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SUMMARY

High temperature corrosion of the heat exchanger materials is the important factor 

that limits the efficiency of various energy systems. The problem becomes more 

serious when fuels containing alkali metal, heavy metals, chlorine, and sulphur are 

used. In combustion systems utilizing biomass and municipal solid waste, the steam 

temperatures are kept lower than 450°C in order to avoid the corrosion problems. 

This results in low overall plant efficiencies (e.g. 25 -  30%). Therefore, methods to 

prevent or control high temperature corrosion in these plants must be investigated.

The overall objectives of this PhD research study were to investigate (i) the factors 

affecting the high temperature corrosion in waste to energy plants and, (ii) to explore 

and test corrosion control methods in the real furnace conditions.

The experimental program was carried out at a UK waste to energy plant. Two air­

cooled sampling probes were designed and placed at different locations in the 

furnace in order to simulate the corrosion process taking place on the superheater 

tubes and also to collect the deposits of combustion residues. Sampling probe 

sections were fabricated from different types of superalloys and were equipped with 

two corrosion control methods; sacrificial baffle and aluminide coated alloy. After 

approximately 800 hours of exposure to hot flue gas having temperature range of 

730 -  813°C, each probe was carefully disassembled and analysed. Our study 

showed that both ‘temperature’ and ‘particle deposition’ had great effects on the high 

temperature corrosion inside this plant. Damages due to hot corrosion were 

significantly magnified when the metal surface temperature range (modelling results) 

increased from 363 -  440°C to 404 -  495°C. Tests showed that sulphates and 

chlorides of alkali metals (namely calcium, sodium, and potassium) and heavy 

metals (namely zinc, lead, and arsenic) were the main contributors to the hot 

corrosion. In this particular environment, tubes made of nickel based alloys were 

found to have higher corrosion resistance than iron based alloys. Test showed that
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aluminide coating on the tube surfaces could significantly improve their corrosion 

resistance.

In addition, mathematical modelling using FLUENT code was carried out in order to 

simulate the flow characteristics and heat transfer inside the furnace and the region 

around the air cooled sampling probes. Results from the modelling corresponded 

with the plant information and explained the experimental results very well.

This PhD study has yielded valuable information that can be used by the operators of 

waste-to-energy plants. Our study showed that ‘aluminide coating’ is a promising 

corrosion control technique for superheater materials in the waste-to-energy plants. 

The coating is relatively cheap and simple but it can significantly increase the 

corrosion resistance of materials.
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CHAPTER 1 
INTRODUCTION

1.1 Biomass and Waste: Potential Sources of Renewable 

Energy

Global concern about the environment has become a strong force to drive the use of 

renewable energy into a worldwide interest. The contribution of renewable energy to 

the overall energy consumption during 2000 -  2005 in European countries is 8.5% 

and it is set to reach 20% in 2020. Biomass and waste are major sources of 

renewable energy. The most common technologies to utilize biomass and waste are 

the thermo-chemical conversion treatments which include combustion, gasification, 

pyrolysis and liquefaction (McKendry, 2002). The average contribution of biomass 

and waste sources to the overall renewable energy sources in 2005 for European 

countries is 67.8%, which can be categorized as 3.8% biofuels, 52.2% wood, 8.2% 

municipal solid waste, and 3.6% biogas (European Communities, 2007). The growth 

of renewable energy by technology in European countries is shown in Figure 1.1.

In the United Kingdom alone, about 30 million tonnes of municipal solid waste 

(MSW) are generated annually. This is equivalent to the energy produced from 10 

million tonnes of coal per year, which equals to 1/4 -  1/3 of total coal consumption 

per year (Swithenbank et al., 2000). Therefore, the combustion of waste and biomass 

with energy recovery is a very promising alternative that should be promoted. This 

technique not only satisfies the economical and environmental aspects, it also solves 

the social problems related to waste disposal. Nevertheless, the limitations of this 

technique includes; pollution related problems, the corrosive conditions in the 

furnace and subsequently the low efficiency of the plants (Swithenbank et ah, 2000). 

Therefore, further investigation to decrease these limitations is necessary. In this 

thesis, the focus is on material behaviour in thermal energy conversion systems.
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Figure 1.1 The growth of renewable energy by technology (GWh/year) in European Countries (European Communities, 2007)



1.2 Overview: Degradation and Corrosion of Materials

Most materials are subject to some degree of deterioration depending on their 

interactions with their environments. The deterioration results in either the mass 

change or impairment of the material’s properties such as the mechanical properties 

(the ductility and strength), the physical and chemical properties, or appearance. 

Deterioration has varying mechanisms for different types of materials. The 

deterioration process is normally called ‘corrosion’ or ‘degradation’.

Corrosion of metallic materials results in actual material loss either by dissolution or 

by oxidation, where a non-metallic scale is formed. Ceramic materials on the other 

hand normally have a high corrosion resistance. Thus, the corrosion process usually 

takes place at elevated temperatures or in a very corrosive environment. Mechanisms 

and products for polymer materials are different from metals and ceramics. They 

deteriorate by dissolution, swelling, bond rupture and weathering. The term 

‘degradation’ is therefore commonly used for polymers (Callister, 2007). This study 

is concerned only with the corrosion of metals. Further information related to this 

topic is discussed in the following sections.

1.2.1 Corrosion of Metals

Corrosion of a metal is generally an electrochemical reaction, which normally takes 

place at the surface of the component (Callister, 2007). The reaction is very familiar. 

It is a result of the material’s compositional elements attempting to return to their 

most thermodynamically stable state (Schweitzer, 2007). It regularly takes place in 

environments such as the atmosphere, aqueous solutions, soils, acids, bases, 

inorganic solvents, molten salts, liquid metals, and even the human body. An 

obvious example of corrosion is the rusting detected in automobiles, structures and 

pipes. Under normal circumstances, corrosion is retarded by protective layers of 

corrosion products or oxides. Corrosion rates can be predicted and measured under 

the controlled conditions. However, variables such as pH, temperature and stress can 

adversely influence the prediction and corrosion control technology.

3



1.2.2 Safety & Environmental Impacts

Metallic corrosion involves three primary concerns: safety, economics and 

conservation. The most obvious concern of corrosion problem to human beings is the 

failure of structures, for examples the corrosion of highways and bridges.

Corrosion of metals and alloys potentially cause harm to humans and the 

environment, when they are released from buildings as ‘corrosion-induced metal 

runoff. This mechanism is considered to be a major source of the diffuse dispersion 

of metals. However, the information about this issue and its environmental fate from 

source to recipient is limited. Therefore, extensive long-term research about this 

issue is being conducted by a group of researchers from Sweden, France and Italy 

(Wallinder et al., 2008). The objectives of their study are to provide quantitative data 

on metal runoff, and to investigate the chemical spéciation and bioavailability both at 

the immediate release situation and after environmental interaction and retention.

1.2.3 Economic Impact

Corrosion of metals causes significant economic loss. Money and time are spent 

enormously to prevent corrosion, for maintenance or to replace the components that 

are damaged as a result of corrosion reactions. Indirect costs of corrosion, which 

include plant shut-down, loss of efficiency, contamination or loss of products also 

contribute largely to the economic damage. Approximately 5% of an industrialized 

nation’s income is spent on this issue (Callister, 2007). The data from the last few 

years show that the United States spends somewhere between $9 and $90 billion per 

year on issues related to corrosion (Schweitzer, 2007).

Research funded by the Federal Highway Administration of the United States of 

America (NACE International, 2002) revealed that the corrosion cost in 1998 was 

3.1% of gross domestic product (GDP) or $276 billion. The largest corrosion costs 

are incurred in the ‘transportation and utilities’ (34.9%) and ‘manufacturing’ (31.5%) 

sectors of industry. A diagram showing the distribution of corrosion cost in each 

sector is presented in Figure 1.2.
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Figure 1.2 Distribution of corrosion costs for the United States in 1998. (Total cost is S276 
billion) (NACE International, 2002)

1.2.4 UK Regulations and Standards Related to Corrosion

C orrosion  con trol o f  m etal co m p o n en ts  is  m en tion ed  for  variou s grou p s such  as  

crafts, le isu re and cu lture, m eta l d etectin g , m eta l recy c lin g , m etal lic en ce s , 

en viron m en tal p rotection , sp ecia l w a ste  c o lle c tio n s , carriage o f  g o o d s , w ater su pp ly , 

traffic and v e h ic le s , and e lec tr ic ity  (O ff ic e  o f  P u b lic  S ector  Inform ation, 2 0 0 8 ) .  

T h ese  regu la tion s g en era lly  m en tion  that corrosion  o f  m eta llic  m aterial sh ou ld  be  

carefu lly  con sid ered . M ateria ls m u st h ave corrosion  resistan ce  to  an accep ta b le  lev e l 

for each  particular operation .

T he im portant B ritish  standards (B S )  are sh o w n  as fo llo w s .

BS 7545:1991 Method for removal of corrosion products from corrosion test specimens 
of metals and alloys

BS EN 12499:2003 Internal cathodic protection of metallic structures

BS EN 12500:2000

BS EN ISO 10062:2008 

BS EN ISO 11130:1999

Protection of metallic materials against corrosion. Corrosion likelihood in 
atmospheric environment. Classification, determination and estimation of 
corrosivity of atmospheric environments

Corrosion tests in artificial atmosphere at very low concentrations of 
polluting gas(es)

Corrosion of metals and alloys. Alternate immersion test in salt solution
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BS EN ISO 7539-1:1995

BS EN ISO 8044:2000 

BS EN ISO 9400:1996 

BS EN ISO 9227:2006 

BS ISO 11463:1995

BS ISO 11844

Corrosion of metals and alloys. Stress corrosion testing. General guidance 
on testing procedures

Corrosion of metals and alloys. Basic terms and definitions

Determination of resistance to intergranular corrosion

Corrosion tests in artificial atmospheres. Salt spray tests.

Corrosion of metals and alloys. Evaluation of pitting corrosion

Corrosion of metals and alloys. Classification of low corrosivity of indoor 
atmospheres.

1.3 High Temperature Corrosion in the Energy Systems

Operations in energy-producing systems or in energy-converting systems generally 

require a high operating temperature. Their efficiency depends on the high 

temperature of the heat exchanger materials or the steam. This leads to the corrosion 

problems of the materials in the furnace. For that reason, the corrosion of materials 

often limits the efficiency of the systems (Stringer, 1986).

Stringer (1986) proposed that the most serious high temperature corrosion problems 

can generally be divided into 2 major classes: (1) molten salt induced accelerated 

oxidation, and (2) mixed oxidant attack. The molten salt induced accelerated 

oxidation is often called ‘hot corrosion’. It occurs in the presence of certain 

compounds, i.e. sulphates and chlorides of alkali metals and heavy metals such as V, 

Pb, and Zn in the fuels. The most common form of gaseous mixed oxidant attack is 

combined sulphidation and oxidation.

Other modes of corrosion at high temperature include carburization and nitridation 

(Lai, 1990). Other factors that induce high temperature corrosion also include; 

particle impact and the high velocity of flue gas, and the presence of a reducing 

atmosphere (Swithenbank et al., 2000).

The energy systems and other industries that experience high temperature corrosion 

include (1) fossil fuel power generation, (2) biomass/waste power plants, (3) 

aerospace and gas turbines, (4) nuclear, (5) automotive, (6) pulp and paper, (7) 

refining and petrochemical processing, (8) chemical processing, (9) mineral and
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metallurgical processing, (10) heat treating, (11) ceramic, electronic, and glass 

manufacturing (Lai, 1990).

1.4 Control Methods for High Temperature Corrosion

High temperature corrosion problems in the energy systems depend greatly on the 

system. Therefore, the best solution for corrosion control is specific to the system. 

The most common and easiest approach to prevent the corrosion is to select suitable 

materials. However, the materials that can withstand the corrosive environments in 

energy systems often have a very high cost.

Other possible techniques include operational changes and design changes. These 

techniques can often be achieved by using the Computational Fluid Dynamics (CFD) 

modelling (Swithenbank et al., 2000), which can optimize the flow, gas mixing 

conditions, heat transfer and particle trajectories inside the furnace. Using cooling 

tiles and a co-flow superheater also reduces the corrosion problem (Swithenbank et 

al., 2000). Another possible approach is to use the addition, of for example MgO, 

which can reduce the corrosion due to the presence of V2O5. Sacrificial equipment 

might be used as a sacrificial anode, or as a flow diverter to reduce the erosion.

Coating is a popular corrosion control techniques used in recent studies. It provides a 

combination of ‘the excellent mechanical properties of the substrate material’ and 

‘the good corrosion control resistance of the surface’ (Tsaur et al., 2005). These 

properties are not easy to attain solely by alloy development. Examples of effective 

surface coating to prevent high temperature corrosion are AI2O3 and C^Cb 

(Houngninou et al., 2004; Tsaur et al., 2005).

1.5 Problem Statement

High temperature corrosion of the heat exchanger materials is the important factor 

that limits the efficiency of energy systems. The problem becomes more serious 

when fuels containing alkali metals, heavy metals, Cl, and S are used. In energy

7



systems utilizing biomass and MSW, the steam temperatures are kept lower than 

450°C to avoid these problems. Hence, the plant’s efficiency is restricted to a very 

low level compared to a furnace burning traditional fuels. This represents a crucial 

drawback of these clean energy systems.

To increase the plant’s efficiency and to lower the corrosion damage, methods to 

prevent or control high temperature corrosion must be investigated. Additionally, a 

comprehensive knowledge about the factors affecting high temperature corrosion 

and its significance is required.

This study proposes corrosion control methods to be investigated as follows: (1) new 

high grade alloys (both Ni-based and Fe-based alloys), (2) aluminide coatings, and 

(3) sacrificial baffles. Similar studies carried out so far by other researchers have 

only been conducted in the simulated conditions in the laboratory, or only for short 

exposure periods in the real plants. Therefore, it is appropriate to perform this 

research in a waste-to-energy (WTE) plant for an extended exposure period.

Such a study carried out in a WTE plant may result in further benefits. Firstly, the 

results can be applied to other systems such as in a coal-fuelled power plant since the 

condition in a WTE plant is one of the most corrosive environments. Secondly, the 

results may contribute to an improvement in the system’s efficiency. This can 

subsequently promote the combustion of biomass and waste with energy recovery.

1.6 Research Objectives

The overall objectives of this research are:

1. to investigate the factors affecting the high temperature corrosion in waste-to- 

energy plants and,

2. to explore and test corrosion control methods in the real furnace conditions.

In order to achieve the above objectives, the research work was divided into five 

stages. The description of each stage and its sub-objectives are as follows:
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1. Literature review

a. T o understand the m ech a n ism s o f  h igh tem perature corrosion .

b. T o r e v ie w  the corrosion  p rob lem s in variou s en ergy  sy stem s.

c. T o  r e v ie w  th e ava ilab le  tech n iq u es used  for corrosion  control.

2. Experim ental work

a. T o in v estig a te  the actual con d itio n s in the p lants and the sam p lin g  p o in ts for 

probes.

b. T o c o lle c t  the co m b u stio n  resid u es at variou s lo ca tio n s  in the p lants.

c. T o d es ig n  the a ir -co o led  sam p lin g  p robes w h ich  can  be u sed  to in v estig a te  

the e ffec ts  o f  tem peratures, e f fe c ts  o f  particle d ep o s it io n s  and the  

p erform an ce o f  d ifferen t corrosion  control tech n iq u es. T ech n iq u es to be 

tested  are the u se o f  h igh  grade a llo y s , b a ffles , and a lu m in id e coa tin g s.

3. Analytical work

a. T o  a n a ly se  the sa m p les  o f  com b u stio n  resid u es and probe d ep o sits  for their  

ch em ica l co m p o sitio n , crysta llin e  p h ase and m eltin g  tem peratures.

b. T o  a n a lyse  the sa m p les  o f  corrosion  products for their cry sta llin e  p h ase  and  

ch em ica l co m p o sitio n .

c. T o  a n a ly se  th e sa m p les  o f  a llo y s  for m orp h o lo g y , corrosion  rate and grain  

boundary corrosion .

4. M athematical modelling

a. T o sim u la te  the co n d itio n s (tem peratures and gas v e lo c ity )  o f  the furnace and 

the flu e  gas around the sam p lin g  p o in ts

b. T o sim u la te  the sam p lin g  probes in order to obtain  the loca l tem peratures o f  

a llo y s  and d ep osits .

c. T o in v estig a te  th e p erform an ce o f  f lo w  diverted  sacr ific ia l b a ffles .

1.7 Layout of the Thesis

T h is PhD  th esis  co n s is ts  o f  9  chapters as d escr ib ed  in the fo llo w in g :

Chapter 1 Introduction d escr ib es the background o f  th is study. T hen , it states the 

p rob lem s and the o b jec tiv e s  o f  the study.
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Chapter 2 Literature Review presents an overview of research related to the high 

temperature corrosion of metal alloys and the available prevention methods.

Chapter 3 Theoretical Considerations lays out the principal knowledge required for 

the study of high temperature corrosion in energy systems. It includes the 

mechanisms of fly ash formation, ash deposition, models of heat transfer in the 

deposits, corrosion reactions, and analytical theory.

Chapter 4 Experimental Program and Analytical Methodology describes the waste 

to energy plant, the fabrication and installation of the sampling probes, the collection 

of combustion residues and finally the analytical methodology.

Chapter 5 Experimental Results presents the results obtained from the experiments 

and the analytical work.

Chapter 6 Mathematical Modelling presents the methodology of modelling and the 

results. The CFD work consisted mainly of 3-dimensional models of the furnace, 

sampling probe No. 1, and sampling probe No. 2.

Chapter 7 Overall Discussion presents an overall discussion by using results from 

both experiments and mathematical modelling.

Chapter 8 Conclusions and Recommendations for Future Work concludes the 

work that has been presented so far, summarizes the important findings and finally 

gives suggestions for further work.
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CHAPTER 2
LITERATURE REVIEW

This chapter presents an overview of research work carried out related to the high 

temperature corrosion of metal alloys and the available prevention methods. Firstly, 

the principal modes of high temperature corrosion and degradations of metals are 

introduced. Then, the high temperature corrosion problems in various energy 

systems are presented. The chapter focuses specifically on the corrosion mechanisms 

and alloy behaviour in biomass power plants and WTE plants (i.e. in both laboratory 

scale and the real operating plants). In addition techniques commonly used to 

evaluate the corrosion damage are summarized. Finally the available corrosion 

prevention approaches are discussed.

2.1 Modes of High Temperature Corrosion and Degradation

Metal alloys used in high temperature applications experience different modes and 

degrees of damage depending on the nature of the operating conditions and intrinsic 

properties of alloys. Principal modes of high temperature corrosion and degradation 

can be categorized as follows: (1) oxidation, (2) mixed oxidant (corrodent) attack, 

(3) deposit induced corrosion, and (4) erosion (Pettit and Goward, 1983b; Stringer, 

1986). The relation of oxidation, mixed oxidants and deposits in high temperature 

corrosion are summarized schematically in Figure 2.1.

2.1.1 Oxidation

The oxidation resistance of alloys depends on the selective oxidation of elements 

such as Al, Cr or Si, and the adhesion of the oxide scales. The oxidation rate of a 

metal can be the limiting factor that determines its operating temperature. An 

example is the use of Cr203-forming alloys at elevated temperatures especially in 

high velocity of gas streams. This is due to the evaporation of Cr as in the following
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reaction: Cr203(s) + \—0 2(g) —» 2Cr03(g) . The rate of reaction is determined by

mass transfer through the gaseous boundary layer, and the thickness of this layer 

depends on the velocity of the gas stream. Continuous loss of oxide scales (e.g. 

AI2O3 and Cr2C>3) by the exfoliation on thermal cycling followed by the re-formation 

of these scales can contribute largely to the damage of alloys especially the AI2O3 

formers. Exfoliation also occurs on the steam side of boilers due to growth stress. 

The oxide scales are mainly Fe304.

Figure 2.1 Schematic diagram showing the principal modes of high-temperature corrosion 
(adapted from Lai (1990))

2.1.2 Corrosion in Mixed Oxidants

Corrosion becomes more severe and the mechanical properties of alloys are 

degraded when there are other oxidants such as S, C, and Cl involved. S and C may 

transport through the protective oxide layer and react with the metals internally to 

form carbides or sulphides with elements responsible for forming the protective 

oxide layer. These oxidants may also accumulate either at the scale-metal interface

SULFUR

MOLTEN
SALTS
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or in the deposits, resulting in the increase of the scale growth stress and deposit 

induced corrosion.

The rates of damage increase in the order: oxidation only < oxidation and internal 

sulphidation < oxidation and internal chlorination < hot corrosion by sulphate salts < 

hot corrosion by sulphate and chloride salts (Mohanty and Shores, 2004).

2.1.3 Accelerated Corrosion Induced by Deposits

The integrity of the protective oxide layer can be destroyed when it was covered 

under the deposits either by (1) dissolution which often involves molten salts such as 

the dissolution of oxides by molten V2O5, or by (2) alteration of a newly formed 

oxide layer to become less protective compounds. There is no clear evidence of 

certain sequences and the exact time for which protective oxide products remain 

stable before the damages occur (Michelsen et al., 1998).

