure 5.18. This system consists of a 

nozzle that creates a differential pressure from atmosphere into the flue gas duct. The natural 

suction draws flue gas from three different heights in the duct and at four different cross 

sectional vertical sections. This system collects a mixed sample from a 3x4 matrix point 

sampling system. The mixed stream is then analysed for oxygen content. It was also used to 

connect the HORIBA analyser for flue gas composition analysis as shown in Figure 5.19. These 

results were compared to the mass balance results calculated from the coal composition. The 

amount of oxygen, moisture, carbon dioxide and sulphur dioxide in the flue gas were compared. 

The moisture test was performed at the same flue gas inlet duct of the air heater. In general the 
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moisture seems to be higher, because a moisture trap is used to determine the amount of H20 

in the flue gas in a Silica gel container. In this area where the test was performed the ash content 

in fly ash is high, due to the fact that it has not passed through the air heaters and electric 

precipitators yet. When the sample of flue gas is collected a great amount of ash also enters the 

trap, causing more moisture to stay behind in the trap with the silica gel. This causes an increase 

in the measured mass of the silica gel, which introduces an error for the moisture estimation. 

The calculation will show that the sampled mass is higher, therefore the measured moisture in 

the flue gas will be higher than the actual value. The fly ash that is trapped inside cannot be 

separated when the silica gel is weighed. With Data Set 2 the moisture did compare well with 

the mass balance result. 

 

 
Figure 5.18: Oxygen Matrix configuration for sampling of flue gas. 

The Horiba analyser that was used was a PG350 series. This model ideally measures samples 

with dust content less than 0.1g/m3. Therefore when samples for analysis are collected, the 

ideal location would be at the smoke stack where the ash content and operating temperatures 

are at a minimum. The Data set 2 measurements were taken before the air heaters as indicated 

in Figure 5.19. This location operates with temperatures above 300˚C and a flue gas density of 

+/-0.53kg/m3 of which the ash content is 0.15kg/m3. Therefore the results can be compromised 

due to the high fly ash content. The high temperature requires cooling and therefore a cooler 

was used as per the required application.  
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Figure 5.19: Flue gas composition measurement location 

 

The estimated oxygen showed a 0.52% (v/v) difference in comparison to the measured oxygen. 

The measured carbon dioxide was 0.21% (v/v) lower than the estimated value. The sulphur 

dioxide showed a 0.1% (v/v) difference, but when comparing a normalised measurement at 

10% oxygen the error was 0.04% (v/v). This difference could have been caused by the coal 

composition method that was followed. Coal samples were collected every 30 minutes at the 

feeders, but the samples were combined as Test sample for analysis. This poses the risk of not 

identifying the fluctuation in sulphur content over the period of four hours, which then also 

introduces a form of error by method. The same can be argued for the difference between the 

measured and estimated carbon dioxide. The estimated moisture was 4.62%, and the measured 

value was 4.49%, which showed good correlation. The difference in the moisture could also be 

affected by the location and the method used for measurement. The HORIBA analyser was 

already connected to the matrix, therefore duct measurements were taken for the moisture. Two 

ports were available and therefore the traverse measurement was compromised and the 

stratification could have influenced the readings. The measured values were used as input 

parameters instead of the simulated values. Although samples of coal were taken every 30 

minutes during the test the samples were mixed for ultimate analysis for the specific load test 

(99% MCR, 80% MCR, and 68% MCR) which also introduced a form of error when the coal 

composition was estimated. The sulphur fluctuates and therefore ideally each 30 minute sample 

should have been evaluated for sulphur content to get a correct average for the four hours.  

 

Air heater air flow 

The same approach was followed as in the first tests, where the secondary air flow to the 

burners was used as inlet air flow for the simulation model. This method considers the sum of 

the total measured flow from twenty venturi ducts, where flow to each of the four burner 

corners for five levels of the boiler are measured. This total is divided by two to find the 

secondary air flow per air heater. 

 

Air heater gas flow 

The gas flow was measured using the measured velocity, density and flow area, which was 

then converted to mass flow. The method of estimating the flue gas flow through the mass 
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balance was also used. A 24% error existed between the measured and calculated values. For 

the 80% MCR and 68% MCR conditions the errors were 2.4% and 2.6%, which shows that the 

measured value for the 99% MCR condition was unreliable. Based on this, the simulation was 

done using the calculated value of 283 kg/s. This value still proved to not be accurate based on 

the explanation from Section 5.7 where a 17.7% error was identified.  

 

Differential pressures 

The FD fan discharge pressure was used as the inlet pressure and the cross over duct outlet 

pressure was used as the pressure after the air heater. This gave a differential pressure across 

the air heater for the air side of 1.21kPa. The differential pressure calculated by the VBA RAH 

model had an error of 36.1% below this. The gas side had an error of 14.6% less than the 

measured value. The fact that high differential pressures were measured confirms the condition 

of fouled element packs. 

 

Habbitts (1998) and De Klerk (2001) also experienced similar findings where the estimated 

differential pressures showed a 30% error. Although the recently developed VBA RAH model 

calculates dew point related fouling conditions, it still does not take the fouling into 

consideration when the model estimates pressure drop across the element packs. This is an area 

that should be focused on for further research. An important fact to take into consideration is 

that the HC11 element profiles were designed to match the thermal properties of the 2.78DU 

type, but the hydraulic component was not taken into account. As mentioned in the previous 

section, Table C6 in Appendix C, is a summary of the results for the inlet and outlet 

temperatures along with the FD fan current and differential pressure for the condition before 

the installation and after the installation for each unit. When the air heater experiences fouling 

the load loss usually starts with increased differential pressures and FD and ID fan capacity. 

The HC11 packs do not benefit this condition. To compare the effect of both the HC11 and 

2.78DU element packs, the OEM (Original Equipment Manufacturer) was requested to 

simulate the same conditions for verification purposes. These results are discussed in section 

5.4. 

 

Fluid Properties 

For these tests the inlet density for flue gas was measured, and in comparison to the simulated 

value a 3.32% error existed. The density at the inlet between the VBA RAH and RAH models 

had a 0.37% difference. The fluid properties for the inlet and outlet heat capacity and velocity 

of each stream were calculated from both simulation models. The air inlet density, flue gas 

inlet heat capacity and air inlet heat capacity were identical. The density for the flue gas at the 

inlet had an error of 0.37% and the flue gas velocities at the inlet for flue gas had an error of 

5.64%. The air inlet velocity varied by 2%. The outlet velocities had a greater error due to the 

outlet pressure being different for the simulations from the two models. The velocity is 

calculated in the simulation process uses the mass flow per unit area, divided by density of the 

fluid (flue gas or air) to estimate the velocity of the fluid. The calculated density is based on 

the average outlet temperature and pressure. With a difference in both the outlet temperature 

and pressure between the two models, a difference can be expected for the velocities estimated 

at the outlet of the air heater. 
 

Energy Exchange 

The VBA RAH model showed a result of 37.87 MW energy lost and 38.38 MW energy gained. 

This means the result is accurate with regard to the energy balance. The RAH model had an 

energy exchange of 36.72 MW lost and a 36.64 MW gained, which is also accurate. The error 

between the two models is due to the difference in outlet temperatures. When comparing the 
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two tests (preliminary and final), the second test seems to show less heat transfer occurring for 

the full load condition. 

 

The detailed discussion for the 80%MCR results of Data Set 2 can be found in Appendix 

C4. Those results are in line with the results for maximum and minimum load conditions 

as discussed here. 

 

5.3.2 Air heater performance results vs. VBA RAH simulated results at 465 MW 

(68% MCR) 

For the 68% MCR load conditions, the plant readings and the simulated readings were 

combined for the metal and fluid temperatures to show where they operated. With previous 

tests the signals operated in the same regions, but for this load condition a large difference for 

the cold end layer temperature correlations were evident. Figure C9 (Appendix C) is a 

representation of this comparison. Figure 5.20 shows the measured and simulated metal 

temperatures for each layer, where the solid lines indicates the simulated profiles and the 

dashed lines illustrates the profile for the measured temperatures. 

 

 
Figure 5.20: Data comparison for ring 6 Metal temperatures for the 68% MCR pre-test 

condition. 

The fluid temperatures again showed poor correlation, but the measured fluid temperatures 

showed better correlation with the measured metal temperas. This is a definite sign of thermal 

inertial affects that influenced the measurements. Figure 5.21 is an illustration of the measured 

and simulated fluid temperatures, where the solid lines indicates the measured profiles and the 

dashed lines illustrates the profile for the simulated temperatures. 

Fouling Region 
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Figure 5.21: Data comparison for ring 6 fluid temperatures for the 68% MCR pre-test 

condition. 

As indicated in Figures 5.20 and 5.21 for the lower load condition, the rate of change for the 

simulation indicated a higher rate of temperature change in comparison to the measured values. 

This could be due to the fouled element packs that affects the heat transfer mechanisms more 

at lower loads. For lower loads the flow rate is less, and with ash blocking flow in the open 

spaces of the elements, less heat is transferred in fouled areas. With lower flows more settling 

of ash also occurs due to reduced amounts of energy to remove the deposits in the fouled areas, 

which can affect the actual measurements negatively. As mentioned from previously results 

(Figure 5.11) it is expected that the thermal inertia changes the rate of heat transfer, due to:  

- Wear protection at the area where the thermocouples are installed. 

- Accumulation of ash. 

- Contact resistance. 

- Reduced flow due to obstructions in the flow path. 

 

With lower loads this condition deteriorates. The thermal inertia of a material is defined as the 

square root of the product of the material's bulk thermal conductivity and volumetric heat 

capacity, where the latter is the product of density and specific heat capacity. Equation 5.4 is 

an illustration of the theoretical approach to determine thermal inertia. 

 

𝐼 = √𝑘𝑝𝑐                                                                                                                      (5.4) 

Where: 

𝑘 - is thermal conductivity, with unit W·m−1·K−1 

𝑝 - is density, with unit kg·m−3 

𝑐 - is specific heat capacity, with unit J·kg−1·K−1 

𝐼 - SI units of thermal inertia of J·m−2·K−1·s−1⁄
2 

Fouling Region 
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In the case where ash accumulates in open spaces of the element packs, the bulk density of a 

conductive medium starts to increase and gets added to the existing conducting material. With 

lower flows bulk densities of ash in these open spaces will increase, due to the fact that less 

energy is available to force the deposit out of the spaces between the pack. The lower velocities 

also incur lower erosion rates, which in essence also reduce the removal of deposits on the 

elements. With ineffective soot blowing not removing the ash deposits, moisture is added to 

the ash. This moisture from the soot blowing reacts with the ash causing precipitation to 

elements in areas where low flows are experienced. These areas can experience temperatures 

below the sulphurous acid and moisture dew point temperatures due to the fact that less heat 

transfer occurs. In the case where cold air passes through a pack that has ash accumulated in 

some of the spaces, a cooling effect can be experienced causing the moisture and ash mixture 

to adhere to the plate. After the cold stream a hot flue gas stream passes through, which then 

heats up the plate with the fouled deposit adhered to it. This cycle continues and eventually 

hardens the deposits to the extent where high pressure washing is then required to remove these 

deposits. With lower loads the flows also decrease, which means that less energy is available 

to blow and erode these deposits out. The higher flows at higher loads also create increased 

velocities for the erosive fly ash, therefore ideally removing some of these fouled deposits from 

the cold end. Therefore this condition can cause a greater deviation in measured temperatures, 

when compared to theoretical calculated values. These effects are not taken into account for 

the modelling of the VBA RAH model. For Ring 6 both the measured fluid (flue gas) 

temperatures for the cold end and the simulated temperatures operated below the dew point 

temperatures for sulphuric acid.  

 

The results showed that the inlet cold end metal temperatures did not operate below the 

sulphuric acid dew point temperature for 1% conversion of SO2 to SO3. The 2% conversion of 

SO2 to SO3, experienced a 5.88% exposure to the sulphuric acid dew point temperatures at the 

inlet of the cold end metal temperatures. For a 5% conversion, 25.82% of the inlet cold end 

metal temperatures operated below the sulphuric acid dew point temperature. The measured 

inlet cold end metal temperatures were exposed for 57.14% and complete exposure to sulphuric 

acid dew point temperatures for the cases of 3% to 5% SO2 to SO3 conversion. As expected the 

temperatures never reach the sulphurous acid dew point temperatures and moisture dew point 

temperatures during normal operation. The results are summarised in Table 5.9. It is clear that 

for lower loads dew point related fouling conditions are less likely to occur based on the fact 

that higher operating temperatures for the air heater flue gas outlet condition occurs. It is 

suspected that this is due to lower rates of heat transfer that occurs at lower load conditions. 

But if the leakage increase at lower load excessive fouling can still be evident at outlet of the 

third layer, where the cold air stream pass through underneath the seals to form part of the flue 

gas stream, exiting the steal matrix. When the streams cold air stream mix with the flue gas 

leaving the steel matrix, the outlet of the steel matrix experience a cooling effect, which can 

still allow temperatures to reduce below the sulphuric acid dew point temperatures.  
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Table 5.9: Sulphuric acid formation time for the simulated and measured metal- and fluid 

temperatures (68%MCR). 

Conversion 
SO2 to SO3 

Inlet Cold end metal 
temperature exposure to 
sulphuric acid dew point 
temperatures 

Conversion 
SO2 to SO3 

Measured cold end inlet metal 
temperatures operating below the 
sulphuric acid dew point 
temperatures 

1% 0% 1% 57,14%% 

2% 5,88% 3% 100% 

5% 25,28% 5% 100% 

 

The actual conversion of sulphur dioxide to sulphur trioxide was again estimated. Considering 

the measurements for SO2 at 68% MCR, a value of 0.178% by volume of SO2 in the flue gas 

was measured, this value relate to a 10% O2 normalised measurement. For a 6% O2 normalised 

measurement the value was measured to be 0.24% SO2. Using the 0.178% of measured SO2, 

means that 1% to 5% conversion will give a range of 0.00178% to 0.0089% of SO3 contained 

in flue gas. The results from the mass and energy balance indicated a 0.12% volume of SO2. 

Following Table 5.7 indicating the results for SO3 content in flue gas for varying sulphur 

content of coal concluded by Ganapathy (1989), the amount of SO3 in the flue gas would be 

based on a 1.15% (as received) sulphur in coal. According to the table the amount would be 

10.14 ppm SO3 (0.0010%) when using linear interpolation. The amount measured from the 

68% MCR Data set 2 test the value was 0.178% (at 10% normalization) for SO2, which shows 

the estimated and measured values are still close to each other. If the 6% O2 normalised value 

of 0.24% SO2 was considered it would have given a range of 0.0024 to 0.012% of SO3 formed 

in the flue gas.  Based on the table estimation (0.0010% SO3)  and the measured values 

(0.0178% SO2 @10% & 0.0024% SO2 @ 6%) result, the assumption that almost 1% of SO2 

converted to SO3 holds, which further confirms that the cold end was also experiencing dew 

point related fouling for the 68% MCR conditions. Table 5.10 is a summary of the above 

mentioned results. 

 
Table 5.10: Sulphuric acid formation time for the simulated and measured metal- and fluid 

temperatures (68%MCR). 

  
Measured SO2 @ 10% 

normalised 
Measured SO2 @ 6% 

normalised Simulated SO2  

SO2  0,178% 0,24% 0,12% 

1% SO2 converted to SO3 0,00178% 0,00240%   

5% SO2 converted to SO3 0,00890% 0,01200%   

Ganapathy Table 5.6    

Based on 1,43% Sulphur 
in coal (As received) 0,0010%    

Conclusion 
 Based on the Table 5.7 and the measured SO2 it seems that +/-1% of 

SO3 formed. 

 

Figure 5.22 is a representation of the sulphuric acid dew point temperatures from 1% to 5% 

conversion of SO2 to SO3 for the conditions measured during the 68% MCR conditions. Based 

on the conclusion that +/- 1% SO3 formed in the flue gas, a critical temperature of 129.8 ˚C 

were identified for sulphuric acid dew point related fouling. 
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Figure 5.22: Sulphuric acid dew point temperatures for 1% to 5% SO2 to SO3 conversion for 

68% MCR. 

Assuming 1% of SO2 converted to SO3 a large portion of the cold end layer will be experiencing 

dew point related fouling. Using the 32 x 307 (Figure5.15) size matrix generated in the 

simulation, which contain the final set of cold end layer metal temperatures for the full height 

of the third layer, this amount can be estimated. For one gas stream a 32 x 84 subset of 

temperatures of the total matrix exist. For this subset the metal temperature will be exposed for 

37.35% of the length and time step. The cold end element packs will experience sulphuric acid 

dew point conditions for 10.22 seconds of the total 27.36 seconds of the flue gas stream. These 

results indicate that dew point related fouling is more likely to occur at high loads. 

 

The impact of a rise in differential pressure was also evaluated for the 68% MCR load 

condition, which can be seen in Figure 5.23.The same approach was used as the 99%MCR 

condition. This results showed that the increase in differential pressure from 0kPa to 2.5kPa 

varies the temperature for sulphuric acid dew point temperatures with less 1˚C. The result was 

also consistent with the 99% MCR and 80% MCR rate of temperature change. The same 

assumption holds as for the other load conditions, that a pressure rise from fouling will not 

deteriorate the sulphurous- and sulphuric acid dew point temperature by a large extent during 

normal operation, but the moisture dew point can rise with +/-6 ˚C. The air heater still does not 

operate within these ranges, only during light up and shut down conditions when transient states 

are experienced. 
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Figure 5.23: Effect of increasing differential pressures on dew point temperatures for 68% 

MCR. 

 

Table C9 in Appendix C shows the results from the 68% MCR load actual test conducted from 

00:00 – 04:00 on 26/02/2020.  

 

Air heater gas outlet temperatures 

The average of the measured temperature of 123˚C shows a 0.56% deviation from the VBA 

RAH result of 123.69˚C.  The results were more accurate than the 80% MCR and 99% MCR, 

due to the fact that the flue gas flow was more accurate than the measured values for the other 

two tests. The same input parameters were simulated for the RAH (GB de Klerk) model and 

an error of 2.05% was evident. As with the previous tests, the results again showed that the 

simulation models tend to overestimate the outlet temperature at higher loads.  

 

Air heater air outlet temperatures 

A 4.9% error occurred between the VBA RAH model and the measured value. The error 

between the VBA RAH and the RAH (GB de Klerk) model was 1.04%. The air temperature 

showed that the simulation models overestimate the outlet temperature by a margin of 10 ˚C to 

15 ˚C. The VBA RAH model is mostly one dimensional and does not consider the impact of 

factors mentioned in Figure 5.11. Therefore overestimation of outlet temperatures can be 

expected. In addition, the same principle holds as with the other load conditions, that the round 

off error in the iterative process either over estimate or under estimate the average temperatures 

used to calculate the fluid properties. This process influences the final temperature estimation. 

 

Cold end metal temperatures 
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The comparison between the VBA RAH maximum plate temperatures and the measured 

maximum plate temperature indicated a 25.77% error. The minimum VBA RAH metal 

temperature was found to be 36.89% more than the measured value. As mentioned in the 80% 

and 99% MCR results discussion, the factors mentioned in Figure 5.11 affected the 

measurements. When comparing the measured value and the RAH (GB de Klerk) value, the 

simulated result again showed unrealistic values. The minimum metal temperatures for the 

simulated values and for the measured values correlate, which is ideal when the dew point 

related fouling areas are identified.  

 

Flue gas properties 

The estimated oxygen showed 0.1% (v/v) difference in comparison to the measured oxygen. 

The measured carbon dioxide was 0.11% (v/v) by volume lower than the estimated value. The 

sulphur dioxide measurement was 0.12 % (v/v) higher when using the 6% O2 normalization 

correction factor, and a difference of 0.6% (v/v) when using an O2 normalization correction 

factor of 10%. The estimated moisture was 5.4% (v/v), and the measured value was 7.41% 

(v/v). When the moisture is compared to the stack reading of 5.15 % (v/v) a better correlation 

was found. The same reasoning for errors as with the previous tests apply to the 68% MCR 

conditions.  

