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Abstract 

A common failure occurrence on fossil fuel power plant boiler systems is referred to as short term 

overheating (STO). This phenomenon occurs when the tube is heated to higher than its design 

temperature in a short period of time, causing a ductile failure of the tube material.  The 

superheaters are particularly susceptible to STO.  Such a failure can be caused by various 

conditions, where most of these are condition-based, i.e. based on the physical condition of the 

pipes or boiler.  However, there are some cases which are process-related, i.e. based on the 

thermo-physical process occurring inside the pipe. 

Very often a water blockage or water wedge is recorded to be the root cause of the short term 

overheating in superheaters when no condition-based indicators can be found.  It then is claimed 

to be the result of over-attemperation spray by the operator.  This type of failure tends to happen 

at the outlet of vertical (pendant-type) superheaters. 

This study aims to find thermo-physical conditions where such a conclusion is valid by studying 

the transient behaviour of a representative superheater segment under postulated conditions.   

The specific geometry chosen is one for which short term overheating due to water wedging has 

been recorded in the past. 

A transient flow model was constructed and verified by comparing its results with plant data, as 

well as some results from a numerical model developed from fundamental principles. Once the 

simulation modelling methodology was confirmed, the model was modified to resemble the 

geometry of the final superheater outlet leg to facilitate direct comparison with a pendant boiler 

component as found on a power plant. A number of scenarios were executed in transient state on 

the model at different boiler loads. The temperature evolution of the pipe wall was tracked over 

time, and together with calculated equivalent stresses, was compared to the yield strength of the 

material.  A temperature vs yield strength curve was obtained from material testing using new 

and aged tube material. 

The results showed that short term overheating at the superheater outlet tubes due to water 

blockages alone is unlikely to occur, even at low loads and substantial over firing. The stresses 

exerted over the tube wall and throughout the tube length is not enough to overcome the yield 

stress of the superheater tube material, even for aged material. Thus, the claim of over-

attemperation as the root cause of a short term overheating failure is improbable, and other 

explanations for the failure must be observed. Even though it is possible for water-wedging to 

occur, the phenomenon alone is unlikely to be the root cause for the occurrence of short term 

overheating. 
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1. Introduction 

1.1 The role of coal-fired power plants 

Coal is currently the primary fuel source for generating electricity worldwide. In South Africa, 77% 

of the country’s energy requirements are provided by Eskom’s coal-fired power stations, followed 

by hydro, solar, wind and nuclear power.   

Coal-fired power stations work on the principle of energy conversions. The process starts with the 

coal, which contains chemical energy. Once the pulverised coal is sent to the burners, the 

chemical energy is released as heat in the furnace of the boiler. This heat transferred to the water 

in the water-walls of the boiler. The water evaporates into steam, creating a steam flow in the 

boiler tubes.  The steam is further superheated in a series of heat exchangers, called 

superheaters. The steam exits the boiler and is received by the high pressure (HP) turbine, which 

uses the heat from the steam to drive the turbine blades, thus converting the thermal energy to 

kinetic energy. 

In re-heat plants, the steam is sent back to the boiler for reheating after the HP turbine, and then 

enters the intermediate pressure (IP) turbine and then the low pressure (LP) turbine. The rotating 

turbine drives a generator which converts the mechanical energy into electrical energy. This 

energy is that which is used by the Eskom grid to supply homes and businesses with electricity. [1] 

1.2 Boiler tube leaks 

The purpose of the boiler is to convert the chemical energy extracted from the coal into thermal 

energy, which is transferred from the flue gas in the furnace to the steam inside the boiler tubes.  

These tubes make up various heat exchangers, namely the economiser, evaporator, superheaters 

and reheater. The total length of all the boiler tubes joined together can be as long as 650 km [2].  

Boiler tubes need to be regularly monitored and cleaned to ensure the lifetime of the entire 

boiler, which, in turn, ensures the lifetime of the entire plant itself. Because of the high-pressure 

steam that flows in these tubes, a leak or failure of any kind can be hazardous to the station and 

personnel.  

In 2011, 70% of Eskom’s boiler tube failures occur during a unit’s start-up procedure following a 

forced outage. A total of 152 tube failures transpired on Eskom’s 79 various boilers [2] at that 

time. 
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Some of the most common causes of boiler tube failures include, but is not limited to, the 

following: 

 Short term overheating  

 Long term overheating 

 Fly ash erosion 

 Welding defects 

 Corrosion (steam side and/or fire side) 

For the purpose of this study, the focus will be on short term overheating. Long term overheating 

will also be briefly discussed to clarify the difference between these two causes. 

1.3 Long and short term overheating 

The typcal design lifetime of a boiler tube is 200 000 to 300 000 operational hours, or about 23 to 

34 years, depending on the material’s composition and quality [2]. Long term overheating takes 

place when a tube has reached the end of this lifetime. Because of the high-temperature high-

pressure steam transported in these tubes, the material will eventually degrade and fail due to 

creep. An illustration of this type of overheating is shown in Figure 1.1. 

 
Figure 1.1 Damages as a result of long term overheating [2] 

 
Short term overheating, on the other hand, is a premature tube failure. It is essential to 

determine if a failure occurred prematurely or not, so that the root cause can be identified. 

Preventative actions may then be studied and implemented in order to prevent future failures.  
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Short term overheating occurs when the tube is exposed to a heat higher than its design 

temperature, reducing the material’s strength drastically until it ruptures. When the tube material 

is allowed to exceed its design temperature, it will, depending on the temperature reached, fail in 

the short term. This can be caused either by a lack of cooling or due to a high firing temperature. 

The rupture can occur instantaneously, or it may take up to a few days, depending on the 

temperature reached. The most likely causes of this type of overheating include: 

 Tube blockages and partial blockages; 

 Steam starvation; 

 Excessive firing; 

 Maldistribution of flue gas due to slagging. 

As a result of hoop stresses [3], the damages of this sort imitate that of a fish mouth, illustrated in 

Figure 1.2. 

 
Figure 1.2 “Fish mouth” damage as a result of short term overheating [2] 

 
Any tube in the boiler can become a susceptible to short term overheating [2], which 

predominantly occurs in the water walls, the final stage superheater or the final reheater. Short 

term overheating is much less likely to occur in colder sections of the boiler, such as the 

economiser. In section 2.6 of this report, occurrence investigations are discussed of short term 

overheating that took place at Eskom in the final superheater. 

Eskom’s most common means of detecting a tube leak is the use of microphones at the boiler’s 

manhole entrances. The microphones are able to record the distinct hissing sound of a tube leak. 

The recording is fed through a processor and is displayed as a bar chart. Normal conditions are 
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indicated in a green colour, as shown in Figure 1.3. A high noise level triggers an audible alarm, 

and introduces an orange column to the bar chart, illustrated in Figure 1.4.  

 
Figure 1.3 Display of normal conditions [2] 

 

 
Figure 1.4 Orange column indicates a tube leak [2] 

 

The earlier a tube failure is detected, the better the chances are of minimising the repair time and 

damages that is to follow. Once a leak is detected, it is necessary to shut down that specific unit. 

Once the unit is shut down, the components are force-cooled by means of the plant forced draft 

(FD) fans and induced draft (ID) fans, according to safety regulations. Once cooled and cleared of 

all possible harmful boiler gasses, a physical investigation of the tubes can be carried out.  

A piece of the tube containing the failure is cut out and examined by a metallurgist to determine 

the failure mechanism. Tubes that may have been exposed to secondary damages are identified 

through ultrasonic tube thickness measurements. All of these tubes would require replacement.  

The entire process, shutting down the unit up to the point when the unit is safely returned to 

service, takes approximately 63 hours, depending on the extent of the damage.  

1.4 Problem statement 

Of the various caused for STO listed previously, steam starvation is one which is difficult to 

identify from physical evidence extracted from the failed tube or boiler region.  This is because 

this cause is process-related, i.e. something in the thermo-physical conditions inside the tube 

results in insufficient cooling of the material.  Such short term overheating often occurs at low 

load or start-up.  In these operating modes, the steam temperatures are not always stable, and 

can rise beyond the allowed limits.  In an attempt to reduce the possibility of STO when steam 

temperatures do rise, the plant operator may increase the spraywater flow of the attemperation 

system [4], hence over-spraying occurs. This has been suspected to cause water blockages, which 

decreases the steam flow in the superheater tubes. When the flow is insufficient, the tubes are 
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exposed to the high metal temperatures heated by the furnace since cooling from the steam flow 

is absent, also causing short term overheating.  

A commonly given cause of STO is thus complete or partial water blockage, which is caused by 

water wedging [3]. This means that when condensate forms in the superheater tubes, the 

pressure between the inlet and outlet is not great enough to transport the water through the 

tubes, causing a blockage. This statement, however, may be untrue for two main reasons: 

1. Firstly, the steam in the superheater operates at a temperature in the range of 550°C, 

whereas condensate can only occur below ±350°C for the typical boiler pressure (±18 

MPa) of sub-critical Eskom plants. For this to occur, the temperature of the superheater 

should be drastically decreased.  

2. Secondly, if water should start to form, it would form at such a high temperature that it 

would not take a long period of time to once again evaporate, since the water would be 

hot to begin with. Thus, the water would not exist in the tubes long enough to cause short 

term overheating.  

The purpose of this project is to investigate the thermo-physical ability of overspraying to cause 

water blockages in superheater tubes which would lead to a failure. 

1.5 Hypothesis 

The study in this dissertation aims to answer the following questions: 

1. Is it possible for water to form in a boiler tube to create a plug when the boiler operates 

above saturation conditions? 

2. If such a possibility exists, under what process conditions will short term overheating take 

place? 

This study will specifically focus on short term overheating caused by a water wedge due to over-

attemperation in pendant-type pipes. This causes the boiler tube to be starved of steam, 

depriving the boiler tube material of a cooling medium. The failure occurrences that were 

investigated took place at the outlet of the tube during low boiler load conditions. It is 

hypothesized that, if a water plug should form at low load, the pressure difference over the tube 

inlet and outlet will not be great enough to force the plug out of the tube. 

If the water plug should remain in the tube and cannot be evaporated within a specified time, the 

outlet of the tube will be starved of steam. This will cause the temperature from the furnace to 
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rapidly increase the tube material. Due to the stresses then placed upon the tube, coupled with 

the weakening of the material at high temperatrues, short term overheating may occur. 

The following assumptions were made in the analysis: 

 The model only simulates short term overheating as a result of water-wedging 

specifically; 

 The simulation is modelled after the final superheater as explained in section 4.2; 

 The short term overheating occurrence only takes place on a single superheater tube; 

 The short term overheating occurrence takes place at the outlet of the superheater tube 

(as was found to be the case based the data collected); 

 The external heat transfer remains constant for the full duration of the transient, and can 

be determined from the plant operating conditions just before the event.  (This 

assumption will be motivated / elaborated on in section 3.2.3). 

 The short term overheating events in this dissertation focuses on those which are 

referred to as sudden onset events. The transient simulation was therefore limited to 10 

minutes; 

 The short term overheating event takes place at low load conditions; 

 The water-wedge that would exist is assumed to be still-standing, being replenished by a 

continuous flow of spraywater such that it does not evaporate for the full duration of the 

transient.  (If the water-wedge does evaporate, the pressure difference will push the 

water out, and thus end the steam starvation); 

 The plant operated properly before the event, i.e. there were not any existing blockages 

or other defects.  However, the boiler firing system may not be stable, and could be over-

firing before the event. 

1.6 Objectives 

To accurately study the above-mentioned hypothesis and finally predict the circumstances for the 

failure mechanism of short term overheating, the following objectives had to be met: 

 Understanding the phenomena of short term overheating; 

 Study short term overheating scenarios and causes; 

 Obtain the process conditions under which short term overheating takes place according to 

literature; 

 Develop a mathematical process model to determine the thermodynamic properties of short 

term overheating events; 
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 Develop a transient model to simulate short term overheating events; 

 Obtain data of boiler material temperature versus material stresses; 

 Determine the stresses of a boiler tube where short term overheating takes place for 

different scenarios; 

 Identify the conditions for short term overheating to occur. 

1.7 Structure of this report 

The document consists of the following main points:  

 A literature study establishes a theoretical framework for the topic on the short term 

overheating, outlining similar studies conducted and models created.  

 A chapter on theory defines the key terms and terminology, as well as the necessary 

scientific formulae that were used throughout this project.  

 The methodology for acquiring the relevant data for this project is explained, as well as the 

setup of transient simulation and the numerical model.  

 The final results for both the transient simulation and numerical are made available while 

also being verified with actual plant data, and conclusions are drawn.  

 Recommendations are given to assist with any future studies to be performed. 
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2. Literature review 

2.1 Introduction 

In the chapter to follow, a literature study was conducted to better understand the causes of 

short term overheating, and how it is distinguished from long term overheating or creep. The 

study includes the design of the boiler unit, specifically focusing on the final superheater 

specifications. The study also focuses on previous works and projects conducted by experts in the 

industry. This chapter discusses some of these methodologies and their results. The relevancy of 

these studies can then be used as a basis for the project discussed in this dissertation. 

2.2 Understanding the design of a boiler 

The boiler considered for this project has a front side and a rear side which is known as a twin-

pass boiler (previously called a Carolina boiler) as shown in Figure 2.1. The boiler makes use of 

natural circulation to transport steam from the boiler drum through the water-walls to the boiler 

components. 
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Figure 2.1 Twin pass boiler design [1] 

 

Front gas pass 

Rear gas pass 
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The boiler system, particularly the steam system, consists of the high pressure (HP) and low 

pressure (LP) steam cycles. The HP steam refers to that part of the cycle where the steam is being 

superheated, while the LP steam refers to the reheated steam. The saturated HP steam is fed to 

the boiler from the boiler drum. Through a number of tubes, the primary superheater is the first 

component in the boiler to receive this steam. Here the steam is heated to a specific temperature. 

The steam exits through a vertical outlet bank to the primary superheater outlet headers.  

The first stage attemperation then takes place between the primary superheater outlet headers 

and the platen superheater inlet headers. Attemperation is achieved via a high-pressure 

spraywater system supplied by the line from the feedwater system to the economizer. The steam 

is heated at the inlet of the platen superheaters. The platen superheater consists of two groups of 

pipe elements that are suspended above the furnace in the form of loops. The front loop acts as a 

parallel flow heat exchanger, while the loop at the rear is counter-flow. After the steam 

completes its progression through these loops to the outlet headers, it is attemperated (second 

stage attemperation) before being transported to the final superheater inlet manifolds. This 

concept is simply explained with the illustration in Figure 2.2. 