This type of corrosion is often mentioned as ‘hot corrosion’. Hot corrosion is the 

process where the metal undergoes accelerated oxidation when it is covered under 

deposits containing S and/or Cl in an oxidizing atmosphere at the elevated 

temperature. The corrosion products include the un-protective oxide scale, internal 

sulphide compounds and internal chloride compounds. The reaction of hot corrosion 

consists of 2 stages: (1) an initial incubation stage where the continuous protective 

oxide layer is formed and the corrosion rate is slow as there is no deposit and (2) a 

propagation stage where the reaction rate becomes very fast since the protective 

oxide scale is destroyed or changed due to depositions (Mohanty and Shores, 2004; 

Sidhu et al., 2005). However, the presence of Cl in the gas phase often reduces or 

eliminates the initial incubation stage (Nielsen et al., 2000).

The presence of compounds in deposits and corrosion products is related to the 

Gibb’s free energy, partial pressures of gaseous species and temperature of the 

environment. They can be determined by considering their thermodynamical 

stability. A diagram of thermodynamic stable species of K in wheat straw 

combustion is shown in Figure 2.2. This system considers the presence of C, H, O, 

N, S, Cl, Na, K, and Si.
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Figure 2.2 The thermodynamically stable species of potassium in wheat straw combustion 
(Michelsen et al., 1998)

T h e stab ility  o f  m etal o x id e s  and ch lorid es in  term s o f  CI2 and O 2 partial pressures  

( Pc,2, PQi ) at a sp ec if ic  tem perature can be exp la in ed  by E llin gh am  -  Pourbaix

stab ility  d iagram s (N ie lse n  et al., 2 0 0 0 ) . For ex a m p le , stab ility  o f  corrosion  products  

from  the corrosion  o f  superheater a llo y s  co m p o sed  m ain ly  o f  F e, Cr, and N i at 727°C  

is  sh o w n  in F igure 2 .3 . T he stab ility  o f  corrosion  products o f  F e-N i-C r-M o  a llo y s  at 

500°C  ca lcu la ted  by u sin g  com m ercia l so ftw are nam ed T H E R M O -C A L C  is  sh o w n  

in F igure 2 .4 .

Figure 2.3 Stability diagram of Fe-Cr-Ni-O-CI 
at 727°C (Grabke, 1991; Nielsen et al., 2000)

Figure 2.4 Stability diagram of Fe-Ni-Cr-Mo- 
O-CI at 500°C (Kawahara, 2002)

M etal ch lorid es h ave h igh  vap our pressures and can  evaporate ev e n  at lo w  

tem perature resu ltin g  in  rapid lo ss  o f  m eta ls. V o la tiliza tio n  can  be the g o v ern in g
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corrosion mechanism when the vapour pressure exceeds 10"4 atm (Grabke, 1991). 

The melting points and temperatures at which the CI2 vapours reach 1CT4 atm of 

different metal chlorides are listed in Table 2.1.

Table 2.1 Melting temperature (Tm) and the temperatures that chloride vapours equal to 10*4 
atm (T4) of various metal chlorides (Grabke, 1991; Nielsen et al., 2000)

Metal Chlorides Tm (°C) T4 (°C)

Iron chlorides
FeCl3 676 536
FeCl2 303 167

Nickel chloride NiCl2 1030 607

Chromium chlorides
CrCl2 820 741

CrCl3 1150 611

Deposits containing eutectic mixtures of alkali-metal chlorides have very low 

melting temperatures (eutectic temperatures) compared to their original constituent 

compounds. Once the deposits become melted, the corrosion rate increases 

significantly. The melting temperatures of various compounds and binary mixtures 

are presented in Table 2.2. Extensive lists of this data can be found in Rademakers et 

al. (2002).

Bromine may play a vital role in corrosion. The thermowell made of Inconel 600 (Ni 

balance, Cr 14.0 -  17.0%, Fe 6.0 -  10.0%, Mn 1.0% by weight) severely suffered 

from the high temperature corrosion within 6 months of service in an incineration 

plant in Saudi Arabia (Yin et al., 2005). It was exposed to the hot gas having a 

temperature of 950°C. The fuel for this plant, a combination of purified terephthalic 

acid slurry and closed drain wastes, contains a very high level of Br' being at 12,717 

ppm. Cross section images of the thermowell covered under NaBr salts showed that 

it experienced intergranular attack with the deepest penetration into the metal being 

800 pm. The outermost porous scale consisted mainly of NiO and NiFe2C>4 with 

some threads of Cr/Mn-oxides. Between this porous scale and the metal, there was a 

continuous non-protective oxide layer of nickel chromite spinel (NiCr204) and 

C^CbNiO. These Ni/Cr oxides together with NaBr salts were also found in the 

cracks along the grain boundaries. However, the author pointed out that the role of 

Br was not certain and the main reason of failure might come from the use of an 

inappropriate substrate material. The Cr content in Inconel 600 was not enough to
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form a continuous protective oxide (C^Os) layer as at least 18 -  20% Cr is required 

(Lai, 1990). Furthermore, the Cr203 possibly evaporates at a temperature higher than 

980 -  1000°C (Lai, 1990) which was barely higher than the operating temperature of 

this plant.

Table 2.2 Melting temperatures for different species and binary mixtures (Nielsen et al., 2000; 
Rademakers et al., 2002).

System Melting/Eutectic 
temperature (°C)

Composition at eutectic 
point (mol% alkali) Reference

NaCl 801
KC1 772
FeCl2 677
FeCl3 300
NaCl -  FeCl2 370-374 = 56
NaCl-FeCh 151 45.3
KC1 -  FeCl2 340-393 45.8-91.8
KCl-FeCb 202-202 2 4 -4 7
CrCl2 845
CrCl3 947
NaCl -  CrCl2 437 53.7

(1)NaCl -  CrCl3 544 -  593 68 -95
KC1 — CrCl2 462-475 3 6 -7 0
KC1 -  CrCl3 700-795 5 4 -89
Na2Cr04 792
K2Cr04 980
NaCl -N a 2Cr04 557
KC1 -  K2Cr04 650 68.4
Na2Cr20 7 356.7
K2Cr20 7 398
NaCl — Na2Cr20 7 592 30
K C l-K 2Cr20 7 366-368 25-27.5
48 ZnCl2 + 52 KC1 250
82 ZnCl2 + 18 KC1 262
84 ZnCl2 + 16 KC1 262
73 ZnCl2 + 27 PbCl2 300
31 NaCl+ 69 PbCl2 410
21 KC1 + 79 PbCl2 411

(2)17 NaCl+ 83 PbCl2 415
39 ZnCl2 + 50 KC1 + 11 PbCl2 275
35 ZnCl2 + 48 NaCl + 17 PbCl2 350
16 NaCl + 40 KC1 + 44 PbCl2 400
K2S04 + Na2S04 + ZnS04 384
KC1 + ZnCl2 + K2S04 + ZnS04 292

(Note: (1) from Nielsen et al. 2000, (2) from Rademakers et al. 2002]

In WTE plants, Br may come from the plastic waste of electrical and electronic 

equipment (WEEE). The effect of Br on corrosion was investigated in order to find
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out the possibility of co-firing WEEE waste with MSW (Rademakers et al., 2002). It 

was found that in a mixed fuel having 3% WEEE (Cl increase 0.15 wt%, Br increase 

0.05 wt%), Cl-induced corrosions are still the primary mechanisms, and the 

difference in corrosion rates is not noticeable. The formation of free Br2 can be 

avoided by limiting raw gaseous Br to 300 mg/m3.

Thermal cycling significantly induces hot corrosion to take place at a higher rate. An 

example of the process with thermal cycling and hot corrosion is the induration 

(sintering) furnaces for taconite pellet production where the temperature cycled from 

ambient to approximately 900°C and deposits were mainly composed of Na2S04, 

K2SO4, NaCl, and KC1. Thermal cycling also induces cracking and mechanical 

failures of the scale which subsequently increases the exposure of metal to the 

corrosive environments (Mohanty and Shores, 2004).

2.1.4 Erosion -  Corrosion

Erosion significantly complicates existing corrosion mechanisms especially at 

elevated temperatures. Degradation becomes more severe especially in the 

combination of erosion-hot corrosion because abrasive particles remove outer scales 

and alloy is exposed more to molten corrosive deposits. The effects of erosion 

depends on various parameters such as the particle velocity and size, particle 

composition, loading and shape, temperature and the corrosive conditions. Coatings 

that can prevent high temperature corrosion and erosion are not yet developed. 

However, it should be as dense as ceramic coatings and adherent to the alloy.

2.2 High Temperature Corrosion in Energy Systems

2.2.1 Oil-Fired Boilers

The metal temperatures at the fire-side of the heat exchanger system in oil-fired 

boilers are relatively low being less than 650°C. The materials are often made of 

plain carbon steel, low alloy ferritic steels (e.g. Fe-2l/4Cr-lMo) and for the last 

section, austenitic stainless steels such as 304 (Fe-18Cr-10Ni) are used. The 

corrosion problems in these systems are largely related to the accumulation of
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deposit containing V2O5 and alkali sulphates primarily Na2SC>4. Methods for 

corrosion prevention include (1) reducing the excess air to minimize the formation of 

V2O5, (2) use of co-extruded tube with an outer layer of high Cr alloys (e.g. Ni-50Cr) 

as Cr satisfactorily resists attack of V (Stringer, 1986), (3) avoiding austenitic steel 

as it is very susceptible to sulphidation (McKendry, 2002), (4) use of additives, 

mainly MgO, in order to form higher melting point compounds with V (Fichera et 

al., 1987).

Sulphur present in diesel is the major contribution to the corrosion in diesel fuel 

systems. Repeated economizer tube failures and intermittent failures at the 

condensate preheater, and economizer in power plants using high-speed diesel in 

India are reported (Srikanth et al., 2003). The failures include pitting and thinning on 

the fireside especially on locations covered by deposits. No significant corrosion or 

deposit was detected on the waterside surfaces. The authors suggested that Fe2(S04)3 

present in the deposits on the evaporator (metal temperature 300 -  450°C) and 

economizer (metal temperature 225 -  290°C) contribute largely to this problem. No 

significant corrosion was detected on the superheater (metal temperature 500 -  

550°C) because there is no formation of sulphates. Fe2(S04)3 is thermodynamically 

stable only at temperatures lower than 500°C.

Water vapour released as a result of burning emulsified diesel oil can also cause high 

temperature corrosion in boiler materials made of carbon steel (Wang and Pan, 

2003). The study was conducted in a furnace at the temperatures 750 and 850°C.

2.2.2 Coal-Fired Energy Systems

There are various technologies developed to convert coal into energy. Table 2.3 

shows the service conditions and modes of degradation for the main components that 

are present in various coal-fired energy systems. The main corrosion factors and the 

limiting steps for the corrosion processes are listed in Table 2.4.

Coal-fired boilers generally experience two corrosion problems; superheater and 

waterwall. Firstly, the superheater is attacked by the molten alkali-S04 salts that are 

stabilized by the relatively high local S03 partial pressure. Secondly, accelerated
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wastage of the waterwall takes place in areas where metal temperatures are lower 

than 450°C. This corrosion occurs in the presence of (1) slag deposit containing 

unoxidized pyrite (FeSa) and uncombusted char particles, (2) low concentration of 

O2 due to the misalignment of the burner, (3) significant levels of CO (1 -1 0  vol%), 

and possibly (4) Cl-containing compounds (Stringer, 1986; Meadowcroft, 1987; Li et 

al., 2007). The effects of Cl on corrosion in coal fired boilers are not clear. 

Disagreements are discussed in various literatures (Ho and Doane, 2002).

Using Inconel alloy 740 (Ni-24Cr-20Co) in simulated environments for a pulverized 

coal-fired boiler has been studied at 550 and 700°C (Zhao et al., 2005). Results have 

shown that after the protective scale of Cr2Ü3 is created, damages start from internal 

sulphidation, followed by the hot corrosion fluxing of oxide and molten salts.

Corrosion can be prevented by using coextruded tubes with an outer layer of 310 

stainless steel (Fe-25Cr-20Ni) or equivalent. High Cr alloys are ideal since Cr 

exhibited good resistance against this environment (Li et al., 2007) Additives are 

sometimes useful. Plasma sprayed coating is also beneficial. Other approaches could 

be correcting the combustion design and avoiding using high Cl coals (Meadowcroft, 

1987).

Coal-fired fluidized bed boilers often contain deposits rich in CaS04 as a result of 

limestone addition in order to capture S. Corrosion especially internal sulphidation 

are often found on the metal that is covered under these deposits and has 

temperatures above 500°C. Erosion in the bed can increase damage by aggravating 

carburization, sulphidation and oxidation of alloys. In this case, coatings are not 

particularly helpful due to the high loadings of flue-gas entrained particles resulted 

from fluidized bed operation. Coated layers can be easily eroded as particles attack 

the surface. However, chromizing could be the best available method.

Coal Gasifier consists mainly of C-containing gases and to a lesser extent S and O. 

Forms of corrosion can be a combination of carburization, sulphidation, and 

oxidation. Presence of HC1 could further complicate the problems. Aluminide 

coatings are susceptible in the presence of HC1. Coextruded tubes might be a suitable 

solution but there are little concrete evidence (Meadowcroft, 1987)
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Table 2.3 Operating conditions and modes of corrosion/degradation for component materials in coal-fired systems (Natesan, 1993)

T e c h n o lo g ie s G a s  e n v i r o n m e n t
G a s
t e m p e r a t u r e  ("C )

M e ta l
t e m p e r a t u r e  (”C )

D e p o s i t  ty p e P a r t i c u l a t e M o d e  o f  d e g r a d a t io n

H e a t  e x c h a n g e r s

P u lv e riz e d  c o a l f ired  b o ile rs O x id iz in g 1 3 0 0 - 1 6 0 0 4 0 0 - 7 0 0 A lk a li,  s u lp h a te s , a sh F ly  a s h ,  <  2 0 m /s A lk a li  c o rro s io n , fo u lin g

F lu id iz e d  b e d  c o m b u s t io n O x id iz in g ,  lo c a l ly  r e d u c in g 8 5 0 4 0 0 - 8 5 0 C aS O », C a O , c a rb o n , f ly  a sh S o rb e n t b e d , f ly  a sh , >  3 m /s
O x id a t io n  -  s u lp h  
¡d a tio n , e ro s io n

G a s if ic a tio n R e d u c in g ,  m o d e ra te  to  h ig h  H 2S 9 0 0 - 1 1 0 0 4 0 0 - 6 5 0 F ly  a sh , a lk a lis ,  c h lo r id e s F ly  a sh , <  2 0  m /s S u lp h id a tio n  -  e ro s io n , fo u lin g .

M a g n e to h y d ro d y n a m ic  s y s te m O x id iz in g 1 4 0 0 - 1 6 0 0 4 0 0 - 7 0 0 K 2S O 4, fly  a sh  -  s la g F ly  a sh , <  2 0  m /s , see d P o ta s s iu m  c o rro s io n , fo u lin g

T u r b in e s

C o m b in e d  c y c le  (g a s if ic a t io n ) O x id iz in g 8 5 0 - 9 0 0 8 5 0 - 9 0 0 F ly  a sh  -  s la g , a lk a li S la g , 2 0 0  -  5 0 0  m /s H o t c o rro s io n  -  e ro s io n

F lu id ize d  b e d  c o m b u s t io n  
e ff lu e n t

O x id iz in g 8 5 0 - 9 0 0 8 5 0 - 9 0 0
A lk a li s u lp h a te s , fe ld s p a r s ,  
a lu m in o s ilic a te s , s o rb e n t

F ly  a sh , s o rb e n t,  2 0 0 -5 0 0  m /s H o t c o rro s io n  -  e ro s io n

D ire c t-f i re d  tu rb in e s O x id iz in g 100 0 1000 A lk a lis ,  c h lo r id e s ,  fly  a s h  -  s la g F ly  a sh , 2 0 0  -  5 0 0  m /s H o t c o rro s io n  -  e ro s io n

Table 2.4 Key variables and limiting step of material corrosion/degradation in coal-fired systems (Natesan, 1993)

P h e n o m e n o n K e y  v a r i a b l e s P o s s ib le  r a t e - l im i t in g  s t e p

B o ile r - tu b e  c o r ro s io n A lk a l i  c o n te n t,  c h lo r in e  le v e l, te m p e ra tu re , f ly  a sh A lk a li  c o n d e n s a tio n , o x id e -s u lp h a te  re a c t io n

S u b s to ic h io m e tr ic  c o m b u s t io n  (a ls o  g a s if ic a t io n )
O x y g e n  a n d  s u lp h u r  p a r tia l  p re s s u re s ,  te m p e ra tu re ,  d o w n tim e  c o n d e n s a te , a lk a l i-  
s la g  d e p o s i t

F ra c tu re  o f  o x id e  s c a le , o x id a tio n -s u lp h id a tio n , p i t t in g  a n d  c re v ic e  fo rm a tio n

F lu id iz e d  b e d  c o m b u s t io n  in -b e d  c o r ro s io n -  
e ro s io n

B e d  c h e m is try ,  lo c a l p a r t ic le  v e lo c ity , p a r tic le  s iz e  a n d  lo a d in g
O x id a tio n -s u lp h id a tio n  o f  b a se  m e ta ls , a rr iv a l ra te  o f  p a n ic le s ,  frac tu re  o f  
s u r fa c e  sca le s

L o w  te m p e ra tu re  h o t  c o r ro s io n T e m p e ra tu re ,  s a l t - f i lm  th ic k n e s s ,  te m p e ra tu re  g ra d ie n t, s u lp h u r  lev e l, a lk a li  le v e l S u lp h id a tio n  o f  t ra n s ie n t  o x id e s , t r a n s p o r t  o f  b a s e  m e ta ls  (i.e . C o , N i)

H o t c o r ro s io n -e ro s io n A lk a l i  le v e l, te m p e ra tu re ,  p a r tic le  s iz e , lo a d in g , a n d  v e lo c i ty F ra c tu re  o f  s c a le , s u lp h id a t io n  o f  t r a n s ie n t o x id e s , tra n s p o rt  o f  b a se  m e ta ls

N>o



2.2.3 Gas Turbines

Gas turbines are widely used in various applications. The processes that require high 

quality turbine materials in order to withstand the harsh environments are the 

aviation industry, marine industry, and electric power generation (Pettit and Goward, 

1983a). The severity of corrosion and degradation present in these applications are 

compared in Table 2.5.

Table 2.5 Comparison of corrosion and degradation problems (surface oriented problems) for 
gas turbine applications (Pettit and Goward, 1983a)

Applications Oxidation Hot corrosion Interdiffusion Thermal fatigue

Aircraft propulsion Severe Moderate Severe Severe

Electric utility Moderate Severe Moderate Mild

Marine propulsion Moderate Severe Mild Moderate

In general, the hot corrosion is more severe in the electric utility and marine 

applications due to the quality of fuels used. Gas turbines in aviation (gas inlet 

temperatures up to 1350°C, and metal temperatures of 850 -  900°C) usually bum 

clean fuel. Therefore, impurities mostly come from the air. Industrial applications 

(gas inlet temperatures around 1150°C, and metal temperatures of 850°C) suffer 

severe hot corrosion mainly due to impurities existing in the liquid fuel, namely V 

and Na. Na removal by washing it out from fuel is straightforward whereas removal 

of V can be a problem. Using a large amount of MgO results in the formation of 

deposits, leading to a reduction in the plant’s efficiency. For all applications, salt 

contamination from the surrounding environment (particularly in the oceanic 

regions) is another potential source of corrosion. In addition, when aircraft is in 

operation close to desert regions, it is susceptible to erosion -  corrosion, due to sand 

ingestion.

Hot corrosion on gas turbines occurs in 2 stages; (1) at temperatures ranging from 

825 to 950°C by Na2SC>4 and to a lesser extent MgS04 and CaS04 and (2) at 

temperatures ranging from 700 to 800°C by complex sulphates containing Co and Na 

under a relatively high local partial pressure of S03 (Stringer, 1986).
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Generally, materials used in gas turbines at elevated temperatures in the high 

velocity gas stream are AI2O3 formers, and coatings are principally pack aluminide 

with possible additions of Cr or Pt. Minor additions of Si are found to significantly 

increase the quality of these aluminide coatings.

Hot corrosion could be efficiently prevented by using coatings containing M-Cr-Al- 

Y where M represented Co or Co/Ni. These coatings could be applied by either 

electron beam physical vapour deposition or vacuum plasma spraying techniques. 

Additionally, Y203-stabilized ZrC>2 plasma sprayings over M-Cr-Al-Y coatings 

could be applied as thermal barrier coatings. However, Y2O3 can be destroyed under 

V-containing deposits (Pettit and Goward, 1983a).