 

Air heater gas flow 

A 2.61% error existed between the measured and calculated value for the 68% MCR test. The 

simulation was done using the measured value of value of 237.65 kg/s.  

 

Differential pressures 

The differential pressure across the air for the air side was 0.68kPa. The differential pressure 

calculated by the VBA RAH model had an error of 22.06%. The gas side had an error of 

25.55% between the measured and the VBA RAH result. As mentioned previously, the fact 

that high differential pressures were measured confirms the condition of fouled element packs.  

 

Fluid Properties 

For the 68% MCR actual test results the inlet density for flue gas was measured, and in 

comparison to the simulated value a 4.28% difference existed. The flue gas density at the inlet 

between the VBA RAH and RAH (De Klerk) model had a 0.04% difference. The air inlet 

density, flue gas inlet heat capacity and air inlet heat capacity were identical with no error. The 

flue gas velocities at the inlet for flue gas had a difference of 0.19 m/s. The air inlet velocity 

varied with 0.01 m/s difference. The outlet fluid properties had a greater error due to the outlet 

temperature and pressure affecting the estimated density, which was used to calculate the 

velocity from the mass flow velocity as explained in Appendix A3.  

 

Energy Exchange 

For the VBA RAH model the result (at 68% MCR) showed a result of 24.91MW energy lost 

and 25.70MW energy gain with a difference of less than 1MW on energy exchange. The RAH 

(GB de Klerk) model had an energy exchange of 25.15MW lost and a 24.95MW gained, which 

is also an estimation with a difference of less than 1MW. The error between the two models is 

due to the difference in outlet temperatures by the two simulation models.  
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5.3.3 Summary of Data Set 2 Results 

For the 99% MCR predicted metal temperatures, 90% - 100% of the third layer metal surfaces 

were exposed to sulphuric acid dew point conditions for the flue gas stream duration. The 

measured values indicated a 100% exposure to sulphuric acid dew point conditions in the third 

layer, for 1% - 5% conversion of SO2 to SO3.  Due to the fact that this will occur for every annular 

division (ring), the cold end element packs will experience condensation for +/-25 seconds of the 

total 27 seconds duration of exposure to the flue gas stream.  

 

For the 80% MCR predicted metal temperatures, the full discussion of these results can be found 

in Appendix C4. An 81%-100% of the third layer element metal surfaces were exposed to 

sulphuric acid dew point conditions for the flue gas stream duration. The measured values 

indicated a 100% exposure to sulphuric acid dew point conditions in the third layer, for 1% - 5% 

conversion of SO2 to SO3. It can be deduced that the cold end packs will experience sulphuric 

acid dew point conditions for +/-22 seconds of the total 27 seconds of exposure to the flue gas 

stream.  

 

For the 68% MCR predicted metal temperatures, 37%-100% of the third layer element metal 

surfaces were exposed to sulphuric acid dew point conditions. The measured values indicated a 

46-100% exposure to sulphuric acid dew point conditions in the third layer, for 1% - 5% 

conversion of SO2 to SO3. It can be deduced that the cold end packs will experience sulphuric 

acid dew point conditions for 10 seconds of the total 27 seconds of exposure to the flue gas 

stream. Therefore it is clear that the air heater operates largely in these undesirable temperature 

ranges, and more specifically in the third layer.  

 

For all three conditions the estimation of conversion from SO2 to SO3 was +/-1%. This showed 

that the following critical temperatures were identified to cause possible dew point related 

fouling during normal operation: 99%MCR - 133˚C, 80%MCR - 132 ˚C and 68%MCR - 129˚C. 

 

Comparing the measured values to the simulated values, it was clear that the correlation was not 

ideal, and some forms of error existed. These errors were introduced through unaccounted-for 

thermal inertia, contact resistance, ash accumulation and incorrect flue gas flow measurements, 

as well as the use of incorrect measuring equipment for the application (Figure 5.11). Another 

form of error was also introduced in the measurement of flue gas properties, due to the location 

of the Horiba analyser, which was exposed to excessive ash conditions that can influence the 

readings. 

 

The mass balance method used to find the flue gas composition was also verified and was not 

found to be accurate. The model was then compared to the products of combustion model used 

in Eskom which was tested by the North West University as a sound method for the application 

of mass balance. The VBA RAH model mass balance results correlated well with the Eskom 

products of combustion model. Therefore the location of measurement and high ash content in 

the flue gas affected the measured results for the flue gas composition. The method of coal 

sampling was not as successful. Ideally all samples had to be analysed individually for improved 

accuracy, instead of combining the samples for each load condition to get an average coal 

composition.  

 

 

Considering the previous research outcomes mentioned in Chapter 2, the following was 

observed. The pressure drop error on average was found to be 30.8% between the three load test 
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results. This correlated with the 30% error found in pressure drop calculations estimated by 

Habbitts (1998). The error is a result of external factors, the effect of leakage on pressure drop 

and fouling conditions that cause increases in pressure drops. This is still an area of improvement 

for the simulation models. Considering the list of guide points to reduce the occurrence of air 

heater fouling from Mabena (2003), the research also contributed to these guidelines. Firstly, the 

ideal operating range for the excess oxygen in the flue gas to reduce the deposition rate for 

sulphuric acid formation becomes an unrealistic figure due to various challenges. Increased 

sulphur content, air heater leakage, plant deterioration, and deteriorated Rankine cycle efficiency 

affected by unavailability of high pressure and low pressure steam heaters and inadequate air 

cooled condensing, force the boiler heat input to increase. This effect enforces higher coal flow 

air flow rates to the extent that the flue gas excess oxygen decreases below the allowable limit 

of 2.5% volumetric percentage. As difficulties are experienced for Eskom to provide the required 

electricity supply, the power stations are forced to maintain maximum capacity. As indicated 

from the results, fouling is expected to occur more with higher loads, and based on Mabena’s 

(2003) guide lines the deposition rates also increase at lower excess oxygen levels in the flue 

gas. Therefore, fouling is expected to increase. Secondly, the guide suggests that the air inlet 

temperature should be above 45 ˚C to avoid operating the air heater cold end below the set point 

of 90 ˚C. This research showed that it is ideal to operate above 45°C, but the 90 ˚C value does 

not protect the air heater from experiencing sulphuric acid dew point fouling, based on the ranges 

estimated from the three test load conditions.  

 

Thirdly the guidelines refer to low pressure washing to be done after a tube leak, but based on 

the research it becomes evident that dew point related fouling will increase with increased levels 

of moisture in flue gas, which will cause severe blockage during tube leak conditions and low 

pressure washing will not be adequate. A combination of high pressure washing (600 bar for 96 

hours) from the bottom and low pressure flushing (8 bar for 6 hours) from the top is 

recommended to be more effective to remove the deposits. This method was tested and proven 

to be successful without damaging the pack profile plates. This becomes a critical activity to be 

included in cyclic maintenance programs. The study of the effectiveness of this cleaning method 

is recommended for future research. Fourthly the research from Bailey (1999) showed that higher 

fouling rates will occur on fouled surfaces. If tube leaks occur the fouling rates are already 

increased and if only low pressure washing is used, the fouled surfaces are not cleaned 

effectively. Therefore, the air heater will tend to block at higher rates when placed back in 

operation after low pressure washing. The research results also correlated with the results from 

D’Agostini et al (1989) and Raask (1963), where the condensation rate was found to be higher 

at higher loads. This was based on the reduced surface temperatures at higher loads which 

ultimately correlated with higher condensation rates (Figure 2.12 and 2.13). 

 

Further validation of the VBA RAH model was done by comparing results from research 

conducted by Habbitts (1998) and De Klerk (2001) as discussed in Section 5.7. The VBA RAH 

model was successfully developed to predict the onset of dew point related fouling and provides 

a platform to equip system engineers with the knowledge to enhance air heater performance. The 

impact of air heater operating and design amendments can be simulated to evaluate the impact 

on overall boiler performance. Section 5.7 elaborates on the capability that the VBA RAH model 

has with regard to evaluating the impact that amendments to air heater parameters and design 

configurations have on boiler performance.  
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5.4 Comparison of OEM model results with RAH and VBA RAH Models 
 

The selection of element pack profiles is one of the most important considerations when 

designing an air heater for specific boiler designs. The tests conducted by Caby (1996), Kumar 

(1998), Gruen (1998), Habbitts (1998) and De Klerk (2001) considered the element packs 

available at that time. There have been numerous developments over the years regarding pack 

profiles and coating of element packs. Figure 5.24 shows the difference between the coating, 

profile and plate configuration for the 2.78DU, HC11 and NF6 (enamel coated) types of 

element packs.  Part of these developments were the HC11 pack profiles designed by the OEM 

for Eskom power generating plants, along with enamel coating of element packs. These design 

configuration changes were not tested and documented within Eskom and therefore a grey area 

exists regarding the performance of these packs. The OEM however has the required design 

information to determine the thermal performance of the HC11 element packs. This 

information is regarded as intellectual property of the OEM and therefore cannot be shared 

with Eskom. The recommendation from the OEM was to make use of the 2.78DU profiles for 

the simulations, due to the fact that the design information is available to Eskom and the 

thermal performance is expected to be similar to the HC11 profiles. In light of this 

recommendation, the OEM was requested to simulate the 2.78DU and HC11 profiles using the 

same input parameters as the actual test data for the three different load conditions.  

 

 
Figure 5.24: Various profile types of profiles available to industry (DU type, HC and NF6 

enamel coated type). 

 

The first temperature estimations in the simulation are usually for the flue gas stream. This is 

also the stream that has the chemical composition to incur dew point related fouling. The VBA-

RAH and RAH model results and the OEM simulation model results for this stream were 

compared through considering the diluted and undiluted flue gas outlet temperatures and metal 

surface temperatures for the cold end. As mentioned previously one of the reasons for the 

deviation between the measured and the simulated (from the results in section 5.3), values 

could be that the performance of the installed HC11 packs is different in comparison to the 

2.78DU simulation results. This effect is compared in Figure 5.25 (99% MCR input 
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parameters), Figure 5.26 (80% MCR input parameters) and Figure 5.27 (68% MCR input 

parameters). For all three cases (99% MCR, 80% MCR and 68% MCR) the results showed that 

the HC11 temperatures correlate with the 2.78DU temperatures. 

 

 
Figure 5.25: 99% MCR - OEM cold end metal temperature, inlet and outlet comparison for the 

HC11 and 2.78DU element profiles. 

 

The logarithmic mean temperature difference is used to determine the temperature driving 

force for heat transfer in flow systems (LMTD). The LMTD was calculated for each model, 

along with the measured values to compare the driving forces for the three models and the 

measured values. For the 99% MCR results the three models had a LMTD of 40 ˚C (OEM), 39 
˚C (VBA RAH) and 41 ˚C (RAH). The measured values are estimated to be a LMTD of 54 ˚C, 

which means that in reality the driving force was higher than in the simulations. The product 

of the heat transfer coefficient, the heat transfer area and the LMTD gives the amount of heat 

energy exchanged in the system. Considering this, it shows that in reality the higher LMTD for 

the measured values implies that the heat transfer area is less (assuming the same heat transfer 

coefficient). This supports the likelihood of ash accumulating in the open spaces of the element 

packs. Although fouling is taken into consideration it seems that in reality the effect of ash 

accumulation in relation to the LMTD is still an area of improvement that should be 

investigated. Equations 5.5 and 5.6 are an illustration of the latter. 

 

𝑞 = ℎ × 𝐴 × 𝐿𝑀𝑇𝐷                                                                                                       (5.5) 

 



119 

 

Rearranging 5.5: 

𝐿𝑀𝑇𝐷 =  𝑞/(ℎ𝐴)                                                                                                          (5.6) 

  

𝐿𝑀𝑇𝐷 - Log Mean Temperature difference 

𝑞 – Exchanger heat transfer (Watts) 

ℎ - Overall heat transfer coefficient (Wm2/K) 

𝐴 - Suitable area for heat transfer (m2) 

 

 
Figure 5.26: 80% MCR - OEM cold end metal temperature, inlet and outlet comparison for the 

HC11 and 2.78DU element profiles. 

 

For the 80% MCR, Figure 5.26 shows how the two simulation models compare to the actual 

measurements. The three models had a LMTD of 34˚C (OEM), 34 ˚C (VBA RAH) and 35 ˚C 

(RAH). The measured values give a LMTD of 46 ˚C, which again indicates that in reality the 

driving force was higher than in the simulations. The same assumption can therefore be made 

that there is portion of unaccounted ash that restricts flow and therefore the heat transfer area 

is reduced.  
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Figure 5.27: 68% MCR - OEM cold end metal temperature, inlet and outlet comparison for the 

HC11 and 2.78DU element profiles. 

 

For the 68% MCR, Figure 5.27 shows how the OEM and VBA RAH models compare to the 

actual measurements. The three models had a LMTD of 32˚C (OEM), 32 ˚C (VBA RAH) and 

35 ˚C (RAH). The measured values give a LMTD of 50 ˚C. This again shows that in reality the 

driving force was higher than in the simulations.  

 

The OEM model, VBA RAH and RAH models were also compared and the fact that the OEM 

show a large deviation from the other two models could be due to the mathematical approach 

used for each model. Figures 5.28 and 5.29 illustrates the comparison of these model with 

regards to the undiluted (no leakage) and diluted (includes leakage) flue gas temperatures 

leaving the air heater. The OEM simulation model uses a method of manipulation of operating 

parameters to find the ideal model configuration. This model has a base design for a rotating 

matrix type of air heater; a rotating hood simulation requires input parameter manipulation to 

ensure the model provides accurate results. The VBA RAH and RAH models take the design 

parameters specific to a rotating hood type of air heater into account. For instance the flow area 

is specifically configured for the Eskom-specific design of steel matrix configuration. This 

takes the grease tunnel, radial and divisional plates and seal strips obstructing flow into 

account. The actual flow area is therefore reduced accordingly. The rotational speed is not a 

manipulated value, but rather the correct direct input. 
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The 80% MCR and 68% MCR results correlated better for both the diluted and undiluted flue 

gas outlet temperatures. The error in the flue gas flow estimation proved to have an effect on 

the results, which is also explained in section 5.7. 

 

 
Figure 5.28: OEM, VBA RAH and RAH Comparison - Undiluted Flue gas exit temperature. 

 

 
Figure 5.29: OEM, VBA RAH and RAH Comparison - Diluted Flue gas exit temperature. 
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5.5 VBA RAH Model Verification Using Previous Research Results 

The next method elaborates on the possibility that the current pack configuration is the problem 

that caused large deviation between the measured and the simulated temperatures for Data set 

1 and 2. The initial design pack selection for these air heaters consisted of different element 

pack heights. The selection was a H8 profile, with a plate thickness of 0.5mm, and a height of 

1025 mm for layer one. Layer two was the same selection as layer one, but a KH11 profile with 

a thickness of 0.5 mm and a height of 300 mm was used for layer three. The current selection 

is a HC11 profile with a thickness of 0.5 mm and a height of 1100 mm for layer one and two, 

and the same HC11 profile and thickness for layer three with a height of 300 mm. The effect 

of increasing the heights and changing the element packs can be evaluated by comparing 

historical test data. De Klerk (2001) verified the RAH model by comparing plant measurements 

to the simulation results. From these results five conditions are selected to compare the 

performance simulated by the VBA RAH and RAH models, and measured values. The data set 

was collected in March 1995 for the research project done by Habbitts (1998). This data set is 

for the same power station and unit as in for this research project. The flue gas outlet 

temperature was 1.79% lower than the measured value for the VBA RAH simulation. 

Comparing to the RAH model the VBA RAH model was 0.13% higher. The air outlet 

temperature was 2.21% higher than the measured value for the VBA RAH simulation. 

Comparing to the RAH model air outlet temperature, the VBA RAH model was 0.83% less. 

For the temperature simulation this set of data showed that the VBA RAH and RAH models 

correlate well with each other. Figure 5.30 is a graphical illustration of these results. It does 

seem that the simulation tends to slightly over-estimate temperatures when compared to the 

measured data. But this still shows that the validity of both simulation tools is good and can be 

used for air heater performance analysis. 

 

 
Figure 5.30: Results comparison for VBA RAH, RAH and Measured plant data from March 

1995 for the same Eskom Power Station. 
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5.6 VBA RAH capability of reducing dew point related fouling 
Through focusing on the dew point related fouling conditions of the flue gas along with the 

steel matrix temperatures, the research objective was to see whether the matrix metal 

temperatures could be controlled to prevent dew point related air heater fouling. This control 

would require amendments in operating parameters or design configurations. The operating 

changeable parameter is the inlet air temperature, which can be varied through the use of the 

pre-steam air heater installed before the air heater at the suction line before the FD fans. The 

air heater performance will however be influenced along with the boiler performance. The 

VBA RAH model has the capability of simulating these conditions in order to compare the 

boiler performance before and after the changes. The design configuration change will be based 

on changing of element pack profiles and pack configuration. The idea of the comparison is 

not to find the most accurate result in relation to plant operating parameters, but rather to 

measure the impact of the changes to the boiler performance. Both of the above-mentioned 

changes will be evaluated to find an ideal arrangement to reduce dew point related fouling. 

Based on the fact the maximum load conditions show a higher risk of dew point related fouling, 

the 99% MCR input parameters were used for this evaluation. 

 

5.6.1 Increase of the air inlet temperature 

The first option of increasing the air inlet temperature was evaluated to see how much it can 

assist with dew point conditions. Auxiliary steam is supplied to a pre-steam air heater, located 

in the air supply duct to the FD fan. This pre-steam air heater raise the air temperature supplied 

to the FD fans, to ensure that the cold end dew point related fouling condition is reduced to a 

minimum. From Figure 5.31 below, the metal temperatures show a definite improvement in 

reducing dew point related fouling conditions. Assuming 1% of SO2 converted to SO3 the 

portion of the cold end layer experiencing dew point related fouling was previously estimated 

to be 90.3%. This value reduced to a 68.1% chance of fouling when using an inlet air 

temperature of 70 ˚C. This temperature is based on the fact that the pre-steam air heater has the 

capacity to increase the air temperature above 70 ˚C, and that the increase in air temperature 

will increase the plate minimum temperature with +/-20 ˚C (from a 50 ˚C to 70 ˚C air inlet 

temperature). This will allow the metal temperature to operate with a higher initial metal 

temperature when the flue gas stream starts to blow through the cold end layer. In essence a 

higher maximum metal temperature will be reached forcing the cold end metal temperature to 

be exposed to dew point related fouling for shorter periods, reducing the deposition time to 

cause fouling. Assuming 5% of SO2 converted to SO3 the portion of the cold end layer 

experiencing dew point related fouling was previously estimated to be 100% for one gas 

stream. This value reduced to a 93.8% chance of dew point related fouling when using an inlet 

air temperature of 70 ˚C. 
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Figure 5.31: VBA RAH metal temperature profile for an increased air inlet temperature of 70 

˚C. 

 

The impact on boiler performance can be seen from the results from the VBA RAH model. 

Figure 5.32 is a representation of the change in boiler performance due to the increased air inlet 

temperatures. The energy input to the boiler reduced by 1.6 MW, the coal flow reduced by 0.1 

kg/s and the boiler efficiency improved by 0.2%. The cost saving with regards to a reduction 

in coal flow is R1 127 033.57 per year at a rate of R 357.38 per ton of coal. These figures show 

that the increase in air inlet temperature can both improve boiler performance and reduce the 

risk of experiencing dew point related fouling. 

 

  
Figure 5.32: VBA RAH Boiler impact comparison for an increased air inlet temperature of 70 

˚C. 