 
Figure 2.2 Superheater attemperation system 

 

2.3 Causes of short term overheating 

The greatest cause of forced outages on power plants is boiler tube failures, of which short term 

overheating contributes 8.8% as the failure mechanism [5]. According to Babcock & Wilcox, an 

international company that is partly responsible for Eskom’s high pressure boiler parts, short term 

overheating most commonly takes place during a unit start-up [6]. This occurs mainly due to 

condensation formed in the boiler tube when the unit was being force cooled. During the start-up 

procedure, the condensate that is still present in the bends of the tubes obstructs the steam flow, 

causing the tubes to overheat. This is known as steam starvation.  

An example of a short term overheating occurrence took place on the water walls of a fossil fire 

power plant, according to an investigation done by Ahmad et al. [7]. The water wall tubes were 

constructed out of SA210-A1 material, with a wall thickness measuring at 7.9 mm. The average 

operating steam pressure and metal temperature is 14.2 MPa and 360°C, respectively.  
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The failure occurred upon boiler start-up following a forced outage due to another tube leak in 

the front gas pass.  Figure 2.3 indicates where the water wall tube failure took place. 

 
Figure 2.3 Location of water wall tube failure [7] 

 
Upon investigating the event, it was discovered that the tube operated at a higher temperature 

than its design temperature. Visually, the tube was still in a good condition, with just some 

discolouration on the outer surface. However, the microstructures indicated spheroidization of 

the ferrite and pearlite structures. This led to the conclusion that the tube experienced steam and 

water flow restrictions, leading to overheating at a temperature higher than 600°C. This caused 

the strength of the material to decrease and the operational stresses became too great to be 

managed by the tube, which caused the eventual rupture. 

Chaudhuri [8] conducted a metallurgical assessment of various boiler tube failures, one of which 

was a rupture that took place on one of the final superheater tubes of a 500MW boiler. The 

failure took place during a trial run after the tubes had reached an operating life of 100 hours. The 

metallurgical findings are furthered discussed in section 2.4 of this document. The direct cause 

was assumed to be a partial choking of the tube, resulting in steam starvation.  
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A failure may also occur in such a manner that long term overheating is discovered to be the 

failure mechanism, where short term overheating becomes a contributing component. This was 

found to be the case in a study conducted by Perdomo and Spry [9].  

Another cause that often leads to short term overheating is the thinning of the boiler tube wall 

thickness due to scale build-up. This was found to be the case during a root cause analysis 

conducted by Purbolaksono et al. [10]. The occurrence involved the primary superheater which 

was refitted with SA213-T12 tubes with a wall thickness of 5 mm. A new type of coal was 

introduced to the boiler some time later together with a new firing pattern to accommodate for 

this new coal. Less than 10 days later, the failure took place on the tubes which had only been in 

service for 28 194 hours. Upon investigating the tube failure, it was found that enormous clinkers 

had formed on the top bank of the primary superheater, as shown in Figure 2.4.  

 
Figure 2.4 Clinker formation on top bank of primary superheater [10] 

 
The new coal had an ash fusion temperature of 1210°C, which is low compared to the average 

boiler’s furnace flame temperature at approximately 1400°C. As a result, some of the exposed 

tubes experienced a more concentrated gas flow in the tubes due to the new firing patterns, 

causing a build-up of oxide scaling on the inner tube wall. Because of this build-up, the tube wall 
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becomes thinner, making it insufficient for handling the high flue gas temperatures. This 

occurrence is illustrated in Figure 2.5.  

 
Figure 2.5 Oxide scaling in superheater tube [10] 

 
The series of events eventually led to the failure of the primary superheater tube, with the direct 

cause identified as short term overheating. The root cause was discovered to be localized flue gas 

flow. This was preceded by the heavy development of clinkers on the top bank tubes due to a low 

ash fusion temperature. Proper heat transfer is then restricted in the areas of the tubes where the 

clinkers form. This causes some areas to heat up more than others. The localized overheating is 

then caused due to a maldistribution of temperatures. 

A similar occurrence took place on the water wall tubes near the superheater at Sultan 

Shalahuddin Abdul Aziz Shah Power Station, which was investigated by Rahman et al. [5]. The 

boiler was introduced to a new type of coal when a failure occurred a few weeks later due to 

heavy clinker formation, as shown in Figure 2.6. The SA213-T 22 tube had only been in operation 

for 394 hours at 12.25 MPa.  
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Figure 2.6 Clinker formation in superheater region [5] 

 

2.4 Visual and metallurgical assessment 

Any tube from any boiler component transporting water or steam can be subjected to short term 

overheating. These boiler tubes are designed to operate within the ASME oxidation limits [11].   

Short term overheating occurs when the boiler tubes are exposed to temperatures higher than 

design temperatures, or above the eutectoid transformation temperature, which is typically 

727°C [12].  

A selection of creep-resistant steels is used in the large-scale power industry to ensure the longest 

possible life for components. Table 2-1 lists the most commonly used of these steels and their 

compositions. The elements in these steels are arranged in such a way to tolerate high pressures 

and temperatures to create the highest possible resistance against creep and ruptures.  
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Table 2-1 Selection of creep-resistant steels [8] 

. 
When a tube failure occurs within a boiler, a visual examination can be done to estimate the 

possible failure mechanism. Visual examinations can then be verified by means of metallurgical 

examinations.  

Short term overheating can be estimated by inspecting the failed tube visually. The first visible 

indication of short term overheating is the tube rupture itself, which would have a thin-lipped 

fish-mouth appearance, as illustrated in Figure 2.7. This type of rupture is a result of the 

longitudinal fracture that occurs during failure. The tube will also show some discoloration due to 

localized heating [7]. 

 

Figure 2.7 Thin-lip fish-mouth rupture due to STO [6] 

 
The first metallurgical examination to be carried out on the tube is a life assessment to determine 

if the failure occurred prematurely. There are three metallurgical methods of determining the life 

of a failed tube, namely by examining the: 

 Material microstructure; 
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 Oxide scale thickness; 

 Material hardness. 

To determine if tubes were operating above the eutectoid temperature, the microstructure of the 

material is studied during a metallurgical assessment following a tube failure [12]. More 

specifically, the amount of martensite (also known as bainite) mixed with ferrite is examined. 

When the formation of bainite is shown to have increased, the microstructure will show an 

elongation of the grains, causing a decrease in yield strength. The increase of bainite is a result of 

the quenching effect that takes place when water or steam suddenly escapes from the semi-

austenitic tubes during the failure [13]. 

Oxide scaling is formed on the inner wall of a superheater tube when the material is operating at 

a higher than design temperature. These high temperatures cause the steam particles to react 

with the iron in the tube material. This reaction results in a mixture of hydrogen and magnetite, as 

given in the chemical reaction formula below. If the metal temperature increases, the rate at 

which the reaction takes place will also increase. 

3𝐹𝑒 + 4𝐻2𝑂 ⇒ 𝐹𝑒3𝑂4 + 4𝐻2 

Because the boiler tubes are constantly exposed to high pressures and temperatures, the strength 

of the material decreases over time. Changes in the material’s hardness are indicative of the 

material’s remaining operating life. The Larsen-Miller parameter is often used to establish these 

changes. 

During the study done by Ahmad et al. [7], a scanning electron microscope was used to inspect 

the microstructure of the failed tube. After comparing their findings to those of a tube with a 

normal microstructure, it was concluded that the failed tube was exposed to higher than design 

temperatures. These findings are shown in Figure 2.8 and Figure 2.9. These differences indicate 

spheroidization, leading to the conclusion of short term overheating. 
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Figure 2.8 Microstructure of failed tube [7] 

 

 

Figure 2.9 Normal microstructure [7] 

The metallurgical assessment conducted by Chaudhuri [8] begins with a collection of three 

samples. The first sample is taken from the failed tube, which is to be compared with a sample of 

one of the undamaged adjacent tubes of the final superheater. All of the results gathered from 

these two samples can then finally be compared to a piece of virgin tube with a similar chemical 

composition as those tubes of the final superheater. All of these samples meet the requirements 

as determined by ASTM specifications.  

The first finding was that the outer diameter of the failed tube, compared to the undamaged 

adjacent tube, had expanded with 19% from 44.5 mm to 49.2 mm. This clearly indicates that the 

tube operated under abnormal conditions. The hardness measurements, shown in Table 2-2, 

support this claim by displaying a considerable increase in hardness.  

Table 2-2 Hardness values of virgin, undamaged and failed tube [8] 

 
 

The microstructure comparisons are given in Table 2-2. Both the hardness and structure of the 

virgin and adjacent tubes are almost similar, whereas the failed tube clearly suggests a recent 

formation of bainite. Also, the scale thickness of the failed tube was measured at 0.25 mm, which 

was several times thicker than that measured for the virgin and adjacent tubes.  
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Figure 2.10 Microstructures of (a) virgin tube; (b) adjacent tube; (c) failed tube [8] 

 
All of these assessments lead to the conclusions that short term overheating took place on the 

failed tube of the final superheater.  

2.5 Possible solutions 

As the demand for electricity is increasing world-wide, a reduction in forced outages becomes 

vital. Since boiler tube leaks are the leading cause of forced outages [14], a greater effort should 

be made to decrease such failures. These outages also result in major economic implications due 

to a loss in generation and sizeable repair costs. 

The safe operation of boiler tubes can be ensured by using a suitable material [5]. A selection of 

such materials was previously given in Table 2-1. These materials safeguard the use of the boiler 

tubes under high temperatures and pressures over a lengthy period of time. However, this alone 

cannot guarantee a 0% chance of boiler tube failures. 

The temperature and time it takes for overheating to occur depends on the tube material. A tube 

may fail at a very high temperature over a short period of time, or a relatively lower temperature 

over a longer period of time. By studying the grain of the tube after failure, the temperature and 

time of failure can be determined.  

Also, regular maintenance ensuring that the tubes are in good condition can assist in preventing 

future incidents. 
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2.6 Eskom BTL occurrence reports 

One of the most prominent incidents in Eskom occurred at one of their power station’s in 2000 

due to short term overheating [15]. A unit was taken off load for a boiler tube inspection that was 

to last for five days. After the unit was returned to service, it ran for 7.5 hours before a boiler tube 

leak was detected. Upon inspection of the final stage superheater, six tubes were found to have 

burst along with multiple other damaged tubes. A collection of such images is shown in Figure 

2.11, Figure 2.12 and Figure 2.13.  

All six of the bursts were attributed to short term overheating. Visual inspections of the tubes 

indicated a thin-lipped burst with a fish-mouth appearance. Metallurgical investigations found a 

substantial measure of oxide in the tube exit bends. The failure was owed to a rapid decrease in 

cooling steam flow in the tubes.  

Further investigations revealed that the steam inside the final superheater tube reached 

saturation temperatures shortly after the light-up of the unit, which could have caused the 

possible blockage, cutting off steam supply. Two possible reasons for this was given as water 

plugging of the tubes or exfoliated oxide settling in the bends. 

It was suggested that longer light-up times be enforced when it is known that oxide scaling is 

present in the tubes [15].  

 
Figure 2.11 STO damages on power station 2000 (a) [15] 

 



 Chapter 2. Literature Review 

20 

 

 
Figure 2.12 STO damages on power station 2000 (b) [15] 

 

 

Figure 2.13 STO damages on power station 2000 (c) [15] 

 
Boiler failures in Eskom can be contributed to many factors. The five most common causes of 

these failures are (in order): 

1. Fly-ash Erosion (FE) 

2. Thermal Fatigue (TF) 

3. Sootblower Erosion (SE) 

4. Short Term Overheating (STO) 

5. Long Term Overheating & Creep (LTOC) 

Statistics (years 2003 to 2016) from all of the tube leak reports throughout Eskom shows that 

short term overheating is the fourth leading failure mechanism of boiler failures, following fly ash 
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erosion, thermal fatigue and sootblower erosion, and is closely followed by long term overheating 

and creep (see Figure 2.14 [16] and Table 2-3 for an explanation of the acronyms). 

 

Figure 2.14 Failure mechanism statistics throughout Eskom from 2003 to 2016 [16] 

 
Table 2-3 Acronyms - Boiler failure mechanisms 

Acronym Description 

FE Fly-ash Erosion 

TMF Thermo-Mechanical Fatigue 

TFW Thermal Fatigue 

CF Corrosion Fatigue 

SE Sootblower Erosion 

STO Short Term Overheating 

LTOC Long Term Overheating & Creep 

WRD Weld Defect 

UNK Unknown 

 
From April 2003 to December 2016, Eskom has recorded a total of 2206 boiler tube failures 

throughout its various fossil fuel power stations. The failure mechanism for 181 of these events is 

short term overheating. That is to say, short term overheating has caused approximately 8% of 

Eskom’s boiler tube failures over the past thirteen years [16]. 

Of all the short term overheating events, 45% of the root causes have been attributed to “water-

wedging”. The amount of boiler tube failures overall (and especially examining STO) seemed to 

increase over the years. Figure 2.15 and Figure 2.16 depicts these increasing failures. 

April 2003 to December 2016

2003/04/01 00:00:00 1 2 3 4 5 6 7 8

Mech 1 Mech 2 Mech 3 Mech 4 Mech 5 Mech 6 Mech 7

FE TMF SE STO LTOC WRD UNK Other Total
- TFW - - - - -

- CF - - - - -

Total failures/mechanism 642 355 218 181 170 170 63 407 2206

% of total failures 29% 16% 10% 8% 8% 8% 3% 18% 100%

CF Corrosion Fatigue

FE Fly-ash Erosion

LTOC Long Term Overheating & Creep

SE Sootblower Erosion

STO Short Term Overheating

TFW Thermal Fatigue

TMF Thermo-Mechanical Fatigue

UNK Unknown

WRD Weld Defect

Leading Mechanisms

Failure Mechanisms
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Figure 2.15 Eskom overall boiler tube failures 

 

Figure 2.16 Eskom STO and water-wedging events 

From Figure 2.16, it can be seen that a great number of short term overheating events that take 

place in Eskom is attributed to water-wedging. 

By individually examining all of these investigative reports, a pattern was discovered: In a twin 

pass type boiler, short term overheating due to water wedging only occurs in the front gas pass, 

where the pendant-type superheaters are situated. An extract from this pattern data is displayed 

in Figure 2.17 (station names have been removed for confidentiality purposes). It is postulated 

that condensate formation occurs at the bottom bends of these tubes, causing the water 

blockage leading to the final rupture due to steam starvation. 
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Figure 2.17 Investigation report data of twin pass boiler patterns [16] 

 

Date Component failure Pass SH type Root cause

15 July 2004 Platen SH FGP Pendant PO

04 March 2010 SH2 FGP Pendant

Poor operating during unit start-up. Hot and cold light 

up procedures are to be use during light up to make 

sure no condensate are present. The outlet 

temperatures have to exceed the inlet temperatures.

25 August 2010 Platen SH outlet FGP Pendant Water wedging due to overspraying

05 November 2010 Platen SH FGP Pendant

The failure is related to reported regular trips and 

thermal

excursions caused upon start-ups resulting in high heat 

fluxes in this area of the boiler,

which over relatively short periods of time result in 

accelerated weakening of material.