2.2.4 Black Liquor Boilers

In the Kraft pulping process where the operating temperature is typically 170°C, 

wood chips are cooked in liquor containing NaOH and Na2S resulting in a mixture of 

cellulose fibers and black liquor. The black liquor consists of (1) organic extractives, 

(2) products from lignin fragmentation reactions, and (3) residual inorganic 

chemicals such as Na2S, Na2SC>4, Na2S2C>3, Na2C03, NaOH and, to a lesser extent, 

NaCl. Organic constituents in black liquor are the main factors governing the low 

temperature corrosion of carbon steel equipment (Singh and Anaya, 2007).

Problems of high temperature corrosion arise in the co-combustion of this black 

liquor with oil or gas to recover the energy. Inorganic constituents become the major 

factors as a considerable amount of Na2SC>4 and Na2CC>3 produced in the combustion 

chamber induces hot corrosion processes (Bemath et al., 1998). Using high alloy 

materials such as Ni-50Cr with coextrusion by the same material can prevent the 

corrosion (Stringer, 1986).

2.2.5 Nuclear Reactors

The high temperature corrosion in nuclear reactors occurs due to the impurities 

present in the coolants which react with material particularly ferritic steel (e.g. Fe- 

9Cr). Impurities such as CO, H2O and hydrocarbons induce the formation of internal
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precipitates principally of carbides at grain boundaries. This deteriorates mechanical 

properties of alloys and causes physical disruption of the Fe3Û4 layer. A prevention 

method may be oxide deposition applied by sol-gel or equivalent coatings that can 

hinder the carbon transport (Stringer, 1986).

2.3 Energy Recovery Facilities Using Biomass and Waste

2.3.1 Corrosion Sensitive Areas

The energy recovery facilities using biomass and waste commonly consist of (1) the 

fuel receiving area and the fuel storage, (2) fuel feeding system, (3) furnace, (4) 

boiler or heat recovery system and steam turbine, (5) air pollution control system, (6) 

residue treatment equipment, and (7) control unit.

The problems related to high temperature corrosion take place in the furnace areas 

especially on the heat transfer surfaces, namely the waterwalls in the first pass of the 

boilers, screen tubes between the passes, and the superheater tubes. Further details 

are discussed in section 2.4 and 2.5.

The corrosion process and the degree of damage are governed by various factors 

including the metal temperature and the flue gas temperature. The metal temperature 

depends largely on the operating conditions of steam or the coolants for that boiler, 

and the surrounding temperatures (of hot flue gases). The operating temperatures of 

a WTE plant in the Netherlands are shown in Table 2.6.

Table 2.6 Operating conditions of boiler components in a WTE plant in the Netherlands 
(Rademakers et al., 2002).

Boiler part Steam system Metal temperature (°C) Gas temperature (°C)

Waterwall Evaporator 265°C -300 -  1000-800

Screen tubes Evaporator 265°C oocnl -8 0 0 -7 0 0

Superheaters Steam 400°C -450 -7 0 0 -6 0 0
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In general, modem biomass power plants or WTE plants are designed to produce 

superheated stream that has temperatures of approximately 400°C at the pressures of 

40 bar (Rademakers et al., 2002). However, the designs are greatly varied. For 

example, an outgoing steam having a temperature of 450°C and a pressure of 61 bars 

were achieved in a 10.7 MW wheat straw plant at RudhObing KVV, Denmark 

(Michelsen et al., 1998). The temperatures of flue gas around the superheater 

locations range from 725 to 750°C.

2.3.2 Typical Material Used for Superheater Tubes

Throughout the world, different categories of superheater materials are reported 

ranging from low-alloyed steels to Ni-based alloys. The chemical compositions of 

these alloys are compared in Table 2.7. For some alloys, the maximum steam 

temperatures for their application in straw-fired boilers are given. The theory of 

alloys and the role of additive elements are further discussed in the ‘Chapter 3 

Theory’.

The most common material used for the fabrication of superheater tubes in the WTE 

plants in UK is carbon steel 15Mo3. This type of low alloyed steel has revealed its 

lack of ability to withstand the harsh environment in the furnace. Therefore, other 

types of materials are increasingly introduced either to replace or to reinforce the 

strength by overlay welding and coating. Ni-based alloys, for example alloy 625 and 

alloy 59, are the most common choice. These alloys are widely applied in fabricating 

the tubing materials for heat recovery systems in advanced WTE plants due to their 

high corrosion resistance and/or heat resistance. Commercial Ni-based alloys that 

could be used in WTE plants are, for example (Mankins et al., 1990):

1. Alloy 625: Ni-Cr-Mo alloy with an addition of Nb.

2. Alloy C-276: Ni-Mo-Cr alloy with an addition of W and Mn.

3. Alloy 556: Fe-Ni-Cr-Co alloy

4. Alloy 800: Fe-Ni-Cr.
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Table 2.7 Chemical composition (wt%) of material commonly used in the fabrication of superheater tubes in biomass and waste derived energy systems. (The 
values of maximum steam temperature are subject to application in straw-fired boilers)

Alloy C C r Fe M n M o Ni Nb V , O th e rs
M ax. steam  

tem p .
R ef.

ST35.8 0.2 Bal 0 .6 P, S, Si: trace (1)
15M o3 0.12-0 .20 Bal. 0 .40-0 .90 0.25-0.35 P, S: <0.035, Si: 0.10-0.35 <  450°C (1) (2)
13C rM o44 0.13 1.00 Bal. 0.50 (3)
IO C rM o910 0.10 2.25 Bal. 0 .50 1.00 (3)
H C M 2S 0.06 2.25 Bal. 0 .30 0.05 0.25 N , B: trace, W : 1.60 (3)
P91 0.10 9.00 Bal. 1.00 0.07 0.23 N: trace (3)
N F 6 I6 0.10 9.00 Bal. 0.50 0.06 0.20 N,B: trace, W: 1.80 (3)
X20CrM oV12I 0.2 11.2 Bal 0.5 1.0 0.5 T race P, S, Si: trace <  470°C (1) (1)
H C M 12 0.10 12.00 1.00 0.05 0.25 W: 1.00 (3)
E ssh e te l2 5 0 0.1 15.0 Bal 6.3 1.0 9.5 Trace T race B: Trace (1)

C -276 <0.010
14.5
16.5

4 .0
7.0

< 1.0
15.0
17.0

Bal <0.35 Co: <2.5, P: <0.025, S: <0.010, Si: 
<0 .08, W : 3 .0 - 4 .5 (4)

X3CrNiMoN1713 0.03 17.00 Bal. 2.25 13.00 N: trace (3)
T P 347H  FG 0.07 18.00 Bal. 10.00 1.00 < 540°C (3)
A IS I3 4 7 F G 0.07 18.0 Bal. 2 .0 12.0 N b+Ta:<1.2 <0.5 Si: <0.75 (5)
S u per304H 0.10 18.00 Bal. 9 .00 0.40 N: trace, Cu: 3.0 (3)
NF709 0.07 20 .00 Bal. 1.50 25.00 0.25 Ti: 0.05 (3)

625 <0.10 20.0
23.0

< 5 .0 < 0.50
8.0
10.0

Bal
(> 58 .0)

Nb+Ta: 3.15- 
4.15

Al: <0.40, Co: <1.0, P: <0.015, S: 
<0.015, Si: <0.50, Ti: <0.40 (6)

556 0.10 22
Bal.

(> 31 .0 )
1.0 3 20

A l: 0.2, Co: 18.0, La: 0.02, N: 0 .2, Si: 
0.4, Ta: 0.6, W :2.5, Zr: 0.02 (7)

59 <0.01
22.0
24.0

<1.5 <0.5
15.0
16.5

Bal.
A l: 0.1 - 0 .4 ,  Co: <0.3, P: <0.015, S: 

<0.005, Si: <0.10 (8)

H R 3C 0.06 25.00 Bal. 20 .00 0.40 N: trace (3)
HR6VV 23.00 Bal. 1.00 43 .00 0.20 Ti: 0.10, W: 6.00 (3)
San icro 2 8 0.02 27.0 Bal 1.7 3.5 31.0 C u: Trace (1)

Note: (1) for Persson et al. (2007), (2) for E-Pipe Co. Ltd. (2007), (3) for Nielsen et al. (2000), (4) for Mankins et al. (1990), (5) for Nielsen et al. (1999), (6) for 
N> ThyssenKrupp VDM (2002b), (7) for Haynes International Inc. (1998), and (8) for ThyssenKrupp VDM (2002a)



2.4 High Temperature Corrosion in Biomass Power Plants

There are different types of biomass and each has different composition and 

combustion characteristics. Table 2.8 presents the estimated variations of 

conventional properties of biomass species.

Table 2.8 Biomass fuel properties (the unit is in wt% unless indicated otherwise; elemental 
compositions is on a dry basis) (Yang et al., 2005)

Moisture Volatile
matter

Fixed
carbon Ash LCV Particle

diameter Bulk density

5 -5 0 65 -85 7 -2 0 0 .5 -20 15-22  MJ/kg 1-100  mm 20 -710  kg/m3

C H O N S Cl Thermal
conductivity

3 8 -5 3 4.5 -  7.0 3 2 -45 0.15-2.7 0.02-0.35 0 -0 .5 0.07 -  0.5 W/mK

The high temperature corrosion in biomass power plants is often found to be related 

to the particulate deposition on the superheater tubes, particularly when the deposits 

contains alkali chloride compounds (such as KC1). Critical corrosion can take place 

at temperatures below the melting points of the salts (Michelsen et al., 1998; Nielsen 

et al., 1999).

The main constituents of biomass deposits are K, Si, Ca and possibly high levels of S 

and Cl depending on the type of biomass (Nielsen et al., 2000). Cl plays a vital role 

in corrosion of the furnace (Baxter et al., 1998). It was estimated that Cl 0.1 wt% in 

biomass is roughly equivalent to 100 ppmv of gas phase CI2 in the furnace.

Studies on the inorganic content of different types of biomass (Baxter et al., 1998; 

Michelsen et al., 1998) revealed that the weight percentages (on a dry basis) of K, Cl 

and S in Danish biomass species vary in the range of 0.033 -  1.66 wt%, 0.025 -  2 

wt%, and 0.1 -  0.2 wt% respectively. In general, straw and grasses contain a higher 

concentration of alkali metals and Cl when compared with wood. A straw derived 

deposit having Cl content as high as 38% was reported (Nielsen et al., 2000).

The schematic pathways of K, Si and Cl in a biomass-fired system are shown in 

Figure 2.5.
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Radiant superheater

KCI(g) K 2SO 4 (g) KCI(cr) +
K jSO 4(cr)

\
KCI(cr)

Convective section: 
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superheater, reheater,

1

i

HCI(g), SO 2(g), 
aerosols (rich 
in KCI + K 2SO„)

economizer, air 
preheater etc.

K 2O.SiO 2(cr)

Figure 2.5 Pathways of K, S, and Cl in a biomass power plant system (Nielsen et al., 2000)

T he d ep osit-in d u ced  corrosion  in b io m a ss en ergy  sy stem s ca u ses a s ig n ifica n tly  

h igher corrosion  rate at 2  - 2 0  tim es h igher than the rate ty p ica lly  d etected  in  co a l-  

fired  p o w er  p lants, d esp ite  the re la tiv e ly  lo w  S con tent o f  b io m a ss. O ne w a y  to  

prevent corrosion  traditionally  is  to  k eep  the steam  tem perature to  b e lo w  450°C  

(N ie lse n  et a l., 1999; N ie lse n  et a l., 2 0 0 0 ).

T h e h ig h  tem perature corrosion  o f  superheater tube m aterial in straw -fired  b o ilers  

w a s stud ied  in  the laboratory (N ie lse n  et a l., 1 999). M etal co u p o n s o f  b o iler  tube  

stee l (ferritic X 2 0 C R M V 1 2 1  and au sten itic  A1SI 3 4 7 F G ) w ere co vered  w ith  (1) KCI, 

(2 )  K2SO4, (3 ) a m ixture o f  KCI and K2SO4 and (3 ) real d ep o sits  from  a straw -fired  

grate b oiler. T est e lem en ts  w ere then  ex p o se d  to  a syn th etic  flu e  gas (c o m p o se d  o f  6  

vo l%  O2, 12 vol%  C O 2, 4 0 0  p p m v HC1, 6 0  p pm v SO2, b alan ce N2) in  e lec tr ica lly  

heated  o v en s  h av in g  a tem perature o f  550°C . E xp osu re tim es  varied  from  1 w e e k  to  

5 m onths. T he resu lts sh o w  that corrosion  d am age w a s greater in the m etal co u p o n s  

co vered  w ith  d ep osits  con ta in in g  KCI com pared  to the sa m p les  co vered  so le ly  by  

K2SO4 or by no d ep osit at all. T h e au sten itic  A1S1 3 4 7  w a s m ore resistant to the C l- 

ind u ced  corrosion  than the ferritic X 2 0 . T he corrosion  by KCI w a s gen era lly  u niform  

w ith  m inor internal attacks. H o w ev er , a 2 0 0  pm  d eep  crack h av in g  Cl at the b ottom  

o f  the p it w a s  detected . T he corrosion  rates, determ ined  as the th ick n ess  o f  the o x id e
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layers, w ere found to fit a parabolic rate la w  w h ere the corrosion  is  con tro lled  by the  

d iffu sio n  o f  the g as p hase through th e o x id e  layer.

T he corrosion  y ie ld s  prim arily o x id e s  o f  F e and Cr. T h e outer part o f  the o x id e  layer  

w a s m ain ly  F exO y w h ereas the inner part right n ext to  the b ase m etal o cc a s io n a lly  

con ta in ed  th in  layers o f  su lp h id e (C rxS y) and traces o f  F exC ly and CrxC ly. O n top  o f  

the o x id e  layers, a m olten  m ix ed  layer o f  K 2S O 4 and w ith  threads F exO y w as  

detected . T he structure o f  th is m ix ed  layer is  sim ilar to a  lam inar (p in -strip ed ) 

eu tectic  structure. A  scan n in g  electron  m icro sco p e  (S E M ) m icrograph  and the  

sch em atic  d iagram  o f  a corroded cou p on  covered  w ith  KC1 and K S O 4 are sh o w n  in 

F igure 2 .6 .

(  )  KCI particles,
[ Ï K2S 0 4 at surface

Mixed layer anci Fe«Oy

F e ,p y and CrxO y 
Traces of metal chlorides in 
corrosion front
Possible internal attack

------------- 20 pm

(a) (b)

Figure 2.6 Corroded metal coupons covered under KCI and KS04: (a) SEM image, (b) 
schematic diagram (Nielsen et al., 1999)

Oxide layerv~v~z
Base metallayer

T he authors su g g est that KCI form ed  a m elt m ixture w ith  KSO4 and iron co m p ou n d s  

(F e xO y and F e C h ) on  top o f  th e  o x id e  layer. T h ese  m ixtu res accelerate the su lp h ation  

reaction  w h ich  y ie ld s  HC1 and C b  accord in g  to the equations:

1 . 2 K C l(s)  +  S 0 2 (g )  +  V  2 0 2 (g )  +  H 20 ( g ) K 2SOA (s)  +  2H C I(g)  and

2 . 2 KCl(s) + S 0 2( g ) +  0 2(g )  - >  K 2S 0 4(s ) + Cl2( g ) .

T he su lphation  a lso  can  occur by S O 3 as a result o f  cata ly tic  co n v ersio n  from  S O i (g )  

b y  the F exO y in the d ep osits .
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Furthermore, gaseous chlorine species can also be created from (1) the reaction of 

alkali chlorides with the metal oxides (Na2CrC>4, Na2Fe3C>4), or (3) the reaction of 

alkali chlorides with Cr3C2.

The gaseous chlorine products (HC1, or CI2) then diffuse back to the metal surface 

through the oxide layer and react with metals (particularly Fe and Cr) to form 

volatile metal chloride compounds. These compounds are thermodynamically stable 

at the interface between metal and oxide, where the partial pressure of O2 is low. 

When they diffuse to the outer scale where the partial pressure of O2 is higher, they 

are readily oxidized to form an un-protective oxide layer. The liberated gaseous CI2 

may subsequently diffuse back to the base metal and react with Fe and Cr again.

This mechanism can explain the shift in corrosion behaviour with temperature. 

Simultaneous thermal analysis (STA) revealed that the melting point of the mixture 

KCl-K2S04-Fex0 y is 577°C, and is even lower in the presence of other corrosion 

products such as FeCb-

Nielsen et al. (1999) concluded that Cl can cause accelerated corrosion by increased 

oxidation, metal loss, internal attack, void formations and loose non-adherent scales. 

The presence of HC1 in biomass-fired boilers even in the high concentration up to 

1000 ppmv might not cause a corrosion problem due to the gaseous attack, but may 

increase sulphidation of water-walls in the local reducing atmosphere in boilers of 

both pure biomass, and coal and biomass co-fired systems. Gases of HC1 and CI2 

may increase the volatilization of alkali elements from coal in the co-fired power 

plant. The most severe corrosion induced by Cl is often related to deposits of alkali 

chlorides by the following mechanisms: (1) intra-deposit sulphation of alkali 

chlorides by SO2 which release HCl(g) and Cl2(g) close to the metal surface, (2) 

reactions of alkali chlorides and metal scale or Cr3C2 which releases gaseous Cl 

species close to the metal surface, (3) accelerated corrosion due to the molten alkali 

sulphates. Moreover, there is evidence that Cl-containing deposits are not only able 

to diffuse through the protective oxide layer but they also can destroy the protective 

oxide layer and create ways to the metal surface. However, the mechanisms are still 

unclear.
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The effects of temperatures on the severity of corrosion are obvious in the study 

conducted by Michelsen et al. (1998) in a 10.7 MW wheat straw-fired boiler in 

RudkQbing, Denmark (Michelsen et al., 1998; Frandsen, 2005). The experiments can 

be divided into 2 parts: (1) analysis of mature deposit on the existing superheater 

tube, and (2) the probe experiment. There was negligible corrosion occurring on the 

existing superheater tube at steam temperatures of 450°C. An air-cooled probe with 

surface temperatures of 460°C and 550°C was inserted in the furnace to collect the 

deposits in the flue gas with temperature between 725 to 750°C (just before the 

superheater). The probe was made of stainless steel and had an outer diameter of 38 

mm. The sampling times were 2,4 and 14-16 hours.

The results revealed that corrosion takes place when the metal temperature is over 

520°C. The upstream side deposit on the probe consisted mainly of fly ash and large 

amounts of condensed KC1, while the downstream side deposit appeared as powdery. 

The upstream deposits were darker and denser. Deposits consisted mainly of K and 

Cl, which accounted for 40 -  80%, and other minor components such as Si, Ca and 

S. On the 550°C probe, the inner layer of deposit was very dense and consisted of 

almost pure KC1. The structure and the density of the layer indicate that molten 

phases have been present in the dense layer next to the metal oxide layer. For the 

460°C probes the inner layer was thinner and consisted of individual angular 

particles and was not as dense as on the 550°C probes. The difference between the 

inner layer of the deposit and nearby molten phases may play the determining role in 

the corrosion of superheater tubes. Corrosion probe studies revealed that the 

corrosion rate increased moderately in the steam temperature interval 490 -  520°C 

and markedly at temperatures above 520°C. Selective corrosion is observed at steam 

temperatures above 490°C where Cr and to a lesser extent Fe are removed from the 

alloy leaving a degraded metal phase enriched in Ni.

Another similar study was carried out at the 33 MWth straw-fired MasnedQ 

combined heat and power plant (Hansen et al., 2000). Two types of deposit were 

analysed: (1) approximately one year old superheater deposits and (2) deposit 

collected on an air/water-cooled stainless steel probe. Probes were placed at two 

positions: on the top of the furnace (6 h with a metal temperature of 550 -  700°C)
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and on the top of the convective pass (6 h, with a metal temperature of 540 -  620°C). 

The flue gas temperatures at sampling points were about 1000°C.

Deposits on the probe consisted of an inner layer of KC1 and FexOy and an outer 

layer of sintered fly ash. The threads of FexOy in the layer of KC1 were noticed.

The mature deposits from the superheater were relatively thick; some were up to 10 

cm in thickness. The deposits were shown to have a layered structure as follows: 

from the metal surface (1) a white thin layer of Fe/Cr-oxide, (2) a grey thin dense 

layer of K2SO4 with white threads of FexOy, (3) a light coloured thicker porous layer 

of KC1 crytals, (4) a relatively thick massive layer of amorphous KC1, (5) a relatively 

thick massive layer of KC1 with ash particles, (6) a porous layer of sintered fly ash 

particles mainly consisting of K, Ca, and Si. The massive layers, starting from the 

fourth layer, showed that the temperature of the deposits was higher than 770°C 

(melting point of KC1). For mature deposits, threads of FexOy commonly found in a 

K2SO4 layer are not found in a KC1 layer. The authors suggest that K2SO4 was the 

result of sulphation of KC1 by gaseous SO2 or most likely SO3 as this equation: 

2KCl + SO2 +1/2 0 2 + H20  -> K2S04 + 2HCI. Sulphation might be accelerated by 

the high operation temperature of this plant. However, the sulphation is a slow 

reaction and is related to the presence of FexOy. FexOy provides one or more species 

that form eutectic mixtures with KCl and also increase the rate of SO3 formation. 