 

Changing the operating conditions in this way can be used as a method to reduce dew point 

related fouling, but this option is limited by the capacity of the pre-steam air heater and the fan 

design temperature. For the FD fans, the design maximum temperature is 50˚C. If the air 

temperature is increased beyond this point the fan will operate with air densities outside of its 

design range. Due to the fact that the fan is a constant volume machine, the volumetric flow 
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rate will be maintained. With this in mind the density will decrease with an increase in 

temperature. This process reduces the pressure difference across the fan. This reduction also 

causes a reduction in the air pressure entering the air heater. After the air heater, the air pressure 

is measured in the cross over duct, this is known as the cross over duct pressure. This pressure 

play an integral role in the secondary air supply to the furnace. If the cross over duct pressure 

is not maintained, the control system signals a demand to increase the secondary air supply by 

increasing the radial vane control dampers on the FD fans. When the fan operates at higher 

temperatures, and the air heater operates with blocked element packs, this cross over duct 

pressure is not maintained. In essence this effect forces the fan radial vanes to reach a maximum 

operating point, which then limits the fan supply capacity. Other changes will also be required 

to ensure the fan capacity is still maintained. A different approach is therefore required to 

reduce the differential pressure across the air heater. The third layer of element packs can be 

removed or the pack height can be reduced to reduce the differential pressure across the steel 

matrix. Figure 5.33 is an illustration on the schematic layout between the FD fans, air heaters 

and the cross over duct pressure. 

 

 
 

Figure 5.33: VBA RAH metal temperature profile for an increased air inlet temperature of 70 
˚C, and removal of the third layer element packs. 
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5.6.2 Increase of the air inlet temperature and removal of the third layer 

If the pre-steam air heater has the maximum capacity of increasing the inlet air to 70 ˚C, the 

next option will be to amend the pack configuration. The 2.78DU element packs are the packs 

with the smallest conduction and surface heat transfer area (As per Element pack properties 

table in Appendix A). Therefore changes to the height or layer configuration are the other two 

options available to achieve a reduction in dew point related fouling. By reducing the height 

the resistance will be reduced therefore also reducing the dynamic pressure component of the 

fan performance. This can assist to reduce the fan total pressure leaving room for increased air 

supply capacity. Figure 5.34 is a representation of the metal temperatures in the case where the 

third layer is completely removed, which illustrates that dew point related fouling can be 

minimized to a large extent.  

 

 
Figure 5.34: VBA RAH metal temperature profile for an increased air inlet temperature of 70 

˚C, and removal of the third layer element packs. 

 

Assuming 1% of SO2 converted to SO3 the portion of the cold end layer experiencing dew point 

related fouling was previously estimated to be 90.3% for one gas stream. This reduced to a 

16.5% chance of dew point fouling.  Assuming 5% of SO2 converted to SO3 the portion of the 

cold end layer experiencing dew point fouling was previously estimated to be 100% for one 

gas stream. This reduced to a 28.3% chance of dew point fouling. Soot blowing will also be 

more effective, because less penetration by dry steam will be required for effective cleaning. 

This is a recommended field for further research, to identify the amount of energy required to 

remove fouled deposits from element packs.  

 

The impact on boiler performance can be seen from the results generated by the VBA RAH 

model. Figure 5.35 is a representation of the impact on the boiler performance using the original 

results simulated for the 99% MCR conditions and the increased air inlet temperature. The 
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energy input from the boiler increased by 0.5 MW, the coal flow remained unchanged and the 

boiler efficiency improved by 0.1%. These figures show that the increase in air inlet 

temperature and removing of the third layer can both improve boiler performance and reduce 

the risk of experiencing dew point related fouling.  

 

  
Figure 5.35: VBA RAH Boiler impact comparison for an increased air inlet temperature of 70 

˚C, and removal of the third layer of element packs. 

 

This option still poses a risk of causing high emissions for the downstream conditions after the 

air heater. From the test results in section 5.3 the measured flue gas temperature was 120 ˚C. 

The simulated value was 104 ˚C for the mixed gas outlet temperature, which includes all forms 

of leakage into the flue gas stream. The risk exists that if the actual gas temperature was 16 ˚C 

higher than the simulated value and the simulated value here is 122°C, the actual mixed flue 

gas temperature could be 138 ˚C. The lower temperature is believed to be caused by an error 

in flue gas flow as per the conclusion from section 5.7. Therefore the correct flue gas flow was 

simulated and the result showed that the flue gas outlet temperature was 138.7°C, which 

provides proof of the possible increase in the ash resistivity due to the elevated flue gas outlet 

temperatures. The ash resistivity is directly influenced by the flue gas temperature, which will 

cause a reduction of the efficiency of the electrostatic precipitators. This will also have a 

negative impact on the particulate matter emissions. When the flue gas temperature is high the 

ash resistivity will increase causing less ash particles to precipitate to the electrostatic screens. 

More particles therefore pass through the ESP’s directly to the smoke stack. This effect 

increases the particulate matter count leaving the stack, which could lead to the legislated 

emissions limit being exceeded. The relationship for ash resistivity and temperature can be 

seen in Figure 5.36 (Mohanty, et al., 2011).  
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Figure 5.36: Relationship of Temperature and resistivity of ash (Mohanty, et al., 2011). 

 

5.6.3 Reduction of the air inlet temperature to 50°C, removal of the third layer 

and increase of cold end (second layer) element pack thickness  

The risk of high ash resistivity due to increased flue gas temperatures can still be changed 

through changing of inlet air temperatures and element plate thickness. The first option would 

be to ensure that the inlet air temperature is set at an adequate lower inlet temperature to allow 

the mixed flue gas temperature to operate between 125 ˚C to 130 ˚C, along with increasing the 

plate thicknesses from 0.5mm to 0.8mm. This increase in plate thickness will provide more 

conduction area, which in turn will reduce the outlet temperature.  

 

This effect will also improve the efficiency of the SO3 lances installed at the electrostatic 

precipitator (ESP) inlet casing, to reduce the ash resistivity as indicated in Figure 5.37. These 

lances inject SO3 to improve the collection rates of the ESP’s. The ESP inlet temperature also 

includes the flue gas exit tubular air heater temperature (primary air heater). To avoid sulphuric 

acid formation on the SO3 lance nozzles, causing blockage of the injection ports, the flue gas 

temperature is set to operate above 123 ˚C. Figure 5.38 is an illustration of the cold end of the 

air heater where the flue gas stream and air stream give a combined temperature known as the 

cold combined temperature. This temperature is used to operate the air heater above the dew 

point related fouling set point of +/- 90 ˚C, and to maintain the ESP inlet temperature above 

123˚C through heating of the air entering the FD fan.  
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Figure 5.37: SO3 injection to the flue gas entering the ESP 

 

 

 

 
Figure 5.38: Cold combined temperature formation at the cold end of the air heater. 

 

With this control system in mind, the possibility of reducing the inlet temperature to 50°C was 

simulated. It shows that the second layer will only be exposed 26.2% to 37.2% for a 1% to 5% 

SO2 to SO3 conversion respectively. When comparing this condition to the original 

configuration, where the fouling was expected between 90.3% and 100%, the reduced fouling 

will require less cleaning capacity. The mixed flue gas mixture temperature of 102.6 ˚C for this 

configuration of packs and operating parameters is 1.6 ˚C less than the original temperature 

measured. Considering the possibility that there was an error in flow, the correct flue gas flow 

was simulated and the flue gas outlet temperature was found to be +/-124˚C. This value is still 
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more than the 123 ˚C, which is the flue gas temperature required to prevent the fouling of the 

SO3 lances. The risk still exist that when changes in load or flows occur the flue gas temperature 

may operate below this temperature. The boiler performance indicated that an increase of coal 

mass flow of 0.03 kg/s will be incurred and 0.05 MW of heat energy input into the boiler. The 

temperature profiles for the two layers can be seen in Figure 5.39. 

 

The air inlet temperature was further reduced to 35 ˚C, but this showed an increase in exposure 

to fouling. The range of exposure increased to 32.8-43.3% for a 1% to 5% SO2 to SO3 

conversion respectively. It would therefore be advised that the inlet temperature remain at +/- 

50˚C. 
 

 
Figure 5.39: The metal surface temperature profile for operating condition where the third 

layer is removed and the inlet air temperature is 50 ˚C.  

 

 

5.6.4 Impact of leakage on Air heater performance 

The leakage was measured to be 8.7% during the tests conducted by Habbitts, in March 1995. 

This is a clear indication that the air heater leakage was low compared to the leakage 

experienced in the tests conducted in February 2020. The impact of an increase in leakage was 

therefore also assessed to see how it affects air heater performance and boiler performance. 

From these results it shows that air heater leakage causes increased differential pressures for 

the flue gas and air streams, placing additional strain on the FD and ID fan capacities. As 

expected the radial vane will open more causing the fan to handle greater volumes of air (FD 

fans) and diluted flue gas (ID fans) respectively. The second effect is the increase in the dry 

flue gas loss. This loss is directly proportional to boiler efficiency deterioration, as explained 

in section 3.1. Figure 5.40 is an illustration of the air heater operating temperatures leaving the 

air heater. This shows how the air heater performance deteriorates with an increase in leakage. 

To maintain the excess air in the flue gas and the set point air pressure (measured after the air 
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heater at the cross over duct as shown in Figure 5.33) the FD fan also operates at higher capacity 

when leakage increases. In essence both the ID fan and FD fan start to operate at higher 

operating currents, therefore incurring additional auxiliary power consumption. In addition to 

this the coal flow rates increase which then also requires more combustion air. The augmented 

volumes of combustion air and coal introduce increased flue gas volumes, which places 

additional strain on the ID fan capacity.  

 

 
 

Figure 5.40: Impact of leakage on air heater thermal performance for the configuration of 

2.78DU element packs and the original design combination of H8(0.5mm, 1025mm high) for hot 

end, H8(0.5mm,1025mm high) intermediate, KH11(0.8mm, 300mm high) for cold end. 

 

Over the years the Rankine cycle efficiency for the boiler starts to deteriorate due to increased 

losses to the condensate system along with unavailability of high pressure steam heaters and 

low pressure steam heaters. These losses require additional heat energy to be recovered by the 

boiler. This lost energy must be recovered by increasing the coal flow into the boiler. The boiler 

in general operates at higher heat input rates which requires increased volumes of combustion 

air and extracted flue gas from the boiler. The additional work required from the boiler adds 

more strain to the capacity of the boiler auxiliaries such as FD and ID fans.  If air heaters 

operate with high blockage and leakage these results clearly show that the fan will start to 

operate at its maximum capacity. With a simulation tool such as the VBA RAH model 

variations of plant operation and configuration can add value to make decisions to improve the 

air heater performance and in turn also add to the boiler efficiency and life expectancy of the 

boiler plant. The impact of leakage on differential pressure from the air heaters, boiler 

performance, coal flow rate and dry flue gas losses can be seen in the following figures. 
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Figure 5.41: Impact of leakage on air heater Differential Pressure for the configuration of 

2.78DU element packs and the original design combination of H8(0.5mm, 1025mm high) for hot 

end, H8(0.5mm,1025mm high) intermediate, KH11(0.8mm, 300mm high) for cold end. 

 
Figure 5.42: Impact of leakage on Boiler Performance for the configuration of 2.78DU element 

packs and the original design combination of H8(0.5mm, 1025mm high) for hot end, 

H8(0.5mm,1025mm high) intermediate, KH11(0.8mm, 300mm high) for cold end. 
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Figure 5.43: Impact of leakage on coal flow rate and Dry flue gas losses for the configuration of 

2.78DU element packs and the original design combination of H8(0.5mm, 1025mm high) for hot 

end, H8(0.5mm,1025mm high) intermediate, KH11(0.8mm, 300mm high) for cold end. 

 

5.6.5 Impact of blockage on air heater performance 

The configuration to operate the inlet temperature at +/- 50 ˚C, removing the third layer and 

increasing the second layer thickness (as mentioned in section 5.6.3), seems to be a promising 

solution. But there is still a risk that the mixed flue gas temperature could be too low. The 

previous assumption was that the higher measured temperature exists due to the fact that the 

maximum flue gas temperature is reached in small continuous cycles. When measuring after 

the air heater discharge dampers, a higher outlet temperature is therefore expected. Another 

possibility exists that the element packs experience blockage at the cold end which in turn 

causes higher outlet temperatures. To test this theory, the input parameters were used from the 

99% MCR test to see how a 30% air heater blockage will impact the air heater and boiler 

performance. The results indicated that the mixed flue gas outlet temperature was 0.18% higher 

than the measured temperature. Considering the error in flue gas flow as stated in section 5.7, 

the corrected flow condition was also simulated. This result indicated that a 30% blockage 

condition will result in an average flue gas outlet temperature of 118.7 ˚C, which is +/- 2 ˚C 

lower than the temperature from the original flue gas flow used in the 99%MCR test conditions. 

In this case the air outlet temperature seemed to show a larger error. The outlet air temperature 

was 4.31% less than the measured value. The maximum plate temperature for the cold end was 

17.9% higher and the minimum was 16% higher. Therefore, when comparing the measured 

cold end metal temperatures the deviation shows less correlation to the measured values for the 

99% MCR condition (Figure 5.44), which shows some uncertainty to the fact that the cold end 

experienced excessive blockage at the cold end. Table 5.11 is a summary of the results for the 

case where the cold end experience 30% blockage.  
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Figure 5.44: The metal surface temperature profile for operating condition where the air heater 

is 30% blocked, using the same input parameter as the 99% MCR actual test conditions.  

 
Table 5.11: Comparison of results for operating condition where the air heater is 30% blocked, 

using the same input parameter as the 99% MCR actual test conditions and the original 

measured results. 
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Figure 5.45 is an illustration of the air heater temperature air and flue gas outlet temperatures 

for increases in blockage from 10% to 80%. From this illustration it is clear that after 70% 

blockage the air heater performance deteriorates excessively (air outlet temperature decreasing 

about 11 ˚C), but between 10% and 60% the impact on air outlet temperature reduction ranges 

between 1.2 ˚C to 6 ˚C. The figure also shows that after 70% blockage the flue gas outlet heater 

performance deteriorates excessively with the flue gas outlet temperature increasing by 8 ˚C, 

but between 10% and 60% the impact on flue gas outlet temperature increases between 0.82 
˚C and 2.85 ˚C.  

 

 
Figure 5.45: Impact of blockage on air heater thermal performance for the configuration of 

2.78DU element packs. 

 

Due to the deterioration of air heater performance, higher thermal flue gas losses are incurred 

and furthermore the boiler coal flow rates also increase to compensate for the thermal losses. 

The boiler efficiency deteriorates accordingly. As mentioned with the effects of leakage, to 

maintain the set point air pressure (after the air heater at the cross over duct) and excess air in 

the flue gas, the FD fan also operates at higher capacity when leakage increases. Figures 5.46 

and 5.47 illustrate the effects of blockage on boiler performance, coal flow rates and dry flue 

gas losses. 
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Figure 5.46: Impact of blockage on boiler performance for the configuration of 2.78DU element 

packs. 

 

 
Figure 5.47: Impact of blockage on coal flow and dry flue gas loss (MW) for the configuration of 

2.78DU element packs. 
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5.6.6 Impact of the combined effect of leakage and blockage on air heater 

performance 

For blockage and leakage the impacts on boiler performance were assessed separately, but in 

reality both these conditions are experienced. To see how the combination of the effects impact 

boiler performance the condition of 30% blockage and 30% leakage was simulated. The results 

were then compared to the original state of 2% blockage and 8.7% leakage.  This clearly shows 

the impact of the combined effect of fouling along with leakage on boiler efficiency. The coal 

flow rate increases by 2.13 kg/s, the dry flue gas loss increases with a 28.6 MW heat energy 

loss and the boiler efficiency reduced by 1.6%. Considering the increase in coal flow only, a 

total boiler heat input energy of 32 MW is required to compensate for these losses. The flue 

gas flow through the ID fans increases to 173.7 kg/s and the secondary air 172.6 kg/s. This 

excludes the additional impact on the auxiliary consumption that will increase due to increase 

in volume. Table 5.12 is a summary of the combined impact of leakage and fouling on the air 

heater and boiler performance. 

 
Table 5.12: Comparison of results for 30% blockage, 30% leakage and the combination of both 

30% blockage and 30% leakage, and the impact of each to boiler performance. 

VBA RAH 

Blockage% 2% 30% 2% 30% 

Leakage% 7,18 7,18 30 30 

278DU- Air out T Mix 296,0 296,7 307,0 304,8 

278DU- Air out T  297,6 298,4 309,02 306,5 

278DU- Gas out T undiluted 117,9 125,7 146,53 147,7 

278DU- Gas out T Diluted 115,4 121,1 131,2 132,2 

278DU- Gas out T Mixed 114,3 120,5 130,2 131,2 

278DU- Gas DP 0,7989 0,8112 0,8894 1,5357 

278DU- Air DP 0,6711 0,6187 0,6902 1,1483 

Boiler eff 278DU (input-losses) 94,9 94,7 93,4 93,3 

Coal flow kg/s 80,58 80,86 82,07 82,13 

Dry flue gas loss (MW) 53,5 58,4 81,2 82,1 

 

For the same fluid density the fluid volume increases due to an increase in mass flow. The shaft 

power input is directly proportional to the volumetric flow of the fan. If the shaft power 

increases the electrical power increases as well. In essence the fans will not only run with 

saturated capacities, but it will also operate with higher operating currents.  A partial load loss 

will be incurred due to the limitation on the fan capacity operating at a maximum.  

 

 

𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡 𝑡𝑜 𝐹𝑎𝑛 𝑆ℎ𝑎𝑓𝑡 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑 ×𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

(𝑓𝑎𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)
                                            (5.7)   

                                                                 

 

   𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡 𝑡𝑜 𝑡ℎ𝑒 𝑚𝑜𝑡𝑜𝑟 =

 
𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡 𝑡𝑜 𝐹𝑎𝑛 𝑆ℎ𝑎𝑓𝑡

(𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑚𝑜𝑡𝑜𝑟 𝑎𝑡 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔×𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑠𝑦𝑠𝑡𝑒𝑚 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)
                          (5.8) 
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5.7 Flue gas flow estimation error 

For the other measurements taken regarding the flue gas flow rates for 80% MCR and 68% 

MCR, the velocities measured at the flue gas duct were used to determine the flow. Considering 

the fact that the area was based on a design drawing, the flow area did not cause the error. The 

densities however did have an error of 3.32% (99% MCR), 3.06% (80% MCR) and 4.28% 

(68% MCR). The density will only affect the velocity by +/-0.35 m/s. The actual error comes 

from the velocity measured. If the mass flow measured  is incorrect by 17,7 % (based on the 

mass flow difference of 333.1 kg/s – 283.1 kg/s from the above mentioned table) on average 

the measured velocity was 1,9m/s less than the velocity estimated from the previous research 

by De Klerk (2001). But this is still not an accurate error estimation due to the different 

operating parameters from the two different research experimental conditions. 

 

The velocities are determined using the static and differential pressure measurements. 

Differential-pressure (DP) devices (such as Pitot tubes) and flow restrictors (such as airfoils 

and Venturis) are commonly used because the measurement principles have been in use since 

the beginning of coal fired power generation. However, the challenges facing coal-fired power 

plants (such large ducts; limited metering runs; poor velocity and temperature profiles; 

vibration; and high temperatures) make using DP primary elements and flow restrictors a less-

than-ideal choice when trying to achieve low operating cost, low maintenance, high accuracy, 

and high repeatability. Pitot tubes are also better suited for particulate-free air flow. Coal plant 

combustion air contains fly ash particulates that require a purge system to ensure the primary 

element stays reasonably close to the original factory performance. Any particulates are prone 

to plug the Pitot tube and impulse lines, and will affect the accuracy of flowrate readings. The 

source of the K factor for this type of measurement is the manufacturer of any obstructions to 

the flow, such as filters or dampers.  

 

Another important factor to be considered is the K factor of the flow measuring instrument. 

The manufacturers specify that a K factor should be used. It was suspected that the K factor 

was not used on the first set of tests for the 99%MCR condition. The following derivation was 

used to show what the K factor would have been if a flow of 333.1 kg/s were used. 