15 January 2011 SH3 FGP Pendant

22 January 2011 SH3 FGP Pendant

17 June 2011 Platen SH FGP Pendant
Procedural deficiency resulting in ineffective boil out 

of the Platen and Secondary Superheaters.

03 November 2011 Final SH outlet FGP Pendant Water wedging due to overspraying

12 November 2011 Final SH inlet? FGP Pendant Water wedging

04 May 2012 Platen SH FGP Pendant
Tube Blockages, source of blockage still under 

investigation.

08 May 2012 Platen SH FGP Pendant
Blockage inside the tubes, root cause still under 

investigation.

19 May 2012 SH2 FGP Pendant Blockage on the tubes, still under investigation.

10 February 2013 Final SH FGP Pendant Water wedging

20 August 2013 SH2 FGP Pendant Under investigation

31 August 2013 RH2 FGP Pendant To be investigtaed

05 September 2013 Platen SH FGP Pendant To be investigated

19 November 2013 Final SH outlet FGP Pendant Water wedging due to overspraying

31 December 2013 Platen SH outlet FGP Pendant To be investigated

16 March 2014 Platen SH FGP Pendant To be investigated

05 May 2014 SH4 FGP Pendant Water carry over into SH elements

23 June 2014 SH4 FGP Pendant Condensate accumulation in bottom bends

15 June 2014 Final SH inlet? FGP Pendant Overspraying of 2nd stage attemperation

01 January 2015 SH2 FGP Pendant
Non adherence of light up procedure by introducing 

mills quickly

04 January 2015 Platen SH FGP Pendant
Non compliance of light up procedure, OMOP 3488 and 

3508

03 February 2015 Platen SH outlet FGP Pendant Overspraying

05 April 2015 SH1 FGP Pendant Suspected tube blockage

15 April 2015 SH4 FGP Pendant Procedure for boilout during lightup not followed

03 August 2015 Platen SH outlet FGP Pendant Drum water carry-over causing water wedging

08 October 2015 Final SH inlet? FGP Pendant Under investigation

20 January 2016 RH2 FGP Pendant Under investigation.

31 January 2016 Platen SH outlet FGP Pendant Under investigation

05 February 2016 RH2 FGP Pendant Under investigation

13 February 2016 Platen SH FGP Pendant

Under investigation. Probable root cause could be, 

operating related whereby a tube experienced high 

temperatures resulting a tube to failed due to short 

term overheating.

20 February 2016 Platen SH outlet FGP Pendant Drum water carry-over causing water wedging
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For the specific superheater covered in this study, the above-mentioned data revealed that most 

of the short term overheating events occurred at upper portion of the tube outlet. The locations 

for the failures are illustrated in Figure 2.18. 

 

Figure 2.18 Failure locations for STO events on final superheater  

 
The failures shown in the above figure can be associated with the events explained in Figure 2.17. 

The tube bundles of the superheater are divided into four sections, namely A-leg, B-leg, C-leg and 

D-leg. Each tube bundle is identical in geometry. Figure 2.18 illustrates which tube bundle 

experienced the burst, which tube in the bundle failed and at what position of the tube. Although 

it is not impossible for a short term overheating failure to occur at the inlet of the tube, Figure 
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2.18 clearly shows that the majority of the bursts occurred at the outlet. Thus, the focus of this 

study will be at the outlet of the tube. 

Further investigating water-wedging events showed that the sling-type tubes of tower-type 

boilers (once-through boilers) were primarily affected, as shown in the data of Figure 2.19. 

 

Figure 2.19 Investigation report data of tower-type boiler patterns [16] 

 
Operating procedures have been revised in the past to reduce the risk of a short term overheating 

occurrence by constantly monitoring saturation temperatures within the boiler and ensuring that 

steam temperatures remain above these saturation temperatures. The purpose of this solution is 

to prevent the condensation of steam within the boiler tubes, which could result in liquid 

collection causing water blockages [17]. Some of these occurrence investigations, however, show 

that even though the steam temperatures never dropped below saturation temperatures, STO 

still occurs (see the extract from one of Eskom’s occurrence investigations in Figure 2.20). The 

root causes for these occurrences are then attributed to over-attemperation by plant operators 

[17].  

 

Figure 2.20 Extract from STO occurrence investigation of 2013 [17] 

 

Date Component failure Pass SH type Root cause

25 August 2009 SH2 TTB Sling Poor Operating

28 December 2009 SH 2 TTB Sling Inadequate test and inspection plan

07 March 2010 SH3 TTB Sling

Operations failure to notice that the check sheets for 

the panel and actual plant conditions did not 

correspond, resulting in MSSV 4 being closed during 

the unit light up.

20 March 2014 SH3 TTB Sling
Unknown, suspected blockage that escapped when 

tube ruptured
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The question as to how a water blockage could occur, even though the temperatures in the 

superheater tubes are high enough to evaporate the water spray due to attemperation, remains 

unanswered.  It is precisely this contradiction which this study aims to address. 

2.7 Boiler tube material properties 

According to the EPRI 2011 Technical Report (Volume 2: Water-Touched Tubes) [18], three classes 

of short term overheating exists, namely: 

 Upper-critical short term overheating; 

 Inter-critical short term overheating; 

 Subcritical short term overheating. 

These three classes can be identified by making use of the phase equilibrium diagram for iron-

carbide as given in Figure 2.21 (a). From the diagram, it is explained that the degree to which 

short term overheating occurs is highly dependent on the temperature experienced by the tube 

material and resulting carbon formation. 

Figure 2.21 (b) illustrates that upper-critical short term overheating occurs when the tube 

material exceeds the A3 temperature and austenitic formation takes place. Inter-critical short 

term overheating results when ferrite along with austenite forms prior to the tube failure and 

when temperatures are between the A1 and A3 temperatures. Finally, if the failure should occur 

when the tube material is just below the A1 temperature, subcritical short term overheating is 

likely to transpire. Table 2-4 gives a good explanation of the distinguishing features between the 

three classes of short term overheating. 

Long term overheating will occur when the tube material is operated just above its normal 

allowable design temperature for longer periods of time. 
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Figure 2.21 (a) Phase equilibrium diagram for iron-carbide. (b) Detail of equilibrium diagram, showing short 
term overheating and long term overheating regimes along with the normal tube design allowable. [18] 
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Table 2-4 Distinguishing Features of the Three Levels of Short Term Overheating [18] 

 

All of the above-mentioned failures occur due to the higher-than-design temperatures at which 

the tubes are operated. Depending on the extent of the abnormal operating conditions, the tube 

material’s design life is significantly shortened. Table 2-5 provides a sample indication of the 

remaining lifetime assigned to the typical boiler tube material after high temperature operation. 

For the purposes of this project, which focuses on the sudden onset of short term overheating 

during a boiler start-up, a rupture time of ten minutes or less will be considered. 

Table 2-5 Sample Minimum Rupture Times as a Function of Tube Temperature [18] 

 

In a study conducted by Mertens et al. [19], the design impact of frequent natural-circulation 

boiler start-ups were investigated and the temperature gradients in terms of thermal stresses of 

critical components were analysed. Thermal stresses were determined using a general thermal 

stress calculation, 

𝜎𝑡ℎ = 𝛼𝑡

𝛽𝑙𝑖𝑛𝐸

1 − 𝜈
Δ𝑇 
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where            𝛽𝑙𝑖𝑛 = linear expansion coefficient; 

𝐸 = modulus of elasticity; 

𝜈 = Poisson’s ratio (approximately 0.3 for steel); 

Δ𝑇 = difference in outer wall temperature and inner wall temperature. 

The variable 𝛼𝑡 is a factor of stress concentration, which takes into account the connected piping’s 

geometry and welding joint specifications and how these weaken the tube wall. This stress 

concentration was not relevant to this study, since the pipe studied had no discontinuities, and can 

thus be approached as having a value equal to 1.  The modulus of elasticity is calculated at the 

average wall temperature. 

The paper by Mertens do not cite the source of the equation, nor does it elaborate on the origin or 

fundamental assumptions used. Other sourced using this equation could not be found, nor is there 

any better/credible method described in the ASME Boiler and Pressure Vessel Code.  To gain 

confidence in using this equation, it was compared with a Finite Element Method case study.  This 

validation will be discussed in section 4.8. 

2.8 Simulation and Analytical Software 

To further study the subject of short term overheating, software packages can be utilised to 

simulate and analytically calculate various boiler scenarios, respectively.  

In order to simulate events of short term overheating, a simulation software known as Flownex® 

was used. Flownex® is a thermal-fluid simulation package that can be used to design and optimize 

thermal fluid systems. Some of the applicable systems include air, water and steam networks and 

refrigeration cycles. The code provides the user with system elements such as piping, valves, heat 

exchangers, tanks and pumps. These elements can be connected to form complex fluid networks 

which represents the system to be analysed. The elements are specified by the user by inserting 

certain property values, sizing of the elements and indicating the boundary conditions of the 

network. Boundary condition properties may include pressure, temperature and/or mass flow 

rate. The fluid medium should also be specified. 

Flownex® is based on fundamental principles – thermodynamics, fluid flow dynamics and heat 

exchange.  It solves the set of one-dimensional conservation equations for mass, energy and 

momentum using an implicit pressure correction method.  It is possible to represent a system 

with very detail and highly simplified elements, and solve during steady and transient conditions. 
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Mathcad is a tool used to compile analytical models using fundamental mathematics.  It is 

essentially a mathematical word processor which performs live mathematics, and is used to 

develop and understand the fundamental principles underlying the process. Mathcad is used to 

verify the model implementation in Flownex, and in some cases gain confidence that the 

numerical tool and model produces valid answers.  It is also used to develop  boundary conditions 

or inputs needed in the Flownex model. 

2.9 Summary 

From the literature discussed in section 2.3, a pattern can be observed: It appears as if failures 

occurring in the higher heat boiler areas, such as the final superheater [8] and front gas water wall 

tubes [7], are more likely to experience short term overheating as a result of steam starvation. 

This phenomenon was verified to occur in the Eskom fleet by capturing data from investigations 

for short term overheating events due to water-wedging. The most common tubes to be affected 

were pendant-type and sling-type superheater tubes, i.e. no failures occur in horizontally oriented 

tubes. 

At the rear gas pass, or lower heat regions, components like the primary superheater [10] and 

division wall superheater tubes [5] are more susceptible to short term overheating due to clinker 

formations on the tubes according to the study performed by Purbolaksono et al [10]  

Focusing on the metallurgical aspect of the literature, it was shown that short term overheating 

can occur at several temperatures over various time periods. This study will focus on short term 

overheating occurring in no more than ten minutes’ time, and the thermal stresses over the tube 

wall will be taken into consideration during stress calculations.  The reason for choosing these 

short duration events, is because some failures are attributed to water wedging caused by 

operator over-attemperation.  This is therefore an event which happens quickly in response to an 

operator action, and not due to prolonged overheating.  It is questionable if over-attemperation 

can in fact cause steam starvation to the extent that STO will occur. 
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3. Theory 

3.1 Introduction 

This section discusses the applicable theory for the numerical modelling of fluid dynamics and 

heat transfer relevant to this project, as well as the appropriate load and thermal calculations. 

For the purpose of this study, two scenarios will be considered, namely: 

Scenario A. An unblocked tube – this scenario will be simulated and confirmed with 

analytical calculations to determine the boundary conditions of the superheater 

tube under low-load conditions. These conditions include the pressure drop 

over the superheater, which in turn defines the minimum height of a water 

column that cannot be pushed out of the U-tube pipe. It also defines the steam 

and pipe initial temperatures at the start of a blocking event.  The analysis 

assumes a quasi-steady operation before the blockage. 

Scenario B. A water-wedged (blocked) tube – various scenarios will be simulated for a 

blocked tube for a range of boiler load conditions. These are transient analyses, 

where the temperature evolution of the pipe wall is followed.  Specific transient 

conditions are needed to simulate the heat up of the water column, as well as 

the rate of evaporation, which would have to be replenished by attemperation 

spray in order for the water column to remain for at least 10 minutes. 

3.2 Scenario A: Unblocked tube 

3.2.1 Pressure drop through tube 

In order to determine the pressure drop through the boiler tube, the geometric structure of the 

tube must be taken into consideration. For the case study selected, the superheater leg is made 

up of three sections as shown in Figure 3.1. The inlet section (section A) is the tube consisting of 

the thinnest tube wall. When section A intersects with section B, the tube wall thickness is 

increased. The same concept is applied between section B and section C. The length for each 

section also differs. 
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Figure 3.1 Boiler tube sections 

 
For each section of tubing described in Figure 3.1, the Reynolds number can be calculated as 

 𝑅𝑒 =
𝜌𝑓 𝜈𝑓 𝐷𝑖

𝜇𝑓
 ( 3-1 ) 

or else 

 𝑅𝑒 =
4�̇�𝑓

𝜋𝐷𝑖𝜇𝑓
 ( 3-2 ) 

where  𝐷𝑖 is the inner diameter; 

 �̇�𝑓 is the mass flow rate of the fluid within the tube; 

 𝐴 is the cross-sectional area of the tube, which differs for each tube section; 

 𝜌𝑓 is the fluid density; 

 𝜈𝑓 is the fluid velocity; 

𝜇𝑓 is the dynamic viscosity. 

Note that the fluid properties are approximated as staying constant throughout the tube element.  

The assumption is reasonably valid for highly superheated steam.  This assumption is not valid in 

Scenario B where water is gradually heated from saturated steam, hence the pipe will be 

discretised into small sections to track the fluid property change for Scenario B.  
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In the same way, the frictional factor can be determined through each tube section. The frictional 

factor is calculated using the Swamee-Jain equation [20]: 

 𝑓 = 0.25 [𝑙𝑜𝑔 (0.27
𝜀

𝐷𝐻
+

5.74

𝑅𝑒0.9
)]

−2

 ( 3-3 ) 

This equation is only valid for 5000 < 𝑅𝑒 < 108 (which implies that the flow is turbulent) and 

10−6 ≤
𝜀

𝐷𝐻
≤ 10−2, where 

 𝜀 is the tube roughness; 

 𝐷𝐻 is the hydraulic diameter; 

 𝑅𝑒 is the Reynolds number of the gas flow.  

The typical roughness value for boiler tubes is approximately 60 μm. 

If the Reynolds number of the gas flow should be lower than 5000, the friction factor can be 

calculated as in eq. ( 3-4 ) which is used for laminar flow. 

 𝑓 =
64

𝑅𝑒
 ( 3-4 ) 

In the unlikely event that the Reynolds number is larger than 108 the friction factor will be limited to 

that at 𝑅𝑒 = 108. 