The low corrosion detected in this plant might be due to the dense layer of K2SO4 

that does not enhance corrosion for temperatures below 700°C.

2.5 High Temperature Corrosion in Waste to Energy Plants

Corrosion problems in WTE plants can be divided into 2 basic types according to the 

temperature and the locations that problems emerge: (1) low temperature corrosion 

and (2) high temperature corrosion (Klasen and Gomer, 2000). Low temperature 

corrosion is driven by the acid products of the reactions between SO3, CI2, CO2 and 

H2O. It occurs at the cold end of the plants and will not be further addressed in this 

present study.
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Klasen and Groner (2000) state 3 main mechanisms of high temperature corrosion:

1. Liquid phase corrosion caused by molten alkali metal salts that are eutectic 

mixtures having a very low melting points.

2. Cl-induced corrosion usually occurs at temperatures above 475°C. Cl generally 

existing in the fuel leads to the formations of HC1, CI2, and other Cl-containing 

compounds in the deposits. Damage is increased in the presence of the 

compounds of Pb, Zn and Sn (Oksa, 2006).

3. Corrosion due to non-uniform furnace atmosphere: reducing environments 

allow CO and H2S to react with the protective oxide layer of metal oxides. The 

reactions take place in the temperature range of 400 -  600°C.

The corrosion rate occurring in the boiler or furnace depends largely on:

1. The properties of the heat exchanger materials. This topic i discussed further in 

the following sections.

2. The design of the furnace and the air supply. Efficient design should provide 

oxidizing and well-mixed conditions throughout the plant (Klasen and Gomer, 

2000).

3. The operating conditions of the plant such as the fuel properties, temperatures 

of hot gases and temperatures of the metal surfaces. These factors determine the 

composition, and the phases of compounds existing in the furnace. Operating 

conditions significantly control the deposition rate of the deposit and its 

characteristics including gas permeability and gas penetrating properties (HC1 

and O2), deposit thickness, and corrosive components (Cl, SO4, alkaline and 

heavy metals). Burning inhomogeneous fuel and the application of soot blowing 

result in temperature fluctuation and possibly cause a local reducing atmosphere 

in the furnace.

A brief diagram illustrating the factors affecting particle deposition and corrosion on

the heat recovery tubes is shown in Figure 2.7.
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Deposition Materials in Combustion Gas
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Oxides, Sulfates 
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Figure 2.7 Main factors controlling the particle deposition and the corrosion rate on a heat 
recovery tube (Kawahara, 2002)

E x p erien ce  on  the corrosion  rates for b o iler  co m p o n en ts  o f  severa l W T E  p lants in  

the N eth erlan d s is  sum m arized  in T ab le 2 .9 .

Table 2.9 Experience on corrosion rates for boilers components of Dutch WTE plants 
(Rademakers et al., 2002)

Boiler part Evaporator tubes Superheater tubes

T u b e  w a ll te m p e ra tu re ~  2 0 0  -  3 00°C ~ 4 0 0 - 5 3 0 ° C

T u b e  a r ra n g e m e n t M e m b ra n e  w all B u n d le s

M a te ria l C a rb o n  s te e l (S T  3 5 .8 ) L o w  a llo y  s tee l (1 5 M o 3 )

T y p ic a l c o rro s io n  ra te s 0 . 1 5 - 0 . 3 0  m m /y e a r 0 .2 0  -  0 .4 0  m m /y e a r

H ig h  c o rro s io n  ra te s 0 .3 0  -  2 .0  m m /y e a r 0 .4 0  -  4 .0  m m /y e a r
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High temperature corrosion mechanisms in WTE plants were studied by analysing 

corrosion products collected from both full-scale plant and conducting laboratory 

tests (Kawahara, 2002). In the plant, two typical superheater materials, SA213-T12 

(lCr - 0.52Mo) low alloy steel and alloy 625 (21Cr - 9Mo - 3.5Nb - Ni based) were 

exposed to the combustion gases for 3000 and 13,800 h respectively. The metal/gas 

temperature was 550/635°C for T12 and 465/650°C for alloy 625. Laboratory tests 

were divided into 2 parts. The first part was the corrosion test of various superheater 

materials by the embedded method. A specimen is embedded in the real boiler 

deposit (< 150 pm + 10 wt% KC1) using a crucible as a container. It was then 

exposed to simulated gas (HC1 1000 ppm, S02 150 ppm, C02 and 0 2 10 vol%, H20  

20 vol%, and N2 balance) at the flow rate of 600 ml/min at 600°C for 200 h. The 

second part was the penetration tests of corrosive components from deposits into 

oxides. Glass tubes filled with different oxides (Fe203, Fe3C>4, Cr20 3, Si02, and 

A120 3) were placed vertically in deposits and were heated in mixed gas at 550°C for 

200 h.

Corrosion products formed on both steels have protective lamellar oxide structures 

of Fe3C>4 and dual Cr203/Mo02/Nb205 - Fe304/Ni0. This is due to the environmental 

change during operation that affects the stability of oxides and chlorides of these 

metallic elements. The stabilities of oxides and chlorides of metallic elements are in 

the order of Cr > Mo ~ Fe > Ni and Cr > Fe > Ni ~ Mo, respectively. At the scale- 

alloy interface, comparatively soft metal chlorides, oxides, and sulphides were found. 

The reaction takes place at the scale-alloy interface during steady state corrosion 

therefore seems to be gaseous corrosion, where simultaneous chlorination, 

sulphidation, and oxidation occur. Oxy-chlorination could be the main reaction, 

while electrochemical reaction with molten salt corrosion can occur at the initial 

stage of reaction. Penetration of corrosive components including molten phases, 

volatile chlorides having high vapor pressures (ZnCl2, NaCl, KC1, etc.) and gas 

components (HC1, Cl2, S02, 0 2, etc.) into scale occurs through the defects in the 

scale or oxide film. The penetrating extent of deposits is reduced in the following 

order: Fe203 »  Fe3C>4 > Cr203 > A12C>3 > Si02 which corresponds to the 

vulnerability of these oxides to chlorination. In the soot blower-affected zone, 

deposit removal consequently causes scale defects through which a molten phase of 

deposits can penetrate. This increases initial molten salt corrosion. Furthermore, the
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so o t b lo w er  ca u ses  h igh  P0i con d ition  at the outer part o f  the corrosion  products.

w h ile  a h igh  Pcli con d ition  occu rs at the corrosion  p rod u cts-a lloy  in terface.

A cco rd in g ly , p ee lin g  and fa llin g  o f  the sc a le s  tak es p la ce  and a ccelera tes the  

con tin u ou s su pp ly  o f  C l from  th e ou tsid e  and in d u ces oxy -ch lo r in a tio n . In sum m ary, 

the corrosion  m o d els  w ere  presented  as sh o w n  in F igure 2 .8 .

Figure 2.8 Scale structure and corrosion mechanisms in Ni-Cr-Mo-(Nb, Fe) alloy (Kawahara, 
2002)

T he authors d iv id ed  corrosion  m ech a n ism s into  3 section s: reaction  in d ep o sits , 

reaction  in  sca le , interface b etw een  o x id iz ed  sca le  and m etal. A ll p o ss ib le  reaction s  

are sum m arized  and illustrated  in  F igure 2 .9 .

a. Reaction in deposits: gas permeation and HCI/Cl2 production

1. H argreaves reaction:

IN aC l +  S 0 2 + 1  / 2 0 ,  + H 20  = N a2S 0 4 +  2 HCl (4 3 0  -  540°C )

2. D ea co n  reaction: 4 HCl + 0 2 = 2Cl2 +  2H 20  (ca ta ly tic  reaction)

3. 2NaCI + S02 + 0 2 =  C l2 + Na-,S04

4 . N a2S 0 4 +  3 R =  N a20  +  3 RO +  S  (R  is  reductant)
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b. Reaction in scale:

1. Protective film of Fe204

2. Penetration of molten phase and gaseous components through scale defects 

which lead to a change in PCh and PQi at the interface, and hence to the reaction

rate.

c. Reaction at the oxidized scale/metal interface

1. Formation of FeCl2 , Fe2Cl6, and FeOCl

Low PCh: Fe + Cl2 = FeCl2 (mp = 677°C, bp = 1012°C)

High Pcli: At 2FeCl2 + Cl2 = Fe2Cl6 (mp = 308°C, bp = 315°C)

High PQi and Pch : 2Fe + Cl2 + 0 2 = IFeOCl 

6FeOCl = 2Fe20 3 + Fe2Cl6 (> 397°C)

2. Under coexistence of penetrating NaCl and KQ

Fe2Cl6 + 2NaCl (KCl) = INaFeCl, (KFeClA)

3. Under coexistence of divalent metal chlorides (MnCL, CoCl2, PbCl2, NiCl2, 

CdCb, CaCl2, MgCl2, ZnCl2, etc.)

Fe2Cl6 + MCI 2 = MFe2Cl%

4. For corrosion reactions of Ni-Cr-Mo-(Nb,Fe) alloys (Inconel 625)

- Selective chlorination of Cr, Fe, or initially formed oxides such as C^Cb and Fe304

2 0  + 3C/2 = 2CrCl2 (s)

Fe + C/2 = FeCl2 (5)

2FeCl2 +2 Cl2 = Fe2Cl6(g)

- Formation of Fe/Ni- and Cr/Mo/Nb rich oxides and chlorides in the interfaces

Mo + 0 2 (Cl2) = M o0 2 (MoCl2)

2 Ni + 0 2 (2 Cl2) = 2 NiO (NiCl2)

- Oxidation of chlorides

4 0 C /3 +30 2 = 2Cr2 0 3 + 6Cl2

3FeCl2 + 202 = Fe,0A + 3C/2

- Formation of lamellar structure of Cr203/Mo02/Nb205 and Ni0/Fe30 4
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Carbon Steel, Low Alloy Steel Ni-Cr-Mo-(Nb, Fe) Alloy

( ^ )  : Gaseous and Molten Constituents LU : Solid Constituents

u> Figure 2.9 Summary of scale structure and corrosion reaction (Kawahara, 2002)



A Danish MSW incineration plant was investigated for ash and deposit formation 

(Frandsen, 2005). Its maximum incineration capacity is 20 tonnes/h at 11.72 MJ/kg. 

The plant consists of a furnace section (~1150°C), followed by two empty passes 

(entrance temperature: 950°C, exit temperature: 625°C), and the convective section 

(economizer exit temperature: 170 -  180°C). Probe measurements were conducted in 

four locations in the second and third pass of the incinerator. Probes were exposed 

for 4 h at a surface temperature of 500°C. The amount and chemical composition of 

the deposit was analysed by SEM. It was found that there was deposit formation in 

the second and third pass of the boiler where the flue gas entering the convective 

system occasionally exceeds 625°C. The investigation of the mature (in-boiler) 

deposit layer revealed an increase in [Ca], [Cl] and [Si] (where [X] is the % 

(mol/mol), on a C and O-free base, of element X) from the inner to the outer layers 

while a simultaneous decrease in [S], [K], and [Zn] was observed. A porous structure 

was found in the inner and middle layer, while strong sintering was found in the 

outer deposit layers.

Corrosion rates of different superheater materials and the effect of addition of 

polyvinyl chloride (PVC) to the waste were studied in a 65 MW WTE plant in 

Umea, Sweden (Persson et al., 2007). Two tests, by using two identical sampling 

probes, were carried out when the plant was fed by (1) the usual MSW and (2) the 

mixture of MSW and PVC which increased the average Cl content in the fuel up to 

13%. The probes were placed into the furnace where the flue gas temperature was 

around 470°C and the exposure period was 10 days. Probes having a temperature 

gradient of 320 -  460°C were fabricated from low alloyed steels (ST35.8 and 

15Mo3), high Ni-Cr alloyed steel (Esshetel250 and Sanicro28), and high Cr steel 

(X20CrMoV121). The results showed that extensive corrosion was detected even at 

this low temperature. Corrosion rates of low alloyed steels (2.4 -  3.7 mm/yr) and 

high Cr steel (2.2 mm/yr) were significantly higher than for high alloyed steels (0.9 -  

1.1 mm/yr) and were significantly increased by the addition of Cl in the fuel. The 

authors suggested that the active corrosion characterized by loss of Fe through the 

evaporation as FeCl2(g) was the governing corrosion mechanism. An SEM image of 

deposits and corrosion products on 15Mo3 at 456°C is shown in Figure 2.10. The 

author differentiated layers formed in the metal/deposit interface. On top of the metal 

layer (a), there was under a thin layer of Cl compounds (b) possibly FexCly. A thick
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layer o f  F exO y (c ) w as d etected  under the initial m etal surface boundary (d). L ayer  

(e ) w a s  the o x id e  layer that d ev e lo p ed  outw ard in the d ep osit layer (f) w h ich  w as  

m ain ly  com p ou n d s o f  a lkali su lphates.

Figure 2.10 The SEIM image of deposits and corrosion products formed on 15IMo3 at 456°C 
(Persson et al., 2007)

2.6 Evaluation of Corrosion Damage

C orrosion  d am age for m etal a llo y s  in an y  sy stem  is very  sp ec if ic  and d ep en d s on  the 

p rocess, the operating  co n d itio n s , and characteristics o f  m aterials.

T he exten t o f  corroded m eta ls can b e m easured  b y  u sin g  an optica l m icro sco p e  in  

w h ich  the m etal lo ss  can  b e ex p ressed  eith er as corroded  len gth  or lo ss  area. A  

d ig ita l w e ig h in g  sca le  is  a lso  u sed , and th e corrosion  lo ss  is  ex p ressed  as w e ig h t  

ga in ed , e sp ec ia lly  by the o x id a tio n  p rocess.

C h em ica l co m p o sitio n  and m o rp h o lo g y  o f  the corrosion  products can b e an a lysed  by  

u sin g  a S can n in g  E lectron  M icro sco p e  /  E nergy D isp ersiv e  S pectrom eter  

(S E M /E D S ). X -R a y  D iffraction  (X R D ) is u sed  w id e ly  to  study the p h ase o f  

com p ou n d s. U s in g  an S E M /E D S  on  the etch ed  sam p le can reveal the e f fe c ts  o f  

corrosion  on  the grain boundary structures o f  m eta ls.
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Simultaneous thermal analysis (STA) and related thermal analysis techniques are 

useful in analysing the melting temperatures of deposits and oxide mixtures. The 

results also clearly show the exothermic and endothermic behaviour of the deposits.

2.7 Methods for Preventing or Controlling Metallic Corrosion

2.7.1 Corrosion Prevention Techniques

The most common and easiest approach to prevent the corrosion is to select suitable 

materials once the nature of corrosion in that system is characterized. However, there 

often are problems related to the cost of the most durable material and other 

approaches must be found. Other possible ways are to change the characteristics of 

environment, for example, by ensuring good mixing conditions in the plant, and by 

using MgO to prevent corrosion due to V2O5. Sacrificial equipment might be used as 

a sacrificial anode, or as a flow diverter.

2.7.2 Corrosion Control by Coatings and Surface Modification

Coating that could be used as high temperature protection must be both chemically 

and mechanically compatible with the substrate materials, and the coating 

technology should be practical, reliable, economical and suit the time requirement 

(Sidhu et al., 2005). Coatings are used only when the resistance to the environment 

cannot be combined with the necessary properties of the material to perform the 

required tasks, or when the fabrication of alloys becomes too expensive compared to 

coatings. One of the most effective coatings for the elevated temperature conditions 

is CX-AI2O3. It develops good resistance to oxidation degradation and mixed gas 

attack. It may be used to prevent the hot corrosion but Si02 may perform better in 

the presence of highly acidic deposits (Pettit and Goward, 1983b).

In general, coatings could be categorized into 4 groups: (a) diffusion coatings, (b) 

overlay coatings, (c) ion implantation, and (d) other surface modification methods 

(Stringer, 1986; Schutze et al., 2006):
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a. Diffusion Coatings

This type of coating is the most common process in current use. However, it usually 

needs furnaces or reaction vessels. Therefore it is not applicable in the field and is 

not suitable for large components such as heat exchanger panels. Joining, welding 

and repairing of coated components at a site require other approaches such as weld 

overlay or flame spraying. Furthermore, the heat required in the coating process 

might change properties or damage the substrate.

Pack aluminizing or the aluminized pack cementation technique is widely used for 

applying the alumina onto the surface of stainless steels or Ni-based alloys. It is 

inexpensive and suitable for application on small parts. Material is packed with an A1 

source, a diluent (usually AI2O3) and a halide activator (often NH4CI). This assembly 

is then held at elevated temperature in the absence of oxidizing agents or under inert 

gases for a certain time until the required coating thickness forms. The resulting 

coatings comprise an outer layer of aluminides, and an inner layer of Al-diffused 

area.

The effect of aluminizing pack coating on the oxidation resistance of heat resistant 

austenitic stainless steel HH309 (26 wt% Cr, 10 wt% Ni) was studied (Sharafi and 

Farhang, 2006). Specimens were coated using a powder mixture consisting of 85 

wt% AI2O3,10 wt% A1 and 5 wt% NH4CI under the inert gas at 1,050°C for 6 hours. 

The cross sectional SEM image of the coating and the concentration profiles of Al, 

Cr, Fe and Ni are shown in Figure 2.11. The coating formed on the metal surface 

consists of two layers. The outer layer contains Fe-Al intermetallic phases such as 

FeAl and Fe24Al78. Residual of coating process AI2O3 and its oxidized product Fe2(>3 

were also found. The interdiffusion layer contains (1) precipitates of NiAl and NisAl, 

and (2) a matrix of ferrite with a high concentration of Al. The coated and bare 

specimens were oxidized in air at 1,100°C. The results showed that AI2O3 formed by 

coating provided the substrate with a greater high temperature oxidation resistance 

compared to a bare specimen that had only FesCV A layer of AI2O3 on the surface of 

stainless steel gives a better high temperature oxidation resistance since it prevents 

the loss of Cr2C>3 through volatilization (in the form of Cr03) at high temperatures; 

Cr203 is destabilized at temperatures higher than 1,000°C (Lai, 1990).



Figure 2.11 Aluminized HH309 stainless steel: (a) cross-sectional image, (b) concentration 
profiles of Al, Cr, Fe and Ni (Sharafi and Farhang, 2006)

Iron a lu m in id e - b ased  a llo y s  coated  w ith  a lu m in iz in g  pack  co a tin g s sh o w ed  

im p rov in g  resistan ce aga in st h igh  tem perature ox id a tio n  and c y c lic  o x id a tio n  (Juzon  

et al., 2 0 0 7 ). T h e coa tin g s w ere  prepared by u sin g  a p ow d er m ixtu re co m p o se d  o f  

A I2O 3 82  w t% , A l 15 wt%  and N H 4CI 3 wt%  under an A r a tm osp h ere at 1,000°C  for 

5 hours. T he sa m p les  w ere  then tested  at the tem perature o f  1 ,1 0 0  °C. Zr ad dition  in 

the substrate a llo y  im p roves the ad heren ce o f  th e CX-AI2O 3 layer. It a lso  redu ces the  

rate o f  sca le  grow th  b y  b lo ck in g  the outw ard  d iffu s io n  o f  A l ca t-ion s through the  

grain b oundaries, and s im u lta n eo u sly  en h an ces O 2 d iffu sio n . T he coa tin g  layer can  

be d iv id ed  into 3 layers: (1 ) F eA l2, (2 ) F eA l, (3 ) in terd iffu sion  zon e .

Chromizing coating is another ty p e  o f  d iffu s io n  coatin g . It can be ap plied  either by  

the pack  p ro cess  or a g as p h ase d iffu s io n  p rocess. C oatin gs o f  ch rom iz in g  co u p led  

w ith  a lu m in iz in g  are under d evelo p m en t.

Carburizing, nitriding and its combination are the m o st w id e ly  u sed  surface  

m o d ifica tio n  tech n iq u es. T h ey  in crease  the w ear resistan ce , and a lso  im p rove the  

fa tigu e properties o f  m aterials. C o-ap p lica tio n  w ith  a lu m in iz in g  m igh t prod uce a 

great resistan ce to h igh  tem perature ero sio n  and corrosion .
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b. Overlay Coatings

Overlay coating was found to be more efficient compared to diffusion coating when 

it is used in the aggressive environments at elevated temperature (Sidhu et al., 2005). 

Generally there is no alloying reaction between the coating and the substrate.

Weld overlay is the most important overlay coating technique. It can both protect the 

material surface and provide wear-resistance. The application is on the finished 

components and requires low or no post treatment. Powder or slurry followed by 

flame or laser melting achieve a thinner coating. However, thermal stress cracking is 

possible and care should be taken.

Roll bonding, explosive bonding, hot isostatic pressing, and coextrusion create 

metallurgical bonds between the protective coatings and the substrate at relatively 

low temperatures. These coatings are applied as a thin sheet or foil except for 

coextrusion coating which is relatively thick. The advantage of these methods is that 

the coating material can be controlled. However, weld overlay essentially substitutes 

these techniques at joints.