 

𝑄𝑖𝑑𝑒𝑎𝑙 = 𝑣𝑖𝑑𝑒𝑎𝑙 × 𝐴 × 𝑘                                            (5.9) 

𝑄𝑚𝑒𝑎𝑠 = 𝑣𝑚𝑒𝑎𝑠 × 𝐴 × 𝑘𝑚𝑒𝑎𝑠                                    (5.10) 

 

If the k factor for the 99%MCR condition were not considered the assumption can be made 

that 𝑘𝑚𝑒𝑎𝑠=1. The measured velocity is the same as the ideal velocity, the only difference is k 

factor, therefore  𝑣𝑖𝑑𝑒𝑎𝑙 is equal to 𝑣𝑚𝑒𝑎𝑠𝑢𝑟𝑒. To find the correct k factor the following 

derivation could be used: 

 

(𝑄𝑖𝑑𝑒𝑎𝑙 − 𝑄𝑚𝑒𝑎𝑠) = 𝑣𝑖𝑑𝑒𝑎𝑙𝐴𝑘 − 𝑣𝑖𝑑𝑒𝑎𝑙𝐴𝑘𝑚𝑒𝑎𝑠        (5.11) 

 

𝑘 = [𝑣𝑚𝑒𝑎𝑠(1) − ((𝑄𝑖𝑑𝑒𝑎𝑙 − 𝑄𝑚𝑒𝑎𝑠)/𝐴)]/𝑣𝑚𝑒𝑎𝑠     (5.12) 

 
Table 5.13: Estimation of the K factor for the 99%MCR condition 

   Units Values 

Average Flue Gas Density kg/m3 0,528658 

Average Flue Gas Velocity m/s 14,99 

Flue Gas Volumetric Flow Rate m3/s 732,71 
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Total Mass Flow (Measured) kg/s 384,22 

Simulated Mass flow (In initial results) kg/s 283,12 

Ideal Mass flow kg/s 330 

Flue gas duct Area m2 48,88 

Ideal Volumetric flow rate m3/s 624,2 

K factor factor 0,85 

 

The flow kinetics manometer used has a specified K factor of 0.85. Taking the result from the 

above mentioned K factor a 0.09 difference is found. This further proves that the K factor were 

not used during the flow measurement for the 99%MCR test condition. Table 5.13 is a 

comparison of three different methods used to find a suitable flue gas flow rate. Taking the 

above mentioned factors with regards to obstructions and duct configurations into account the 

flow factor can be influenced further. A suitable flow was also considered during the 

simulations to provide a flue gas exit temperature that closely resembles the measured flue gas 

temperature for the 99% MCR condition. This flow rate was found to be 312 kg/s and yielded 

a flue gas exit temperature of 120˚C. This reduction in flue gas flow would suggest a K factor 

of 0.80 must be used instead of 0.85. The other two operating conditions were reduced 

accordingly.  
 

Table 5.14: Flue gas outlet temperatures versus flue gas flows for measured data, simulated 

data and simulated data considering the measured data including the correction factor for the 

99%MCR condition.  

%M
CR 

Measu
red 
flue 
gas 
mass 
flow  

Measur
ed flue 
gas 
outlet 
tempera
ture  

Initial 
Simula
ted 
Condit
ion 

Initial 
simulati
on 
result 

Deviat
ion % 

Corre
ction 
factor 
includ
ed 
flue 
gas 
mass 
flow  

Correcti
on 
factor 
include
d  flue 
gas 
outlet 
tempera
ture 

Deviat
ion % 

Correc
tion 
factor 
reduce
d flue 
gas 
mass 
flow  

Correcti
on 
factor 
include
d flue 
gas 
outlet 
tempera
ture 

Deviat
ion % 

68% 245,37 123 237,67 123 0% 245,37 126 2,44% 233,88 120 
-

2,44% 

80% 251,62 117 243,15 107 -9% 251,62 113 
-

3,42% 
239,84 105 

-
10,26

% 

99% 384,22 120 283,12 104 -13% 333,1 129 7,50% 312 120 0,00% 

  Average Deviation 
-

7,29% Average Deviation 2,17% Average Deviation 
-

4,23% 

 

The correct flow was simulated to also show how the air heater would be affected with dew 

point related fouling. Figure 5.48 shows the metal temperature profile for this condition. 
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Figure 5.48: The metal surface temperature profile for operating condition where the flue gas 

flow is corrected to 312 kg/s, using the same input parameter as the 99% MCR actual test 

conditions. 

Following the same matrix of a 32 x 84 selection from Figure 5.15 in section 5.3.2,the matrix 

takes into consideration time steps where the flue gas stream passed through the air heater and 

in this case specifically the third layer at the cold end of the air heater. For this subset the metal 

temperature operated below the 1% SO2 to SO3 conversion sulphuric acid dew point 

temperature of 133.04˚C, for 52.75% of the length and time step. It shows that as expected dew 

point related fouling does occur in the third layer for the 99% MCR condition even with the 

correct flue gas flow. As mentioned in section 5.6.3, the fouling condition will be reduced with 

the removal of the third layer, and keeping the air inlet temperature above 50 ˚C. The flue gas 

temperature will be operated above 124 ˚C, which will still be in the temperature range that 

would be ideal for the ESP plant to operate effectively. This combination must first be verified 

through plant experiments, but through the use of the VBA RAH model, in theory a possible 

solution exist. 

 

In summary the RAH model and VBA RAH model show good correlation. The VBA RAH 

model will be an ideal tool to analyse different operating and design change configurations to 

optimize plant performance and minimize dew point related fouling. From the results taken 

from the research conducted by Habbitts (1998) and De Klerk (2001), the main contributor to 

errors in the testing related to incorrect velocity measurements. At low loads the velocities 

seem have been measured more accurately and therefore the results yielded better correlations.  
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6.  RESEARCH CONCLUSION 
 

 

The objective for this research project was firstly to identify dew point related fouling 

parameters with regard to coal composition, flue gas composition and process parameters. 

Secondly, to carry out modelling of dew point related fouling conditions of a rotary 

regenerative air heater using the new VBA RAH model. Thirdly, to verify the fouling 

conditions and simulated results by means of plant experiments to prove the accuracy of the 

model.  

 

For the first objective, the aim of identifying critical parameters related to dew point fouling 

was met. Critical parameters such as sulphur, moisture and ash content in coal, were identified 

and used to determine the operating conditions causing dew point related fouling. The VBA 

RAH model used these parameters to evaluate the onset of dew point related fouling, where 

the sulphuric acid, sulphurous acid dew point and moisture dew point temperatures of the flue 

gas were estimated.  

 

For the second objective, the aim of developing a simulation tool to indicate the onset of dew 

point related fouling was met. The model was developed, and simulations were done using 

measured plant parameters. The VBA RAH model was based on the same theoretical principles 

of the RAH model developed by de Klerk (2001). In addition the model was also developed 

with the capability of identifying the onset of dew point related fouling, changing of design 

and operating parameters and evaluating the impact of these changes to air heater and boiler 

performance. 

 

For the third objective, the newly developed modelling tool was verified to indicate the 

accuracy and reliability of the prediction of dew point related fouling. The simulation results 

were validated by means of three load condition experiments, namely 99% MCR, 80% MCR 

and 68% MCR. These results showed that the experimental method was not ideal, but it was 

adequate to indicate the onset of dew point related fouling. For all three tests the radial 

temperature was found to be lower closer to the periphery, due to increased leakage at the 

periphery of the steel matrix. It was proven that the flow used for the simulation was not 

accurate, and was also one of the main contributors to poor correlation between the simulated 

and measured results for the full load condition. For further validation historical data was used 

which showed that the VBA RAH model correlates well with the RAH model. This result also 

proved that the VBA RAH model can be used as an acceptable method to analyse changes in 

air heater operating and design parameters. The model also has the capability to analyse the 

impact of these changes to the boiler performance.  

 

A possible solution to reduce dew point fouling was suggested by increasing the air inlet 

temperature, remove then the third layer of the air heater element packs, and increasing the 

element thickness of the second layer for the air heater design configuration. This proved to 

have a promising result, but the possibility exists that the flue gas temperatures leaving the air 

heater could pose a risk of increasing the ash resistivity therefore impacting the particulate 

emissions negatively, for the case of ESP’s. This is another recommendation for further study. 

A research project is required to evaluate the performance characteristics of an air heater in the 

case of removing the third layer of element packs. This test must also be validated by 

experimental research. If this option is proven to be valid, it will improve the maintenance costs 

for the air heater, pack installation costs, reduced FD and ID fan capacity requirements, and 

possibly will increase the life expectancy of element packs. A feasibility study must be done 
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to compare the increased cost due to increased coal flow required in comparison to the 

possibility of running without a partial load loss condition. 

 

As further evaluation of the capability of the VBA RAH model the effects of blocked air heaters 

and increased leakage rates were simulated. The results yielded that the air heater performance 

deteriorates with an increase in leakage, causing increased thermal dry flue gas losses and 

deteriorating the boiler performance. In essence both the ID fan and FD fan start to operate at 

higher operating capacities and electrical currents, therefore incurring additional auxiliary 

power consumption. In addition to this the coal flow rates increase which then also requires 

more combustion air. The augmented volumes of combustion air and coal introduce increased 

flue gas volumes, which places additional strain on the ID fan capacity.  

 

Over the years, the Rankine cycle efficiency started to deteriorate due to increased losses to the 

condensate system along with unavailability of High Pressure steam heaters and Low Pressure 

steam heaters. These losses require additional heat energy to be recovered by the boiler. This 

lost energy must be recovered by increasing the heat energy input to the boiler. The boiler in 

general operates at higher heat input rates which requires increased volumes of combustion air 

and increased volume of flue gas extracted from the boiler. The additional work required from 

the boiler adds more strain to the capacity of the boiler.  If the air heaters operate with excessive 

blockage and leakage, the research results clearly show that the fan will start to operate at its 

maximum capacity. For the case of experiencing both blockage and leakage, the impact on 

boiler performance was assessed. The results showed ultimately a load reduction (partial load 

loss) will be required, due to the limitation on the fan capacity operating at a maximum.  

 

This research showed that the dew point related fouling tool has the ability to assess and 

evaluate methods of avoiding these load losses. The VBA RAH model can equip system 

engineers with the knowledge to enhance operating conditions and maintenance strategies. The 

research showed that the VBA RAH model can assist to improve life expectancy of air heater 

element packs, and draught group components such as ducting, dampers and supple joints. It 

can reduce the risk of the occurrence of dew point related fouling, and improve cleaning of the 

element packs. It further evaluates the impact of air heater operating and design amendments, 

to the overall boiler performance. Although the simulation results did not exactly correlate to 

the measured performance, the impact of changes in boiler performance can be evaluated, 

providing a platform for performance analysis. The research benefits Eskom coal fired power 

generating plants through providing a platform of evaluating methods to reduce maintenance 

costs and production losses, which will contribute to improved and sustainable operating of 

coal fired power generation plants.  
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7.  RECOMMENDATIONS 
 

For this research project the dew point related fouling prediction tool showed numerous areas 

for improvement and possibilities of further research requirements. Limitations were also 

evident in terms of the effects of each variable in the air heater processes. These limitations 

include: 

 The effects of mal-distribution of flow.  

 The effects of heat transfer to surroundings on the thermal performance. 

 The effects of heat transfer from the steel matrix and the baskets used for improving 

fitment of packs. 

 The effect of fouling to the heat transfer surface impacting the heat transfer 

coefficients. 

 The effect of gaps between the layers. 

 The required soot blowing pressures to remove fouled deposits. 

 The effects of adding condensate during ineffective soot blowing and the affects it 

has on fouling conditions. 

 Accuracy and effects of entrained ash to fouling and thermal performance.  

 The effects of deposition rates for regenerative rotary air heaters. 

 

Recommendation for areas of improvement and further research: 

 There were numerous challenges regarding the thermocouple installation process. The 

installation technique of press fitting the metal temperature thermocouples was not 

effective and requires better contact between the thermocouple and the element sheet, 

with adequate insulation for the abrasive environment of the air heaters. More 

effective and alternative methods must be found to measure pack metal and fluid 

temperatures. 

 The measuring techniques could have been improved based on the flue gas error 

identified from the flue gas measurements. The effects of mal-distribution and reverse 

flow, due to incorrect measuring point allocation must be investigated. This will assist 

to introduce correction factors to the measurements taken at these points. 

 The ideal method of validation requires measurements taken from a new set of 

element packs. The factor of fouled element packs even after high pressure washing 

introduced some variability into the expectation for the results. 

 Ideally the validity of the model must be tested on other regenerative air heaters. It is 

recommended to do plant experiments for other regenerative air heaters to further 

evaluate the VBA RAH model validity 

 The measurement of the sulphuric acid dew point temperature was limited by the ash 

content in flue gas. Therefore, it could not be included in this research project, 

although other methods were identified, but due to the specialization and costly nature 

of equipment required to measure this parameter, the project budget did not cater for 

this activity. It is recommended to include this in future research projects for further 

validation of the estimation of sulphuric acid dew point temperatures. 

 Some stations have two separate primary and secondary air heaters. For these cases a 

control system exists to control flow to each air heater from the economiser flue gas 

exit flow. This control system creates variability with regard to the flow distribution 

for the air heaters. This is not taken into account and is recommended to be added to 

the VBA RAH capability for future use. 
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 The availability of the latest technological developments such us element pack profile 

changes, seal arrangement changes and enamel coating of element packs must be 

investigated and identified. This information can then be used to test the effects on 

thermal properties of these developments.  

 It is recommended to further research the air heater cleaning capacity requirements and 

capabilities for Eskom power plants to ensure that the installed soot blowing equipment 

can prolong the life expectancy of element packs. 

 Another recommended field for further research is measure pressure drop more 

accurately, and to identify methods of improving the error from simulation models to 

better suit the actual differential pressures. 

 It is recommended to investigate the performance characteristics of the air heater in the 

case of removing the third layer of element packs. This test must also be validated by 

experimental experiments. If this option is proven to be valid it will improve the 

maintenance costs for the air heater, pack installation costs, reduced FD and ID fan 

capacity requirements and possibly will increase the life expectancy of element packs. 

A feasibility study must be done to compare the increased cost due to increased coal 

flow required in comparison to the possibility of running without a partial load loss 

condition. 
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9. APPENDICES 

A. APPENDIX - Theoretical Technical Data 
 

A1: Element pack properties table  

Table A1: Heat transfer and pressure drop correlations for all the element packs tested (De 

Klerk, et al., 2013). 

PROFILE Mass Area of Conv Area of Cond A B C D THICK CORR THICK UND 

278DU 31.05000 16.34000 0.00817 0.13550 -0.35430 0.72940 -0.40360 0.50000 0.50000 

278DU 49.46000 16.07000 0.01286 0.17040 -0.37080 1.18350 -0.44460 0.80000 0.80000 

278DU 39.33000 16.09000 0.01010 0.16740 -0.37040 1.10660 -0.44680 0.50000 0.80000 

H8(ROT)  35.89000 18.34000 0.00917 0.06420 -0.28350 0.56980 -0.40190 0.50000 0.50000 

H8(H)      35.32000 18.03000 0.00900 0.06940 -0.28170 0.55190 -0.39710 0.50000 0.50000 

K4 57.08000 28.89000 0.01440 0.07870 -0.29160 0.68930 -0.45140 0.50000 0.50000 

K5 51.24000 26.20000 0.01310 0.08130 -0.29450 0.98220 -0.48940 0.50000 0.50000 

K5 62.91000 25.40000 0.01610 0.07680 -0.30000 0.89650 -0.47930 0.50000 0.80000 

K6 47.58000 23.57000 0.01180 0.11140 -0.28160 0.86940 -0.46020 0.50000 0.50000 

K6 59.67000 24.03000 0.01510 0.06290 -0.27230 0.65650 -0.44070 0.50000 0.80000 

K6G 60.47000 31.73000 0.01590 0.00390 -0.00510 0.03630 -0.17410 0.50000 0.50000 

K8 37.88000 19.30000 0.00970 0.06130 -0.27880 0.69360 -0.43700 0.50000 0.50000 

K8 60.22000 18.73000 0.01500 0.05780 -0.27910 0.49330 -0.41260 0.80000 0.80000 

K8 47.44000 18.73000 0.01170 0.04720 -0.24860 0.57740 -0.42720 0.50000 0.80000 

K8G 45.60000 23.36000 0.01150 0.01010 -0.10660 0.15310 -0.30090 0.50000 0.50000 

K8G 71.43000 23.64000 0.01890 0.00330 -0.00430 0.09130 -0.28630 0.80000 0.80000 

K8G 54.85000 23.21000 0.01450 0.00830 -0.08130 0.14950 -0.31100 0.50000 0.80000 

KH10 38.96000 19.71000 0.00990 0.00660 -0.06860 0.17740 -0.34290 0.50000 0.50000 

KH11 33.83000 17.78000 0.00900 0.05670 -0.28140 0.46840 -0.39220 0.50000 0.50000 

KH11 49.75000 16.00000 0.01280 0.04070 -0.24220 0.27700 -0.33560 0.80000 0.80000 

KH11 39.67000 16.47000 0.01050 0.03680 -0.22360 0.59770 -0.43090 0.50000 0.80000 

V75 40.63000 21.60000 0.01080 0.06400 -0.28620 0.62160 -0.43710 0.50000 0.50000 

V75 61.61000 20.40000 0.01630 0.06480 -0.28540 0.37680 -0.38120 0.80000 0.80000 

V75 50.76000 21.03000 0.01320 0.05180 -0.26130 0.59050 -0.43840 0.50000 0.80000 

N/A 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 

A2: Calculation of the heat transfer coefficient  

As described in chapter 2, a thermal test facility was built by Caby (1996) to measure the heat 

transfer coefficient and pressure drop of a sample pack. The facility was built to test all the 

available element packs, but packs with equal thickness plates were only considered. Gruen’s 

research indicated how severe the changes in thermal properties are when different thicknesses 

are used. The heat transfer model from Habbitts (1998) did not take this aspect into account. 

De Klerk (2001) reviewed the simulation code to add the capability of simulating alternating 

thickness of the element plates. Table A1 is a representation of the results from this test, 

showing the constants for calculating both the Colburn j factor and the Fanning friction factor 
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in relation to the Reynolds number. Area of conduction, area of convection, mass and plate 

thickness are included. This information is used to calculate the thermal properties to estimate 

the gas and metal temperatures of the air heaters. The change of the heat transfer coefficient is 

calculated at every time step for each layer. Using Table A1 of, the heat transfer and pressure 

drop correlations for all the tested plate configurations a heat transfer coefficient can be 

generated. During these tests, a range of the Reynolds numbers was used with face velocities 

between 0, 4 m/s to 12 m/s. For each pack type a set of values for Colburn-j factors versus 

Reynolds number were obtained. The Colburn-j factor can be calculated using Stanton number 

multiplied with Prandtl number to the power of 2/3. This is illustrated in equation 1 (Habbitts, 

1998): 

 

 

𝑗 = 𝑆𝑡 × (𝑃𝑟)2/3                                                                                                                    (1) 

 

Colburn-j factor relationship with the Reynolds number can be expressed using factor A and 

B from the heat transfer and pressure drop correlations for all the tested plate configurations. 

 

𝑗 = 𝐴 × 𝑅𝑒𝐵                                                                                                                           (2) 

 

Substituting equation 1 into 2: 

 

 𝐴 × 𝑅𝑒𝐵 = 𝑆𝑡 × (𝑃𝑟)2/3                                                                                                       (3) 

  

The Stanton number is a relationship of the heat transfer coefficient divided by the product of 

heat capacity of the fluid and the mass velocity of the fluid (Habbitts, 1998): 

 

 𝐴 × 𝑅𝑒𝐵 = (ℎ/(𝐺 ∙ 𝐶𝑓)) × (𝑃𝑟)2/3                                                                                      (4)   

 

Prandtl number is the product of the dynamic viscosity and the heat capacity of the fluid, 

divided by the conductivity of the fluid (Habbitts, 1998): 

 

𝑃𝑟 =  𝜇 ∙ 𝐶𝑓/𝑘𝑓                                                                                                                       (5)   

 

The fluid mass velocity relationship is the mass flow rate divided by the free flow area: 

 

𝐺 = 𝑚̇/[(1 − 𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤) × 𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤]                                                                    (6)   

 

 

Using equations 5 and 6, the heat transfer coefficient (ℎ) equation can be written by rearranging 

equation 4: 

 

ℎ =
(𝐴×𝑅𝑒𝐵)(𝑚̇∙𝐶𝑓/[(1−𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤)×𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤])

(𝑃𝑟)2/3                                                                    (7) 

 

 

 

A3: Calculation of the pressure drop 
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The results of the pressure drop tests were formulated in terms of the Fanning friction factor 

versus the Reynolds number. For an air heater element pack the Reynolds number can be 

calculated using the hydraulic diameter (equation 8) multiplied with the fraction of the average 

velocity (m/s) of flow in the pack divided by the kinematic viscosity (m2/s). Habbitts used the 

mass velocity (kg/ m2s) and the dynamic viscosity (kg/ms) as indicated in equation 74. 