The pressure drop for each section is then calculated as 

 ∆𝑝 = (
𝑓𝐿

𝐷𝑖
+ ∑ 𝐾)

𝜌𝑓 𝜈𝑓
2 

2
 ( 3-5 ) 

where  𝐿 is the length of the tube section; 

 𝐷𝑖 is the internal tube diameter; 

∑ 𝐾 is the sum of the secondary frictional losses through the tube section.  

Secondary frictional losses occur due to tube bends, entrances and exits, as well as an increase or 

decrease of the tube wall. These losses may also occur where valves are present, which is not 

applicable to this project.  

The loss coefficient associated with each tube bend is dependent on its angle as well as the 

sharpness. Figure 3.2 gives a good indication of the coefficient values associated for each loss. 
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Figure 3.2 Secondary frictional loss coefficients [21] 
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Referring back to Figure 3.1 and making use of some interpolation calculations, the secondary 

frictional losses for each section can be calculated as follow: 

Section A 

 Bellmouth inlet → 0.5 

 Gradual contraction ratio 
𝐷𝑖𝐴

𝐷𝑖𝐵
⁄ ≈ 0.9 → 0.03 

Section B 

 Long radius 55⁰ bend → 0.267 (interpolated) 

 Long radius 70⁰ bend → 0.367 (interpolated) 

 Long radius 55⁰ bend → 0.267 (interpolated) 

 Gradual contraction ratio 
𝐷𝑖𝐵

𝐷𝑖𝐶
⁄ ≈ 0.9 → 0.03 

Section C 

 Rounded outlet → 1 

The total pressure drop through the entire tube will then be the sum of the pressure drops through 

each tube section. 

3.2.2 Energy balance 

Consider the diagram illustrated in Figure 3.3 representing a control volume of a single boiler tube. 

The tube receives an amount of steam from the preceding superheaters as well as a spray of 

attemperating water.  This will mix together and gets heated by the flue gas passing on the outside 

of the tube before exiting into the outlet header.  
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Figure 3.3 Element diagram representing energy and mass balance 

 
In Figure 3.3 �̇�𝑓 is the mass flow rate of the final steam; 

 �̇�𝑎𝑡𝑡 is the attemperating spray which is known according to the boiler load; 

�̇�𝑓 − �̇�𝑎𝑡𝑡 is the calculated mass flow rate of the inlet steam, assuming a 

uniform distribution of the total mass flow rate into each tube; 

ℏ𝑓𝑖  is the enthalpy for the inlet steam; 

ℏ𝑎𝑡𝑡 is the enthalpy for the attemperating spray; 

ℏ𝑓𝑜 is the enthalpy for the outlet steam; 

The enthalpies are functions of the pressures and temperatures under the specific operating 

condition of each stream.  Normally only the steam at the exit of the pipe is known, as well as the 

attemperation mass flow. 

From the energy balance, one can determine the heat transfer to the tube as 

 �̇�𝑓 = �̇�𝑓ℏ𝑓𝑜 − (𝑚𝑓 − �̇�𝑎𝑡𝑡)̇ ℏ𝑓𝑖 − �̇�𝑎𝑡𝑡ℏ𝑎𝑡𝑡 ( 3-6 ) 
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3.2.3 Heat transfer 

 

 

Figure 3.4 Heat transfer resistances through tube 

 
Considering the diagram of Figure 3.4 and using Fourier’s Law, the total conductive heat transfer 

through the tube wall can be calculated as 

 �̇�𝑓 =
𝑇𝑡𝑜 − 𝑇𝑎𝑣𝑔

𝑅𝑖 + 𝑅𝑡
 ( 3-7 ) 

where  𝑇𝑡𝑜 is the temperature on the outer surface of the tube; 

 𝑇𝑎𝑣𝑔 is the average steam temperature in the tube;  

 𝑅𝑖 is the thermal resistance due the inner convection and is calculated as  

 𝑅𝑖 =
1 

ℎ𝑖𝐴𝑖
 ( 3-8 ) 

with  𝐴𝑖  the inner tube area; 

 ℎ𝑖 the inner convection heat transfer coefficient. 
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The variable 𝑅𝑡 is the thermal resistance through the tube material due to its wall thickness and can 

be calculated as  

 𝑅𝑡 =
ln (

𝐷𝑜
𝐷𝑖

⁄ ) 

2𝜋𝑘𝑡𝐿
 ( 3-9 ) 

where  𝐿 is the tube length; 

 𝑘𝑡 is the thermal conductivity of the tube material; 

 𝐷𝑜 and 𝐷𝑖 represents the outer and inner diameters of the tube, respectively. 

The heat transfer coefficient on the inside of the tube is calculated as 

 ℎ𝑖 =
𝑁𝑢 ∙ 𝑘𝑓 

𝐷𝑖
 ( 3-10 ) 

where the Nusselt number will be 𝑁𝑢 = 3.66 if the steam flow in the tube is laminar and 

𝑁𝑢 = 0.023𝑅𝑒
4

5⁄ 𝑃𝑟𝑛 if the flow is turbulent [22]. 

Furthermore,  𝑘𝑓 is the thermal conductivity of the steam; 

  𝑃𝑟 is the Prandtl number of the steam; 

  𝑛 = 0.4, since the steam is being heated [22]. 

The tube inner area is calculated as  

 𝐴𝑖 = ∑ 𝜋𝐷𝑖𝐿 ( 3-11 ) 

The total resistance of the system can also be calculated as  

 𝑅𝑡𝑜𝑡 =
𝑇𝑓𝑔 − 𝑇𝑎𝑣𝑔 

�̇�𝑓

 ( 3-12 ) 

It is then possible to the find the value of the outer resistance 

 𝑅𝑜 = 𝑅𝑡𝑜𝑡 − 𝑅𝑖 − 𝑅𝑡 ( 3-13 ) 

Next, the heat transfer coefficient on the flue gas side can be determined as 

 ℎ𝑜 =
1 

𝑅𝑜𝐴𝑜
 ( 3-14 ) 

In this study, the reference tube is assumed to be exposed to cross-flow heat transfer. This 

assumption will be explained in more detail in section 4.4. The convective heat transfer coefficient 

associated with a boiler tube as part of a boiler tube bundle is determined by its position within that 
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bundle. The tube specific to this study is the first tube exposed to convective heat transfer from the 

flue gas. For cross-flow scenarios, the convection coefficient for a tube in the first row of the tube 

bundle is approximately equal to that for a single tube in cross-flow, whereas larger heat transfer 

coefficients are associated with tubes of the inner rows. 

Thus, the convective heat transfer coefficient for cross-flow over a tube bundle can be determined 

as 

 ℎ𝑐𝑜𝑛 =
𝑁𝑢 ∙ 𝑘𝑓

𝐷𝐻
 ( 3-15 ) 

For cross flow over a single tube, the following Nusselt number correlations (known as Churchill & 

Bernstein [22]) are applicable: 

For 𝑅𝑒 < 10 000 

 
𝑁𝑢 = 0.3 +

0.62 ∙ 𝑅𝑒
1

2 ⁄ ∙ 𝑃𝑟
1

3⁄  

[1 + (
0.4
𝑃𝑟

)

2
3⁄

]

1
4⁄

 
( 3-16 ) 

For 10 000 < 𝑅𝑒 < 400 000 

 
𝑁𝑢 = 0.3 +

0.62 ∙ 𝑅𝑒
1

2 ⁄ ∙ 𝑃𝑟
1

3⁄  

[1 + (
0.4
𝑃𝑟 )

2
3⁄

]

1
4⁄

∙ [1 + (
𝑅𝑒

282 000
)

1
2⁄

] 
( 3-17 ) 

For 𝑅𝑒 > 400 000 

 
𝑁𝑢 = 0.3 +

0.62 ∙ 𝑅𝑒
1

2 ⁄ ∙ 𝑃𝑟
1

3⁄  

[1 + (
0.4
𝑃𝑟 )

2
3⁄

]

1
4⁄

∙ [1 + (
𝑅𝑒

282 000
)

5
8⁄

]

4
5⁄

 
( 3-18 ) 

So, for a transient study conducted over the short period of ten minutes, the value of ℎ𝑜 is assumed 

to remain unchanged. This is due to the fact that the flue gas velocity used to calculate the Reynolds 

number in eq. ( 3-1 ) stays constant during this time period. The Reynolds number calculated is then 

used to determine the appropriate Nusselt number, which in turn is used to calculate ℎ𝑜. 

Due to the high gas temperatures, radiation also takes place between the flue gas and the boiler 

tubes. The heat transfer coefficient for radiation in the convective pass of a boiler can be 

determined as a functional equation: 
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 ℎ𝑟𝑎𝑑 = 𝜀𝑟𝑎𝑑𝜎(𝑇𝑓𝑔
2 + 𝑇𝑡

2)(𝑇𝑓𝑔 + 𝑇𝑡) ( 3-19 ) 

where 𝜀𝑟𝑎𝑑  is the relevant emissivity factor; 

 𝜎 is the Stefan-Boltzmann constant; 

 𝑇𝑓𝑔 is the temperature of the flue gas; 

 𝑇𝑡 is the temperature of the surface of the tube wall. 

As explained in a study by Rossouw [23], the contribution of radiation could be accounted for by 

calculating a heat transfer coefficient for radiation similar to the convective coefficient. If this 

radiative coefficient should be added to the convective coefficient, the result would be the total heat 

transfer coefficient of the external fluid over the tube. In this case, the coefficient for the flue gas 

over the boiler tube. It can thus be assumed that 

 ℎ𝑜 = ℎ𝑐𝑜𝑛 + ℎ𝑟𝑎𝑑 ( 3-20 ) 

It is then concluded that the value for ℎ𝑜 as calculated eq. ( 3-14 ) considers both the convection and 

radiation heat transfer emitted from the furnace. Also, since the radiative coefficient (ℎ𝑟𝑎𝑑) is a 

function of the flue gas temperature, which remains constant during the transient, it can be 

assumed that the heat transfer coefficient of the flue gas over the boiler tube remains constant for a 

specific boiler load. 

In other words, the value for ℎ𝑜 changes subject to the boiler load, but is unaffected by the 

possibility of a water blockage in a tube during the transient. Thus, the value calculated from eq. ( 

3-14 ) can also be applied if a blockage should occur. 

3.3 Scenario B: blocked tube 

3.3.1 Heat transfer 

Water from the attemperation spray enters the tube at saturated conditions. If heating of the tube is 

not sufficient to evaporate the water and be carried through the tube with the superheated steam, a 

water column can temporarily form in the outlet leg of the tube.  If the pressure difference over the 

tube inlet and outlet is not large enough to force the plug of water out through the tube, and 

excessive spray water is continually introduced, then it is possible for a still-standing column of 

water to plug the tube. It should also be noted that, in a transient simulation, the water need not be 

in thermal equilibrium with the surrounding steam, i.e. it is possible to have liquid in a system which 

operates at temperatures above the saturation temperature. 
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Should the tube now be plugged with saturated water, the heat transfer to the water plug will be 

 �̇�𝑝 =
𝑇𝑓𝑔 − 𝑇𝑠𝑎𝑡

𝑅𝑜 + 𝑅𝑡
 ( 3-21 ) 

The temperature of the saturated water is represented by 𝑇𝑠𝑎𝑡, and it is assumed that the thermal 

resistance between the pipe and average water temperature is insignificant. Note that the length 𝐿 

used to calculate 𝑅𝑜 and 𝑅𝑖 is now only the length of the water column, and not the total pipe 

length.  Given that the transient is reasonably short (10 minutes as chosen for this study), one may 

assume that the outer heat transfer coefficient ℎ𝑜 (calculated in eq. ( 3-14 )) remains unchanged, as 

was argued previously. 

From the above, the mass flow rate of evaporation can be determined. This is the rate at which the 

water evaporates from the water column.  The evaporation rate is calculated as 

 �̇�𝑒 =
�̇�𝑝

ℏ𝑓𝑔
 ( 3-22 ) 

The variable ℏ𝑓𝑔 represents the difference between the enthalpies for saturated steam and 

saturated water at the pressure inside the boiler tube element. 

As long as the spraywater mass flow rate is equal or more than this calculated amount, the water 

column will remain.  A lower spraywater flow will result in a drop in the column height, which would 

then be pushed out by the prevailing pressure difference between the inlet and outlet header.  On 

the other hand, a higher mass flow rate will increase the water column height, thus reducing the 

length of “starved” tube. 

The mass flow of evaporated steam will flow along the pipe towards the outlet, and this would be 

the only “cooling” flow to protect the pipe from overheating.  A lower mass flow (lower evaporation 

rate), could thus result in a larger temperature excursion of the outlet tube, where the top-most part 

would be the hottest (assuming uniform fluegas heating all along the length). 

While the water column remains, the spray water entering the tube will result in an improved 

cooling on the inlet side, because of the much colder conditions of the water compared to the tube 

wall conditions before the event. 

The most extreme case is therefore when the water column is at a minimal height, and remains 

there for the full 10 min duration. 



 Chapter 3. Theory 

42 

 

3.3.2 Water column length and evaporation 

For this study, a single tube from an actual Eskom power plant was selected to simulate a short term 

overheating event. The tube selection was based on the data collected and analysed in section 2.6 of 

this dissertation. Since it was concluded that short term overheating most commonly occurs in 

pendant-type superheaters at the outlet, a single final superheater tube was chosen. This specific 

tube is situated in the front gas pass of the boiler and is the longest (most outer) tube of the 

superheater bundle. The selection was made to cater for a “worst-case” scenario. The longer the 

tube, the more cause there will be for short term overheating. This is because there is a greater area 

of tubing that will be exposed to high temperature if cooling through the tube should decrease. The 

small amount of evaporation steam will also heat up more the longer the tube would be. Thus, it can 

be concluded that if the type of short term overheating studied cannot occur in this chosen tube 

geometry, it is unlikely to occur in the shorter tubes. The selected tube is also comparable to tubes 

of other Eskom boilers, making this study applicable to other stations in terms of methodology and 

conclusions.  

As was argued before, the most severe case exists with the shortest water column.  This would be 

when the water column starts at the lowest part of the superheater tube. If the water column 

should start at any point on the left side of the tube, the level at the right side will increase by the 

same height so that the hydraulic pressure between the levels remains the same as the pressure 

difference over the headers. 

The illustration in Figure 3.5 shows the actual measurements of the reference tube used throughout 

this project, as well as the probable water column. 
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Figure 3.5 Boiler tube element measurements, ∆𝐻 > 1371 𝑚𝑚 

 
The total height of the tube is 𝐻𝑡 = 15305 mm. The diagonal piece of tubing is identified as 2390 mm 

and its associated vertical height is 1371 mm. The total vertical height of the water column is given 

as ∆𝐻. The value ∆𝐻 is the longest possible water column that will form under specific boiler load 

conditions. Thus, this value will vary for each scenario. In order to determine the total length of the 

water column lying in the tube, simple geometric calculations can be used. 