Flame and plasma spraying techniques melt the coating material by injected it into 

a flame or plasma, then the droplets are projected toward the substrate surface. The 

quality of coating is governed by the atomization, the melting of the coating 

particles, the oxidation of the droplets and the impact velocity. Application with a 

spraying gun allows these techniques to be applicable for large scale components. It 

is easy to repair or reapply. However, the coatings are generally porous and have 

poor bonding with the substrate. Methods such as using a base coating, hot isostatic 

pressing, or surface remelting can be used to improve the density.

The Vacuum plasma spraying technique (VPS) which reduces the pressure during 

the process can provide a more dense coating because it increases the impact 

velocity and might also limit oxidation. However, the price for large components is 

not economic.
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High-velocity oxy-fuel (HVOF) spraying Technique is a new and promising 

technology. In comparison with VPS, it is cheaper and flexible and could provide 

coatings having low porosity, high hardness, high yield stress, high abrasive 

resistance, and great high temperature corrosion resistance. The coating particles are 

fed into a hot gas stream where they are melted. Then they are applied to the 

substrate surface by using a spray gun that injects particles at a supersonic velocity. 

Fuel gases can be hydrocarbon or pure H2. Further tests of this coating in real 

aggressive environments are needed (Sidhu et ah, 2005).

Vapour Deposition and Related Techniques can produce very high quality and 

reliable coatings. However, a high vacuum chamber is essential so the cost is very 

expensive. Physical vapour deposition involves evaporating elements from the 

source to form coatings in a high vacuum chamber, and condensing of these 

elements on the components. Similarly, chemical vapour deposition consists of 

volatilisation of molecules containing coating elements, decomposition of these 

molecules, and deposition of the coated element on the surface. Related technique 

such as ion plating is the process where volatized atoms are ionized and a potential 

difference between the coating source and the substrate is created. The Sputtering 

technique dislodges atoms from the coating source by bombarding them with inert 

gas ions. Reactive species might be introduced into the vapour of coating elements 

so that a compound is formed that deposits on the surface.

Oxide deposition applies coatings either as an aqueous solution or a gel (usually of 

nitrates) on the warm substrate material. The nitrate coating is then decomposed and 

the oxide is formed on the surface when the system is heated up to a temperature of 

approximately 400°C. Chromating occurs when Q2O3 coatings are created from hot 

chromate solutions.

c. Ion Implantation

High energy ions of coating material bombard the substrate surface and penetrate 

deep into the substrate for a few nanometres. This is followed by annealing at 

moderate temperature in order to mend the damage from the collisions. Applications 

are, for example, Y and La implantation on the heat-resisting alloys.
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d. Other surface Modification Methods

Surface remelting followed by rapid solidification produces a chemically 

homogeneous structure of single phase that is either microcrystalline or amorphous. 

For the best results, a laser is widely used together with surface chemical 

modification processes such as boronizing which induce the growth of an amorphous 

layer.

Cold working and recrystallization forms a very-fine-grained surface on the 

components. The protective oxide is well formed by the rapid diffusion paths 

through the metal grain boundaries.

2.8 Summary

The presence of species such as alkali, chloride, sulphur and heavy metals in the 

deposits derived from burning fuels like biomass and MSW leads to serious 

corrosion problems in heat and power generation plants. The steam temperatures are 

kept lower than approximately 450°C to avoid these problems, and hence limit the 

plant’s efficiency. Methods to prevent or control high temperature corrosion must be 

studied.

Work carried out so far by other researchers, have only studied the mechanisms of 

corrosion, the use of higher grade alloys and coatings for high temperature 

applications in simulated conditions in the laboratory, or only for short exposure 

periods in real plants. Therefore, the application of new high grade alloys and the 

application of coatings need further investigation in real plant conditions, with longer 

exposure periods.
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CHAPTER 3
THEORETICAL CONSIDERATION

This chapter lays out the principal knowledge required for the study of high 

temperature corrosion in the energy systems. It begins with the sections of 

mechanisms related to the fly ash formation and the ash deposition followed by the 

models of heat transfer in the deposits. Then, it moves on to the corrosion topics 

comprising the electrochemical reactions for corrosion, and the forms of metallic 

corrosion. Finally, the theory of analytical techniques for deposit study as well as 

corrosion products is presented.

3.1 Mechanisms of Fly Ash Formation

The formation of fly ash in the coal combustion process depends on the fuel 

characteristics and the operating conditions in which the ash is developed. The 

inorganic elements in the coal are the governing constituents and they are composed 

of both the mineral matter present either in crystalline or amorphous form, and the 

organically-bound elements such as Na, K and Ca.

The mechanisms of ash formation begin with the decomposition of fuel, followed by 

different processes undergone by inorganic constituents such as fusion -  coalescence 

-  agglomeration, separation -  fragmentation, vaporisation, condensation, quenching, 

and solidification (Couch, 1994). A schematic diagram illustrating the mechanisms 

of fly ash formation in the coal combustion process is shown in Figure 3.1.

The fly ash created in biomass combustion processes typically has a bimodal particle 

size distribution: (1) the coarse fly ash having particle size ranges from 1 pm up to 

about 250 pm, and (2) the aerosol fraction consisting of particles with a size smaller 

than 1 pm. Coarse fly ash is simply entrained into the gas stream from the fuel bed
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w h ereas the form ation  o f  aerosol is  m ore com p lica ted  and a ffected  by the p resen ce  

o f  th e coarse fly  ash  (O b em b erger and Brunner, 2 0 0 5 ; K aer et a l., 2 0 0 6 ).

Figure 3.1 Mechanisms of fly ash formation in the coal combustion processes (Couch, 1994)

T h e coarse fly  ash  has 2 form s; porou s irregular shaped  p articles and sp heres. 

P articles in  the first group are co m p o sed  o f  the n on  v o la tile  inorgan ic m atrix and  

m a in ly  co n sist o f  Ca, K  and O and to a lesser  ex ten t o f  M g  and P. Sm all am ou n ts o f  

h ea v y  m eta ls such  as Z n, and Pb co m p o u n d s as w e ll as C l and S are a lso  fou n d  on  

th e surface o f  th ese  p articles as the resu lt o f  con d en sa tio n  o f  th e vapour p h ases. 

P articles in the latter group, spherical p articles, o ften  con ta in  m ineral im p urities and  

co n sist m ain ly  o f  C a, S i, M g , A1 and O. T he form ation  o f  coarse fly  ash d ep en d s on  

the characteristics o f  the fu el, th e co m b u stio n  te ch n o lo g y , the load on  the  

com b u stion  unit, and the co n d itio n s in th e fu el bed . G en era lly , the am ount o f  coarse  

fly  ash  is lo w er  w h en  the fu el has: le ss  ash  con ten t and a sm aller particle s ize , th e
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operation is fixed-bed rather than fluidised bed, operating load is smaller, and the 

primary combustion air is distributed appropriately.

Aerosols are formed by the nucleation or condensation of the aerosol forming 

vapours on the existing surfaces due to: (1) a high formation ratio of these 

compounds which increase the partial pressure or (2) the cooling of the flue gas 

which reduces the saturation pressure. The vapours are the compounds of K, Na, S, 

Cl as well as Zn, Pb and Cd. The newly formed particles can further coagulate with 

others or with coarse fly ash particles as these particles encounter each other by the 

Brownian motion, turbulent eddies, thermophoresis and gravitational settling. The 

mass of aerosols formed in the system depends on the amount of aerosol forming 

species (K, Na, S, Cl, and heavy metals) that are released from the fuel. Furthermore, 

the mass produced directly affects the particle size distribution of the aerosols as a 

result of coagulation process.

The aerosol fraction is of most concern from both the industrial point of view and the 

study of human health effects. These particles generally having an aerodynamic 

diameter less than 10 pm (PMio), can deeply penetrate into human lungs, and cause 

adverse health effects. The emission increases and problems accentuate in small- 

scale plants, notably with plants having a capacity less than 1 MW, where the 

installation of efficient pollution control equipment is not cost-effective. For plant 

operators, the problems often relate to the constituents present in aerosols, notably 

alkalis, S, Cl and heavy metals. Compounds of these elements significantly 

contribute to the slagging, fouling and subsequently hot corrosion of the heat 

exchanger systems.

One method to tackle these problems is to predict the formation of these aerosols and 

their behaviour in the furnace by using the mathematical modelling or computational 

software (Baxter et al., 1998; Delay et al., 2001; Swithenbank et al., 2005; Ryu et al., 

2006; Poole et al., 2008).

Figure 3.2 shows a schematic diagram of the ash formation mechanisms in the 

biomass combustion processes.
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Figure 3.2 Mechanisms of fly ash formation in the woody biomass combustion processes 
(Obernberger and Brunner, 2005)

3.2 Deposition Mechanisms

T h e actual d ep o sitio n  m ech a n ism s in each  en ergy  sy stem  depend  on variou s factors

as fo llo w s  (C ou ch , 1994; W an g and Harb, 1997; Jo ller  et a l., 2 0 0 7 ):

1. C h em ica l and p h y sica l ch aracteristics o f  the fu e l,

2 . O perating co n d itio n s o f  the furnace in c lu d in g  g a seo u s tem perature, resid en ce  

tim e, flu id  d yn a m ics, the lo ca lly  o x id iz in g  or red u cin g  en v iron m en t and the use  

o f  so o t b lo w in g ,

3 . Transport m ech a n ism s o f  the g a seo u s  p h ases in c lu d in g  m olecu lar  and B row n ian  

d iffu sio n , therm al d iffu s io n , ed d y  d iffu s io n , gravity  e ffe c ts , and e lectrosta tic  

e ffec ts ,

4 . F ly  ash  particles and a ero so ls  ch aracteristics su ch  as p h y sica l state, particle  

stick in ess , particle s ize , and m om en tum .

5. C on d ition s o f  heat transfer su rfaces su ch  as the ash  and w a ll s tick in ess

T he d ep osition  a lw ays occu rs s im u lta n eo u sly  w ith  erosion , sh ed d in g  and re­

entrainm ent o f  particles. T h ese  p ro ce sses  stron g ly  in flu en ce  the exten t o f  d ep o sitio n .

G en era lly , the larger particles are assu m ed  to rebound m ore and for severa l tim es

b efore d ep o sit io n  com pared  to  the su bm icron  p articles.
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3.2.1 Principal Mechanisms for Particle Deposition

The principal mechanisms involved in deposition especially on the heat exchanger 

tubes are inertial deposition, condensation, thermophoresis, and chemical reaction.

The inertial deposition commonly governs behaviour of the larger particles (> 10 

pm). The deposition is the highest on the leading edge of the tube where the air flow 

attacks normally and hence the air velocity is almost zero. If the angle of impact 

changes, the particles will rebound off unless the tube surface is very sticky. 

Particles with a smaller size are more influenced by drag force so they tend to flow 

with the gas stream. Another area where particles can accumulate on the tube is at 

the back of the tube as a result of Eddies formation. This process is sometimes called 

‘turbuphoresis’. The Eddies effects are greater in the region having a higher gas 

velocity in the lower temperature regions such as at the economiser panels.

Condensation occurs when the gaseous phases or vapours come into contact with a 

cool surface. The surface areas can be the heat exchanger surface, the entrained 

particles, or the deposited particles. In general the condensed deposits are uniform 

and smooth. The condensed layer may be sticky due to the radiative heat from the 

furnace, or insufficient heat transfer through the thick deposit layer.

Thermophoresis is where particles migrate to the cool surface due to a steep 

temperature gradient between the gases and the surface (of the wall or heat 

exchanger tubes). The movement force arises in the gases and acts on the particles 

themselves. This mechanism affects mainly the small particles. The adherence 

increases when the particles are sticky, the surface is rough, or there is chemical 

reaction involved. The deposits that result from this mechanism are finer and more 

evenly distributed than those from inertial deposition.

Another similar mechanism that may contribute to the particle deposition is 

electrophoresis. Particles may be held on to the surface by a combination of Van der 

Walls and electrostatic forces.
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Chemical reaction takes place when a particle reaches the tube or the deposit 

surface. It controls the growth of deposit as well as the physical state of the deposit 
surface. The important reactions include

1. Oxidation of the residual char that is entrained in the gas stream with the 

inorganic part can reduce C in the fouling to less than 2% and almost none in the 

slagging.

2. Sulphation: especially the sulphation of NaOH, KOH, NaCl, and KC1.

3. Alkali absorption: Si absorbs alkalis and forms silicate compounds (Alkali-Si02) 

which have a much lower melting temperature compared to Si.

4. The formation of low temperature eutectics by species of alkali salts, and heavy 

metals.

Chemical reactions are significantly affected by the temperature. Therefore, the 

magnitude and the rate of reactions vary by the location in the furnace.

3.2.2 Slagging and Fouling

Slagging is the deposition that takes place in the region where radiative heat transfer 

is dominant. Therefore, the target components include the burners, the main boiler 

waterwalls, the bottom hopper and the bottom of the first banks of heat exchanger 

tubes. In general, the waterwall surface has a temperature of 200 to 400°C. Firstly, 

dry powdery particles are deposited on the surface. Then, the surface will become so 

sticky that most of the particles that come into contact are retained. Hence, the 

slagging generally has an overall chemical composition similar to the bulk fly ash in 

the region, especially near the surface. Once the deposit is thick enough, the 

temperature of the deposit surface increases until eventually it turns into a so-called 

running layer. This fluid may contain either melted compounds or amorphous phases 

containing small solid particles. It can be partially vaporized later on.

Fouling occurs in the regions where convective heat transfer prevails. For high 

temperature fouling such as in the superheater and reheater regions, the major 

bonding components in the deposit tend to depend on the presence of silicate liquids, 

whereas sulphate compounds are the main components for lower temperature 

fouling, such as in the economiser area. The fouling begins with the deposition of 

condensed vapours, notably of alkali metals (Ca, Na, or K) that may be in the
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co m p ou n d s as su lp h ates as a result o f  reaction s b etw een  alkali o x id e s  or h yd rox id es  

and g a seo u s S O 3. L o w  m e ltin g  tem perature eu tectic  com p ou n d s can a lso  be form ed. 

A s th e d ep o sit th ick n ess  in creases, the surface tem perature su b seq u en tly  increases  

and th e surface b eco m es  stick y . H en ce , a lm ost a ll im p actin g  p articles are captured, 

particu larly at the lead in g  ed g e  w h ere gas stream  attacks n orm ally . C on seq u en tly , 

fo u lin g  is  co m p o sed  o f  severa l d ep osit layers that have d ifferen t ch em ica l 

co m p o sitio n s , m icrostructure, p orosity , and particle s ize . T he typ ica l structure o f  

fo u lin g  is  sh o w n  in  F igure 3 .3 .

Figure 3.3 Typical structure of a fouling deposit (Couch, 1994)

P otentia l m ech a n ism s that govern  the form ation  o f  fo u lin g  and s la g g in g  are 

presented  in T ab le  3 ,1 .

3.3 Heat Transfer through Deposits

T h e in itia l layer o f  d ep osit, adjacent to  th e heat transfer su rface, g en era lly  co n s is ts  o f  

a con tin u ou s p hase o f  co n d en sed  vap ours and d iscrete  so lid  particles. T h is layer has 

h igh  p orosity , and th erefore its therm al co n d u ctiv ity  is  very  lo w  com pared  to the  

outer layer that o ften  occu rs as a fu sed  so lid  con tin u ou s phase. A s  a result, th is inner  

layer largely  contributes to  th e overa ll e f fe c t iv e  therm al con d u ctiv ity  o f  the d ep osit.
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Table 3.1 Potential mechanisms for the formation of fouling and slagging (Couch, 1994)

M e c h a n ism S c h e m a tic  d ia g ra m D e sc rip tio n

A d h e re n c e  to  a  s tic k y  
s u rfa c e o --------------------q f P a rtic le  im p a c ts  w ith  a  s tic k y  o r  f lu id  s u r fa c e  and  

is h e ld  th e re . It te n d s  t o  c o a le s c e  w ith  th e  m a te r ia l 
o n  th e  s u r fa c e

C o n d e n s a tio n  o n  a sh  
p a r tic le s © — 0  qi V a p o u r c o n d e n s e d  o n  n o n -re a c tiv c  p a r tic le  (P ): 

v a p o u r  o f  N a 2S 0 4 o n  q u a r tz  p a r tic le

S u r fa c e  re a c t io n  o n  a sh  
p a r tic le s

>
|

Oj■
©t© C o n d e n s a te  o n  s u r fa c e  re a c ts  w ith  re a c t iv e  p a r tic le  

(R )  to  fo rm  p la s t ic  p ro d u c t:  N a C I c o n d e n s a te  on  
A I20 2.6 S i 0 2 p a r tic le

P la s tic  f lo w o ---------------------------
P la s tic  p a r tic le  (P )  d e fo rm s  to  c o n fo rm  w ith  
s u r fa c e , b e c o m e s  m e c h a n ic a lly  a tta c h e d , a n d  m a y  
re a c t la te r: C a S O , a t  5 4 0 -8 15°C

C e m e n ta t io n  o n  su rfa c e

0

o
 

©

N o n -s t ic k in g  p a r tic le s  (1) im p a c t th e  su rfa c e  
fo llo w e d  q u ic k ly  b y  p la s t ic  (P )  o r  l iq u id  (L ) 
p a r tic le s  to  c e m e n t  th e m  to g e th e r . C e m e n ta tio n  
a ls o  o c c u r s  b y  th e  c o n d e n s a tio n  o f  v a p o u r  s p e c ie s  
e sp e c ia l ly  b y  a lk a li su lp h a te s .

S u r fa c e  c o n d e n s a tio n

°

V a p o u r  s p e c ie s  c o n d e n s e  o n  s u r fa c e  to  p ro v id e  a  
s tic k y  s u r fa c e  fo r  e n tra p m e n t a n d  c e m e n tin g  o f  
n o n -s t ic k in g  p a r tic le s  (1): v a p o u r  o f  N a 2S 0 4. 
R u ild -u p  o c c u rs  o n ly  fo r h ig h  im p a c t an g le s .

S in te r in g  o n  th e  s u rfa c e
©

©  ~ ~  (¡ ¡ ¡ p

S in te r in g  b e tw e e n  s im ila r  o r  d is s im ila r  p a r tic le s  
(R I  a n d  R 2 ) to  in c re a se  d e p o s i t  s tre n g th  a g a in s t 
th e  th e rm a l s h o c k  a n d  e ro s io n . M a y  in c lu d e  th e  
tu b e .

R e a c tio n  w ith  ta rg e t tu b e ©  —  - ~ ( é
C o m p o u n d s  in  th e  tu b e  re a c t  w ith  im p a c te d  
p a r t ic le  (R ) to  in c re a se  b o n d  s tre n g th : F e 20 , + S i 0 2 
—* F e20 ) .S iO 2

In c o m p le te  re a c t io n  d u e  
to  s h o r t  r e s id e n c e  tim e o — ojj In a d e q u a te  re s id e n c e  t im e  in  th e  c o m b u s to r  fo r 

c o m p le te  re a c t io n  le a v es  s tic k y  su rface : 
in c o m p le te ly  b u rn e d  c o a l p a r tic le s  c o v e re d  in  ta rs .

R e d u c in g  re a c t io n s
© -------------------------------------»

R e d u c tio n  b y  c a rb o n  p a r tic le s  (C )  w ill lo w e r  th e  
v is c o s ity  i f  iro n  (o r  o th e r  r e d u c ib le  o x id e )  is 
p re s e n t. T y p ic a l r e d u c tio n  o f  fo u lin g  te m p e ra tu re  
is  9 0°C .

D e p o s itio n /E ro s io n §=:
r

detached

M ild ly  fo u le d  s u r fa c e  b y  g a s s y  s il ic e o u s  p a r tic le s  
(P )  o f  h ig h  v is c o s ity  (e .g . 104 p o is e )  m a y  b e  
e ro d e d  b y  s e m i- in e r t  p a r tic le s  (I )  o f  h ig h  
a b ra s iv e n e s s  su c h  a s  m u lli tc  o r  qu a rtz .

T e m p e ra tu re  g ra d ie n ts  in 

th e  d e p o s it

s la g g in g

fo u lin g

---------► ^ube^ jj

F o r  c o n s ta n t  tu b e  te m p e ra tu re , s u rfa c e  s in te r in g  
in c re a se s  w ith  g a s  te m p e ra tu re .
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A  sch em atic  diagram  o f  heat transfer from  the flu e  g as to  and through th e d ep o sits  is  

sh o w n  in F igure 3 .4 . In the u tility  b o ilers, heat is in itia lly  transferred from  the hot 

flu e  g a ses  ( Tg ) to the d ep o sit surface ( Td ) by radiation  and co n v ec tio n . T hen it is

con d u cted  through the d ep osit, and through the tube w a ll ( T, ). F in a lly , heat is  

transferred to  the steam  ( Ts) by co n v ec tio n  (Z bogar et a l., 2 0 0 5 ).