𝐷ℎ =
4∙(1−𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤)∙𝐿

𝐴𝑐𝑜𝑛𝑣/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤
                                                                                                   (8) 

 

𝑅𝑒 = 𝐷ℎ ∙ 𝐺
𝜇
                                                                                                                                (9) 

 

The pressure drop is calculated using the fanning friction factor equation 10. This equation 

takes into consideration the entrance and exit factors to isolate the losses associated with the 

fluid flowing through the pack. The loss coefficients Kc (Equation 11) and Ke (Equation 12) 

are calculated by the formulae presented by Kays and London (1984) for triangular duct 

geometry (De Klerk, 2001). The fanning friction factor can also be represented as a relationship 

with the Reynolds number. This relationship was illustrated with factor C and D from the table 

of heat transfer and pressure drop correlations for all the tested plate configurations in table 1. 

Equation 13 is an illustration of this relationship.  

 

 

𝑓 =
𝐷ℎ

4𝐿
[2𝜌 (

∆𝑃

𝐺2) − (𝐾𝑐 + 𝐾𝑒)]                                                                                               (10) 

 

Entrance of contraction loss coefficient: 

 

𝐾𝑐 = −0.3834(1 − 𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤)
2
− 0.0029(1 − 𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤) + 0.5566       (11) 

 

Exit of expansion loss coefficient: 

 

𝐾𝑒 = 0.9930(1 − 𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤)
2
− 2.1385(1 − 𝐴𝑐𝑜𝑛𝑑/𝐴𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤) + 0.9935          (12) 

 

 

The fitted curve of the form y=AxB is fitted for each set of results. For the pressure drop the 

coefficient C and D is used to calculate the fanning friction factor𝑓. 

 

𝑓 = 𝐶 ∙ 𝑅𝑒𝐷                                                                                                                            (13) 

 

 

The final pressure drop equation can now be formulated by substituting equation 13 in 

equation 10 making pressure drop the independent variable: 

 

∆𝑃 = (
4𝐿∙(𝐶∙𝑅𝑒𝐷)

𝐷ℎ
+ (𝐾𝑐 + 𝐾𝑒)) ∙ (

𝐺2

2𝜌
)                                                                                    (14) 

 

 

This pressure drop can now be used to calculate the partial pressures for the constituents of 

the fluids in the air heater to determine what the dew point temperatures will be.  

 

 

A4: Air heater leakage derivation 
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- Air in - leakage 

 

𝑚̇𝑙𝑒𝑎𝑘 = 𝑚̇𝑎,𝑜𝑢𝑡 − 𝑚̇𝑎,𝑖𝑛                                                      (1) 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = (𝑚̇ 𝑙𝑒𝑎𝑘 / 𝑚̇𝑎,𝑖𝑛)  ×  100                                      (2) 

 

 

𝑚̇𝑙𝑒𝑎𝑘– Mass flow of the air leaking to the flue gas stream internal to the air heater  

𝑚̇𝑎,𝑖𝑛– Mass flow of the air entering the air heaters  

𝑚̇𝑎,𝑜𝑢𝑡– Mass flow of the air exiting the air heaters  

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 – Mass flow of the flue gas entering the secondary air heater 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡– Mass flow of the flue gas exiting the secondary air heater 

 

 

The mass fraction of 𝑂2 is used to predict leakage, assuming that no flue gas leaks 

into the air stream and that the mass fraction of 𝑂2 at both the inlet- and outlet-

airstreams is 23%: 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 + 𝑚̇𝑎,𝑖𝑛 = 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 + 𝑚̇𝑎,𝑜𝑢𝑡                                                             (3) 

 

 

(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛) + (𝑂2 𝑎,𝑖𝑛  × 𝑚̇𝑎,𝑖𝑛) = (𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡) + (𝑂2 𝑎,𝑜𝑢𝑡  × 𝑚̇𝑎,𝑜𝑢𝑡)    

(4) 

 

𝑂2 𝑎,𝑖𝑛– Mass fraction of the oxygen entering the air heaters  

𝑂2 𝑎,𝑜𝑢𝑡– Mass fraction low of the oxygen exiting the air heaters  

𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 – Mass fraction of the oxygen in the flue gas entering the secondary air 

heater 

𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡– Mass fraction of the oxygen in the flue gas exiting the secondary air 

heater 
 

 
(𝑂2 𝑎,𝑖𝑛  × 𝑚̇𝑎,𝑖𝑛) = (𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡) + (𝑂2 𝑎,𝑜𝑢𝑡  × 𝑚̇𝑎,𝑜𝑢𝑡) − (𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)  

 (5) 

 

Rearranging equation 3: 

 𝑚̇𝑎,𝑜𝑢𝑡 = 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 + 𝑚̇̇
𝑎,𝑖𝑛 − 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡                                                          (6) 

 

Substitute equation 6, into equation 4 (include the assumption of 23 %,𝑂2𝑎𝑖𝑟 ): 

 
(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛) + (0.23 × 𝑚̇𝑎,𝑖𝑛 ) = (𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡  × 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡) + (0.23 ×

 (𝑚̇
𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

+ 𝑚̇𝑎,𝑖𝑛 − 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡))                                                  (7)                                                                                                                                          

Simplify equation 7 to find the mass flow of the flue gas exiting the air heater 

 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 = 
𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛×(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛) 

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
                                                 (8) 

 

Substitute equation 8 into equation 3: 

𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛 + 𝑚̇𝑎,𝑖𝑛 =
𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛×(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛) 

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
 + 𝑚̇𝑎,𝑜𝑢𝑡                               (9) 
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𝑚̇𝑙𝑒𝑎𝑘  = 𝑚̇𝑎,𝑖𝑛 − 𝑚̇𝑎,𝑜𝑢𝑡 =
𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛×(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛) 

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
− 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛                               (10) 

 

Rewrite equation 2: 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛×(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
− 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛]  ×

 1

 𝑚̇𝑎,𝑖𝑛
×  100                 (11) 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
− 1]  ×

 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

 𝑚̇𝑎,𝑖𝑛
×  100                                     (12) 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
−

(0.23−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
]  ×

 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

 𝑚̇𝑎,𝑖𝑛
×  100              (13) 

 

%𝐴𝑖𝑟 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = [
(𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡−𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛)

(0.23− 𝑂2 𝑓𝑔,𝑠𝑎ℎ,𝑜𝑢𝑡 )
]  ×

 𝑚̇𝑓𝑔,𝑠𝑎ℎ,𝑖𝑛

 𝑚̇𝑎,𝑖𝑛
×  100                                      (14) 
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A5:  Lee-Kesler simple fluid compressibility factor graph 

Table A5: The compressibility factor (Z) for 1 mole of gas at 1atmospheric pressure (Mathebula 

2014).

 

 
Figure A5: The Lee-Kesler simple fluid compressibility factor graph (Sonntag et al, 2003). 

 

The compressibility factors for the flue gases can be seen in the table in Appendix A5, along 

with the Lee-Kesler simple fluid compressibility graph. For sulphur dioxide the compressibility 
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factor can be obtained from the Lee-Kesler simple fluid compressibility factor graph (Sonntag, 

2003). This graph shows that sulphur dioxide has approximately a compressibility factor of 1. 

The pressure and temperature reduction can be calculated using the formulas from Sontag et al 

(2003). The pressure and temperature can then be used to establish the compressibility factors 

from the Lee-Kesler graph. 

 

 𝑃𝑟 = 
𝑃

𝑃𝑐
                                                            (3.73) 

 

𝑇𝑟 = 
𝑇

𝑇𝑐
                                                            (3.74) 

 

𝑃 −  Absolute pressure of the flue gas, in kPa   

𝑇 −  Temperature for which the compressibility is determined, in °K  

𝑃𝑟 – Reduced pressure 

𝑇𝑟 −  Reduced temperature  

𝑃𝑐 – Critical pressure of flue gas component 

𝑇𝑐 – Critical temperature of the flue gas component 
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B. APPENDIX - Drawing Register – Experimental Setup 

B1: Experimental Setup Drawing Register 

 

ASSEMBLY DRAWINGS 

Drawing  number Title 

AL100 Layer 1 TP assembly 1 of 2 

Layer 1 TP assembly 2 of 2 

AL200 Layer 2 TP assembly  

AL300 Layer 3 TP assembly  

DP01 Dew point probe guide 

DP00 Cable clamp 

AT00 Experimental setup Total Assembly 1 of 2 

Experimental setup Total Assembly 2 of 2 
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TECHNICAL DRAWINGS 

 

Drawing  number Title 

AL100-TD01 Compensating wire protection – Angel Iron (R2) 

AL100-TD03 Compensating wire protection – Angel Iron (R6) 

AL100-TD04 Thermocouple Protection Metal Temp Probe (R6) 

AL100-TD05 Thermocouple Protection Metal Temp Probe (R2) 

AL100-TD09 Thermocouple Protection Gas Temp Probe (R6) 

AL100-TD10 Thermocouple Protection Gas Probe (R2) 

AL100-TD11 Thermocouple Protection Gas Temp Probe Top (R6) 

AL100-TD12 Thermocouple Protection Gas Temp Probe Top (R2) 

AT01 External vertical cable channel 

AT02 Cable channel half cylinder 

AT03 Layer 3 Exit temp vertical cable guide 

AT04 General vertical cable guide 

DP01-00 Insertion base plate 

DP01-01 Insertion base plate lid 

DP01-02 Dew point probe guide tube 

DP01-03 Dew point probe guide tip 

DP00-01 Cable clamp side 

DP00-02 Cable clamp top 

DP00-03 Cable clamp bottom 
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B2: Experimental Preparation & Execution 

Prior to the air heater performance tests the following had to be completed: 

• All measuring equipment had to be calibrated. 

• O2 matrix temperatures had to be verified along with the O2 matrix readings along with 

purging of the O2 matrix system.   

• Boiler cleaning had to be done by the operator two hours prior to the testing period. 

• The frequency control and AGC (Automatic Grid Control) system had to be switched off. 

 

 

Pre-Testing Preparation: 

The following preparation was required prior to the commencement of testing; 

• All mechanical plant required for the selected tests had to be completely installed and 

operational according to mechanical set-up specification. 

• All valves, dampers and vanes had to be set up mechanically and stroked.  Mechanical stops 

had to be set and stroke length and traveling time recorded and confirmed to be within 

process and design requirements. 

• The control system had to be fully commissioned to fit the design requirements of the 

mechanical plant and optimised. 

• All simulations implemented on the DCS (Digital Control System) had to be removed.  Any 

simulations deemed required had to be recorded and agreed to by all parties involved. 

• All feed heater banks (Low Pressure (LP) and High Pressure (HP)) had to be available and 

in service. 

• All the mills had to be kept in service with no oil support in service during each test. 

• All the measurement equipment relevant to the control system had to be operational and 

calibrated.  As a minimum all the control and protection measuring equipment had to be 

wet calibrated and calibration certificates had to be available. 

• All protection circuits had to be functional tested from the field and records available, for 

investigative purposes after testing. 

• All set point parameters had to be pre-set according to the plants operational requirements. 

• Operated plant from pre-stock piled coal, with CV (Calorific Value) and moisture content 

within specification 

• Prior to commencement of the actual tests, critical areas of the mechanical plant had to be 

available and reliable, to prevent a possible trip condition occurring during the  duration of 

the test, which included the following (as a minimum); 

 All oil burners 

 All standby drives and motors effected by the tests 

 All milling plant to be effected by the test 

 Feed and extraction standby systems 

 Availability of HP and LP Bypass systems 

 Availability of main-steam and reheat spray water systems 

 All Air Cooled Condition (ACC) fans to be available 

 All HP and LP heaters to be  in service 

 

In the case of no availability of any mechanical plant for what-ever reason, optimisation still 

had to be attempted within the specific limitations, and the safe and reliable operation of the 

plant had to be demonstrated. All the known defects had to be logged in the shift logs.  Once 

faulted mechanical plant was returned to service, the optimisation process had to be completed 

and the specified test re- conducted. 
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Test Co-ordination: 

The following schedule was followed: 

• Coal sampling according to the schedule shown in Table B1. 

• Continuous flue gas composition measurement 

• Continuous flue gas pressure measurement 

• Continuous air heater fluid temperature measurement at the inlet of the hot end layer 

ring 6 and ring 2  

• Continuous air heater metal temperature measurement at the inlet of the hot end layer 

ring 6 and ring 2  

• Continuous air heater fluid temperature measurement at the inlet of the intermediate 

layer ring 6 and ring 2  

• Continuous air heater metal temperature measurement at the inlet of the intermediate 

layer ring 6 and ring 2  

• Continuous air heater fluid temperature measurement at the inlet of the cold end layer 

ring 6 and ring 2  

• Continuous air heater metal temperature measurement at the inlet of the cold end layer 

ring 6 and ring 2  

• Continuous air heater fluid temperature measurement at the outlet of the cold end layer 

ring 6 and ring 2  

• Continuous air heater metal temperature measurement at the outlet of the cold end layer 

ring 6 and ring 2  

 
Table B1: Testing Schedule for Air Heater Performance Test 

•  

Location 

Test 1: 99% MCR load 

00:00:00 AM-04:00 AM 

30 min 30 min 30 min 30 min 30 min 30 min 30 min 30 min 

Feeder 1 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 2 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 3 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 4 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Total per 

Sample 

kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 

sample 1 2 3 4 5 6 7 8 

Notes • Mills in operation without oil support 

• Load maintained at 670 MW (99% Maximum Continues Rating (MCR)) 

• Do coal sampling as per schedule 

• Do flue gas sampling 

• Measure AH performance (fluid temperatures, metal temperatures and pressure) 

• Do air leakage tests 

.Location 

Test 2: 80% MCR load 

00:00:00 AM-04:00 AM 

30 min 30 min 30 min 30 min 30 min 30 min 30 min 30 min 

Feeder 1 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 2 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 3 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 
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Feeder 4 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Total per 

Sample 

kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 

sample 1 2 3 4 5 6 7 8 

Notes • Mills in operation without oil support 

• Load maintained at 544 MW (80% MCR) 

• Do coal sampling as per schedule 

• Do flue gas sampling 

• Measure AH performance (fluid temperatures, metal temperatures and pressure) 

• Do air leakage tests 

Location 

Test 1: 68% MCR load 

00:00:00 AM-04:00 AM 

30 min 30 min 30 min 30 min 30 min 30 min 30 min 30 min 

Feeder 1 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 2 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 3 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Feeder 4 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 6 kg 

Total per 

Sample 

kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 24 kg 

sample 1 2 3 4 5 6 7 8 

Notes • Mills in operation without oil support 

• Load maintained at 465 MW (68% MCR) 

• Do coal sampling as per schedule 

• Do flue gas sampling 

• Measure AH performance (fluid temperatures, metal temperatures and pressure) 

• Do air leakage tests 
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C. APPENDIX - Experimental Results 

C1: Data Set 1 - Results 

Table C1: Metal and fluid temperature comparison table between ring 2 and 6. 

Name Channel 99 MCR – 670 MW 80 MCR – 544 MW 68 MCR – 465 MW 

  Ring 2  Average Temperature °C 

HE inlet MT CH-01 336.3 323.1 312,2 

IM inlet MT CH-02 252.3 259.2 250,7 

CE inlet MT CH-03 102.1 132.6 124,2 

CE outlet MT CH-04 72.6 83.6 78,6 

HE inlet FT CH-05 341.4 328.7 317,9 

IM inlet FT CH-06 282.6 283.7 277,4 

CE inlet FT CH-07 133.3 146.1 141,1 

CE outlet FT CH-08 76.4 86.7 83,2 

Name Channel Ring 6  Average Temperature °C 

HE inlet MT CH-09 331.7 319.3 308,6 

IM inlet MT CH-10 255.9 261.4 252,4 

CE inlet MT CH-11 125.1 138.7 130,6 

CE outlet MT CH-12 67.8 77.8 73,9 

HE inlet FT CH-13 341.4 326.7 315,9 

IM inlet FT CH-14 280.1 281.1 274,5 

CE inlet FT CH-15 125.4 137.9 132,6 

CE outlet FT CH-16 72.7 79.3 77,2 
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Table C2: List of input parameters to the VBA RAH model for the pre-test results 
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Table C3:Pre-Test Result Comparison Sheet for a 99% MCR load condition. 
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Table C4:Pre-Test Result Comparison Sheet for an 80% MCR load condition. 
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Table C5:Pre-Test Result Comparison Sheet for a 68% MCR load condition. 
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Table C6: Summary of the air heater operating conditions before and after the replacement of 

the 2.78DU profile element packs with the HC11 element packs. 
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Figure C1 in- Data set 1 (Pre-Testing Phase) Result, is a representation of the temperature 

profiles simulated for each layer in comparison to the measured temperature profiles for each 

layer specific to Ring 6 measurements at a 99% MCR load condition. This graphical 

representation has a top horizontal axis, indicating the time for one rotation (0-100 seconds), 

and a bottom horizontal axis indicating the angle of rotation in degrees for one full rotation (0 

-360˚). It also has one vertical axis which indicates temperature. The temperature range is 

applicable to the fluid and metal temperatures. The simulated metal temperatures (solid lines) 

and simulated fluid temperatures (broken dotted dashed lines) are compared to the measured 

metal temperatures (long dashed lines) and measured fluid temperatures (short dashed lines) 

for the inlet and outlet condition of each layer. The comparison referred to in Figure C4 only 

takes into consideration Ring 6, due to the fact that it correlates more with the simulation curve. 

It is clear that the load condition affects the amplitude of the thermal profile curve. A higher 

load shows an increased rate of heat transfer through the higher rate of temperature change 

which is directly connected to the flue gas and air flow rates. A higher flow rate is experienced 

at higher loads, along with reduced leakage rates, which therefore increase the rate of 

temperature change along with reduced outlet flue gas temperatures. This is also a reason why 

an increase in seal during higher loads are experienced. The increased thermal performance at 

higher load are directly related to the thermal expansion of the air heater. The thermal 

expansion is greater causing more affective sealing 

 

The 80% MCR were simulated and the results were compared to the measured values. Figure 

C2 in Appendix C- C1: Pre- Testing Phase Results is a representation of the combined results, 

where the simulation data had a time step of 0.333 seconds and the measured values were 

logged every second. This figure shows that there was a large deviation in the intermediate 

layer outlet temperatures, but the intermediate hot end and cold end inlet temperatures shows 

a correlation. The comparison referred to in Figure C2 only takes into consideration Ring 6, 

due to the fact that it correlates more with the simulation curve. During the second pre-test 

results at 80% MCR Ring 2 and Ring 6 results were compared. Ring 2 once again represented 

a flattened curve in comparison to Ring 6. As mentioned previously, this could be due to the 

fact that thermocouples were exposed to both the fluid region and surrounding metal surfaces, 

therefore it measured a combined temperature which showed less fluctuation.   

 

 

The 68% MCR parameters were simulated and the results were compared to the measured 

values which are represented in Figure C4 in Appendix C – C1 Pre-Testing Phase results. This 

is a representation of the combined results, where the simulation data had a time step of 0.333 

seconds and the measured values were logged every second. This is the same process followed 

for the two previous load conditions. Once again a deviation in the intermediate layer inlet 

temperatures were found, but the hot end inlet and cold end inlet and outlet temperatures 

showed improved correlations. During this phase the fluid temperatures measured, also had a 

similar profile to the metal temperature as with the previous pre-test results.
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Figure C1: Pre-test comparison for 99% MCR operating condition. 
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Figure C2: Pre-test comparison for 80% MCR operating condition 
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Figure C4: Pre-test comparison for 68% MCR operating condition.
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C2: Data Set 2 - Results 

 
Table C7: 99% MCR Actual test results comparison table. 