If the total water column height (∆𝐻) is more than 1371 mm (as shown in Figure 3.5), then the total 

length of the water column lying within the tube will be calculated as 

 𝐿𝑤 = 2390 + 𝑥 ( 3-23 ) 

 𝐿𝑤 = 2390 + ∆H − 1371 ( 3-24 ) 

 𝐿𝑤 = ∆𝐻 + 1019 ( 3-25 ) 
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However, if the column height (∆𝐻) is less than 1371 mm (see Figure 3.6), the total length of the 

water column is determined as 

 𝐿𝑤 =
∆𝐻

𝑠𝑖𝑛35°
 ( 3-26 ) 

 

Figure 3.6 Boiler tube element measurements, ∆𝐻 < 1371 𝑚𝑚 

 
The water column height itself is calculated as 

 ∆𝐻 =
∆𝑝

(𝜌𝑤 − 𝜌𝑠𝑡)𝑔
 ( 3-27 ) 

where  ∆𝑝 is the pressure difference between the inlet and outlet of the tube; 

 𝜌𝑤 is the density of the spraywater creating the water column; 

 𝜌𝑠𝑡 is the density of steam at the tube outlet; 

 𝑔 is the gravitational constant.  

If a water column should exist, the exposed tube length above the water column is determined as 

 𝐻𝑠𝑡 = 𝐻𝑡 − ∆𝐻 ( 3-28 ) 

Also, since the length of the water column can be calculated, the volume of water can be 

determined, which, in turn, can provide the mass of water (𝑚𝑤). The time required for the water 
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column to heat up from original attemperation spray conditions to saturated steam conditions (in 

order to begin evaporating) is calculated as 

 𝑡𝑒 =
𝑚𝑤(ℏ𝑙 − ℏ𝑎𝑡𝑡)

�̇�𝑝

 ( 3-29 ) 

Here, ℏ𝑙  is the enthalpy of the fluid in the superheater tube at saturated liquid conditions. 

The aim of these calculations is to simulate a still-standing water column in a single superheater tube 

and then to determine if the rate of evaporation is enough to cool the tube to prevent short term 

overheating from occurring. The purpose of the time calculated here is to gradually increase the rate 

of evaporation, in order to emulate the delay caused by the heat-up process. The time is used in the 

transient model as discussed in section 4.4. 

3.4 Thick-walled cylinder stress calculations1 

Thick wall cylinder calculations are used to determine the axial (𝜎𝑎), circumferential (𝜎𝑐) and 

radial stresses (𝜎𝑟) exercised upon a vessel (see Figure 3.7). These thick wall cylinder stress 

calculations apply when the ratio of 
𝑟𝑚

𝑡
 has a value smaller than 10, where 𝑟𝑚 is the mean radius 

of the vessel and 𝑡 is the wall thickness, that is the inner radius (𝑟𝑖) subtracted from the outer 

radius (𝑟𝑜). The ratio for the tube at the outlet segment used for this specific project has a value of 

1.523. 

 

Figure 3.7 Thick wall cylinder stress illustration 

 
The equations associated with thick wall vessels are as follow: 

                                                           
1
 Information in this section is sourced from Hibbeler [30] and Zhu [31]. 
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The stresses in the axial direction are calculated as 

 𝜎𝑎 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜
2 − 𝑟𝑖

2  ( 3-30 ) 

where  𝑝1 is the pressure exerted on the inside of the tube; 

 𝑝2 is the pressure exerted upon the outside of the tube. 

These stresses ignore the axial load exerted by the tube mass being suspended from the roof of the 

boiler. 

The stresses exercised around the circumference of the tube are called circumferential or hoop 

stresses and are calculated as 

 𝜎𝑐 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜
2 − 𝑟𝑖

2 − 𝑟𝑖
2𝑟𝑜

2
𝑝2 − 𝑝1

𝑟𝑖
2(𝑟𝑜

2 − 𝑟𝑖
2)

 ( 3-31 ) 

A tube may also experience stresses in its radial direction at the inside and the outside of the tube. 

The inner and outer radial stress calculations are given below respectively. 

 𝜎𝑟𝑖 =
𝑝1𝑟𝑖

2 − 𝑝2𝑟𝑜
2

𝑟𝑜
2 − 𝑟𝑖

2 + 𝑟𝑖
2𝑟𝑜

2
𝑝2 − 𝑝1

𝑟𝑖
2(𝑟𝑜

2 − 𝑟𝑖
2)

 ( 3-32 ) 
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( 3-33 ) 

One would simply use the larger of the two in further stress combination calculations as 𝜎𝑟. 

Additionally, due to the high temperature gradients experienced by the tube, circumferential 

thermal stresses should also be taken into consideration. Taking into consideration the study 

conducted by Mertens et al [19], as discussed in section 2.7 of this document, together with its 

formulation for the calculation of thermal stress, the circumferential thermal stress for the 

application of this project can be determined by 

 𝜎𝑡ℎ =
𝛽𝑙𝑖𝑛𝐸

1 − 𝜈
Δ𝑇 ( 3-34 ) 

The stress concentration factor as mentioned in the study is assumed to have a value equal to one, 

based upon the MacGregor and Crossman study [24]. 

The final hoop stress can now be calculated as 

 𝜎ℎ = 𝜎𝑐 + 𝜎𝑡ℎ ( 3-35 ) 

The Von Mises yield criterion can now be used to combine the stresses as follows: 
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Say that 

 𝜎𝑥 = 𝜎𝑎 ( 3-36 ) 

 𝜎𝑦 = 𝜎ℎ ( 3-37 ) 

 𝜎𝑧 = 𝜎𝑟 ( 3-38 ) 

The stresses determined in order to calculate the final combined stress are 

 𝜎1 = max (𝜎𝑥, 𝜎𝑦, 𝜎𝑧)  ( 3-39 ) 

 𝜎2 = 𝐴 − 𝜎𝑦 − 𝜎𝑧 ( 3-40 ) 

where  

 𝐴 = 𝜎𝑥 + 𝜎𝑦 + 𝜎𝑧 ( 3-41 ) 

 𝜎3 = min (𝜎𝑥, 𝜎𝑦, 𝜎𝑧) ( 3-42 ) 

The final Von Mises combined stress is then calculated as 

 

𝜎𝑣𝑚 = √
(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2

2
 

( 3-43 ) 

This will be used as failure criteria relative to the material’s yield strength at actual temperatures 

during the transient. 
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4. Methodology 

4.1 Introduction 

The following section aims to explain the methods utilized to determine if a water column existing 

in a boiler tube alone can be the cause of short term overheating.  

This section discusses the boiler design of the specific Eskom power station as selected for this 

project and the numerical models to be used for comparison to actual plant data. The Flownex® 

setup is explained, followed by verification of the model. Finally, the stress calculations done in 

Mathcad are discussed. 

4.2 Boiler design 

In section 2.2 of the literature review in this document, the component layout within a twin-pass 

boiler was briefly discussed. The HP steam is transported through the boiler by means of three 

superheaters, where attemperation takes place between each of these components. For the 

specific purposes of this project, the final superheater’s design will briefly be explained. 

The third and final superheater is located in the front gas pass after the platen superheater. The 

final superheater is a hanging (pendant) boiler component consisting of 28 elements, of which 

each element is made up of 34 tubes in a U-shape. Element tubes are stacked next to one another 

via a common inlet and outlet header, respectively. The material used to construct these tubes is 

specified as 10CrMo910 and is simply referred to as grade 22 steel. 

For the purpose of this study, the longest (outer-most) tube element from the final superheater 

tube bundle was chosen to be modelled. As briefly discussed in section 3.3.2, the geometry for 

the tube model was chosen for the following reasons: 

 The geometry specified is from the actual superheater tube on an Eskom power plant, and is 

thus a practical approach to establishing of short term overheating is possible on such a 

tube; 

 The geometry is comparable with those found in other Eskom boilers; 

 As shown in Figure 2.18 earlier in this document, this specific tube has undergone multiple 

failures due to short term overheating in the past; 
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 The longer the tube, the greater the chance is for short term overheating to occur, since the 

outlet leg has a longer section exposed to the heat of the furnace as the water-wedge 

evaporates. 

Each element is made up of three sections, namely the inlet section, the intermediate section and 

the outlet section. The inlet section is connected to the inlet header which receives the steam 

from the platen superheaters. The first part of the inlet section is inside a dead space, referring to 

the tube areas located in the boiler roof which receives minimal exposure to the heat emitted 

from the furnace. These tubes have a length of 339 mm with an outer diameter (OD) of 44.5 mm 

and wall thickness 6.3 mm. Following are the inlet tubes with a length of 7761 mm which are 

exposed to the flue gas. Some tubes are an exception to this tube length, as some of them are 

extended in order to wrap around some of the other tubes for alignment purposes. This is also 

true for the outlet section.  

The outlet section feeds to the outlet header. This segment also includes an outlet dead space of 

tube length 339 mm, OD of 44.5 mm and wall thickness of 11 mm. The exposed outlet section 

length is 8261 mm, with the exception of wrap-around tubes. 

The intermediate section is where the bends are located, connecting the inlet and outlet sections. 

This segment also contains wrap-around tubes and each tube differs in length with an OD of 44.5 

mm and a wall thickness of 8.8 mm. The total length of the intermediate section is 16626 mm. 

Notice how, at each section, the inner diameter (ID) decreases. This was so designed in order to 

increase the wall thickness of the tube as the steam flows through the component, thus 

protecting the material as the heat increases through the component. An illustration of the entire 

final superheater (created in Solidworks®) is shown in Figure 4.1 and Figure 4.2. 
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Figure 4.1 Front view of final superheater tube bundle 
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Figure 4.2 Isometric view of final superheater 
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In Figure 4.2, the isometric view of the final superheater is given. The superheater is divided into 

four sections, namely A-leg, B-leg, C-leg and D-leg. For each section, attemperating spraywater is 

introduced into the manifold and distributed throughout the various tubes for cooling.  

4.3 Load cases 

The load conditions chosen for this project is at 4%, 12%, 20% and 32% of full Boiler Load (BL) at 

618 MW. These loads were chosen since short term overheating was identified likely to occur at 

low boiler loads. As the boiler load increases (and hence the steam flow), the pressure difference 

across the tube increases.  The consequence is that a longer water column is needed if it were to 

remain in the tube, and hence a shorter exposed outlet section.  The worst case would be for the 

shortest possible water column.  At a load typically above 50% the pressure difference is so large 

that the full height of the pipe will be filled with water, and can actually not remain inside the 

pipe.  This is another reason why STO due to water wedging could only occur at low loads. 

As was alluded to in the introduction, it is postulated that at the low load / start-up conditions, 

the firing is not fully stable, and overfiring may occur.  The resulting excess steam temperatures 

might prompt the operator to over-attemperate which in turn may result in water wedging.  The 

larger the overfiring, the higher would the tube wall temperatures be at the start of the water 

wedge, which may result in a shorter time before STO would occur.  Overfiring scenarios were 

simulated at 0%, 25%, 50%, 100% and 200% of the set boiler load. This is defined as flue gas mass 

flow and temperature for a load that is a given percentage above the operating load case.  For 

example, if the boiler’s steam flow and pressure is set to levels which corresponds to 20% load 

(124MW), an overfiring of 25% would thus be flue gas mass flow and temperatures corresponding 

to 155MW load. 

The various load and overfiring conditions have been combined into 20 load case scenarios.  For 

each scenario, the boiler and furnace properties, as well as the water column length, would be 

different, resulting in different boundary conditions for the transient simulation. Making use of 

the chosen power plant’s available boiler C-schedules [25], the various properties for the 

superheater steam, furnace flue gas and attemperation spray could be determined as it relates to 

mass flow rates, pressures and temperatures. These design properties were inserted into 

Mathcad as shown in Appendix A, which is then used to extrapolate data for lower load 

conditions.  The linear extrapolation may not be 100% correct at very low loads, but this was the 

most credible method to determine low load conditions in the absence of plant data. 
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4.4 Establishing the boundaries 

The water column length can be calculated as described in section 3.3.2 of this document, making 

use of the figures below. 

 

Figure 4.3 Superheater tube illustration with water column end below outlet section 
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Figure 4.4 Superheater tube illustration with water column end above intermediate section 

 
The distribution of the water column throughout the superheater tube can then be determined 

with the assistance of the illustrations as shown in  Figure 4.3 and Figure 4.4. The following key is 

applicable to these figures: 

Key: 
         Section A: Inlet section with 6.3 mm wall thickness 

    Section B.1: Intermediate section with 8.8 mm wall thickness up to end of water column 

Section B.2: Intermediate section with 8.8 mm wall thickness from end of water column 

Section C.1 Outlet section with 11 mm wall thickness filled with water 
  Section C.2: Outlet section with 11 mm wall thickness filled with steam 
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The intermediate and outlet sections are each divided into two separate sections. This is done to 

distinguish between the section with water in it and the section exposed to overheating. The 

Flownex® models to follow only simulate the section of pipe that is being overheated to 

determine when and where a failure will occur. Thus, the correct geometry for each model must 

be established.  

The length of section A, which is the inlet section shown in blue, would stay constant at 7761 mm, 

since the model caters for a worst-case scenario only allowing for a still-standing water column to 

start forming at the lowest point in the superheater tube. 

The total length of the intermediate section (green) is 16626 mm. This section is divided into two 

parts – section B.1 and section B.2. section B.1 represents that part of the intermediate tube from 

where it connects at the inlet section to the point where the water column ends. This is done in 

order to determine the boundary conditions just where the water-wedge ends and the final 

length of the tube being starved of steam. Section B.2 represents the part of the intermediate 

tube remaining should the water column not fill up the whole of the intermediate section. If 

section B.2 is calculated to be 0 mm (or not applicable), then the entire intermediate section is 

filled up with the water column. 

The final purple section is the outlet section of the tube with a total length of 8261 mm. Section 

C.1 is that part of the outlet tube that is filled with water if the water column extends past the 

intermediate section. If section C.1 shows to be 0 mm (N/A), then there is no water in the outlet 

part of the tube. Section C.2 is the remaining pat of the tube being starved of its cooling medium. 

A Flownex® model was created with the boundary conditions as it relates to the set boiler load 

and applicable overfiring scenario.  (This is Scenario A as described in the Theory chapter). This 

model was used to determine the boundary conditions of the exposed tube length at the outlet of 

the superheater. The information gathered here can then be utilised in another Flownex® model 

(Scenario B), which will be explained in section 4.5. The model to determine the boundary 

conditions is shown in Figure 4.5. 
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Figure 4.5 Initial Flownex® model establishing boundary condition at water-wedge end 

 
The model applies the same principle as explained for Figure 4.3 and Figure 4.4 in terms of the 

exposed pipe lengths, which changes according to various scenarios.  There are two nodes on the 

outlet side, which are merely there to extract the pipe temperatures at exactly the correct 

position as determined by the level calculation.  The length of the tubes are therefore adjusted for 

each load case to ensure that the node is at the height of the potential water level. 