Figure 3.4 Heat transfer to and through ash deposits (Zbogar et al., 2005)

T he heat transfer through the heat exch a n g er  is  interrupted by th e d ep o sit m a in ly  

b ecau se  o f  th e insu la tin g  nature o f  the d ep osit, and b ecau se  the d ep o sit ch a n g es the  

radiation  properties o f  the surface. T h e overa ll heat transfer eq u ation  is

Qconduction ~  Qconvection 4 "  Qradiation Q reflected Qemitted E quation  3.1

I f  the heat con d u ction  through the tube w a ll and steam  film  is  n eg lec ted , and the  

flam e e m iss iv ity  is  a ssu m ed  to  b e unity , then  E quation  3.1 for a cy lin d rica l geom etry  

tube can be w ritten  as fo llo w s:

Qconduction = V ~ = Kone (Te -  Tj ) + a ■ a ■ T* -  E ■ cj • Tj E qu ation  3 .2
— In —
2nkd ¿to

W h ere Td is  the tem perature at the d ep o sit su rface, T, is  the tem perature o f  the tube  

w a ll, Tg is the tem perature o f  flu e  ga s, dd eq u als to  sum  o f  the tube d iam eter and the  

d ep o sit th ick n ess, dlo is  th e outer tube d iam eter, kd is  the therm al co n d u ctiv ity  o f  

d ep o sit layer, a is  the surface ab sorp tiv ity , c is  the surface e m iss iv ity , a is  the  

S tefa n -B o ltzm a n n  constant (5 .6 7 x 1 0  8 W /m “K 4). From  th is eq u ation , heat co n v ec tio n
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from the flues gases to the deposit and conduction through the deposit are the 

prevailing thermal resistances in the overall heat transfer (Zbogar et al., 2005).

The thermal conductivity of ash deposit is often represented by an effective thermal 

conductivity, keff. It concerns both the conductive and radiative heat transfers that

may occur either in parallel or in series. The effective thermal conductivity for one­

dimensional steady-state conduction is defined as

dQ
dy

d_
dy KffiT) dT_

dy =  0 Equation 3.3

The overall effective thermal conductivity of the ash deposit with different layers can 

be calculated by integrating the multiple values of local thermal conductivity and 

thickness and then dividing it by the total deposit thickness. Numerous models for 

estimation of the ash deposit thermal properties are reviewed by Zbogar et al. (2005). 

The paper also presents other equations related to the calculation of heat transfer 
through the deposit, including the heat convection in a boiler.

The thermal properties of the deposit, particularly its thermal conductivity and the 

surface emissivity, are the most important factors in the calculation of heat transfer. 

These properties are directly affected by the deposit physical structures such as the 

particle size distribution, the porosity and the degree of sintering. The conductive 

properties depend on deposit properties throughout the whole thickness whereas the 

radiative properties depend exclusively on the condition at the deposit surface. The 

emissivity is mainly affected by the surface nature (particulate, partly fused or 

completely molten), the size distribution of particles in the surface layer, and the 

chemical composition (colour of the deposit). The effects of important factors 

controlling the thermal properties of the deposit are explained in detail as follows:

a. Effect of Temperature

Rising temperature directly increases the thermal conductivity of the deposit due to 

the change of void space between particles. The high temperature can also increase 

the particle size at the deposit surface due to sintering, and as a result the emissivity 
is increased.
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b. Chemical composition

T he ch em ica l co m p o sitio n  ind irectly  a ffects  the d ep osit structure at a g iv en  

tem perature. A n  ex a m p le  is  the lo w er  sintering tem peratures that occu r in  a d ep osit 

con ta in in g  S i and Fe. S in terin g  can increase the therm al co n d u ctiv ity  o f  th e d eposit. 

T h e e m iss iv ity  is  a lso  a ffected  b y  the p resen ce o f  co lo u r in g  agen ts (e .g . F e) in the  

d ep osit, w h ich  resu lts in  in creasin g  absorptiv ity . T h e ch a n g e  o f  particle s ize  

d istribution  by sintering a lso  has an in flu en ce  on the em iss iv ity .

c. Particle size

Increase in particle s iz e  lead s to  an increase in  the e f fe c tiv e  therm al co n d u ctiv ity  

particu larly  at h ig h  tem perature (a b o v e  8 0 0  K ). For the e m iss iv ity , e ffe c ts  o f  particle  

s iz e  a lw a y s  link  w ith  the sin terin g  p rocess. U nder the sin terin g  tem perature, an 

in crease in  particle s ize  resu lts in  le ss  re flection  o f  the incid en t radiation , and  

co n seq u en tly  an increase in  the em iss iv ity . T he re la tion sh ip s b e tw een  the grow th  o f  

d ep o sit and its therm al properties are sh o w n  in  F igure 3 .5 . B e lo w  th e sin tering  

tem perature, th e em iss iv ity  d ecrea ses  w h en  the tem perature in creases, and then  

in crea ses  sharply as the sin tering and fu sio n  o f  ash  occur at the h igh er  tem peratures.

F ig u r e  3 .5  E x p e c te d  t r e n d s  in  d e p o s i t  p r o p e r t i e s  d u r i n g  t h e i r  g r o w th  (W a l l  e t  a l . ,  1 9 9 5 )
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d. Porosity

Porosity in the deposit is often affected by the sintering condition and time. A 

decrease in porosity generally increases the effective thermal conductivity.

3.4 Electrochemical Corrosion Reactions

Metallic corrosion is normally electrochemical in which there is transfer of electrons 

from one chemical species to another. The reaction where metal atoms lose electrons 

is called an oxidation reaction. The reaction can be written as shown in Equation 3.4 

-  3.6. The site where oxidation takes place is called the anode. Therefore, the 

oxidation reaction is sometimes called an anodic reaction.

M Mn+ + ne~ Equation 3.4

For examples; Fe -> Fe2+ + 2e~ Equation 3.5

Al -» Al*+ + 3e~ Equation 3.6

The electrons generated from the oxidation are then transferred to another chemical 

species, resulting in a reduction reaction. The location at which the reduction takes 

place is called the cathode. For example, metals in acid solutions are oxidized and 

their ions are given to H4; H+ ions are reduced by following equation:

2H+ + 2e~ -> H2 Equation 3.7

Other reactions may occur. For an acid solution having dissolved O2:

02 + 4H+ + 4e~ -»2H20  Equation 3.8

Or for a neutral or basic aqueous solution having dissolved O2:

02 + 2H20  + 4e~ -» 4(OH~) Equation 3.9

Any metal ion present in the system may also be reduced if it is a multivalent ion:

Mn+ + e~ -> A/("-1)+ Equation 3.10

Mn+ + ne~ -*M Equation 3.11

The sum of the oxidation reaction and the reduction reaction is the overall 

electrochemical reaction. For every corrosion system, the net electrical charge
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transferred between cathode and anode equals zero; the total rate of oxidation must 
equal the total rate of reduction (Callister, 2007).

3.5 Forms of Metallic Corrosion

Metallic corrosions can be categorized by their physical appearance into 9 groups: 

uniform attack, galvanic corrosion, crevice, pitting, intergranular corrosion, selective 

leaching, erosion-corrosion, stress corrosion cracking, and biological corrosion 

(Callister, 2007; Schweitzer, 2007). The mechanisms for each corrosion form are 

explained as follows:

3.5.1 Uniform Corrosion (Genera! Corrosion)

Uniform attack is the most common corrosion form. It occurs over the entire exposed 

area at an even corrosion rate. The rate of corrosion is predictable therefore the 

corrosion control system can be designed easily. The mechanisms are metal loss due 

to chemical attack or the dissolution of the metallic component into metallic ions. In 

high temperature processes, metal loss is usually a result of metallic oxide formation 

(un-protective scale) rather than simple loss of metallic ions. Metal can resist this 

general corrosion by forming a protective or passive film on the surface when it is 

exposed to air for a certain period of time. The efficiency of the film depends on the 

composition, temperature and the aggressiveness of the surrounding environments.

a. Passive Film on Fe

The oxide film on Fe consists of Fe2C>3 and Fe3C>4. The Fe2C>3 layer accounts for the 

passivity, while the Fe3C>4 layer is an essential state required for the formation of a 

higher oxidizing state. This formation occurs at a relatively slow rate compared to 

the rapid formation on Ni. The thickness of the oxide layer is 1 -  4 mm.

b. Passive Film on Ni

The oxide film on Ni can be formed faster than that on Fe but results in a thickness 

of 0.9 -  1.2 mm. There are two theories regarding its composition: (1) it is NiO with
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a small content of nonstoichiometry which increases Ni3+ cation vacancies, or (2) it 

is composed of an inner layer of NiO and an outer layer of anhydrous Ni(OH)2.

The nickel oxide film in Ni-based alloys has a good corrosion resistance against 

cyclic exposures to high temperatures, reducing environments both with acids and 

alkalis, carburizing environments, and nitriding, when alloyed with Cr and Fe. 

Additionally, Ni-based alloys have a high resistance to thermal fatigue and can 

maintain an austenitic structure. However, this passive film does not have a good 

corrosion resistance in oxidizing environments containing HN03, chlorides or 

halides.

Additions of some other elements into material can improve the stability of the oxide 

film and improve the corrosion resistance (Mankins et al., 1990). Cr provides both 

oxidation and carburization resistance at temperatures higher than 760°C in Ni-Cr 

alloy (>15% Cr). It promotes the formation of a protective surface oxide and 

enhances sulphidation resistance at high temperature. Fe reduces the susceptibility to 

internal oxidation when the alloy is in atmospheres that are oxidizing to Cr but 

reducing to Ni. Mo and Ni offer higher degrees of nobility and resistance to chloride 

pitting and crevice corrosion. Co provides a low coefficient of expansion, a constant 

modulus of elasticity, and high strength in a Ni-Fe matrix. Al, Nb, Ta and Ti are used 

to stabilize reactions with C. This prevents precipitation of Cr3C2 which causes a 

depletion of corrosion-resisting elements in the area surrounding the grain boundary 

of austenitic stainless steels (C-Fe-Cr). W combines excellent high-temperature 

strength with outstanding resistance to oxidization environments up to 1150°C. It 

also helps to protect against Cl-induced corrosion.

c. Passive film on Austenitic Stainless Steel

The passive film on austenitic stainless steel consists of an inner layer of oxide film 

and an outer deposit of hydroxide or salt film. The film formation initiates by the 

rapid formation of surface-absorbed hydrated complexes of metals, followed by the 

reaction with water forming a hydroxide phase. Finally, this hydroxide phase 

deprotonates to form an insoluble surface oxide film. Components such as Cr, Ni, 

Mn and N significantly contribute to its passivity (Schweitzer, 2007).
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3.5.2 Galvanic Corrosion (or Dissimilar metal Corrosion)

Galvanic corrosion occurs when two different metals are electrically connected while 

they are surrounded by a conductive solution (electrolyte). The electric potential 

difference created provides a driving force for the dissolution of anodic elements 

(higher electrically negative or less noble) and reduce the dissolution of cathodic 

elements (lower electrically negative). An example is the corrosion of steel tubes 

when they are jointed with Cu in a domestic water heater. The evaluation of 

corrosion and the galvanic flow are possible by considering the galvanic series. The 

prevention methods include (1) select closer metal components in the galvanic series 

if the coupling of dissimilar metals is required, (2) provide anode components with a 

large area, (3) electrically insulate the components, and (4) use sacrificial 

components that are anodic metal.

3.5.3 Intergranular Corrosion

Intergranular corrosion is a localised corrosion where the grain boundary and/or the 

adjacent zones are preferentially attacked. The corrosion often takes place rapidly 

and the damage is detected at a deep level from the surface. It leaves components 

with less ductility and strength, and finally the components disintegrate. The causes 

of this corrosion are (1) segregation of specific elements or compounds at the grain 

boundary (Al, or Ni-Cr alloys), (2) enrichment of an element at the grain boundary 

(brass), and (3) depletion of the corrosion resistant element at the grain boundary 

(stainless steel). The most common intergranular carrion is carbide precipitation. 

This takes place both in stainless steel as a result of welding (weld decay) and in the 

Ni-based alloys. Other heat treatments and thermal processing including stress relief 

also create the possibility for this type of corrosion. The prevention approaches are: 

reducing the C content in alloys as well as adding some elements such as Nb, Ti and 

Ta to prevent the precipitation of chromium or molybdenum carbides (for example, 

CP3C2 and M03C2).

3.5.4 Crevice Corrosion

Crevice corrosion is a localised corrosion that takes place at (1) areas having local
1

differences in O2 concentrations, (2) areas covered under deposits, (3) gaskets, lap
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joints, crevices or voids where liquid can be trapped and become stagnant. Crevice 

corrosion occurs on any metal in any corrosive environment. Once it starts, the 

process is rapid, especially in the presence of Cl. The corrosion process inside the 

crevices starts off with the same mechanisms as at other exposed areas and continues 

until O2 is depleted. Then, the electrons escape to further areas where there is 

sufficient 0 2 for reduction by passing through the metal. This leads to a 

concentration cell (differential aeration) between the crevice and the other areas. The 

concentrated cations inside the crevice significantly induce Cl' to migrate resulting in 

the formation of OH' and HC1. Consequently, newly formed acids destroy the 

passive film and accelerate the dissolution of metal inside the crevice. The control 

methods include (1) using proper design of the components to avoid gaps or 

crevices, (2) avoiding operation under high temperature conditions and in the 

presence of Cl or acidity, (3) preventing the accumulation of deposits, and (4) using 

improved alloys to which have been added corrosion resistant elements such as Cr, 

Ni, Mo and N.

3.5.5 Pitting Corrosion

Pitting is a localised form of corrosion that causes rapid loss of metal. It is hard to 

detect since the resulted pits are often covered by the corrosion products and the 

weight change is too small to detect. It can cause structural failure due to the 

localized weakening and stress concentration it created. Pitting corrosion often 

associates with other types of corrosion,” especially crevice corrosion. The corrosion 

rate is very rapid once it starts and the mechanisms are accelerated in the presence of 

halide ions. Pitting corrosion can occur in: areas where dissimilar metals are 

attached, the metal surface having irregular chemical and physical structure, dirty 

surfaces, or on those areas where the flow is stagnant. It usually occurs on the upper 

surface and grows downward according to the gravity force. Stainless steels and 

alloys of A1 are the most vulnerable components whereas carbon steels are more 

resilient. The performance of alloys against pitting is often represented as pitting 

resistance equivalent number (PREN). This number is calculated as follows: PREN 

= %Cr + 3.3(%Mo) + 30(%N). A higher PREN number yields better pitting 
resistance.

61



3.5.6 Selective Leaching

Selective leaching occurs in the solid alloys where one element is preferentially 

removed from the matrix. The process is also called de-alloying or de-zincification. 

The most common example is the removal of Zn from a brass alloy leaving a porous 

skeleton of copper and corrosion products. It significantly reduces the tensile 

strength and the ductility. Selective leaching may occur in other alloy systems where 
Al, Fe, Co, Cr and other elements are susceptible.

3.5.7 Erosion-Corrosion

Erosion-corrosion is a combination of chemical attack and mechanical abrasion as a 

result of fluid movement. The degree of corrosion is higher when bubbles and 

suspended particulates are present in the fluid stream.

3.5.8 Stress Corrosion

Stress corrosion occurs when metal components undergo tensile stress under a 

corrosive environment. Cracks are formed and then grow perpendicularly to the 

direction of stress, possibly resulting in a brittle-like failure. It might be inherently 

initiated from the stress in alloys such as the residual stress from rapid temperature 

changes, or the difference in the coefficient of expansion in phases existing in alloys. 

An appropriate anneal treatment may be used to solve the problem. Other methods to 

decrease the stress such as reducing the external load or increasing the stress-bearing 
areas are also suggested.

3.6 Analytical Methods for Deposits and Corrosion

3.6.1 Scanning Electron Microscopy and Energy Dispersive 
Spectroscopy (SEM/EDS)

Samples are embedded in epoxy resin, cross-sectioned, ground and subsequently 

polished. Then they are carbon coated in order to avoid charging during analysis. 

The samples are bombarded by a high energy electron beam providing two types of 

images: secondary electron images (SE) and back scattered electron images (BSE).
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Secondary electron images show the general topography or microstructure of the 

area whereas the back scattered electrons give information about the average atomic 

number of the focused spot. The higher level of brightness represents the elements 

that have a heavier molecular weight. X-ray mappings showing the chemical 

composition in layers of deposit or corrosion products can be created by this method 

(Hansen et al., 2000). The chemical compositions may be categorized into mineral 

categories as shown in Table 3.2. The work is suggested by the Combustion and 

Harmful Emission Control Research Centre (CHEC) (Frandsen, 2005).

The corrosion can be calculated by measuring (1) the thicknesses of internal attack, 

(1) the thickness of oxide layer, and (2) the thickness of the mixed layer (of K2S04 

and iron oxides) via using the BSE images from SEM. The results can be plotted 

against the exposure time in order to show the corrosion rate and corrosion 

behaviour of alloys (Nielsen et al., 1999).

Table 3.2 Suggested chemical classification developed by CHEC research centre (Frandsen, 
2005)

O rig in a l co al-based  C C S E M  ch em istry B iom ass W as te

Q uartz M ontm orill. C a alum inate A patite K 2 S 0 4 ZnC12

Iran  oxide Illite Pyrite Ca-Al-P K-Al silicate Gypsum+ZnC12
Periclase Fe-Al silicate Pyrrhotite KC1 C -C a silicate Z n S 0 4

R utile Ca-Al silicate Oxi. pyrrho. G ypsum -rutile KC1 +  silicate Z n-C a silicate

A lum ina N a-A l silicate Q uartz-pyrite G ypsum  Al-Si K -Phosphate Z n-C a rich

C alcite Alum , silicate C lay-pyrite Si-rich K -M g phos. PbC12

D olom ite M ixed silicate Fe-C r oxide C a-rich U nci, chloride Pb-rich chi.

A nkerite Fe silicate C r-Fe oxide Ca-Si rich U nci, sulphate C a-Pb rich

K aolin ite C a silicate G ypsum Unknow n U nci, silicate Pb-rich

In general, corrosion rates are assumed to be linear or parabolic. The linear rate law 

assumes that the diffusion has no limit and the chemical reactions at the metal 

surface are the rate-controlling step. The rate law for gaseous chlorine corrosion is 

traditionally regarded as being linear because the porous oxide layer formed provides 

no protection against further attack. Equation 3.12 describes the linear rate law:

x = kl(T)-t Equation 3.12

Where * is the corrosion depth, , is the exposure time, r  is the temperature, and 

*,is a constant. The parabolic rate law, presented in Equation 3.13, assumes that
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corrosion is controlled by diffusion of gas-phase reactants through the corrosion 

product layer. Oxidation of metals is often governed by this law.

x 2 = k2 (T)-t Equation 3.13

For the reaction: A(g) = bB(s) = C(s) + D(g), the value of k2(T) can be calculated from

k2 (T) = --------*— — Equation 3.14Pb

Where De\s the effective diffusion coefficient of gas ,4 through the ‘ash layer’, pB is 

the molar density of B in the ‘material’, cAg is the gas-phase concentration of

component A, and ¿is the stoichiometric coefficient (Levenspiel, 1972; Nielsen et 

al., 1999).

3.6.2 X-Ray Diffraction

X-Ray diffraction is principally used for qualitative and quantitative phase analysis 

such as for phase identification and for quantification of phase composition, and for 

determination of lattice parameters (Rafaja et al., 2008). It can also determine the 

residual stresses, preferred orientation as well as grain size. The results are achieved 

by measuring the elastic scattering of x-rays from crystal structures, and utilizing the 

Bragg’s law (Equation 3.15). The diffraction data is interpreted by comparing with 

the results in a database such as the one provided by the International Centre for 

Diffraction Data.

nk = 2 d '  sin 6 Equation 3.15

Where « is an integer (>1), A is the wavelength of x-rays, and moving electrons, 

protons, and neutrons, d is the spacing between the planes in the atomic lattice, and 

e is the angle between the incident X-ray beam and the scattering atomic planes.

3.6.3 Simultaneous Thermal Analysis (STA)

Thermal analysis can be used to indicate the material properties as a function of 

temperature (Frandsen, 2005). STA requires the sample and an inert reference 

material to be placed in a furnace during a heating program, typically from 20 to 

1,300°C at the heating rate of 10°C/min. The sample weight (by Thermogravimetry-

64



TG) and the sample temperature (by Differential Thermal Analysis-DTA or 

Differential Scanning Calorimetry-DSC) are continuously measured during the heat­

up process. Heat produced or consumed by the sample, and chemical and physical 

processes occurring in the sample can be estimated from this analysis. The number 

of processes involved when ash is heated includes vaporization, crystallization, 

devitrification, phase transition, melting, etc. However, STA might not be able to 

provide quantification data related to the ash melting, especially when the ash 
contains a glassy structure.