ACTUAL-TEST RESULTS 

PARAMATERS 

UNITS 
99 MCR  

MEASUREMENT SOURCE 

  ERROR 

  
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI %MEAS %DELPHI 

GEN LOAD 1 
MW 672 

  

DAY/MONTH/YE
AR 

24/02/2020 

  

HR:MIN:SEC-
HR:MIN:SEC 

 00:00:00 -  04:00:00 

  
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI %MEAS %DELPHI 

LH SEC A/H GAS IN T 
CEL 

339 339 339 0,00   RT&D 

LH SEC A/H GAS OUT T 
CEL 

120 104,21 103,28 -13,16   DCS 

              

LH SEC A/H INL T 
CEL 

50,54 50,54 50,54 0,00   DCS 

LH SEC A  T 
CEL 

307,98 316,58 311,33 2,79   DCS 

COMBINED TEMPERATURES             

LH AH COMBINED TEMPS CALCULATED   85,27 77,375 76,91 -9,26   ESTIMATED 

LH AH COMBINED TEMPS 
CEL 

85,27 77,375 76,91 -9,26   DCS 

COLD END OUTLET METAL TEMPERATURES             

MAXIMUM 
CEL 

128,6 147,01 194,82 14,32   INSTALLED THERMOCOUPLE 

MINIMUM 
CEL 

68,1 69,67 67,71 2,31   INSTALLED THERMOCOUPLE 

AVERAGE 
CEL 

98,35 108,34 131,265 10,16   ESTIMATED 

COAL PROPERTIES (Air dried)             

Carbon  % 54,94 54,94 N/A N/A N/A P&T COAL SAMPLING 

Hydrogen  % 2,52 2,52 N/A N/A N/A P&T COAL SAMPLING 

Nitrogen % 1,19 1,19 N/A N/A N/A P&T COAL SAMPLING 

Total Sulphur % 1,51 1,51 N/A N/A N/A P&T COAL SAMPLING 

Carbonate % 2,76 2,76 N/A N/A N/A P&T COAL SAMPLING 

Oxygen (by difference) % 3,98 3,98 N/A N/A N/A P&T COAL SAMPLING 

Analytical moisture % 2,1 2,1 N/A N/A N/A P&T COAL SAMPLING 

Surface Moisture % 4,9 4,9 N/A N/A N/A P&T COAL SAMPLING 

Inherent Moisture (as received) % 2 2 N/A N/A N/A P&T COAL SAMPLING 

Total Moisture % 6,9 6,9 N/A N/A N/A P&T COAL SAMPLING 

Ash % 31 31 N/A N/A N/A P&T COAL SAMPLING 

TOTAL % 100 100 N/A N/A N/A RT&D 

Fly Ash Ratio 0,9 0,9 N/A N/A N/A ASSUMED 

Bottom Ash Ratio 0,1 0,1 N/A N/A N/A ASSEMED 

Gross CV (As received) MJ/KG 20,56 20,56 N/A N/A N/A P&T COAL SAMPLING 

Coal flow 
MJ/s 

1649,08 1649,08 N/A N/A N/A DCS 

FLUE GAS PROPERTIES               

FLUE GAS BEFORE AH OXYGEN @6% O2 % 3,24 3,24 3,24 -1,54 N/A RT&D 
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FLUE GAS BEFORE AH OXYGEN (ESTIMATED) % 3,29 3,29 N/A N/A SIMULATED 

FLUE GAS AFTER AH OXYGEN @6% O2 % 6,88 6,88 6,88 N/A N/A RT&D 

FLUE GAS BEFORE AH CARBON DIOXIDE @6% 
O2 % 13,49 13,49 13,49 

-19,35 

N/A RT&D 

FLUE GAS BEFORE AH CARBON DIOXIDE 
(ESTIMATED) % 16,1 16,10 N/A N/A SIMULATED 

FLUE GAS BEFORE AH SULPHUR DIOXIDE @6% 
O2 % 0,23 0,23 0,17 

30,43 

N/A RT&D 

FLUE GAS BEFORE AH SULPHUR DIOXIDE 
(ESTIMATED) % 0,16 0,16 N/A N/A SIMULATED 

FLUE GAS BEFORE AH MOISTURE @6% O2 % 4,49 4,49 4,49 

-22,94 

N/A RT&D 

FLUE GAS BEFORE AH MOISTURE (ESTIMATED) % 5,52 5,52 N/A N/A SIMULATED 

FLOWS             

TOT COAL FLOW kg/s 80,21 80,21 80,21 0,00   
ESTIMATED (DCS AND 
MEASURED CV) 

FLUE GAS FLOW kg/s 384,22 
Not 

used 
Not 

used N/A N/A RT&D 

ESTIMATED FLUE GAS FLOW kg/s 283,12 283,12 283,12 0,00   
ESTIMATED (DCS AND 
MEASURED CV) 

Error in gas flow % 24,10 24,10 24,10 0,00   ESTIMATED 

SEC A FLOW kg/s 305,64 305,64 305,64 0,00   DCS 

TOTAL AIRFLOW TO BURNERS kg/s 783,02 783,02 783,02 783,02   DCS 

ASHFLOW kg/s 11,19 11,19 11,19 11,19   ESTIMATED 

AH LEAKAGE % 26,78 26,78 26,78     DCS 

PRESSURES             

LH FDF DIS P KPA 3,688 3,688 3,688 N/A N/A DCS 

SEC A  C/OVER DUCT P KPA 2,477 N/A N/A N/A N/A DCS 

AIR HEATER AIR DP air KPA 1,211 0,774 0,6133 -36,09   DCS 

LH SEC AH INLET GAS P KPA -1,0944 -1,0944 -1,0944 N/A N/A RT&D 

LH SEC AH OUTLET GAS P KPA -0,235 N/A N/A N/A N/A RT&D 

AIR HEATER DP gas KPA 0,8594 0,7339 0,6071 -14,60   RT&D 

FLUID PROPERTIES             

FG DENSITY AT INLET SIMULATED 
kg/m3 

0,53 0,55 0,54 3,32   RT&D 

FG DENSITY AT OUTLET SIMULATED 
kg/m3 NOT 

MEASURED 
0,85852

7 0,8827 N/A   ESTIMATED 

AIR DENSITY AT INLET SIMULATED 
kg/m3 NOT 

MEASURED 1,0908 1,0908 N/A   ESTIMATED 

AIR DENSITY AT OUTLET SIMULATED 
kg/m3 NOT 

MEASURED 0,59714 0,6028 N/A   ESTIMATED 

FG HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK NOT 

MEASURED 
1,07819

9 1,0782 N/A   ESTIMATED 

FG HEAT CAPCITY AT OUTLET SIMULATED 
kJ/kgK NOT 

MEASURED 1,01752 1,0161 N/A   ESTIMATED 

AIR HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK NOT 

MEASURED 1,0116 1,0116 N/A   ESTIMATED 

AIR HEAT CAPCITY AT OUTLET SIMULATED 
kJ/kgK NOT 

MEASURED 1,0552 1,054 N/A   ESTIMATED 

FG VELOCITY AT INLET SIMULATED 
m/s NOT 

MEASURED 7,688 7,2778 N/A   ESTIMATED 

FG VELOCITY AT OUTLET SIMULATED 
m/s NOT 

MEASURED 4,892 5,219 N/A   ESTIMATED 

AIR VELOCITY AT INLET SIMULATED 
m/s NOT 

MEASURED 4,9389 4,8421 N/A   ESTIMATED 

AIR VELOCITY AT OUTLET SIMULATED 
m/s NOT 

MEASURED 9,02 7,4406 N/A   ESTIMATED 

ENERGY             

FG HEAT ENEREGY LOST 
MW NOT 

MEASURED -37,87 
-

36,7238 N/A   ESTIMATED 

AIR HEAT ENERGY GAINED 
MW NOT 

MEASURED 38,38 36,6428 N/A   ESTIMATED 
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Table C8: 80% MCR Actual test results comparison table. 

ACTUAL-TEST RESULTS 

PARAMATERS 

UNITS 
99 MCR  80 MCR  

MEASUREMENT SOURCE 

ERROR   ERROR 

  
%DELP

HI 
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI 

%ME
AS 

%DELP
HI 

GEN LOAD 1 
MW   545,00 

  

DAY/MONTH/Y
EAR 

24/02/20
20 

25/02/2020 

  

HR:MIN:SEC-
HR:MIN:SEC 

 
00:00:00 

-  
04:00:00 

 00:00:00 -  04:00:00 

  
%DELP

HI 
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI 

%ME
AS 

%DELP
HI 

LH SEC A/H GAS IN T 
CEL 

  320 
320,00 320,00 

N/A N/A RT&D 

LH SEC A/H GAS OUT T 
CEL 

  117 107,34 104,79 8,26   DCS 

                

LH SEC A/H INL T 
CEL 

  56 
56,00 56,00 

N/A N/A DCS 

LH SEC A  T 
CEL 

  297 302,90 300,37 -1,99   DCS 

COMBINED TEMPERATURES               

LH AH COMBINED TEMPS CALCULATED     86,50 81,67 80,40     ESTIMATED 

LH AH COMBINED TEMPS 
CEL 

  105,50 N/A N/A N/A N/A DCS 

COLD END OUTLET METAL TEMPERATURES               

MAXIMUM 
CEL 

  149,20 149,52 188,02 -0,21   INSTALLED THERMOCOUPLE 

MINIMUM 
CEL 

  66,00 76,86 73,60 -16,45   INSTALLED THERMOCOUPLE 

AVERAGE 
CEL 

  107,60 113,19 130,81 -5,20   ESTIMATED 

COAL PROPERTIES (Air dried)               

Carbon  % N/A 56,52 56,52 N/A N/A N/A P&T COAL SAMPLING 

Hydrogen  % N/A 2,62 2,62 N/A N/A N/A P&T COAL SAMPLING 

Nitrogen % N/A 1,34 1,34 N/A N/A N/A P&T COAL SAMPLING 

Total Sulphur % N/A 1,28 1,28 N/A N/A N/A P&T COAL SAMPLING 

Carbonate % N/A 2,86 2,86 N/A N/A N/A P&T COAL SAMPLING 

Oxygen (by difference) % N/A 4,08 4,08 N/A N/A N/A P&T COAL SAMPLING 

Analytical moisture % N/A 2,3 2,3 N/A N/A N/A P&T COAL SAMPLING 

Surface Moisture % N/A 7,9 7,9 N/A N/A N/A P&T COAL SAMPLING 

Inherent Moisture (as received) % N/A 2,1 2,1 N/A N/A N/A P&T COAL SAMPLING 

Total Moisture % N/A 10,0 10,0 N/A N/A N/A P&T COAL SAMPLING 

Ash % N/A 29,0 29,0 N/A N/A N/A P&T COAL SAMPLING 

TOTAL % N/A 100 100 N/A N/A N/A RT&D 

Fly Ash Ratio N/A 0,9 0,9 N/A N/A N/A ASSUMED 

Bottom Ash Ratio N/A 0,1 0,1 N/A N/A N/A ASSEMED 

Gross CV (As received) MJ/KG N/A 20,51 20,51 N/A N/A N/A P&T COAL SAMPLING 

Coal flow 
MJ/s 

N/A 1331,59 
1331,5

9 N/A N/A N/A DCS 

FLUE GAS PROPERTIES                 

FLUE GAS BEFORE AH OXYGEN @6% O2 % N/A 4,3 4,30 4,30 

-1,16 

N/A RT&D 

FLUE GAS BEFORE AH OXYGEN 
(ESTIMATED) % N/A 4,35 4,35 N/A N/A SIMULATED 

FLUE GAS AFTER AH OXYGEN @6% O2 % N/A 8,84 8,84 8,84 N/A N/A RT&D 
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FLUE GAS BEFORE AH CARBON DIOXIDE 
@6% O2 % N/A 14,76 14,76 14,76 

-2,44 

N/A RT&D 

FLUE GAS BEFORE AH CARBON DIOXIDE 
(ESTIMATED) % N/A 15,12 15,12 N/A N/A SIMULATED 

FLUE GAS BEFORE AH SULPHUR DIOXIDE 
@6% O2 % N/A 0,24 0,24 0,24 

45,83 

N/A RT&D 

FLUE GAS BEFORE AH SULPHUR DIOXIDE 
(ESTIMATED) % N/A 0,13 0,13 N/A N/A SIMULATED 

FLUE GAS BEFORE AH MOISTURE @6% O2 % N/A 3,47 3,47 3,47 

-66,28 

N/A RT&D 

FLUE GAS BEFORE AH MOISTURE 
(ESTIMATED) % N/A 5,77 5,77 N/A N/A SIMULATED 

FLOWS               

TOT COAL FLOW kg/s   64,92 64,92 64,92 N/A N/A 
ESTIMATED (DCS AND 
MEASURED CV) 

FLUE GAS FLOW kg/s N/A 243,15 243,15 243,15 N/A N/A RT&D 

ESTIMATED FLUE GAS FLOW kg/s   249,82 
Not 

used Not used N/A N/A 
ESTIMATED (DCS AND 
MEASURED CV) 

Error in gas flow %   -2,74 -2,74 -2,74 N/A N/A ESTIMATED 

SEC A FLOW kg/s   260,29 260,29 260,29 N/A N/A DCS 

TOTAL AIRFLOW TO BURNERS kg/s   687,59 687,59 687,59 N/A N/A DCS 

ASHFLOW kg/s   8,47 8,47 8,47 N/A N/A ESTIMATED 

AH LEAKAGE %   36,23 36,23 36,23 N/A N/A DCS 

PRESSURES               

LH FDF DIS P KPA N/A 3,3 3,30 3,30 N/A N/A DCS 

SEC A  C/OVER DUCT P KPA N/A 2,439 N/A N/A N/A N/A DCS 

AIR HEATER AIR DP air KPA   0,861 0,61 0,47 29,67   DCS 

LH SEC AH INLET GAS P KPA N/A -0,807 -0,807 -0,80 N/A N/A RT&D 

LH SEC AH OUTLET GAS P KPA N/A -0,258 N/A N/A N/A N/A RT&D 

AIR HEATER DP gas KPA   0,549 0,56 0,45 -1,82   RT&D 

FLUID PROPERTIES               

FG DENSITY AT INLET SIMULATED 
kg/m3 

  0,55 0,56 0,56 -3,06   RT&D 

FG DENSITY AT OUTLET SIMULATED 
kg/m3 

  
NOT 

MEASURED 0,85 0,88 N/A   ESTIMATED 

AIR DENSITY AT INLET SIMULATED 
kg/m3 

  
NOT 

MEASURED 1,07 1,07 N/A   ESTIMATED 

AIR DENSITY AT OUTLET SIMULATED 
kg/m3 

  
NOT 

MEASURED 0,61 0,61 N/A   ESTIMATED 

FG HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK 

  
NOT 

MEASURED 1,07 1,07 N/A   ESTIMATED 

FG HEAT CAPCITY AT OUTLET SIMULATED 
kJ/kgK 

  
NOT 

MEASURED 1,01 1,01 N/A   ESTIMATED 

AIR HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK 

  
NOT 

MEASURED 1,01 1,01 N/A   ESTIMATED 

AIR HEAT CAPCITY AT OUTLET SIMULATED 
kJ/kgK 

  
NOT 

MEASURED 1,05 1,05 N/A   ESTIMATED 

FG VELOCITY AT INLET SIMULATED 
m/s 

  
NOT 

MEASURED 6,38 6,16 N/A   ESTIMATED 

FG VELOCITY AT OUTLET SIMULATED 
m/s 

  
NOT 

MEASURED 4,22 4,70 N/A   ESTIMATED 

AIR VELOCITY AT INLET SIMULATED 
m/s 

  
NOT 

MEASURED 4,28 4,28 N/A   ESTIMATED 

AIR VELOCITY AT OUTLET SIMULATED 
m/s 

  
NOT 

MEASURED 7,50 6,12 N/A   ESTIMATED 

ENERGY               

FG HEAT ENEREGY LOST 
MW 

  
NOT 

MEASURED -28,69 -28,55 N/A   ESTIMATED 

AIR HEAT ENERGY GAINED 
MW 

  
NOT 

MEASURED 28,37 28,43 N/A   ESTIMATED 
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Table C9: 68% MCR Actual test results comparison table. 

ACTUAL-TEST RESULTS 

PARAMATERS 

UNITS 
99 MCR  80 MCR  68 MCR  

MEASUREMENT SOURCE 

ERROR ERROR   ERROR 

  
%DELP

HI 
%DELP

HI 
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI 

%ME
AS 

%DEL
PHI 

GEN LOAD 1 
MW     462 

  

DAY/MONTH/
YEAR 

24/02/2
020 

25/02/2
020 

26/02/2020 

  

HR:MIN:SEC-
HR:MIN:SEC 

 
00:00:0

0 -  
04:00:0

0 

 
00:00:0

0 -  
04:00:0

0 

 00:00:00 -  04:00:00 

  
%DELP

HI 
%DELP

HI 
MEASURED 

DATA 
RAH 
VBA  

RAH 
DELPHI 

%ME
AS 

%DEL
PHI 

LH SEC A/H GAS IN T 
CEL 

  N/A 314,53 
314,53 314,53 

N/A N/A RT&D 

LH SEC A/H GAS OUT T 
CEL 

    123 123,69 121,21 0,56 -2,05 DCS 

                  

LH SEC A/H INL T 
CEL 

  N/A 57,97 
57,97 57,97 

N/A N/A DCS 

LH SEC A  T 
CEL 

    290,53 305,00 301,85 4,98 -1,04 DCS 

COMBINED TEMPERATURES                 

LH AH COMBINED TEMPS CALCULATED       90,49 90,83 89,59 0,38 -1,37 ESTIMATED 

LH AH COMBINED TEMPS 
CEL 

  N/A 101,2 N/A N/A N/A N/A DCS 

COLD END OUTLET METAL TEMPERATURES                 

MAXIMUM 
CEL 

    139,3 175,20 186,27 25,77 5,94 
INSTALLED 
THERMOCOUPLE 

MINIMUM 
CEL 

    63,7 87,20 79,80 36,89 -9,27 
INSTALLED 
THERMOCOUPLE 

AVERAGE 
CEL 

    101,5 131,2 133,0355 29,26 1,38 ESTIMATED 

COAL PROPERTIES (Air dried)                 

Carbon  % N/A N/A 54,35 54,35 N/A N/A N/A P&T COAL SAMPLING 

Hydrogen  % N/A N/A 2,58 2,58 N/A N/A N/A P&T COAL SAMPLING 

Nitrogen % N/A N/A 1,06 1,06 N/A N/A N/A P&T COAL SAMPLING 

Total Sulphur % N/A N/A 1,23 1,23 N/A N/A N/A P&T COAL SAMPLING 

Carbonate % N/A N/A 2,83 2,83 N/A N/A N/A P&T COAL SAMPLING 

Oxygen (by difference) % N/A N/A 4,55 4,55 N/A N/A N/A P&T COAL SAMPLING 

Analytical moisture % N/A N/A 2,2 2,2 N/A N/A N/A P&T COAL SAMPLING 

Surface Moisture % N/A N/A 6,4 6,4 N/A N/A N/A P&T COAL SAMPLING 

Inherent Moisture (as received) % N/A N/A 2,1 2,1 N/A N/A N/A P&T COAL SAMPLING 

Total Moisture % N/A N/A 8,5 8,5 N/A N/A N/A P&T COAL SAMPLING 

Ash % N/A N/A 31,2 31,2 N/A N/A N/A P&T COAL SAMPLING 

TOTAL % N/A N/A 100 100 N/A N/A N/A RT&D 

Fly Ash Ratio N/A N/A 0,9 0,9 N/A N/A N/A ASSUMED 

Bottom Ash Ratio N/A N/A 0,1 0,1 N/A N/A N/A ASSEMED 

Gross CV (As received) MJ/KG N/A N/A 20,1 20,1 N/A N/A N/A P&T COAL SAMPLING 

Coal flow 
MJ/s 

N/A N/A 1105,58 
1105,5

8 N/A N/A N/A DCS 

FLUE GAS PROPERTIES                   

FLUE GAS BEFORE AH OXYGEN @6% O2 % N/A N/A 5,1 5,10 5,10 

-1,96 

N/A RT&D 

FLUE GAS BEFORE AH OXYGEN 
(ESTIMATED) % N/A N/A 5,2 5,20 N/A N/A SIMULATED 

FLUE GAS AFTER AH OXYGEN @6% O2 % N/A N/A 9,77 9,77 9,77 N/A N/A RT&D 

FLUE GAS BEFORE AH CARBON DIOXIDE 
@6% O2 % N/A N/A 14,32 14,32 14,32 -0,77 N/A RT&D 
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FLUE GAS BEFORE AH CARBON DIOXIDE 
(ESTIMATED) % N/A N/A 14,43 14,43 N/A N/A SIMULATED 