The superheater inlet conditions are divided into two parts – steam from the preceding platen 

superheater and attemperation spray. The condition of the steam flow is determined by the 

incoming steam pressure and temperature for the chosen load case. The spray is also determined 

by these same conditions. The superheater outlet condition requires a mass flow rate property. 

The furnace is also represented by a pipe element with inlet conditions using properties of 

pressure and temperature and an outlet condition of flue gas mass flow rate for the chosen firing 
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condition. The furnace and superheater pipe elements are connected by means of heat exchanger 

elements. These elements represented the heat transfer taking place between the flue gas and 

the steam through the boiler tube. The heat transfer is defined by its relevant heat transfer 

coefficient. The heat transfer is approached as being cross-flow due its natural movement 

throughout the boiler, as illustrated in Figure 4.6. By the time the flue gas reaches the final 

superheater, the flow of the flue gas is approximately at a 90° angle in relation to the tubes. 

 

Figure 4.6 Flue gas flow through boiler 

 
For each scenario stipulated, the input property values would be as indicated in  Table 4-1, Table 

4-2, Table 4-3 and Table 4-4.
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Table 4-1 Input properties for scenarios set at 4% boiler load 

Scenario 4% BL, 0% OF 4% BL, 25% OF 4% BL, 50% OF 4% BL, 100% OF 4% BL, 200% OF 

Full boiler load % 4% 4% 4% 4% 4% 

Overfiring % on running boiler load 0% 25% 50% 100% 200% 

FG temperature [°C] 691.86 694.88 698.40 704.43 717.00 

FG mass flow rate [kg/s] 158.24 163.75 170.18 181.19 204.14 

Heat transfer coefficient [W/m^2.K] 8.165 9.657 11.398 14.383 20.602 

Fluid mass flow rate [kg/s] 0.0217 0.0217 0.0217 0.0217 0.0217 

Attemperating pressure [MPa] 15.29 15.29 15.29 15.29 15.29 

Attemperating temperature [°C] 191.24 191.24 191.24 191.24 191.24 

Attemperating mass flow rate [kg/s] 0.00082 0.00082 0.00082 0.00082 0.00082 

Water column length [mm] 238 238 238 238 238 

Steam length at outlet [mm] 16086 16086 16086 16086 16086 

Table 4-2 Input properties for scenarios at 12% boiler load  

Scenario 12% BL, 0% OF 12% BL, 25% OF 12% BL, 50% OF 12% BL, 100% OF 12% BL, 200% OF 

Full boiler load % 12% 12% 12% 12% 12% 

Overfiring % on running boiler load 0% 25% 50% 100% 200% 

FG temperature [°C] 716.50 726.05 735.11 753.71 790.92 

FG mass flow rate [kg/s] 203.22 220.66 237.18 271.14 339.07 

Heat transfer coefficient [W/m^2.K] 20.35 25.08 29.56 37.29 48.42 

Fluid mass flow rate [kg/s] 0.0641 0.0641 0.0641 0.0641 0.0641 

Attemperating pressure [MPa] 15.48 15.48 15.48 15.48 15.48 

Attemperating temperature [°C] 196.00 196.00 196.00 196.00 196.00 

Attemperating mass flow rate [kg/s] 0.00252 0.00252 0.00252 0.00252 0.00252 

Water column length [mm] 1918 1918 1918 1918 1918 

Steam length at outlet [mm] 14406 14406 14406 14406 14406 
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Table 4-3 Input properties for scenarios at 20% boiler load 

Scenario 20% BL, 0% OF 20% BL, 25% OF 20% BL, 50% OF 20% BL, 100% OF 20% BL, 200% OF 

Full boiler load % 20% 20% 20% 20% 20% 

Overfiring % on running boiler load 0% 25% 50% 100% 200% 

FG temperature [°C] 741.64 757.23 772.82 804.00 866.35 

FG mass flow rate [kg/s] 249.11 277.57 306.02 362.93 476.75 

Heat transfer coefficient [W/m^2.K] 32.789 38.582 43.519 51.579 64.120 

Fluid mass flow rate [kg/s] 0.1074 0.1074 0.1074 0.1074 0.1074 

Attemperating pressure [MPa] 15.67 15.67 15.67 15.67 15.67 

Attemperating temperature [°C] 200.86 200.86 200.86 200.86 200.86 

Attemperating mass flow rate [kg/s] 0.00426 0.00426 0.00426 0.00426 0.00426 

Water column length [mm] 4039 4039 4039 4039 4039 

Steam length at outlet [mm] 12285 12285 12285 12285 12285 

Table 4-4 Input properties for scenarios at 32% boiler load 

Scenario 32% BL, 0% OF 32% BL, 25% OF 32% BL, 50% OF 32% BL, 100% OF 32% BL, 200% OF 

Full boiler load % 32% 32% 32% 32% 32% 

Overfiring % on running boiler load 0% 25% 50% 100% 200% 

FG temperature [°C] 778.85 804.00 828.64 878.42 977.99 

FG mass flow rate [kg/s] 317.04 362.93 407.91 498.78 680.52 

Heat transfer coefficient [W/m^2.K] 45.430 51.579 57.530 66.076 78.727 

Fluid mass flow rate [kg/s] 0.1716 0.1716 0.1716 0.1716 0.1716 

Attemperating pressure [MPa] 15.96 15.96 15.96 15.96 15.96 

Attemperating temperature [°C] 208.05 208.05 208.05 208.05 208.05 

Attemperating mass flow rate [kg/s] 0.00684 0.00684 0.00684 0.00684 0.00684 

Water column length [mm] 8617 8617 8617 8617 8617 

Steam length at outlet [mm] 7707 7707 7707 7707 7707 
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4.5 Transient simulation setup 

This section describes Scenario B as defined in the Theory section. The tube model is set up 

according to the geometric specifications of the chosen Eskom superheater tube, for which the 

methodology can then be applied to other boiler components as well.  

The need for a transient model, specifically, is to determine how temperatures and pressures 

change as time passes while a tube is blocked. The Flownex® Simulation Environment package 

was used to perform the transient analyses. 

The Flownex® model required for this project was constructed as illustrated in Figure 4.7. Only the 

portion of exposed tube above the water wedge need to be modelled, as STO is assumed to 

happen in this segment of the pipe. 

 

Figure 4.7 Constructed Flownex® model 

 
A Flownex® pipe element was used to represent the outlet leg and contains the geometry for the 

chosen superheater component. The top boundary condition attached to the pipe element is for 

the outlet header of the leg, which would then allow the steam to flow into a manifold before it 
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enters the main steam line going to the turbine. The boundary condition at the bottom simulates 

flow conditions at the point in the tube where the standing water-wedge ends, as determined and 

explained in section 4.4. This point would depend upon the length of the water-wedge column 

that would be formed should the pressure difference over the tube be insufficient to transport 

the water through to the outlet.  

The flue gas flow is also represented using a pipe element, for which the flue gas inlet and outlet 

boundaries are set. The flue gas and superheater outlet leg elements are connected by means of a 

heat transfer element, representing the tube wall where heat transfer takes place between the 

steam in the tube and the flue gas, and also represents the tube internal convection. It is at this 

element where the tube is divided into increments throughout the tube length and wall thickness. 

The sensitivity analysis performed in order to determine the number of these increments can be 

found in Appendix F. Figure 4.8 represents a section of the Flownex® Outlet Leg component, 

which visually illustrates how the tube is discretised into thirty increments through the tube 

length as well as the tube wall thickness, with the nomenclature used to identify a specific 

element. 

  

Figure 4.8 Discretization of tube outlet leg over length and wall 

 
The inputs for each element are as given in Table 4-5 and differ with load. 

Table 4-5 Flownex® model element input properties 

Element Input properties 

Outlet leg Inner diameter, Length, Wall thickness, 
Roughness 

Wedge end Temperature, Pressure 

Outlet header Mass flow rate 

Furnace Inner diameter, Length 

FG1 Temperature, Pressure 

FG2 Mass flow rate 

Tube Wall Wall thickness, Tube material, Heat transfer 
coefficient 
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Various input properties were identified in creating the Flownex® simulation model. Table 4-6 

gives the input properties that would stay constant. That is, the properties that will remain 

unchanged as several different scenarios are simulated. 

Table 4-6 Flownex® model input properties unchanging 

Property Value Unit 

Furnace 

Fluid Air| Gases (Pure Fluids) - 

Number of increments 30 - 

Outlet Leg 

Fluid Water| General (Two Phase Fluids)  - 

Wall thickness 11 mm 

Diameter 22.5 mm 

Roughness 60 μm 

K forward 0 - 

Number of increments 30  

Tube Wall 

Thickness 11 mm 

Number of nodes 31  

Material Chromium (low) Steel - (1Cr-0.5Mo)| 
Metals (Solids) 

- 

Scheduler Setup 

Time step size 1 s 

End time 60 min 

For each simulation scenario that is set up, the inputs, as shown in Table 4-7, are different. It is 

with these initial properties that the Flownex® model is run under steady-state conditions to 

obtain the initial wall temperature of the tube just before the wedge occurs. 
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Table 4-7 Initial Flownex® component inputs 

Input property Unit 

Flue Gas Inlet 

Pressure kPa 

Temperature ⁰C 

Flue Gas Outlet 

Mass Source kg/s 

Wedge End 

Pressure MPa 

Temperature ⁰C 

Outlet Header 

Mass Source kg/s 

Outlet Leg 

Length m 

Tube Wall 

Convection coefficient (h) W/m2K 

After the steady state solution is found, the Flownex® simulation is run in transient mode, 

meaning that the scenarios are analysed over a period of time. During this transient simulation, 

various events take place to mimic the happenings during and after the water wedge formation. 

For each scenario, the transient starts by simulating the low load steam flow through a single 

boiler tube as-if no blockage occurs.  This is similar to the steady state initial condition. After 60 

seconds, the steam mass flow rate is reduced to 0 kg/s and the fluid conditions at the tube inlet 

changes from normal superheated steam at the specific load, to saturated vapour at the specific 

load pressure. Following this, the evaporation rate starts to increase until it eventually reaches 

the rate associated with the boiler load as explained in section 3. This is done to imitate the effect 

of a sudden blockage in the tubes and the water blockage slowly starting to evaporate through 

the tube due to the heat from the furnace. 

The boundary condition labelled as “Wedge End”, which is where the water blockage would occur 

in the outlet pipe of the boiler superheater tube, is initially set up with an input for a temperature 

value. When the simulation creates the water wedge (after 60 seconds), the temperature 

property is changed to a quality property, which is then set to a value of 1. This indicates that the 

water being evaporated has now reached its boiling point, and saturated steam is moving along 

the tube. 
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Figure 4.9 attempts to explain this action setup in a more visual manner. A timeline of zero to ten 

minutes (as set for the transient simulation) is given, and the changes made to the components 

during the transient simulation are explained according to each component. 
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Figure 4.9 Illustration of property changes taking place during simulated Flownex® scenarios 
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Finally, when all of the above activities have occurred and the rate of final evaporation is reached, 

the mass flow rate is set to constantly run at these values until the end of the transient 

simulation. The assumption here is that that the water column remains at the current height, 

being replenished with spray water which is nominally already at saturation conditions. The 

desired output properties are given in Table 4-8. Refer to Figure 4.8 for an explanation on the 

inner and outer tube wall temperatures. 

 

Table 4-8 Flownex® scenario outputs 

Output property Unit 

Wedge End 

Pressure MPa 

Temperature ⁰C 

Quality - 

Outlet Header 

Pressure MPa 

Temperature ⁰C 

Mass source kg/s 

Tube Wall 

Outer temperature [1x30] ⁰C 

Inner temperature [30x30] ⁰C 

The tube wall temperatures chosen are the top-most increments (inside and outside) at the outlet of 

the tube. These were specifically chosen, since it can be assumed that if a failure does not occur at 

these points, where the tube is the hottest, it will not occur anywhere further down the tube. 

4.6 Validation of Flownex® model 

In order to verify that the steady-state Flownex® model was valid, the results were compared with 

that of an analytical Mathcad model.  The model can be seen in Appendix B and Appendix C. Table 

4-9 shows these comparisons and the error percentage between the values, which were executed 

at design conditions (100% boiler load). 
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Table 4-9 Result comparison between Flownex® model and Mathcad calculations  

(618 MW load conditions) 

Property @ 618 MW Flownex MathCAD Error % 

Final SH outlet temperature [⁰C] 542.3 540.0 0.4% 

Pressure @ final SH outlet [MPa] 16.99 17.00 0.1% 

Steam flow Reynolds number [-] 868455 883142 1.7% 

Average frictional factor [-] 0.024 0.024 0.0% 

Average pressure in tube [MPa] 17.13 17.20 0.4% 

Pressure drop in final SH [MPa] 0.327 0.317 3.2% 

From the table, it can be concluded that the Flownex® model was confirmed. The percentage 

errors are small enough to verify the applicability of the Flownex® model, with the largest 

percentage error being only 3.2%. 

The differences observed above could be a result of small differences in the built-in fluid 

property and component characteristic relationships used in the Flownex® and Mathcad 

simulation packages. Where the Reynolds number was directly calculated in Mathcad, Flownex® 

takes a correction factor into account based upon the amount of bends throughout the pipe, 

leading to a minor error of 1.7%. In turn, the pressure drop over the superheater is calculated 

using the calculated Reynolds number, resulting in the slightly larger error percentage of 3.2%, 

which is still acceptable. 

4.7 Material properties 

The Flownex results provide the tube wall temperatures at various locations, but do not specify the 

yield strength of the material at certain points while operating at different temperatures. In order to 

determine if the material will fail under certain conditions, the combined yield strength for the 

various scenarios was calculated using the thick wall cylinder theory (see calculations explained in 

section 3.4 and Appendix D).  

Figure 4.10 and Figure 4.11 gives the characteristics of the material regarding modulus of elasticity 

and thermal expansion, respectively, which was used to calculate the thermal hoop stress as 

explained in section 3.4. 
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Figure 4.10 Elastic modulus of Grade 22 steel (derived from Gandy [26]) 

 

 

Figure 4.11 Thermal conductivity of Grade 22 steel (derived from Gandy [26]) 

 
Tube material from the actual power station simulated in this project was provided to a team in 

the EPPEI Specialization Centre in Materials Management at The University of Cape Town to test 

the samples’ yield strength at elevated temperatures.  