3.6.4 High Temperature Light Microscopy (HTLM)

A high-temperature light microscope (HTLM) is used for monitoring the melting 

properties of ashes. The instrument consists of an electrically heated oven which can 

operate at variable heating rates, equipped with a microscope and a charge-coupled 

device (CCD) video camera. The influences of ash particle shape and composition 

on the melting behaviour are observed by varying the temperature and heating rate. 

An image processing program allow sequences of images to be saved and retrieved 

(Frandsen, 2005).

3.6.5 Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES)

ICP-OES can measure elemental concentrations to ppb (parts per billion) levels. It 

utilizes plasma to heat the analysing elements causing their electrons to be excited 

and raised to higher energy levels. When these electrons return to their ground states, 

they emit certain wavelengths of electromagnetic radiation. The measured radiations 

including their intensities are then compared with calibration curves previously 

constructed by standard solutions in order to give quantitative results of elemental 

component in the sample. The main advantage of this method compared to the 

atomic absorption technique is that it can analyse various elements at one time. With 

a relatively large signal and importantly the lowest detection limit it is suitable for 

analysis of a wide range of combustion samples (Ilander and Vaisanen, 2007).
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CHAPTER 4 EXPERIMENTAL PROGRAM 

AND ANALYTICAL METHODOLOGY

4.1 Overview

The experimental program was carried out at a UK waste to energy plant. Two air­

cooled sampling probes were designed and placed at different locations in the 

furnace in order to simulate the corrosion process taking place on the superheater 

tubes, and also to collect the deposits of combustion residues. Sampling probe 

sections were fabricated from different types of superalloys and were equipped with 

two corrosion control methods; a sacrificial baffle and aluminide coated alloy. After 

approximately 800 hours of exposure to hot flue gas, each probe was carefully 

disassembled. The alloy materials and deposit samples along with other combustion 

residues collected from this plant were analysed and characterized in our 
laboratories.

This chapter consists of two sections. The first section contains a description of the 

WTE plant, the fabrication and installation of the air cooled sampling probes, and 

samples of combustion residues collected from the plant. Finally, the second section 

looks into the analytical methodology and instrumentations used in this research.

4.2 Experimental Program at a UK Waste to Energy Plant

4.2.1 Description of the Plant

This research was earned out in a modem UK energy recovery facility using the 

mass-bum process to incinerate municipal waste at high temperature. The plant was 

first commissioned in December 1993, and was re-equipped with a new system to 

reduce NOx emissions of in August 1998. The emissions released from the plant are 

well-controlled and meet the new European Directives, i.e. the integrated pollution 

control provisions of the environmental protection act 1990. The plant has the
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capacity of handle 520,000 tonnes of waste per annum which results in electricity to 

serve 48,000 homes. The plant consists of 2 parallel incineration processes that run 

simultaneously. Each process line operates continuously for 6 months before it is 

shut down for a week of routine maintenance. A schematic diagram of the plant in 
question and its facilities are shown in Figure 4.1.

a. Control Room

The operation and the performance of the plant are controlled by a fully 

computerized system located in the control room. Manual intervention is also 

applicable as required. Technicians are available 24 hours a day to ensure the plant is 
operating efficiently with acceptable pollution emissions.

b. Waste Loading and Feeding System

Waste collected from homes in the neighbourhood and some businesses are 

transported to the plant by waste collection vehicles. On arrival and departure from 

the plant, the vehicles are weighed on the automatic weighbridge providing an 

accurate amount of waste input. The vehicles then proceed to the tipping hall where 

the waste is transferred into the waste bunker. The typical storage of this bunker is 
4500 tonnes with a maximum capacity of 6000 tonnes.

Above the bunker, there are two semi-automatic cranes. These cranes are used to 

mix waste in the bunker to increase its homogeneity, and for carrying the waste to 

the feed hopper. Each crane can grab up to 5 tonnes of waste. Waste is sent through a 

feed chute, and is then directed to a sloped grate where it undergoes the combustion 

process at a burning rate up to 30 tonnes/h (per a process line). The calorific value of 

the waste is approximately 8.6 MJ/kg.

c. Furnace and Heat Recovery System

The fiimace consists of 4 connected passes. The first pass of the furnace comprises 

mainly of an incineration grate system, air supply systems, and overboard region. 

Waste coming from the feed hopper falls onto a moving incineration grate where the
combustion process begins.

67



O '
oc

Figure 4.1 Diagram showing the components of the waste-to-energy plant

1. C o n tro l room 9. S team  b o ile r 17. In d u ced  d rau g h t fan 25. S team  tu rb ine  and  g en era to r
2 . T ip p in g  ha ll 10. O v e r fire  fan 18. C h im n e y  s tack 26. E lec trica l substa tion

3 . B u n k e r 11. G as tre a tm e n t scru b b er 19. A ir  p o llu tio n  con tro l re s id u e 2 7 . A ir co o led  co n d en se r

4 . H a n d lin g  c ran e 12. L im e  silo 20 . A sh  d isch a rg e 28 . C o n d en sa te  tan k

5. F eed  h o p p e r 13. L im e  p rep ara tio n 21 . R es id u e  h an d lin g  conveyors 29 . D e-aera to r
6. In c in e ra tio n  g ra te 14. P rep a red  lim e sto rage 2 2 . M a g n e tic  sep ara to r 30 . W ate r trea tm en t p lan t

7. U n d e r  fire  fan 15. A c tiv a ted  carbon  in jec tio n 23. B o tto m  ash  p it 3 1 . F u tu re  heat ex ch an g er fo r

8. A ir  h ea te r 16. B ag  h o u se  filter 24 . R e s id u e  h an d lin g  crane d is tr ic t h eating



T h e v ig o ro u sly  burning w aste  cou ld  reach a tem perature o f  1500°C . G aseou s  

products o f  the com b u stion  f lo w  up to the overboard region  and su b seq u en tly  to the  

seco n d  p ass w h ich  co n sists  o f  superheater p an els as sh o w n  in F igure 2. T h e gas  

tem perature m easured at the top  o f  furnace varies b etw een  8 0 4  -  828°C  and is 

reduced  to  approxim ately  500°C  after p assin g  through superheater p anels. T h e heat 

from  the flu e  g as is  further recovered  by a  vap orizer loca ted  in the third pass, and a 

ser ies  o f  eco n o m isers  located  in the third and fourth p ass. T h e resu ltin g  flue g as has  

a tem perature o f  227°C  prior to  an entry o f  p lan t’s air p o llu tio n  control system .

T h e cro ss-sectio n a l d im en sion s o f  the furnace are 4 .9 x 11 m 2 for the first pass 

4 .4 x 1 1  m 2 for the secon d  p ass, 3 .2 x 1 1  m 2 for the third p ass and 3 .0 x 1 1  m 2 for the 

fourth p ass. Pressure in  the furnace is  con tro lled  to ap p rox im ately  0 .5  bar by an 

ind u ced  draught fan insta lled  at the end o f  the furnace. T h e sch em a tic  diagram  o f  the  

first p ass and the seco n d  p ass o f  the furnace is sh o w n  in F igure 4 .2 .

F ig u r e  4 .2  S c h e m a t ic  d ia g r a m  o f  t h e  f u r n a c e  is irfp  v io « ,\  „ „ a  il u r n a c e  ( s id e  v ie w )  a n d  lo c a t io n s  o f  2 s a m p lin g  p r o b e s
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The Incineration Grate

T h e incineration  grate system  used  in  th is  p lant is  a M artin reverse -a ctin g  grate. T h e  

grate is  in c lin ed  at an an g le  o f  2 6 °  in th e d irection  o f  w a ste  transport. T h e m otion  o f  

M artin reverse-actin g  grate is  illustrated  in  F igure 4 .3 . T o  start up the com b u stion  

p ro cess , a burner situated  ju st a b ove the grate heats up th e furnace at th e  rate o f  

5 0 °C /h  for 1 2  -1 4  hours. W hen tem perature is  con stan tly  h igh , the w a ste  is  then fed.

T h e h eigh t o f  w aste bed redu ces from  6 0  m m  at th e b eg in n in g  o f  th e grate to  4 0  m m  

at the end.

Figure 4.3 Motion of the Martin reverse-acting grate system (Martin GmbH, 2007)

A ir Supply System

A ir  su pp lied  for th e com b u stion  p rocess is  fed  into the furnace b y  an under-fire  

sy stem  and an o v er-fire  system . B oth  sy s te m s  draw  th e air from  areas a b o v e  the  

w a ste  bunker to prevent the e sc a p e  o f  od ours. T h e total air f io w  rate throughout the 

p ro cess  is  ap prox im ately  1 0 5 ,0 0 0  -  1 2 1 ,0 0 0  m 3/h . C o n seq u en tly , th e 0 2 

con cen tration  o f  th e hot fin e  g a ses  in  th e overboard  region  Is ap p rox im ately  8 .5%  by  

w eigh t.

T h e under-fire air sy stem  (U F A ) su p p lies  prim ary a ir  to  th e furnace through 5  

h op p ers located  under the incineration  grate. T y p ic a lly , th e total prim ary air H ow  

rate varies from  6 5 ,0 0 0  - 8 3 ,0 0 0  nt5/h . It is  d istributed  u n e v en ly  to  each  hopper in  

order to  provide a  su ffic ien t am ount o f  o x y g e n  required for each  step  in the  

co m b u stio n  p rocess. T h e  d istribution  p ercen tages for the 5 h opp ers are 10 8 % (th e  

first par. o f  the w aste  burning grate), 42 .3 % , 3 1.4% , 15 .5%  and 0%  (th e la s . p a n  o f
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the waste burning grate). The air is pre-heated by an air heater to 125 -  140°C before 

it is sent through hoppers.

The over-fire air system (OFA) supplies secondary air to the furnace through a series 

of nozzles. Theses nozzles are located in the front and rear wall of the furnace just 

above the waste burning grate (Figure 4.2). The secondary air ensures complete 

combustion of waste and also provides a well-mixed and oxidizing atmosphere. The 

designs of the front and rear wall nozzles are different as summarized in Table 4.1.

Table 4.1 Designs of over-fire air nozzles

Design
parameters

Total flow rate 
(m3/h)

Feed
pressure

(bar>

Diameter of 
nozzles 
(mm)

Number of 
nozzles

Average 
velocity of air 

(m/s per nozzle)
Front wall 

System
21,836-22,383 40 70 35 45.60

Rear wall 
System

16,664-16,745 45 60 33 49.73

Heat Recovery System

The heat recovery system, in the order of gas transport direction, consists of 2 

superheaters located in the second pass, a vaporizer located in the third pass, and 2 

economisers located in the third and the fourth pass. Heat recovered from the flue 

gas in each process line can produce approximately 80 tonnes/h of superheated 

steam. The steam leaving the superheater outlet has a temperature of 395°C and a 

pressure of 46 bars. It is then fed directly into a single 35 MW steam turbine 

generator.

Superheater: Corrosion and Prevention

The superheater tubes are made of a high temperature steel grade 15Mo3, according 

to DIN17175 (German Institute for Standardization). The tube has an inner diameter 

o f 25.4 mm and an outer diameter o f 38 mm, resulting in a thickness of 6.3 mm. 

Corrosion on the surface of superheater tubes, as shown in Figure 4.4, is commonly 

encountered due to the high temperature and extremely corrosive environment in the 

furnace. Deposition of particles on these tubes also significantly contributes to 

corrosion problems. These corroded superheater tubes would be replaced or
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eq u ip p ed  w ith  o n e  o f  the corrosion  control tech n iq u es during the p lant’s bi-annual 

m aintenance.

T here are tw o  corrosion  control tech n iq u es that are currently u sed  in order to  prevent 

further corrosion , d ep o sitio n  o f  fly  ash on  tu b es, and tube e x p lo s io n . T he first 

m eth od  is  to  en ca se  the tubes w ith  C -sh ap ed  p lates m ad e o f  m ild  stee l (0 .0 5  -  0 .15%  

C arbon) as sh o w n  in F igure 4 .5 . T h ese  p lates are k n ow n  a s sa cr ific in g  sh ie ld s. 

H o w ev er , th ese sh ie ld s  w ill b eco m e sev ere ly  corroded  after 6  m on th s o f  operation  

and therefore require m ajor rep lacem ent. T he seco n d  m eth od  is  to  o v er la y -w eld  

superheater tubes b y  a llo y  In con el 59  w h ich  has a h igh er corrosion  resistan ce than  

carbon stee l 15M o3. (T h e d eta ils o f  the ch em ica l c o m p o sitio n  and properties o f  th ese  

a llo y s  are d iscu ssed  in  sec tio n  4 .2 .5 )  T he o v er la y  th ick n ess  is 0 .7 5  -  1 m m . A  

sam p le  o f  an o v er la y -w eld ed  tube is  sh o w n  in F igure 4 .6 .

Figure 4.4 Superheater tube panels F ig u r e  4 .5  C - s h a p e  s a c r i f i c in g  s h ie ld s  e n c a s in g  
s u p e r h e a t e r  tu b e s

¡tftr
i  f u m i l i  i f u n l m i l m i l i  n  t f i i i i h  i n f i m i  i t  u f i  i i i l n i i l l . u l i

Figure 4.6 An overlay-welded superheater tube (15Mo3 overlayed welded by Inconel 59)

72



d. Steam Turbine and Electrical Generator

Superheated steam exiting from the heat recovery system is fed directly into a single 

35 MW steam turbine generator. Steam rotates a turbine engine to create mechanical 

energy which is subsequently converted to electricity by an electrical generator. 

Electricity having a voltage of 11 kV is transformed to 132 kV before it is exported 
to the local grid system.

e. Treatment of Steam and Water

Steam leaving the turbine is used for pre-heating the combustion air, after which, it is 

sent to the air cooled condenser where the low pressure steam is cooled down to 

water. This condensate is kept and pumped back into the heat recovery system. Prior 

to re-use, the water is pre-treated by a de-aerator. The de-aerator is used for 

removing dissolved oxygen from the water so that metal surfaces of the superheater 
tubes could be protected from inside corrosion.

f. Air pollution Control System (APC)

The air pollution control system is mainly composed of a carbon injection system, a 

gas treatment scrubber, and a bag house filter. Powdered activated carbon (PAC) is 

injected into the gas stream in order to absorbed any remaining organic compounds 

and heavy metals such as Hg and Cd from the flue gas. The PAC injection flow rate 

is 6 kg/h/boiler. In the gas treatment scrubber, liquid lime is sprayed into the gas 

steam in order to absorb acid gases. The amount of injected lime varies with the 

amount of incoming acid gases. The air pollution control residues and fly ash are 

removed from the gas stream as it passes through a bag house filter. The filter is 

made of approximately 3000 individual bags that are each periodically cleansed by a 
pulse of compressed air.

Finally, clean gases are released to the atmosphere via a 100 m tall chimney 

equipped with emission monitoring equipment. The typical plant emission complies 

with the current Waste Incineration Directive and regulations issued by the
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Environment Agency. Emissions from this plant recorded in October 2006 are shown 

in Table 4.2.

Table 4.2 Typical plant emissions compared with Environment Agency permit limits

Release substance Typical plant emissions 
(mg/Nm3)

Environment Agency permit 
limits (mg/Nm3)

Particulates <3 10
Hydrogen Chlorides <7 10
Hydrogen Fluoride <1.0 1

Sulphur Dioxide <20 50

Oxides of Nitrogen (as N 02) <180 200
Volatile Organic Compounds (as C) <1 10

Cadmium & Thallium <0.01 0.05
Mercury <0.03 0.05

Other metals <0.1 0.5

Carbon Monoxide <8 50
Dioxins <0.07 (ng/Nm3) 0.1 (ng/Nm3)

Nitrous Oxide <5 15
Ammonia <5 -

Collected fly ash and APC residues are kept in 2 storage silos. These residues are 

later on transported to a licensed hazardous waste site by tankers.

g. Bottom Ash Handling

At the end of the incineration grate, non-combustible residues drop into an ash 

discharge. Residues *are cooled down by water-filled quench baths immediately. 

Then, the residues are carried by conveyors to a screening process where the 

oversize materials are separated. After which, residues are transferred to a magnetic 

separator. This machine, comprised of a large rotating drum with an internally 

attached electro-magnet, is used to recover ferrous materials from the residues. 

Approximately 3 tonnes of ferrous metals for every 100 tonnes of waste are 

recovered. Both the bottom ash and recovered materials are sent to an off-site 

company where around 1.5% of ferrous metals and up to 1.5% of non-ferrous metals 

can be further recovered. The rest of the bottom ash is processed to be used as high 

grade aggregate.
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Heat transfer of superheater tube materials is an important factor affecting the plant’s 

efficiency. It governs the surface temperature of superheater tubes which directly 

affects the corrosion process. Therefore, the heat transfer coefficient and the surface 

temperature of existing superheater tubes were calculated. Results from these 

calculations were consequently taken into account when the sampling probe was 

designed. There was an attempt to design a sampling probe that has the same heat 

transfer value as the superheater tubes. However, it could not be achieved exactly 

because only compressed air could be used as coolant in this experiment while the 

heat transfer in the superheater tubes was governed by the superheated steam. 

Therefore the heat transfer rate and surface temperature of the probe was calculated 

based on compressed air as the coolant.

The methods of calculation, equations used and gas properties were mainly obtained 

from ‘Coulson and Richardson’s Chemical Engineering’ Volume 1 by J.M. Coulson 

et al (1999), and Volume 6 by R.K. Sinnott et al (2005), and ‘Heat Transfer’ by J.P. 

Holman (2001). Additionally, properties of superheated steam were acquired from 

‘Superheated Steam Region -  Steam Table’ by Spirax-Sarco Limited (2007). 

Physical properties of carbon steel 15Mo3 were extracted from ‘Introduction to Heat 

Transfer’ by F.P. Incropera (1990). Physical properties of alloy 59 were extracted 

from ‘Nicrofer 5923 hMo-Alloy59’ by ThyssendKrupp (2002a).

Input parameters and results from the calculation are summarized in Table 4.3 and 

Table 4.4 respectively. The details of all calculations can be found in Appendix B.

In summary, the overall heat transfer coefficient in the superheater tube was found to 

be 32.08 W/m2K whereas the calculated value for the air cooled sampling probe was 

31.41 W/m2K. The heat transfer rates of the superheater tube and the sampling probe 

are 16,760.89 W/m and 24,797.77 W/m2 respectively. The average temperature of 

the superheater tube is approximately 339°C (612 K) while it is 163°C (436 K) for 
the air-cooled sampling probe.

4.2.2 Calculations for heat transfer rate of superheater tubes and
sampling probes
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Table 4.3 Input parameters used in calculations of heat transfer and surface temperature

Parameter for calculations Superheater tube Sampling probe
1. Properties of coolant 

Coolant type 
Pressure
Velocity of steam
Average temperature for calculation
Density
Viscosity
Thermal conductivity 
Specific heat capacity 
Pr

Superheated steam 
46 bar 
25 m/s 
600.73 K 
18.99 kg/m3 
2.11 x 10‘5 kg/ms 
4.61 xlO'2 W/mK 
2768.04 J/kgK

Compressed air
4.5 bar
20.5 m/s
350.00 K 
4.54 kg/m3 
2.08xl0"5 kg/ms 
3.00xlO'2 W/mK
1009.00 J/kgK 
0.70

2. Properties of tube material 
Material name 
Outer diameter 
Inner diameter 
Thickness
Average temperature for calculation 
Thermal conductivity 
Specific heat capacity

Carbon steel -1 5Mo3 
0.038 m 
0.0254 m 
0.0063 m 
610 K 
43.67 W/mK 
587.85 J/KgK

Inconel - 59 
0.0318 m 
0.0254 m 
0.00635 m 
430 K 
43.98 W/mK 
582.43 J/KgK

3. Properties of hot combustion gases 
Temperature
Velocity (normal direction to tube)
Pressure
Density
Viscosity
Thermal conductivity 
Specific heat capacity 
Pr

Assumed to be equal to those of N2 
1123.15 K 
5 m/s 
1 atm 
0.30 kg/m3 
4/28^1 O'5 kg/ms 
7.13xlO'2 W/mK 
1190.94 J/kgK 
0.72

Table 4.4 Results of calculation for heat transfer and surface temperature

Results of calculations Superheater
tube

Sampling
probe

Convection heat transfer coefficient inside the probe (W/m2K) 2097.60 260.59
Convection heat transfer coefficient outside the probe (W/m2K) 32.77 36.08
Conduction heat transfer coefficient (W/m2K) 5705.59 3539.12
Overall heat transfer coefficient (W/m2K) 32.08 31.41
Heat transfer (W/m2) 16,760.89 24,797.77
Surface wall temperature (K) 612.66 435.78
Surface wall temperature (°C) 338.51 162.63
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Two air cooled sampling probes namely probe No.l (SP1) and probe No.2 (SP2) 

were fabricated for this experimental program. These probes were installed in the 

furnace at different locations. The schematic diagram showing the probe locations is 

presented in Figure 4.2. Probe No.l (SP1) was installed in the first pass of the 

furnace at 19.38 m from the incineration grate. At the height of 22.16 m from the 

incineration grate, the temperature of the hot combustion gas was measured to be 

around 804 - 828°C. Therefore the temperature at the location of probe No.l was 

estimated to be around 850°C. The combustion gas passing through the probe 
location generally flows in the upward direction.