FLUE GAS BEFORE AH SULPHUR 
DIOXIDE @6% O2 % N/A N/A 0,24 0,24 0,24 

54,17 

N/A RT&D 

FLUE GAS BEFORE AH SULPHUR 
DIOXIDE (ESTIMATED) % N/A N/A 0,11 0,11 N/A N/A SIMULATED 

FLUE GAS BEFORE AH MOISTURE @6% 
O2 % N/A N/A 7,41 7,41 7,41 

27,13 

N/A RT&D 

FLUE GAS BEFORE AH MOISTURE 
(ESTIMATED) % N/A N/A 5,4 5,40 N/A N/A SIMULATED 

FLOWS                 

TOT COAL FLOW kg/s   N/A 55,00 55,00 55,00 N/A N/A 
ESTIMATED (DCS AND 
MEASURED CV) 

FLUE GAS FLOW kg/s N/A N/A 237,65 237,65 237,65 N/A N/A RT&D 

ESTIMATED FLUE GAS FLOW kg/s   N/A 231,44 
Not 

used Not used N/A N/A 
ESTIMATED (DCS AND 
MEASURED CV) 

Error in gas flow %   N/A 2,61 2,61 2,61 N/A N/A ESTIMATED 

SEC A FLOW kg/s   N/A 233,32 233,32 233,32 N/A N/A DCS 

TOTAL AIRFLOW TO BURNERS kg/s   N/A 631,91 631,91 631,91 N/A N/A DCS 

ASHFLOW kg/s   N/A 7,72 7,72 7,72 N/A N/A ESTIMATED 

AH LEAKAGE %   N/A 40,09 40,09 40,09 N/A N/A DCS 

PRESSURES                 

LH FDF DIS P KPA N/A N/A 3,11 3,11 3,11 N/A N/A DCS 

SEC A  C/OVER DUCT P KPA N/A N/A 2,43 N/A N/A N/A N/A DCS 

AIR HEATER AIR DP air KPA     0,68 0,53 0,38 
-

22,06 -38,60 DCS 

LH SEC AH INLET GAS P KPA N/A N/A -0,755 -0,755 -0,755 N/A N/A RT&D 

LH SEC AH OUTLET GAS P KPA N/A N/A -0,301 N/A N/A N/A N/A RT&D 

AIR HEATER DP gas KPA     0,454 0,570 0,480 25,55 -18,43 RT&D 

FLUID PROPERTIES                 

FG DENSITY AT INLET SIMULATED 
kg/m3 

    0,54 0,56 0,56 4,28 -0,04 RT&D 

FG DENSITY AT OUTLET SIMULATED 
kg/m3 

    
NOT 

MEASURED 0,80 0,83 N/A 3,83 ESTIMATED 

AIR DENSITY AT INLET SIMULATED 
kg/m3 

    
NOT 

MEASURED 1,07 1,07 N/A 0,00 ESTIMATED 

AIR DENSITY AT OUTLET SIMULATED 
kg/m3 

    
NOT 

MEASURED 0,61 0,62 N/A 0,99 ESTIMATED 

FG HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK 

    
NOT 

MEASURED 1,09 1,09 N/A 0,00 ESTIMATED 

FG HEAT CAPCITY AT OUTLET 
SIMULATED 

kJ/kgK 
    

NOT 
MEASURED 1,04 1,04 N/A -0,23 ESTIMATED 

AIR HEAT CAPCITY AT INLET SIMULATED 
kJ/kgK 

    
NOT 

MEASURED 1,01 1,01 N/A 0,00 ESTIMATED 

AIR HEAT CAPCITY AT OUTLET 
SIMULATED 

kJ/kgK 
    

NOT 
MEASURED 1,05 1,05 N/A -0,11 ESTIMATED 

FG VELOCITY AT INLET SIMULATED 
m/s 

    
NOT 

MEASURED 6,26 6,07 N/A -3,16 ESTIMATED 

FG VELOCITY AT OUTLET SIMULATED 
m/s 

    
NOT 

MEASURED 4,40 4,89 N/A 10,18 ESTIMATED 

AIR VELOCITY AT INLET SIMULATED 
m/s 

    
NOT 

MEASURED 3,85 3,86 N/A 0,04 ESTIMATED 

AIR VELOCITY AT OUTLET SIMULATED 
m/s 

    
NOT 

MEASURED 6,75 5,36 N/A -25,85 ESTIMATED 

ENERGY                 

FG HEAT ENEREGY LOST 
MW 

    
NOT 

MEASURED -24,91 -25,15 N/A 0,94 ESTIMATED 

AIR HEAT ENERGY GAINED 
MW 

    
NOT 

MEASURED 25,70 24,95 N/A -3,00 ESTIMATED 
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Figure C5: Actual-test comparison for 99% MCR operating condition. 
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Figure C6: Actual-test comparison for 80% MCR operating condition 
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Figure C7: Actual-test comparison for 68% MCR operating condition. 
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During the 99% MCR pre-test phase, for Ring 2, this average yielded a difference of 7.12˚C 

for the hot end metal temperature, 19.75˚C for the intermediate layer inlet metal temperature, 

16.02 ˚C for the cold end inlet metal temperature and -9.18˚C for the cold end outlet metal 

temperature. As mentioned previously Ring 2 had a greater deviation in comparison to Ring 6.  

Ring 6 showed to have an improved correlation in comparison to Ring 2 for the outlet metal 

temperature of the third layer. For Ring 6, this average yielded a difference of 11.00˚C for the 

hot end metal temperature, 44.45˚C for the intermediate layer inlet metal temperature, 15.41 

˚C for the cold end inlet metal temperature and -7.18˚C for the cold end outlet metal 

temperature. The fluid temperatures (flue gas and air) the same process was followed to find 

the deviation in temperature. The deviation for the fluid temperatures showed a greater 

deviation due to the thermal inertia affecting the measured values. For Ring 2 the pre-test 

results showed a deviation -4.06˚C for the hot end fluid temperature, 22.97˚C for the 

intermediate layer inlet fluid temperature, 24.57 ˚C for the cold end inlet fluid temperature and 

-9.18˚C for the cold end outlet fluid temperature. Ring 6 average deviation yielded a difference 

of 10.96˚C for the hot end fluid temperature, 22.72˚C for the intermediate layer inlet fluid 

temperature, 18.02 ˚C for the cold end inlet fluid temperature and -7.18˚C for the cold end 

outlet fluid temperature.  

 

 

During the pre-test 80% MCR phase, for Ring 2, this average yielded a difference of -0.39˚C 

for the hot end metal temperature, 13.24˚C for the intermediate layer inlet metal temperature, 

9.41˚C for the cold end inlet metal temperature and -4.87˚C for the cold end outlet metal 

temperature. Ring 6 had a greater deviation in comparison to Ring 2. For Ring 6, this average 

yielded a difference of -5.03˚C for the hot end metal temperature, 33.16˚C for the intermediate 

layer inlet metal temperature, -11.82 ˚C for the cold end inlet metal temperature and -10.51˚C 

for the cold end outlet metal temperature. The fluid temperatures (flue gas and air) the same 

process was followed to find the deviation in temperature. For Ring 2 the pre-test results 

showed a deviation 2.49˚C for the hot end fluid temperature, a deviation of 36.04˚C for the 

intermediate layer inlet fluid temperature, 19.91˚C for the cold end inlet fluid temperature and 

-4.87˚C for the cold end outlet fluid temperature. Ring 6 average deviation yielded a difference 

of 2.35˚C for the hot end fluid temperature, 15.47˚C for the intermediate layer inlet fluid 

temperature, and 7.48 ˚C for the cold end inlet fluid temperature and -10.51˚C for the cold end 

outlet metal temperature. There are numerous reasons for the large deviation as mentioned from 

the previous pre-test at 99% MCR. 

 

 

During the pre-test 68% MCR phase for Ring 2, the average deviation yielded a difference of 

-0.59˚C for the hot end metal temperature, 8.28˚C for the intermediate layer inlet metal 

temperature, 7.49˚C for the cold end inlet metal temperature and -7.13˚C for the cold end outlet 

metal temperature. For Ring 6, this average yielded a difference of 2.45˚C for the hot end metal 

temperature, 30.46˚C for the intermediate layer inlet metal temperature, 7.14˚C for the cold 

end inlet metal temperature and -12.13˚C for the cold end outlet metal temperature. The fluid 

temperatures (flue gas and air) the same process was followed to find the deviation in 

temperature. For Ring 2 the pre-test results showed a deviation -4.06˚C for the hot end fluid 

temperature, 33.23˚C for the intermediate layer inlet fluid temperature, 16.30˚C for the cold 

end inlet fluid temperature and -7.13˚C for the cold end outlet fluid temperature. Ring 6 average 

deviation yielded a difference of 2.37˚C for the hot end fluid temperature, 9.97˚C for the 

intermediate layer inlet fluid temperature, and 8.49˚C for the cold end inlet fluid temperature 

and -12.43˚C for the cold end outlet metal temperature. As mentioned from the previous pre-
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test at 80% MCR, and 99% MCR, these deviations can be caused by ineffective high pressure 

washing influencing the flow through the perforated areas, and in turn also affecting the heat 

transfer to an extent where the results was compromised.  

 

 

 

C3: Comparison of Measured Results and Simulation Results: Data Set 1 

 

Considering the three different sets of results, three different load conditions had to be 

simulated using the plant data from the DCS system for verification. Table C2 is a 

representation of these measured input parameters. Table C3.1 is a representation of the 

description of each tag used for the profile temperature for each layer’s metal and fluid 

temperatures. This tag configuration was used for all three operating conditions. The tag names 

are used as reference for the results discussions. 

 
Table C3.1: Tag names for each temperature profile. 

Tag name Description 

SIMFITHE Simulation Fluid Inlet Temperature Hot End  

SIMIFIT Simulation Intermediate Fluid Inlet Temperature  

SIMCEIFT Simulation Cold End Inlet Fluid Temperature  

SIMCEOFT Simulation Cold End Outlet Fluid Temperature  

SIMHEIMT Simulation Hot End Inlet Metal Temperature  

SIMIMIMT Simulation Intermediate Inlet Metal Temperature  

SIMCEIMT Simulation Cold End Inlet Metal Temperature  

SIMCEOMT Simulation Cold End Outlet Metal Temperature  

HEIMTR6/R2 Measured Hot End Inlet Metal Temperature Ring 6/Ring2 

IMMITR6/R2 Measured Intermediate Inlet Metal Temperature Ring 6/Ring2 

CEIMTR6/R2 Measured Cold End Inlet Metal Temperature Ring 6/Ring2 

CEMTOR6/R2 Measured Cold End Outlet Metal Temperature Ring 6/Ring2 

CEOFTR6/R2 Measured Cold End Outlet Fluid Temperature Ring 6/Ring2 

CEIFTR6/R2 Measured Cold End Inlet Fluid Temperature Ring 6/Ring2 

IMFITR6/R2 Measured Intermediate Fluid Inlet Temperature Ring 6/Ring2 

HEFIR6/R2 Measured Hot End Fluid Inlet Temperature Ring 6/Ring2 

 

C3.1 Air heater performance results vs. VBA RAH simulated results at 670 

MW (99% MCR): 

For the 99% MCR condition the temperatures were compared to find the deviation between the 

simulated and measured values. Ring 2 and Ring 6 results were compared. Ring 2 showed a 

flattened curve in comparison to Ring 6. This was assumed to be caused by the fact that 

thermocouples were exposed to both the fluid (Flue gas and air streams) region and the metal 

surface, therefore it measured a combined temperature which showed less fluctuation. This was 

caused by insufficient thermal insulation of thermocouples. Another possible influence was the 
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fact that the ash accumulated at the areas where flow was obstructed by wear protection 

components installed to increase the life expectancy of the thermocouples and compensating 

cables. The ash could have fouled the open spaces between the metal sheets at Ring 2 to the 

extent that the thermal inertia was affected. The ash also has a heat capacity with convective 

and conductive properties; when the thermocouple is in contact with the ash the true 

temperatures of the streams may not be measured. Figures C3.1 and C3.2 are representations 

of the difference between the measured and the simulated values for Rings 2 and 6 metal 

temperatures, and Figures C3.3 and C3.4 show the comparison for simulated and measured 

flue gas and air temperatures for Rings 2 and 6. These results show that the measurements 

taken from Ring 6 seem to correlate better to the simulation results. The most important factor 

in these results is the validation for the metal temperatures. When the metal temperature reaches 

a minimum, a portion of the flue gas will experience a minimum temperature as well, but 

because the metal is at a lower temperature, it will be exposed to sulphuric acid dew point 

conditions for longer periods. This becomes the critical time for sulphuric acid condensation, 

causing deposition onto the metal surfaces. For the validation of the model the third layer inlet 

and outlet temperatures are expected to be the most accurate to ensure that the model predicts 

a correcting fouling range.  

 
Figure C3.1: Data comparison for Ring 2 Metal temperatures for the 99% MCR pre-test 

condition. 
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Figure C3.2: Data comparison for ring 6 Metal temperatures for the 99% MCR pre-test 

condition. 

 

   
Figure C3.3: Data comparison for Ring 2 fluid temperatures for the 99% MCR pre-test 

condition. 
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Figure C3.4: Data comparison for Ring 6 fluid temperatures for the 99% MCR pre-test 

condition. 

 

The Ring 2 and Ring 6 metal temperatures for the simulated results and the measured results 

were closely matched at the cold end, which was a positive outcome in terms of relying on the 

VBA RAH model to indicate where dew point related fouling will occur. It is clear that 

although the temperature levels are fairly similar, the profiles are not the same. The predicted 

fluid temperatures correlate more with the metal temperature measurements. As mentioned 

previously this effect could be due to accumulation of ash and also the effects of obstruction in 

flow and thermocouple wear protection influencing the thermal inertia. 

  

 

Air heater air outlet temperatures 

A 1.8% error occurred between the VBA RAH model and the measured value. This was a 

difference of 5.8 ˚C at the outlet for the air side. The error between the VBA RAH and the 

RAH model was 0.5%. This shows that the possible error in flue gas flow used as input 

parameter to the simulation models could have compromised the simulated results, in this case 

the outlet flue gas and air temperatures. Section 5.7 elaborates on the effect of the error in flue 

gas estimation. 

 

Cold end metal temperatures 

The comparison between the VBA RAH maximum plate temperatures and the measured 

maximum plate temperatures indicated a 6.6% error. The minimum VBA RAH metal 

temperature was found to be 5.2% less than the measured value. Once again the temperatures 

operated in the same region but the error showed that the measured value was higher in general 

in comparison to the simulated value. As explained previously, this shows that the 

thermocouple insulation could have been compromised to give a reading that measured not 

only metal temperature but also fluid temperature. When the thermocouples were forced into 

the open spaces between the element-pack metal sheets a form of contact resistance between 
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the metal surface and the probe were introduced which also affected the readings. A 33.3% 

deviation in the inlet metal temperature occurred between the results from the VBA RAH and 

RAH models. When comparing the measured value and the RAH value it is seen that the RAH 

value is suspicious. It seems that the rate of change in temperature for the metal sheets is higher 

in comparison with what is seen from the test. The minimum metal temperatures seem to show 

values that correlate more with the simulated outlet temperature for the diluted flue gas stream 

(taking leakage into account). The VBA RAH model only deviates by 1.1% which is a 

promising result when considering the formation of fouling in the cold end region of the air 

heater.  

 

Differential pressures 

The differential pressure across the air heater could only be measured for the air side due to the 

unavailability of flue gas pressure signals before and after the air heater. The FD fan discharge 

pressure was used as the inlet pressure and the cross over duct outlet pressure was used as the 

pressure after the air heater. The difference between these two readings gave an air DP of 

1.4kPa. A 37.7% deviation occurred from the VBA RAH model. This shows that the air heater 

may have experienced fouling during the light-up process when the unit returned to service. 

An important fact to take into consideration is that the HC11 (profile installed in the air heaters) 

element profiles were designed to match the thermal properties of the 2.78DU type (profile 

available in the VBA RAH and RAH model), but the pressure loss component was not taken 

into account. Since the hydraulic (pressure) performance of the HC11 packs are unavailable, 

the historic data were analysed with regards to the differential pressures, inlet and outlet 

temperatures of fluid, and the FD fan motor current before the installation and after the 

installation of the HC11 profiles. Table C6 in Appendix C is a summary of the results for the 

inlet and outlet temperatures along with the FD fan current and differential pressure for the 

condition before the installation and after the installation for each unit. The results showed that 

the differential pressures increased by 0.26kPa which would change the design differential 

pressure of 0.702 to 0.962kPa. An average increase in FD fan motor current of 19.1 A. When 

the air heater experiences fouling the load loss usually starts with increased differential 

pressures and FD and ID fan capacities. The HC11 packs do not benefit this condition. To 

compare the effect of both the HC11 and 2.78DU element packs, the OEM (Original 

Equipment Manufacturer) was requested to simulate the same conditions for verification 

purposes. These results are discussed in section 5.7. 

 

Fluid Properties 

For the Data Set 1 results, no fluid properties were measured. The fluid properties (inlet and 

outlet density, heat capacity and velocity) of each stream were calculated from both simulation 

models. The flue gas and air inlet density, and air heat capacity were found to be identical with 

no error. The heat capacity for the flue gas at the inlet had a discrepancy of 0.4% and the flue 

gas velocity at the inlet had a discrepancy of 3.6%. The air inlet velocity varied by 0.02%. The 

outlet velocities had a greater error due to the outlet temperature and pressure being different 

for the simulations from the two models; flue gas velocity and air velocity had a 12% 

difference. 

 

Energy Exchange 

The result for the VBA RAH model (at 99% MCR) showed a result of +/-47.67 MW energy 

lost and 47.84 MW energy gained, a difference of less than 1MW on energy exchange. This 

means the result was found to have good accuracy with regard to the energy balance. The RAH 

model had an energy exchange of 44.23 MW lost and 44.17 MW gained, which is also an 
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estimation close to the expected norm of 50 MW and with a difference of less than 1 MW. The 

discrepancy between the two models is due to the difference in predicted outlet temperatures. 

 

C3.2 Air heater performance results vs. VBA RAH simulated results at 544 

MW (80% MCR): 

For the simulation of the 80% MCR conditions the input parameters from Appendix C - Table 

C2 (80% MCR) were used. As expected the inlet gas temperature was lower due to the lower 

heat energy input for combustion requirement during lower loads. For all the results the same 

tag descriptions were used as mentioned in Table 5.5. The third layer simulated temperatures 

were within the range on the measured temperatures, but there is a definite effect of thermal 

inertia causing the measured temperatures to fluctuate less as seen and explained from the 99% 

MCR pre-testing phase results. During this phase the measured fluid temperatures also had a 

similar profile to the metal temperatures. In general the thermocouples installed for the fluid 

measurements correlated more with the metal temperature curves. Ring 2 showed that the 

simulated values are estimated in the same temperature regions as the measured temperatures 

for each layer. This can be seen as a positive outcome showing that the thermal performance is 

not inaccurate. The simulated trends for the fluid region showed less resistance to changes in 

temperature during stream change overs from the flue gas stream to the air stream. The same 

effects occurred for the 99% MCR results. The measured values seemed to give a gradual 

change in temperature in comparison to the simulated values, which is again an indication that 

the insulation of the thermocouples was not as successful as expected. Figure C3.5 and C3.6 

are representations of the difference between the measured and the simulated values for Ring 

2 and six metal temperatures, and Figures C3.7 and C3.8 represents the comparison for Ring 2 

and six fluid (Flue gas and air streams) temperatures. From these results the measurements 

taken from Ring 6 again seems to correlate more to the simulation results. As mentioned 

previously, causes such as, contact resistance, accumulation of ash in the perforated areas 

where thermocouples were installed, flow obstruction, poor insulation of thermocouples and 

contact with thermocouple wear protection influenced the thermal inertial properties 

influencing the measuring process of the metal and fluid temperatures. The fact that all three 

layers shows similar results, the assumption can be made that less flow passed through this area 

therefore the temperature fluctuated less when the streams changed over from flue gas to air.  
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Figure C3.5: Data comparison for ring 2 Metal temperatures for the 80% MCR pre-test 

condition. 