The high temperature tests were conducted by means of an integrated thermomechanical system 

known as the Gleeble 3800, shown in Figure 4.12. The system contains a servo-hydraulic 

mechanism which has the ability to load the specimen up to 100 kN and is also capable of heating 

a material sample through feedback control from thermocouples at 10 000°C/s. For this, direct 
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resistance heating is applied, which involves conducting heat at a low frequency current 

(approximately 50 Hz) through the sample. This approach utilizes the Joule effect and allows 

uniform heating throughout the sample due to constant current density.  

 

Figure 4.12 Gleeble 3800 

 
The sample is heated and conducts heat away from the central heated section towards the water-

cooled grips (see Figure 4.13 and Figure 4.14). This creates a temperature gradient over the 

material sample. By altering the various resistive elements within the conduction path, such as 

the specimen geometry, chamber atmosphere, the type of grip material and the free span 

distance between grips, the hot zone2 length and consequently the entire temperature profile can 

be closely controlled. 

 

                                                           
2
 The area known as the hot zone is the region where the temperature falls within certain limits near the 

centre of the specimen length. 
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Figure 4.13 Centralized heating of sample 

 

 

Figure 4.14 Temperature profile of sample 

 
The material sample used for the study as described in this project were 10 mm in diameter and 

124 mm long, with a 10 mm long M10 threaded section at each end. The specimen strain was 

measured with an extensometer that was connected to the sample with an initial gauge length of 

24 mm, as illustrated in Figure 4.15. 
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Figure 4.15 Manufacturing drawing for the material samples to be studied (EPPEI Specialization Centre of 
Materials Management at UCT) 

 
A used piece of tube (approximately 200 000 hours) as well as a piece of virgin tube was tested, 

determining the yield strength of an old vs new tube. The temperatures that the materials were 

tested at ran from 30⁰C to 1000⁰C. The lab results are given in Table 4-10 and graphed in Figure 

4.16. 

Table 4-10 Lab test results for yield strength of old and new tube at elevated temperatures (provided by the 
EPPEI Specialization Centre for Materials Science at UCT) 

Temperature [⁰C] Yield strength [Mpa] 

Old Tube  New Tube 

30 204 374 

500 140 276 

600 126 247 

700 82.4 139 

750 68 82.1 

800 56 67.1 

850 52 56.5 

900 50 51.3 

950 45 42.9 

1000 42 37 
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Figure 4.16 Lab test results graph for yield strength of old and new tube at elevated temperatures (provided by 
the EPPEI Specialization Centre for Materials Management at UCT) 

 

4.8 Thermal stress model validation 

SolidWorks® is a computer-aided design tool intended to create solid parts and assemblies. This 

software contains an add-in which can be used to perform finite element method analyses for 

such parts. In order to gain confidence in the thermal stress equation described in section 3.4, 

stress calculations were performed using SolidWorks®.  

A short segment of a tube was modelled, and constrained such that it could expand in all 

directions, except its bottom face.  The tube was modelled with the actual wall thickness of the 

superheater tube studied throughout this dissertation. The material was selected as carbon steel 

with known and constant properties. 

Two load cases were applied to the tube – inner tube temperature and an outer tube 

temperature. These temperatures will differ for each boiler load scenario. Figure 4.17 shows the 

temperature distribution over the tube wall. 
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Figure 4.17 SolidWorks® FEM – temperature distribution over tube wall 

  
The meshing for the tube is automatically created by the SolidWorks® software in order to 

determine the temperature distribution by means of conduction calculations. The mesh chosen is 

the finest mesh available in SolidWorks® and is made up of second-order tetrahedral elements. 

This type of element is generally considered to be good choice for solid geometry. The mesh is 

illustrated in Figure 4.18. 
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Figure 4.18 SolidWorks® FEM – quadratic mesh 

 
After the temperature distribution had been determined, a thermal stress study is done on the 

tube. The temperature results for each element is automatically transferred to the stress analysis 

elements. 

The results from the SolidWorks® FEM were compared to the circumferential and Von Mises 

stresses that were calculated in section 3.4. The circumferential stress is analytically calculated 

using eq. ( 3-35 ) and the relevant carbon steel property materials. The results corresponding to 

the temperature distribution shown in Figure 4.17 for the circumferential and Von Mises stresses 

are given in Figure 4.19 and Figure 4.20, respectively. 
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Figure 4.19 SolidWorks® FEM – example of circumferential stress analysis (sectional view)
3
 

 

Figure 4.20 SolidWorks® FEM – example of Von Mises stress analysis 

 
Figure 4.19 gives a sectional view of the FEM analysis, showing that the greatest stress is 

experienced on the inside of the tube. This indicates that the tube is being compressed from the 

outside and stretched from the inside. This corresponds with the normal expansion of a tube.  

                                                           
3
 The stress gradient at the bottom of the tube is due to the tube being fixed in place 
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The circumferential stress results of the FEM were compared to the results calculated using thick-

walled cylinder stress. This was done to validate the use of eq. ( 3-34 ) in section 3.4. Temperature 

differences between 10°C and 50°C were applied to ensure that the equation is relevant for 

smaller and greater temperature distributions. The comparison is given in Table 4-11 and shown 

in Figure 4.21. 

Table 4-11 Circumferential result comparison of SolidWorks® FEM and thick-walled cylinder calculations 

Inner tube 
temperature 

[°C] 

Outer tube 
temperature 

[°C] 

 
ΔT 
[K] 

Analytical 
thermal stress  

[MPa] 

FEM thermal 
stress 
[MPa] 

200 200 0 0.00 0.00 

200 210 10 37.92 26.02 

200 220 20 75.83 52.04 

200 230 30 113.75 78.05 

200 240 40 151.67 104.07 

200 250 50 189.58 130.08 

 

 

Figure 4.21 Circumferential stress graph of SolidWorks® FEM and thick-walled cylinder calculations 

 
Analysing the results, it can be seen that they differ in value. However, as seen in Figure 4.21, the 

profiles of the results are similar. Both graphs are linear, intersecting at 0, but there is a slope 
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difference between the two graphs. If the analytical calculation is calibrated with an adjustment 

factor of 0.69 (essentially setting the “stress concentration factor” to 0.69 instead of 1.0), the two 

graphs will align. This calibrated results graph is shown in Figure 4.22. 

 

Figure 4.22 Circumferential stress graph of SolidWorks® FEM and calibrated calculation 

 
From the analysis above, it is not completely clear how eq. ( 3-34 ) was derived or where it came 

from. However, the FEM analyses performed confirms the credibility the results acquired from eq. 

( 3-34 ) with the use of an adjustment factor. 

Applying this thermal stress calibration factor to some of the study scenarios, the Von Mises 

stress can also be verified. The Von Mises stress, as calculated in section 3.4, was compared to the 

FEM’s Von Mises stress result after applying the thermal stress calibration factor. The results are 

as given in Table 4-12. 
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Table 4-12 Von Mises result comparison 

Scenario Inner tube 
temperature 

[°C] 

Outer tube 
temperature 

[°C] 

Calculated 
thermal 
stress 
[MPa] 

Calibrated 
thermal 
stress 
[MPa] 

Analytical 
Von Mises 

stress 
[MPa] 

FEM Von 
Mises 
stress 
[MPa] 

Error 
[%] 

4% BL 0% OF 561.51 561.33 0.61 0.42 40.39 41.01 1.54% 

12% BL 0% OF 580.21 580.72 1.71 1.18 41.05 41.67 1.51% 

20% BL 0% OF 607.61 608.54 3.05 2.10 41.86 41.51 0.84% 

32% BL 0% OF 538.46 544.16 19.41 13.39 52.05 52.69 1.23% 

32% BL 50% OF 551.06 559.65 29.09 17.45 55.82 59.08 5.84% 

 
From the above table, the results show that the Von Mises stress calculations are compatible to 

the FEM as simulated in SolidWorks®. The errors calculated between the results are minimal (less 

than 10%) and it can therefore be concluded that the Von Mises calculation is acceptable. 

4.9 Results and discussion 

For each scenario load (4%, 12%, 20% and 32% of full boiler load), the water length of the column 

that would exist in the pipe due to the differential pressure over the superheater tube was 

calculated as explained in section 3.3.2. Table 4-13 shows the results of these calculations for both 

the water column length and the exposed length of tube at the outlet. These were the values used in 

the Flownex® model to finally determine the superheater tube wall temperatures. 

Table 4-13 Water column lengths for various boiler loads 

Boiler Load Water column length [mm] Exposed length at outlet [mm] 

4% 238 16086 

12% 1918 14406 

20% 4039 12285 

32% 8617 7707 

The tube wall temperatures modelled in Flownex®, along with the internal tube pressure, are those 

that were used to determine the stresses over the tube wall. The values for these stresses for each 

scenario are given in Figure 4.23. 
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Figure 4.23 Stress values of outlet tube as simulated in Flownex® 

 
An example of how these temperatures change over the ten-minute time period as calculated 

from the transient model is shown in Figure 4.24. 
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Figure 4.24 Scenario 32% BL, 50% OF tube wall temperatures over time 

 
To better understand what is illustrated in Figure 4.24, refer back to Figure 4.8, which shows how 

the superheater tube was discretised. As explained in section 4.5, the simulation is run under 

normal boiler load conditions before the water wedge is introduced.  From the graph above, it 

shows that the tube gradually starts heating up (especially in the lower region) in transient state 

as the water wedge becomes present. The lower part of the tube then suddenly starts cooling 

down. The water wedge starts to evaporate and the lower part of the tube continues to cool 

down. However, from the graph it can be seen that the top part is not yet receiving the 

evaporated steam for cooling and gradually increases in temperature. Once the top part of the 

tube makes contact with the evaporated steam, it gradually starts cooling down as well. 

The graph shows that the differences between the inner wall temperatures and outer wall 

temperature do differ by a few degrees. This temperature distribution over the wall thickness is 

what contributes to the hoop stresses in the form of thermal stress.  

There is a clear difference in temperature between the lower part of the outlet leg (closest to the 

water-wedge) and the top part of the outlet leg. This is an indication of how the top part of the 

tube becomes susceptible to short term overheating, since it is starved of steam for a longer 

period of time.  However, for this specific scenario, STO will not occur, regardless of the time, 
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because of the cooling from the saturated steam which brings the temperature back to even 

below normal operating conditions. 

 

Figure 4.25 Scenario with smaller cooling effect over 50 minute period 

 
Figure 4.25 shows a transient graph of a boiler scenario where the cooling effect is small, and the 

temperatures are still rising even after the 10 minutes.  If no load change happens, and the water 

column can in fact remain for longer than 10 minutes, STO might occur. 

With the material elasticity modulus and thermal expansion coefficient properties known along 

with the information extracted from the transient results, the possibility of short term 

overheating can be examined. The thick wall cylinder calculations determined the axial, 

circumferential, radial, thermal and finally the combined stresses over the tube wall for the 

various scenarios. The results for the thermal and Von Mises stresses are given in Figure 4.26, 

showing how the combined stress clearly increases as overfiring in the furnace takes place. 
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Figure 4.26 Thick wall cylinder stress results 

 
Utilising the stress results and the tested lab results of old and new tube materials, a tube failure 

prediction can be made.  The corresponding yield strength for the average wall temperature was 

determined from the graph as provided by the lab test results (both for the old and new tube).  

Finally, the calculated combined stress results for each scenario were considered.  

If the yield strength of the tube material (either for the old or for the new tube samples) at the 

hottest tube temperature was less than the combined tube stress, it could be established that a 

tube failure might occur. These results are given in Figure 4.27. 



 Chapter 4. Methodology 

83 

 

 

Figure 4.27 Graph indicating boiler failure 

 
From Figure 4.27, it can be seen that the combined stress in the tube increases as the exposed outlet 

length of the pipe increases. An immediate observation that can be made from Figure 4.27 is that it 

appears that no boiler failure would occur due to water-wedging for any scenario under the specific 

circumstances, which is: 

 A single primary tube failure; 

 A complete water blockage occurrence, which evaporates due to heat from the furnace; 

 A failure occurring on the outlet side of the tube; 

 A failure that is not influenced by its surrounding tubes or elements; 

 A sudden onset event (less than 10 minutes) of short term overheating due to water-

wedging; 

 Up to 200% of overfiring. 

Under these conditions, it appears that no failure will occur, whether it is on a piece of virgin tube 

recently installed, or on a tube that has been in service for several hundred thousand hours. The 

results do, however, indicate that an occurrence is more likely to occur on an old tube. The yield 
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strength of the old tube material is approximately half of that of the virgin tube material for every 

temperature indicated.  

Taking the scenario indicating that the tube is close to failure (for this project it would be scenario 

20% BL, 200% OF) a failure might occur if the outlet leg of the superheater tube is lengthened 

enough to further restrict the cooling capabilities of the evaporating water-wedge. This can be 

simulated by lengthening the outlet tube in the Flownex® model, which showed that, for the 

specific scenario mentioned, the tube needs to be lengthened by approximately 80 m and 

combined with unlikely overfiring conditions before it should fail after ten minutes.  Alternatively 

the event needs to remain for longer than 11 hours. 

This proves that, under these specific conditions as explained throughout the project, it is unlikely 

that a boiler failure would occur during boiler start-up or low load due to poor operation, and 

water-wedging as a result alone.  
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5. Conclusion and recommendations 

5.1 Conclusion 

This study aimed to determine if short term overheating can occur in a coal fired boiler due to 

water-wedging, which is caused by over-attemperation.  The study was conducted on the outlet 

leg of a pendant boiler tube. The scenarios considered were at low boiler loads, since the pressure 

difference over the boiler tube under such conditions may be small enough to allow for a still-

standing water column.  

A transient simulation model was created for the various scenarios. A water column was 

introduced into the boiler tube and allowed to evaporate over a time-period of ten minutes while 

constantly being replenished by attemperation water. The stresses at the outlet leg was then 

determined.  This was done for cases where there was also a substantial amount of overfiring in 

the furnace. 

The results showed that short term overheating is unlikely to occur, even at low loads or during 

boiler start-up, at superheater outlet tubes due to water blockages alone. The stresses exerted in 

the tube wall and throughout the tube length is not enough to overcome the yield strength at 

elevated temperatures of the superheater tube material, even for aged material.  

It may be possible for overheating to occur under the conditions studied if the exposed tube 

length was much longer. However, the superheater geometry becomes unrealistic and is not a 

practical approach to what authentically occurs in an Eskom boiler.  Alternatively, the duration 

must be substantially more than 10 minutes, but it is unlikely that a standing water column as 

postulated in this study could remain for a prolonged duration. 

Thus, the claim of over-attemperation as the root cause of a short term overheating failure is 

void, and other explanations for the failure must be observed, especially after a tube replacement 

during a boiler outage. Even though it is possible for water-wedging to occur, the phenomenon 

alone is unlikely the root cause for the occurrence of short term overheating.   

It is however possible for the tube material to experience a thermal excursion which greatly 

exceeds its design limits.  If this even occurs repeatedly, a form of thermal fatigue or accelerated 

creep can result. 
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5.2 Recommendations 

The following recommendations are made for future study regarding the contents of the project 

discussed in this document: 

 Studying a single tube in relation to the effects generated by the rest of the tube bundle 

(surrounding tubes). 

 Studying a detailed start-up scenario, whereby a transient model is run, increasing the 

boiler load from 0 MW and accounting for the introduction of oil burners and pressure 

ramping etc. 

 Studying the effects under the same conditions as explained in this document together 

with a varying scale component. 

 Studying the possibility that a solid blockage (occurring due to poor care taken during 

maintenance activities) could more likely be the cause of short term overheating during a 

unit start-up, rather than a water blockage. 

 Studying a scenario where there is already condensate in the superheater at start-up, 

which needs to heated up and boil out first.  

 Studying the occurrence of short term overheating as a result of accelerated creep due to 

repetitive high-temperature events.  
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Appendix A. Boiler properties at various loads 

The graphs below show various boiler properties (regarding flue gas, steam and spraywater) 

according to various load conditions completed in Mathcad. These values were extracted from the 

Eskom C-schedules for the specific power station that was used in this project [25]. Linear 

interpolation was utilized to determine the properties at other boiler load conditions as required. 
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Spraywater (S): 
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Appendix B. Analytical model 

The following Mathcad model shows how the pressure drop over the final superheater tube, 

evaporation rate, evaporation time and tube length were calculated according to the calculations 

discussed in section 3 of this document. 

Water column in pendant-type superheater calculations 

The following data is based on the design of the final 

superheater tube A at Lethabo Power Station at a load 

given as: 

  (Boiler load) 

 (Simulated overfiring load) 

 

Tube geometry: 
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Calculation of pressure drop through each superheater 

section: 
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Attemperating 2nd stage spraywater properties: 
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If plugged: 

 

 

 

Outlet leg steam properties: 

 

 

 

 

Water column calculations: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If plugged (cont): 
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Appendix C. Heat transfer analysis 

The Mathcad calculations below shows how the heat transfer coefficient from the flue gas in the 

furnace was calculated as explained in section 3.2.2 of this document. These results were used to 

create a table in order to utilise the correct heat transfer coefficient in the model of Appendix B 

due to overfiring conditions. 
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Ed Eraw MPa

Appendix D. Thick wall cylinder stresses 

The Mathcad calculations below shows how the material stresses were calculated as explained in 

section 3.4 of this document.

Thick-walled cylinder stress calculations: 
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Thermal stresses (Mechanics of Materials, Hibbeler): 
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Combined stress (Von Mises): 
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Appendix E. Calculated evaporation rates 

Table 6-1 below illustrates the calculated results of the evaporation rate and the time to reach 

this evaporation rate for each scenario simulated in the Flownex® transient model using eq. ( 3-22 

) and eq. ( 3-29 ) of section  3.3.2, respectively. 

Table 6-1 Rate of evaporations for scenarios 

Scenario Time [s] me [kg/s] 

4% BL, 0% OF 847 0.0001 

4% BL, 25% OF 711 0.0002 

4% BL, 50% OF 596 0.0002 

4% BL, 100% OF 465 0.0002 

4% BL, 200% OF 315 0.0003 

12% BL, 0% OF 365 0.0024 

12% BL, 25% OF 289 0.0030 

12% BL, 50% OF 240 0.0036 

12% BL, 100% OF 182 0.0047 

12% BL, 200% OF 129 0.0067 

20% BL, 0% OF 213 0.0084 

20% BL, 25% OF 174 0.0102 

20% BL, 50% OF 149 0.0120 

20% BL, 100% OF 118 0.0152 

20% BL, 200% OF 84 0.0214 

32% BL, 0% OF 139 0.0269 

32% BL, 25% OF 116 0.0322 

32% BL, 50% OF 99 0.0378 

32% BL, 100% OF 78 0.0478 

32% BL, 200% OF 55 0.0674 
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Appendix F. Sensitivity Analysis 

The analysis below is a summary of the data extracted from the Flownex® model under steady state conditions (32% BL, 100% OF) to determine the amount of 
increments required for both the tube wall and the length. The final recommendation was a 30x30 grid.   

 
Figure 6.1 Sensitivity analysis performed to determine number of increments through tube length and wall for Flownex® model 

Temperatures in ⁰C

Sensitivity analysis of temperatures through tube wall to determine number of wall thickness elements

E1 E10 E1 E10 E1 E10 E1 E10 E1 E10 E1 E10 E1 E10

WT1 367.26 371.92 369.41 374.05 369.61 373.22 369.7 374.23 369.73 374.37 369.74 374.28 369.75 374.29

WT5 365.53 370.12

WT10 365.23 369.82

WT20 365.07 369.66

WT30 365.01 369.6

WT40 364.99 369.68

WT50 364.97 369.66

Sensitivity analysis over tube length to determine number of tube length elements

E1 E5 E1 E20 E1 E20 E1 E30 E1 E40 E1 E50 E1 E60

WT1 369.97 374.12 369.73 374.37 369.64 374.36 369.62 374.49 369.61 374.39 369.61 374.5 369.6 374.5

WT30 365.25 369.36 365.01 369.6 364.92 369.81 364.89 369.73 364.88 369.84 364.87 369.74 364.87 369.74

Wall thickness increment roughness analysis (A) Tube length increment roughness analysis (B)

X [1x1] [nx1] [1x10] [nx10] X [1x1] [1xn] [30x1] [30xn]

1x10 367.26 367.26 371.92 371.92 30x5 369.97 374.12 365.25 369.36

5x10 369.41 365.53 373.22 370.12 30x10 369.73 374.37 365.01 369.6

10x10 369.61 365.23 374.23 369.82 30x20 369.64 374.36 364.92 369.81

20x10 369.7 365.07 374.37 369.66 30x30 369.62 374.49 364.89 369.73

30x10 369.73 365.01 374.28 369.6 30x40 369.61 374.39 364.88 369.84

40x10 369.74 364.99 374.29 369.68 30x50 369.61 374.5 364.87 369.74

50x10 369.75 364.97 374.29 369.66 30x60 369.6 374.5 364.87 369.74

AxB where A = wall thickness element Conditions: 200 MW

B = tube length element Action setup: 100% load conditions

1X10 5X10 40X10

30X6030X20 30X4030X3030X10

50X1010X10 20X10 30X10

30X5 30X50
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Figure 6.2 Wall thickness increment roughness graph 

 

 

 

Figure 6.3 Tube length increment roughness analysis graph 
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Appendix G. Geometry specifications 

The following figures explain what geometry specifications was used for each boiler load 

condition. The water column illustrated is not necessarily a true representation – refer to section 

length values to determine where the water wedge would end (explained in section 4.4). Each 

condition also applies for its associated overfiring scenarios 

 

Figure 6.4 Scenario of blocked superheater tube at 4% boiler load 

 

 

Figure 6.5 Scenario of blocked superheater tube at 12% boiler load 

 

Key:

Section A: Inlet section with 6.3 mm wall thickness

Section B.1: Intermediate section with 8.8 mm wall thickness up to end of water column

8 261 mm Section B.2: Intermediate section with 8.8 mm wall thickness from end of water column

Section C.1 Outlet section with 11 mm wall thickness filled with water

7 761 mm Section C.2: Outlet section with 11 mm wall thickness filled with steam

0 mm

Total length = 32 648 mm

Water column = 238 mm

Maximum amount of water in intermediate section = 8 063 mm

7 825 mm

8 801 mm

Key:

Section A: Inlet section with 6.3 mm wall thickness

Section B.1: Intermediate section with 8.8 mm wall thickness up to end of water column

8 261 mm Section B.2: Intermediate section with 8.8 mm wall thickness from end of water column

Section C.1 Outlet section with 11 mm wall thickness filled with water

7 761 mm Section C.2: Outlet section with 11 mm wall thickness filled with steam

0 mm

Total length = 32 648 mm

Water column = 1 918 mm

Maximum amount of water in intermediate section = 8 063 mm

6 145 mm

10 481 mm
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Figure 6.6 Scenario of blocked superheater tube at 20% boiler load 

 

 

Figure 6.7 Scenario of blocked superheater tube at 32% boiler load

Key:

Section A: Inlet section with 6.3 mm wall thickness

Section B.1: Intermediate section with 8.8 mm wall thickness up to end of water column

8 261 mm Section B.2: Intermediate section with 8.8 mm wall thickness from end of water column

Section C.1 Outlet section with 11 mm wall thickness filled with water

7 761 mm Section C.2: Outlet section with 11 mm wall thickness filled with steam

0 mm

Total length = 32 648 mm

Water column = 4 039 mm

Maximum amount of water in intermediate section = 8 063 mm

4 024 mm

12 602 mm

Key:

Section A: Inlet section with 6.3 mm wall thickness

Section B.1: Intermediate section with 8.8 mm wall thickness up to end of water column

7 707 mm Section B.2: Intermediate section with 8.8 mm wall thickness from end of water column

Section C.1 Outlet section with 11 mm wall thickness filled with water

7 761 mm Section C.2: Outlet section with 11 mm wall thickness filled with steam

554 mm

Total length = 32 648 mm

Water column = 8 617 mm

Maximum amount of water in intermediate section = 8 063 mm

0 mm

16 626 mm
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Scenario 4% BL, 0% OF 4% BL, 25% OF 4% BL, 50% OF 4% BL, 100% OF 4% BL, 200% OF 12% BL, 0% OF 12% BL, 25% OF 12% BL, 50% OF 12% BL, 100% OF 12% BL, 200% OF 20% BL, 0% OF 20% BL, 25% OF 20% BL, 50% OF 20% BL, 100% OF 20% BL, 200% OF 32% BL, 0% OF 32% BL, 25% OF 32% BL, 50% OF 32% BL, 100% OF 32% BL, 200% OF

Full boiler load % 4% 4% 4% 4% 4% 12% 12% 12% 12% 12% 20% 20% 20% 20% 20% 32% 32% 32% 32% 32%

Overfiring % on running boiler load 0% 25% 50% 100% 200% 0% 25% 50% 100% 200% 0% 25% 50% 100% 200% 0% 25% 50% 100% 200%

FG temperature [°C] 691.86 694.88 698.40 704.43 717.00 716.50 726.05 735.11 753.71 790.92 741.64 757.23 772.82 804.00 866.35 778.85 804.00 828.64 878.42 977.99

FG mass flow rate [kg/s] 158.24 163.75 170.18 181.19 204.14 203.22 220.66 237.18 271.14 339.07 249.11 277.57 306.02 362.93 476.75 317.04 362.93 407.91 498.78 680.52

Heat transfer coefficient [W/m^2.K] 8.165 9.657 11.398 14.383 20.602 20.353 25.079 29.556 37.288 48.421 32.789 38.582 43.519 51.579 64.120 45.430 51.579 57.530 66.076 78.727

Fluid mass flow rate [kg/s] 0.0217 0.0217 0.0217 0.0217 0.0217 0.0641 0.0641 0.0641 0.0641 0.0641 0.1074 0.1074 0.1074 0.1074 0.1074 0.1716 0.1716 0.1716 0.1716 0.1716

Attemperating pressure [MPa] 15.29 15.29 15.29 15.29 15.29 15.48 15.48 15.48 15.48 15.48 15.67 15.67 15.67 15.67 15.67 15.96 15.96 15.96 15.96 15.96

Attemperating temperature [°C] 191.24 191.24 191.24 191.24 191.24 196.00 196.00 196.00 196.00 196.00 200.86 200.86 200.86 200.86 200.86 208.05 208.05 208.05 208.05 208.05

Attemperating mass flow rate [kg/s] 0.00082 0.00082 0.00082 0.00082 0.00082 0.00252 0.00252 0.00252 0.00252 0.00252 0.00426 0.00426 0.00426 0.00426 0.00426 0.00684 0.00684 0.00684 0.00684 0.00684

Differential pressure over SH [MPa] 0.0006 0.0006 0.0006 0.0006 0.0006 0.0048 0.0048 0.0048 0.0048 0.0048 0.0132 0.0132 0.0132 0.0132 0.0132 0.0332 0.0332 0.0332 0.0332 0.0332

Water column length [mm] 238 238 238 238 238 1918 1918 1918 1918 1918 4039 4039 4039 4039 4039 8617 8617 8617 8617 8617

Steam length at outlet [mm] 16086 16086 16086 16086 16086 14406 14406 14406 14406 14406 12285 12285 12285 12285 12285 7707 7707 7707 7707 7707

Evaporation rate [kg/s] 0.00013 0.0002 0.0002 0.0002 0.0003 0.0024 0.0030 0.0036 0.0047 0.0067 0.0084 0.0102 0.0120 0.0152 0.0214 0.0269 0.0322 0.0378 0.0478 0.0674

Evaporation time [s] 847 711 596 465 315 365 289 240 182 129 213 174 149 118 84 139 116 99 78 55

Internal pressure [MPa] 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30 17.30

Outer wall T (1x30) [°C] 561.51 578.65 596.55 623.58 666.45 580.72 607.22 631.20 670.75 729.76 608.54 635.28 659.08 701.35 779.69 544.16 553.47 559.65 570.60 609.96

Inner wall T (30x30) [°C] 561.33 578.45 596.34 623.37 666.25 580.21 606.66 630.60 670.10 729.11 607.61 634.17 657.80 699.73 777.47 538.46 546.42 551.06 559.13 591.74

Axial stress [MPa] 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81 5.81

Circumferential stress [MPa] 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91 28.91

Radial stress [MPa] -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30 -17.30

Thermal Stress [MPa] 0.61 0.67 0.70 1.01 0.63 1.71 1.84 1.94 2.03 1.93 3.05 3.57 4.04 4.93 6.29 19.41 23.93 29.09 38.69 60.15

Total combined stress [MPa] 40.55 40.60 40.63 40.90 40.57 41.51 41.63 41.71 41.79 41.70 42.70 43.15 43.57 44.36 45.58 57.66 61.91 66.82 76.03 96.90

New tube yield strength [MPa] 258.16 253.19 248.00 221.53 175.23 252.59 239.20 213.30 170.59 105.13 237.78 208.90 183.19 137.46 73.19 263.19 260.49 258.70 255.53 236.24

Will failure occur with new tube? NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO

Old tube yield strength [MPa] 131.39 128.99 126.48 115.72 97.03 128.70 122.85 112.40 95.15 73.83 122.28 110.62 100.24 82.01 60.87 133.82 132.51 131.65 130.12 121.66

Will failure occur with old tube? NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO NO

Figure 6.8 Complete results from study 

Appendix H. Complete results 

Figure 6.8 gives the complete results from the study discussed in this dissertation. The table includes all of the scenarios examined, input properties, 

calculation results and all results acquired from the Flownex® model. 

 