 
Figure C3.6: Data comparison for ring 6 Metal temperatures for the 80% MCR pre-test 

condition. 
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Figure C3.7: Data comparison for ring 2 fluid temperatures for the 80% MCR pre-test 

condition. 

 
Figure C3.8: Data comparison for ring 6 fluid temperatures for the 80% MCR pre-test 

condition. 

 

Table C4 in Appendix C – C1 Data Set 1 – Results, is a representation of the results from the 

80% MCR load pre-test conducted on 22/12/2019 at 14:27. This time slot was selected due to 

the matching plant conditions that were planned for actual testing phase in February 2020. The 
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idea was once again to select a time shortly after the outage. An ideal load condition was 

reached on this date and therefore pre-test conditions could be recorded for an 80% MCR load. 

The assumption was again made that the same result for leakage from the 99% MCR condition 

were used for the pre-test simulations of both the VBA RAH and RAH (GB de Klerk).  

 

Air heater gas outlet temperatures 

When comparing the DCS measured value of 130.6˚C to the VBA RAH result of 104.39˚C an 

error 20.07% exists. This temperature measurement were found to be defective as previously 

mentioned, therefore the value was measured and not taken from the DCS reading for the actual 

test. The average cold end outlet fluid temperature measured from the installed test points was 

83˚C. This is an average between Ring 2 and Ring 6, and at the pack it is shows that for both 

readings the actual fluid temperature leaving the pack is low in comparison with the 

measurement taken at point further back in the downstream condition as seen from the 99% 

MCR load condition results. The same effects apply in this regards as explained from section 

5.2 Figure 5.10.  The same input parameters were simulated for the RAH (GB de Klerk) model 

and an error of 1.76% was found.  

 

Air heater air outlet temperatures 

A 0.33% error occurred between the VBA RAH model and the measured value. This was a 

difference of 1.03˚C at the outlet for the air side. The error between the VBA RAH and the 

RAH (GB de Klerk) model was 1.56%. The same assumption can be made as the 99% MCR 

load results, that the possible flue gas flow error could have compromised the simulated results, 

in this case the outlet temperatures.  

 

Cold end metal temperatures 

The comparison between the VBA RAH maximum plate temperatures and the measured 

maximum plate temperature indicated a 4.22% error. The minimum VBA RAH metal 

temperature was found to be 1.29% less than the measured value. A 25.04% deviation in the 

metal temperature occurred between the simulated results from VBA RAH and RAH (GB de 

Klerk). When comparing the measured value and the RAH value it is seen that the RAH value 

is suspicious. For the minimum metal temperature, the VBA RAH model only deviates with a 

2.8% which shows that the accuracy of identifying a dew point condition at the cold end can 

still be accomplished through simulated values. 

 

Differential pressures 

The FD fan discharge pressure was again used as the inlet pressure and the cross over duct 

outlet pressure was used as the pressure after the air heater. The difference between these two 

readings gave an air DP of 1kPa. A 29.6% deviation occurred from the VBA RAH model. 

 

Energy Exchange 

For the VBA RAH model an energy loss (at 80% MCR) of 37.67 MW and an energy gain of 

38.02 MW were found. A difference of less than 1MW on energy exchange is an indication of 

good accuracy with regards to the energy balance. The RAH(GB de Klerk) model had an 

energy exchange of 35.49MW lost and a 35.38MW gained, which is also an estimation close 

to the expected norm of a difference of less than 1MW. The error between the two models is 

due to the difference in outlet temperatures by the two simulation models. 
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C3.3 Air heater performance results vs. VBA RAH simulated results at 465 

MW (68% MCR): 

For the simulation of the 68% MCR conditions the input parameters from Table C2 in 

Appendix C – C1 Data Set 1 - Results were used. As expected the inlet gas temperature was 

lower in comparison to the 80% MCR and 99% MCR, due to the combustion requirement 

during lower loads requiring a lower heat energy input. Figures C3.9 and C3.10 are 

representations of the difference between the measured and the simulated values for Ring 2 

and six metal temperatures, and Figures C3.11 and C3.12 represents the comparison for Ring 

2 and six fluid temperatures.  

. 

 
Figure C3.9: Data comparison for ring 2 Metal temperatures for the 68% MCR pre-test 

condition. 
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Figure C3.10: Data comparison for ring 6 Metal temperatures for the 68% MCR pre-test 

condition. 

 

 
Figure C3.11: Data comparison for ring 2 fluid temperatures for the 68% MCR pre-test 

condition. 
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Figure C3.11: Data comparison for ring 6 fluid temperatures for the 68% MCR pre-test 

condition. 

 

Table C4 (in Appendix C – C1: Data Set 1 - Results) is a representation of the results from the 

68% MCR load pre-test conducted on 22/12/2019 at 20:17. This time slot was selected due to 

the matching plant conditions that were planned for the actual 68% MCR load condition in 

February 2020. 

 

 

Air heater gas outlet temperatures 

When comparing the DCS measured value of 113.4˚C to the VBA RAH result of 102.07˚C an 

error 9.99% exists. The average cold end outlet fluid (Flue gas and air stream) temperature 

measured from the installed test points was 80.2˚C. This is an average between Ring 2 and 

Ring 6, and at the pack it is shows that for both readings the actual fluid temperature leaving 

the pack is low in comparison with the measurement taken at point further back in the 

downstream condition as seen from the 80% and 99% MCR load condition results. Based on 

the explanation from Figure 5.10, this temperature cannot be compared to the mixed flue gas 

outlet temperature measured at point C in Figure 5.10. The location of the secondary air heater 

gas outlet temperature mostly experiences fluid temperatures well above the measured 

temperature at the element pack outlet. The same input parameters were simulated for the RAH 

(GB de Klerk) model and an error of 4.95% was found. As experienced from the two previous 

test results, it does seem that the simulation models tend to overestimate the outlet temperature. 

An error in flue gas flow measurement also impacted the results negatively as explained in 

Section 5.7. 

 

Air heater air outlet temperatures 

The air outlet temperatures indicated an error of 0.15% for the VBA RAH model and the 

measured value. This was a difference of 0.45˚C at the outlet for the air side. The error between 

the VBA RAH and the RAH (GB de Klerk) model was 1.37%. The same assumption can be 
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made as the 80% MCR and 99% MCR load results, that the possible flue gas flow error could 

have compromised the simulated results, in this case the outlet temperatures when the actual 

reading and the simulated values are compared. However the 68% MCR load flue gas flow rate 

estimation was found to be more accurate compared to the higher load estimations. 

 

Cold end metal temperatures 

The comparison between the VBA RAH maximum plate temperatures and the measured 

maximum plate temperature indicated a 1.15% error. The minimum VBA RAH metal 

temperature was found to be 0.48% higher than the measured value. Insufficient thermal 

insulation could have compromised the measured values. A 23.63% deviation in the metal 

temperature occurred between the simulated results from VBA RAH and RAH (GB de Klerk). 

The RAH (GB de Klerk) value was again found to be suspicious with regard to the maximum 

metal temperatures. For the minimum metal temperature, the VBA RAH model only deviates 

with a 0.48% which, as seen from previous results, shows that the accuracy of identifying a 

dew point condition at the cold end can be accomplished through simulated values. 

 

Differential pressures 

The differential pressure for the air stream across the air heater was measured to be 0.73kPa. 

The lower differential pressure is expected due to a reduction in coal flow which also then 

requires less air for combustion, which in turn decreases the operating pressure from the fans. 

A 25.07% deviation occurred from the VBA RAH model. As mentioned previously from the 

99% MCR pre-test, the influence of the use of the 2.78DU profile packs for the simulation 

could have introduced the great difference in error, in comparison to the HC11 packs installed 

in the air heater. The OEM (Original Equipment Manufacturer) were requested to simulate the 

same conditions for verification purposes. These results are discussed in 5.6. The same error 

existed for the RAH model which was already one of the problems identified for the research 

conducted by De Klerk (2001). 

 

Fluid Properties 

For the pre-test results no fluid properties were measured. But the fluid properties for the inlet 

and outlet density, heat capacity and velocity of each stream were calculated from both 

simulation models. The flue gas and air inlet density, and air heat capacity was found to be 

similar with 0.83 and 0% error respectively. The heat capacity for the flue gas at the inlet had 

an error 0.47% and the flue gas velocities at the inlet for flue gas had an error 3.97%. The air 

inlet velocity varied with 0.05%. The outlet velocities had a greater error due to the outlet 

temperature and pressure being different for the simulations from the two model.  

 

Energy Exchange 

For the VBA RAH model the result at 68% MCR showed a 31.04 MW energy loss and 31.66 

MW energy gain with a difference of less than 1MW on energy exchange, which can be deemed 

as an accurate result with regards to conservation of energy. The RAH (GB de Klerk) model 

had an energy exchange of 29.59 MW lost and a 29.48 MW gained, which is also an estimation 

less than 1 MW difference. The error between the two models is due to the difference in outlet 

temperatures by the two simulation models. 
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C4: Comparison of Measured Results and Simulation Results: Data Set 2 – 

80%MCR condition 

 

For the 80% MCR load conditions, the inlet temperature for the flue gas and the metal 

temperatures were not available due to the failure of the hot end thermocouples. The signals 

from the cold end element packs were still available and for the verification of identifying dew 

point related fouling. Ring 6 cold end thermocouples were still reliable (As shown in Figure 

C8). There was a clear deviation for the metal temperatures measured at the inlet of the third 

layer in comparison to the simulated values. This deviation was greater than the deviation seen 

from the 99% MCR results. This effect shows that the model considers ideal conditions, but 

the plant measurements indicate that the factors mentioned in Figure 5.11 in section 5.2 

influenced the data set results. No measurements were available for Ring 2.  The simulation 

once again indicated a higher rate of temperature change in comparison with the measured 

values.  

 

For Ring 6 both the measured fluid temperatures for the cold end and the simulated 

temperatures operated below the dew point temperatures for sulphuric acid. Figure C4.1 is a 

representation of the results for the simulated and measured metal temperatures, and Figure 

C4.2 shows the results for the simulated and measured fluid temperatures.  The measured metal 

temperature at the outlet of the cold end was higher in comparison with the 99% MCR load 

conditions due to the fact that flow rates were lower, therefore decreasing the heat transfer rate.   

 

With regard to the dew point related fouling, the graphical representation in Figure C4.1 

indicated that sulphuric acid dew point conditions were experienced. For one rotation the 

simulated metal temperature results yielded that 42.9% of the metal temperatures at the inlet 

of the cold end layer, operate below the dew point temperature for sulphuric acid condensation 

at the inlet of the third layer (for 1% conversion of SO2 to SO3). For 5% conversion of SO2 to 

SO3, 86.9% of the simulated metal temperatures operated below the sulphuric acid dew point 

temperatures.  

 

From Figure C4.2 the simulated fluid temperature results showed that for a 1% conversion of 

SO2 to SO3, sulphuric acid condensation will not occur at the inlet of the third layer although 

with 3% conversion, 6% of the time of flue gas exposure at the inlet of the third layer will 

experience acid condensation.  

 

The measured values indicated a 100% exposure to sulphuric acid dew point conditions in the 

third layer, for 1% - 5% conversion of SO2 to SO3. 
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Figure C4.1: Data comparison for Ring 6 Metal temperatures for the 80% MCR pre-test 

condition. 

 

 
Figure C4.2: Data comparison for Ring 6 fluid temperatures for the 80% MCR pre-test 

condition. 
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Considering the measurements for SO2 and SO3 at 80% MCR, a value of 0.17% by volume of 

SO2 in the flue gas was measured, this value relate to a 10% O2 normalised measurement. Using 

the 0.17% of measured SO2, means that 1% to 5% conversion will give a range of 0.00173% 

to 0.00865% of SO3 contained in flue gas, with an estimated excess air of 26.9%. The results 

from the mass and energy balance indicated a 0.13% volume of SO2. Following Table 5.7 

indicating the results for SO3 content in flue gas for varying sulphur content of coal concluded 

by Ganapathy (1989), the amount of SO3 in the flue gas would be based on a 1.18% (as 

received) sulphur in coal. According to the table the amount would be 10.71 ppm SO3 

(0.0011%) when using linear interpolation. The amount measured from the 80% MCR Data set 

2 test the value was 0,17% (at 10% normalization) for SO2, which shows the estimated and 

measured values are still close to each other.  

 

For a 6% O2 normalised measurement the value was measured to be 0.24% SO2. If the 6% O2 

normalised value of 0.24% SO2 was considered it would have given a range of 0.0024 to 

0.012% of SO3 formed in the flue gas.   

 

Based on the table estimation of  (0.0011% SO3)  and the measured values (0.017% SO2 @10% 

& 0,0024% SO2 @ 6%) result, the assumption that almost 1% of SO2 converted to SO3 holds, 

which further confirms that the cold end was also experiencing dew point related fouling for 

the 80% MCR conditions.  

 

Figure C4.3 is a representation of the sulphuric acid dew point temperatures from 1% to 5% 

conversion of SO2 to SO3 for the conditions measured during the 80% MCR conditions. 

 

 
Figure C4.3: Sulphuric acid dew point temperatures for 1% to 5% SO2 to SO3 conversion for 

80% MCR. 
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As explained in Figure 5.15 in section 5.3, a  32 x 307 size matrix were generated in the 

simulation, which contain the final set of cold end layer metal temperatures for the full height 

of the third layer. This matrix was used to estimate the amount of time dew point related fouling 

experienced for one gas stream consisting of a sub set of 32 x 84 temperatures of the total 

matrix. For this sub set the metal temperature will be exposed 81.29% of the length and time 

step. Due to the fact that this will occur for each annular division of the steel matrix, it can be 

assumed that the cold end element packs will experience sulphuric acid dew point conditions 

for 22.2 seconds of the total 27.36 seconds of the flue gas stream for the 80% MCR conditions. 

This time includes the time when the ash is captured in the seal area directly after the flue gas 

stream.  

 

The impact of an increase in differential pressure due to fouling was again analysed for the 

80% MCR condition. Figure C4.5 is an illustration of the impact of differential pressure 

increases on dew point temperatures. The same increments were calculated for a differential 

pressure range of 0kPa to 2kPa as with the 99% MCR condition. The same assumption holds 

as for the 99% MCR load condition, that a pressure rise from fouling will not deteriorate the 

sulphurous- and sulphuric acid dew point temperature by a large extent during normal 

operation. But the moisture dew point can rise with +/-6 ̊ C. The air heater still does not operate 

within these ranges, only during light up and shut down conditions when transient states are 

experienced. 

 

 
Figure C4.5: Effect of increasing differential pressures on dew point temperatures for 80% 

MCR. 

Table C8 in Appendix C – C2: Data Set 2 - Results is a representation of the results from the 

80% MCR load actual test conducted from 00:00 – 04:00 on 25/02/2020. 
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Air heater gas outlet temperatures 

The average of the measured temperature of 117˚C to show an 8.26% deviation from the VBA 

RAH result of 107.34˚C. The average cold end outlet fluid temperature measured was 88.93˚C. 

Through considering the maximum simulated outlet temperature at the outlet, a simulated 

temperature of 134.2˚C is reached within 24 seconds of one revolution. The measured 

temperature at the pack did not reach the maximum temperature and therefore experiences a 

lower outlet temperature when compared to the measurement taken after the air heater outlet, 

as explained in Figure 5.10 in section 5.2. The same input parameters were simulated for the 

RAH model and an error of 2.43% was evident. As with the previous tests, this result shows 

that the simulation models tend to overestimate the outlet temperature at higher loads. As 

mentioned before factors, like the assumption of ideal conditions and the errors incurred by 

rounded off calculations from an iterative process will introduce a form of error.  

 
Air heater air outlet temperatures 

A 2% error occurred between the VBA RAH model and the measured value. This was a 

difference of 5.9˚C at the outlet for the air side. The error between the VBA RAH and the RAH 

model was 0.84%. This shows that the possible flue gas flow error (as mentioned in Section 

5.7) compromised the simulated results, in this case the outlet temperatures. 

 

Cold end metal temperatures 

The comparison between the VBA RAH maximum plate temperature and the measured 

maximum plate temperature indicated a 0.2% error. The minimum VBA RAH metal 

temperature was found to be 16.5% less than the measured value. Once again the temperatures 

operated in the same region but the error showed that the measured value operated at higher 

ranges in general in comparison to the simulated values. A 20.5% deviation for the inlet metal 

temperature occurred between the results from VBA RAH and RAH models, with a 4.4% 

deviation on the outlet metal temperatures. When comparing the measured value and the RAH 

value the latter again showed unrealistic maximum temperatures. The minimum metal 

temperatures for the simulated values and for the measured values correlate, which is ideal 

when the dew point related fouling areas are identified.  

 

Flue gas properties 

The estimated oxygen showed a 0.05% (v/v) difference in comparison to the measured oxygen. 

The measured carbon dioxide was 0.36 % (v/v) higher than the estimated value. The sulphur 

dioxide showed deviation of 0.11 % (v/v), but when comparing a normalised measurement at 

10% oxygen the deviation was 0.04% (v/v). The estimated moisture was 5.7% (v/v), and the 

measured value was 3.93%. As mentioned previously the accuracy of the moisture 

measurement at the air heater inlet is affected by the high fly ash content in the flue gas. Ideally 

the measurements must be taken before the stack.). The emission monitors located in the stack 

indicated a 5.15% (v/v) measurement, which correlated more with the measured value of 5.7% 

(v/v). The measured values were used as input parameters and not the simulated values.  

 

Air heater gas flow 

A 2.4% error existed between the measured and calculated values for the 80% MCR. The 

simulation was done using the measured value of 243.15 kg/s. The measured flow proved to 

be more realistic in comparison with the calculated flow, although an error would still exist as 

mentioned in Section 5.7. 
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Differential pressures 

The measured differential pressure across the air side was 0.86kPa. The differential pressure 

calculated by the VBA RAH model had an error of 30%. As mentioned previously, the fact 

that high differential pressures were measured confirms the condition of fouled element packs. 

Habbitts (1998) and De Klerk (2001) also experienced similar findings where the estimated 

differential pressures had a 30% error. The gas side had an error of 1.82% less than the 

measured value. The fact that high differential pressures were measured at lower loads 

confirms the condition of fouled element packs.  

 

Fluid Properties 

The inlet density for flue gas was measured and in comparison with the simulated value a 

3.32% error existed. The flue gas density at the inlet between the VBA RAH and RAH models 

had a 0.01% difference. As mentioned before, this deviation was caused by the method of 

estimating the temperature of each condition. The fluid properties for the inlet and outlet heat 

capacity and velocity of each stream were calculated from both simulation models. The air inlet 

density, flue gas inlet heat capacity and air inlet heat capacity were identical with no error. The 

flue gas velocities at the inlet for flue gas had an error of 3.49%. The air inlet velocity varied 

by 0.04%.  

 

Energy Exchange 

The VBA RAH model showed a result of 28.69 MW energy lost and 28.37 MW energy gained. 

This means the result is accurate with regard to the energy balance. The RAH model gave an 

energy exchange of 28.55 MW lost and 28.43MW gained, which is also an estimation with a 

difference of less than 1MW. The error between the two models is due to the slight difference 

in outlet temperatures by the two simulation models.  

 

 