Probe No.2 (SP2) was installed in the second pass of the furnace. The location was at 

28.78 m from the incineration grate and 0.47 m above the top of superheater panels. 

The temperature of hot gases, flowing downward, at this position measured by the 

plant operators was found to be between 730 and 791°C. Relative distances from 

different points of interest such as the incineration grate, roof thermometer, the top 

of the furnace, superheater, and 2 sampling probes are presented in Table 4.5.

4.2.3 Locations in the furnace of the sampling probes

Table 4.5 Locations and relative distances of points of interest in the furnace

Points 
o f  interest

Relative distance from points o f  interest (m )

From ground From the 
grate

From the roof  
thermometer

From the top  
o f  the furnace

Incineration grate 9.32 - 22.16 2 2 .6 6

Sampling probe N o. 1 28.70 19.38 2.77 3.27

R o o f thermometer 31.47 22.16 - 0.50

Top the furnace 31.97 2 2 .6 6 0.50 •

Sampling probe N o.2 25.85 28.78 5.62 6 .1 2

Top o f  the superheaters 25.38 29.25 6.09 6.59

End o f  the superheaters 18.50 36.13 12.97 13.47
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S am p lin g  probes w ere  p laced  into the furnace v ia  ex is t in g  fu rn ace’s v ie w in g  ports. 

T h e v iew in g  port and the square co v er in g  p la te . F igure 4.7, w ere removed in order to  

p rov id e an op en in g  for the sam p lin g  probe and a n ew  p late, F igure 4 .8 . T he gantry to  

the loca tion  o f  sam p lin g  probe N o .l  is sh o w n  in F igure 4 .9 . T h e y e llo w  lin e  in the  

F igure 4 .9  w a s the com p ressed  air p ip e lin e  su p p lied  b y  a p la n t’s com p ressor. T he  

inner s id e  o f  the probe location  is sh o w n  in F igure 4 . 10.

F ig u r e  4 .7  V ie w in g  p o r t  a t  t h e  lo c a t io n  o f  
p r o b e  N o .l

F ig u r e  4 .8  A n  o p e n in g  h o le  a f t e r  t h e  v ie w in g  
p o r t  w a s  r e m o v e d .

F ig u r e  4 .9  G a n t r y  to  th e  lo c a t io n  o f  p r o b e  
N O .l

F ig u r e  4 .1 0  I n n e r  s id e  o f  th e  w a ll  a t  th e  
lo c a t io n  o f  p r o b e  N o . l

4.2.4 Fabrication of sampling probes and data logger

T h e d es ig n s  o f  both probes w ere re la tiv e ly  sim ilar. Illustrations o f  probe N o . l  and  

probe N o .2  are sh o w n  in Figure 4 .1 1 . D e ta ils  o f  a llo y  rin gs, b a ffle , a  con n ector  

fla n g e  and a co v er in g  p late for both p rob es are p resen ted  in  F igure 4 . 1 2 .

T h e m ain  com p o n en ts  o f  the sam p lin g  p rob es are
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Cross section  at the baffle

Cross section at alloy 59

Alloy 59 ring 
0 ID 3 1  7 5 .0 O D  37 0

Alloy 625 pipe 
0 ID  25  4 .0 0 0  31 75

Air cooled space

Cross section at alloy 556

Alloy 556 ring 
0 ID  31 75, 0 0 0  37 0

Alloy 625 ptpe 
0 ID 2 5 4 .0 O D 3 1 .7 5

Air cooled space

Cross section at alloy 625

Alloy 556 ring 
0 ID  31 7 5 .0 0 0  37 0 

Alloy 625 pipe 
OID 25 4. 0 0 0  31 75

Air cooled space

Alloy 625 pipe

10

Figure 4.12 Details of alloy rings, baffle, covering plate and connector flange
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a. Main tube

The main structure of the sampling probes was made of a 1.5 m long tube of alloy 

625. The tube had an inner diameter of 25.40 mm and an outer diameter of 31.75 

mm. For safety reason, the wall-end of this tube was reinforced by a larger tube of 

alloy 625. This reinforcing tube had a length of 0.400 m, an inner diameter of 50.10 

mm and an outer diameter of 60.30 mm. The wall-end of the tube was mounted to a 

connector flange which is located outside the furnace. The actual length of the tube 
inside the furnace was calculated to be 1.432 m.

b. Compressed air

The tube temperature was controlled by the compressed air that was fed into the tube 

via the connector flange. The air passing through the tube flowed freely into the 

furnace at the other end. Additionally, there was a secondary pipeline of compressed 

air connected to the furnace through the covering plate. This pipeline supplied the 

compressed air to the surrounding area of the wall-end of the tube. This was to 

prevent tube failure due to excess heat from the furnace wall. Both pipelines of 

compressed air were supplied by the plant’s existing compressor.

c. Alloy rings

The effects of tube material and the effects of temperature gradient on the corrosion 

process were studied by inserting rings that are made of different types of alloy on 

the probe, at different locations. Three identical sets of alloy rings were fabricated, 

slid on and welded onto the main tube at 0.59 m (wall section), 0.68 m (middle 

section) and 1.16 m (end section) from the furnace wall. Each set of rings was 

composed of 3 individual rings made of alloy 59, alloy 556 and alloy 625. (The 

details of chemical composition and properties of these alloys are discussed in 

section 4.2.5) Each ring had an inner diameter of 31.75 mm, and an outer diameter of 

37.00 mm. The fabrication of these rings was carefully carried out in order to ensure 

that the inner diameter of the rings had full contact with the main tube. This was 

done to prevent any air space between the rings and the main tube. The length of 
each ring was approximately 40 mm.
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d. Sacrificial baffle

The corrosion control method by using a sacrificial baffle was studied for both 
probes. Sacrificial baffles made from stainless steel 316 were welded to the sampling 

probes at 0.43 and 1.33 m from the furnace wall. For probe No.l, the baffles were 

welded at the bottom of the main tube since the hot gas stream flows upward to the 

probe. Contrarily, the baffles welded on probe No.2 were on the top of the main tube 

since the hot gas stream flowed downward to the probe. Sacrificial baffles were 

fabricated in a triangular shape. The dimensions of the baffle were 76.65 mm * 75 
mm, with an angle of 45°.

e. Coated alloy

A corrosion control method by applying coating on the tube surface was studied on 

sampling probe No.2. Alloys 59 and 310 were selected to be used as substrate 

materials for this study. Firstly, 2 coupons of each alloy were prepared. Each 

coupon was cut as a quarter of a round disk having a diameter of 3.6 mm, with a 

thickness of 2 mm. Then, the coupons were coated according to the procedure 

described in section 4.2.6. Coupons of each alloy were welded to the main tube at

0.72 m and 1.25 m from wall.

f. Thermocouple and data logger

The temperatures inside the probe were measured by three thermocouple junctions. 

The thermocouples wires were inserted into the middle of the main tube at 0.59 m 

(wall section), 0.68 m (middle section) and 1.16 m (end section) from the furnace 

wall. This was done carefully to ensure that each thermocouple did not come into 

contact with any of the wall sections of the tube. The temperatures read by 

thermocouples were recorded in a data logger every half an hour. For safety reasons, 

a thermocouple was set also outside the furnace to measure the wall temperature.

g. Connector flange and covering plate

The connector flange and the covering plate were made of stainless steel 316 since it 

is economical and it is not exposed to a very high temperature environment. The
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connector flange was also used to house (1) the compressed air inlet for the probe 

and (2) the connection board of the thermocouples wires that run inside the main 

tube and wires leading to the data logger. The covering plate with an insulator layer 

was installed to replace the void that resulted from the removal of plant’s viewing 

port. It had an inlet of secondary compressed air which was used for cooling the 

wall-end of the probe.

Figure 4.13 shows an image of the sampling probe No.l and the data logger before it 
was installed at the plant.

Figure 4.13 Sampling probe No.l and the data logger before the experiment.

4.2.5 Technical data of metal alloys

Six types of metal alloy were studied in this project. Alloys 59, 556, 625, 310 and 

316 were used in fabrication of the sampling probes, and carbon steel 15Mo3 which 

was the plant’s superheater material. Alloys 59, 556, 625 and 15Mo3 are classified 

as corrosion resistant and high temperature alloys whereas alloys 310 and 316 are 

commonly known as austenitic stainless steel. The typical chemical compositions of 

these alloys are compared in Table 4.6. It should be noted that alloys from different 

producers could have some minimal difference in chemical composition.
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Table 4.6 Typical chemical composition of metal alloy regarded in this study (wt%)

Alloy Al C Co Cr Fe Mn Mo Ni P S Si Ti Others Reference

59 0.1
0.4

Max
0.010

Max
0.3

22.0
24.0

Max
1.5

Max
0.5

15.0
16.5 Bai. Max

0.015
Max
0.005

Max
0.10 (1)

556 0.2 0.10 18 22 Bai.
(31)

1.0 3 20 0.4

W 2.5 
Ta 0.6 
N 0.2 

La 0.02 
Zr 0.02

(2)

625 Max
0.40

Max
0.10

Max
1.0

20.0
23.0

Max
5.0

Max
0.50

8.0
10.0

58.0
Min

Max
0.015

Max
0.015

Max
0.50

Max
0.40

. Nb+Ta 
3.15-4.15 (3)

310 Max
0.25

24.0
26.0 Bai. Max

2.00
19.0
22.0

Max
0.045

Max
0.030

Max
1.75 (4)

316 Max
0.08

16.0
18.0 Bal. Max

2.00
2.0
3.0

10.0
14.0

Max
0.045

Max
0.030

Max
0.75 N <0.10 (5)

15Mo3 0.12
0.20 Bal. 0.40

0.90
0.25
0.35

Max
0.035

Max
0.035

0.10
0.35 (6)

Note: (1) for ThyssenKrupp VDM (2002a), (2) for Haynes International Inc. (1998a), (3) for ThyssenKrupp VDM (2002b), (4) for Sandmeyer Steel Company 
(2007a), (5) for Sandmeyer Steel Company (2007b), and (6) for E-Pipe Co. Ltd. (2007).



a. Alloy 59

Alloy 59 is a Ni-Cr-Mo alloy with a very low content of C and Si. 

Nicrofer®5923hMo produced by ThyssenKrupp VDM is an example of alloy 59. It 

is commercially promoted as having excellent corrosion resistance and high 

mechanical strength. It was approved for pressure-vessel use with wall temperatures 

varying from -196 to 450°C. Alloy 59 has a face-centered-cubic structure. This alloy 

markedly withstands a wide range of corrosive mediums under both oxidizing and 

reducing conditions. It has an excellent resistance to chloride ions and mineral acids 

such as HNO3, H3PO4, and in particular to HSO4 and HC1 mixtures. Typical 

applications of alloy 59 are in the chemical, petrochemical and pharmaceutical 

industries, energy production, pollution control equipment, and especially in 

processes involving acids and/or chlorides (ThyssenKrupp VDM, 2002a).

b. Alloy 556

Alloy 556 is an Fe-Ni-Cr-Co alloy. HAYNES®556TM produced by Haynes 

international is an example of alloy 556. The alloy has effective resistance to 

oxidation, sulphidization, carburization and chlorine attacks at high temperature. It 

could also resist the corrosion by molten chlorides and molten zinc compounds. 

Typical applications are in elevated temperature and ‘moderately to severely 

corrosive environments’ such as in municipal and industrial waste incinerators, 

minerals processing, land-based gas turbines burning low-grade fuels, rotary 

calciners, processes involving high-sulphur petroleum feedstocks, and also various 

high temperature applications in the aerospace industry (Haynes International Inc., 

1998a).

c. Alloy 625

Alloy 625 is a Ni-Cr-Mo-Nb alloy with a low content of C. HAYNES®625 

produced by Haynes international and Nicrofer®6020hMo produced by 

ThyssenKrupp VDM were examples of the commercial alloy 625. It has corrosion 

resistant ability similar to those of alloy 59 but with a different limitation in terms of 

operating temperatures. It has excellent strength up to approximately 816°C 

(1500°F). Long term applications of this alloy are restricted to about 595°C (1100°F).

85



It is widely used in chemical industries, sea water and power plant scrubbers 

(Haynes International Inc., 1998b; ThyssenKrupp VDM, 2002b).

d. Alloy 310 and 316

Alloy 310 and 316 are very common austenitic stainless steels used in industry. 

These alloys have a fair corrosion resistance and generally good strength at elevated 

temperatures. They are widely used for elevated temperature applications such as in 

furnace and heat exchanger parts. They can also be used in chemical processes that 

require exposure to hot concentrated acids, NH3, SO2, acetic and citric acid. Alloy 

316 contains Mo which gives it a better corrosion resistance than alloy 310 (AK 

Steel, 2000; Sandmeyer Steel Company, 2007a; Sandmeyer Steel Company, 2007b).

e. Alloy 15Mo3

Alloy 15Mo3 is a high temperature steel with the addition of C and Mo. It is 

typically used for boiler parts or heat exchanger pipes in power plants globally. 

However, it is an old material and its performance is generally superceded by 

modem types of superalloys (Vend et al., 2004; E-Pipe Co.Ltd., 2007).

4.2.6 Aluminide pack cementation coating procedure

The aluminide pack cementation coating of samples was conducted by the 

“Advanced Material Research Institute, School of Engineering, University of 

Northumbria at Newcastle”. The coating procedure for each alloy substrate depended 

on its chemical composition which in turn determines the adhesiveness and coating 

quality between the coat layer and substrate material; The procedures used in this 

experiment are discussed as follows:

Firstly, coupons of alloy 59 and alloy 310 were ground up to 600 SiC grit finish. 

Then, each coupon was heated in a ceramic crucible packed with aluminide 

chemicals in the furnace. For coupons of alloy 59, the aluminide mixture was 

composed of 15%A1 + 3%NH4C1 + 82%Al203 by weight. These coupons were 

heated at a temperature of 1,000°C for 5 hours. For coupons of alloy 310, the 

aluminide mixture was composed of 4%A1 + 2%A1C13 + 94% AI2O3 by weight. 

These coupons were heated at a temperature of 850°C for 5 hours.

86



4.2.7 The installation and the operation of sampling probes

T he in sta llation  o f  the probe w a s carried out during sch ed u led  plant shut d o w n  for  

m ain ten an ce. T he v ie w in g  port at the probe lo ca tio n  w a s taken out and rep laced  by  

the insu la tin g  p late, th e co v er in g  plant and the co n n ectio n  flan ge. T h e probe w as  

carefu lly  inserted  in to  th e furnace (F igure 4 .1 4 ) . T hen  com p ressed  air at a pressure  

o f  4 .5  bars w a s set up and fed  through a v a lv e  into the probe at a  f lo w  rate o f  1320  

ft /h  (3 7 .3 8  m /h). A p p rox im ate ly  the sa m e am ount o f  co m p ressed  air w a s u sed  as a 

second ary  air je t  for c o o lin g  around the w a ll-en d  o f  the probe. F in a lly , 

th erm ocou p les w ere con n ected  to  the data lo g g er  (F igu re 4 .1 5 )  w h ich  w a s pre­

program m ed to  record th e tem peratures o f  air in the p robes ev ery  h a lf  an hour. T h e  

in sta lled  and op eratin g  sam p lin g  probe is  sh o w n  in F igure 4 .1 6 .

Figure 4.14 Installation of the sampling 
probe No.l

Figure 4.15 Data logger in operation

Figure 4.16 Operating sampling probe 
(No.l)

S am p lin g  probe N o . l  w a s  insta lled  on  15 O ctob er 2 0 0 6  and w a s  taken ou t on  16 

N o v e m b e r  2 0 0 6 . T he p eriod  o f  op eration  for the seco n d  probe b egan  on  5 A pril 2 0 0 6  

and ended  o n  9  M ay 2 0 0 6 . T h is resu lted  in  an exp o su re  tim e o f  7 6 9  h for probe N o . 1
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and 811 h for probe No.2. At each probe removal, the flange and covering plate was 

left at the plant until the next scheduled maintenance. The viewing port was only 

replaced after all experiments were completed. During the experiment, probes No.l 

and No.2 were taken out to check their general conditions. The checking times for 

probe No.l and No.2 were on day 14, and day 12 respectively.

4.2.8 Other collection points of combustion residues

Samples of combustion residues were collected from various locations inside the 

furnace. These samples were subsequently analysed for their chemical composition. 

The results could be used to explain the elemental flux of waste constituents that 

were released from the waste burning bed and travelled to the air pollution control 

system. The samples’ description and collection points are summarized in Table 4.7.

Table 4.7 Samples of combustion residues: description and collection points

No. Identity Type of sample Collection points

1 BA Bottom ash Bottom ash pit

2 SL1 Slagging from the furnace wall 1stpass, at 19.5 m from ground or at 10.2 m 
above the waste burning bed

3 SL2 Slagging from the furnace wall 1st pass, at 25.1 m from ground or at 15.8 m 
above the waste burning bed

4 SL2+Wh White deposit accumulated on 
the wall slagging

1st pass, at 25.1 m from ground or at 15.8 m 
above the waste burning bed

5 SL3 Slagging from the furnace wall
1st pass, at 28.7 m from ground or at 19.4 m 
above the waste burning bed (the same area as 
the sampling probe no.l)

6 SL3+Wh White deposit accumulated on 
the wall slagging

1st pass, at 28.7 m from ground or at 19.4 m 
above the waste burning bed (the same area as 
the sampling probe no.l)

7 SHI Fouling on the superheater tube 
- sample 1

2nd pass, at 25.35 m from ground or at 0.5 m 
lower than the location of sampling probe no.2

8 SH2 Fouling on the superheater tube 
- sample 2

2nd pass, at 25.35 m from ground or at 0.5 m 
lower than the location of sampling probe no.2

9 EC
Fouling or combustion residues 
that deposited on the 
economiser.

Ash bunker located under the economiser (at the 
beginning of the 3rd pass)

10 APC Air pollution control residues
Storage silo of the air pollution control residues 
(particulates filtered out from the gas stream by 
the bag house filter)
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4.3 Analytical Methodology for Combustion Residues and 

Deposits

After the sampling probes were removed from the furnace, deposits and corrosion 

products were collected from various positions on both probes with labels carefully 

marked on each sample container. Then the alloy rings covered with a thin layer of 

corrosion products were disassembled and cut to appropriate sizes which are 

required for further analytical work. Baffles and coated coupons were also cut out 

from the main probe. Table 4.8 is a list of all samples and the analysis carried out.

Table 4.8 List of samples and analysis program

Sample

Analysis program

Full
elemental
analysis

Differentia 
1 thermal 
analysis

Crystalline
phase
study

Micro­
structure
analysis

Corrosion
rate

analysis

Grain
boundary
analysis

Combustion
residues V V V

Deposits on 
probes V V V

Corrosion
products V V

Alloy rings V V V V

Baffle V

Coated coupons V V

4.3.1 Full elemental analysis

a. Sample preparation

Sample preparation for deposits and corrosion products were carried out at the 

Department of Chemical and Process Engineering. Initially the samples were 

manually ground using a mortar until the particles were smaller than 212 pm. Then 

the samples were kept in air-tight containers prior to sending them for analysis.

b. Analytical details

The full elemental analysis was conducted by the Centre for Analytical Science, 

Department of Chemistry. Samples in powdered form were digested in an acid

89



solvent, namely “aqua rega”. This solvent was a mixture of HNO3 and HC1 at the 

ratio of 3:1. After which, the solvents were injected into the “Spectro Genesis -  

Simultaneous Charged Coupled Device -  Inductively Coupled Plasma (CCD-ICP) 

Spectrometer” for elemental analysis. It was noted that the results of Si from this 

analysis were not accurate. This is because the analysis of Si requires HF solvent 

which was not permitted in this experiment. Measurement of Cl and Br were also not 

accurate due to the sensitivity limitation of the system.

Further analysis for C, H and N was carried out by using a “Perkin Elmer 2400 

Elemental Analyser for C-H-N Analysis”. The elements existing in the sample were 

separated into gas form for detection by the combustion/reduction technique.

Chlorine was determined by using a standard titration method. The sample was burnt 

in the presence of O2 in a flask containing an absorbance solution. This solution was 

then titrated with Hg(N03)2 to give the Cl concentration.

4.3.2 Differential Thermal Analysis

a. Sample preparation

Samples of deposit and corrosion products were prepared using the same method as 

described in section 4.3.1 .a.

b. Analytical details

The analysis was carried out using a “Perkin Elmer - Differential Thermal Analyser 

DTA7 (N538-1045)” at the Material Characterization Laboratory, Department of 

Engineering Materials. A sample was weighed to be approximately 25 mg and 

placed into the alumina crucible. It was then heated up in the furnace containing 

nitrogen gas from 50°C to 1400°C at the rate of 10°C/min. The temperature of the 

reference standard, the sample and the furnace were recorded. The final result was 

used to plot a graph of the temperature difference between the reference and the 

sample against the furnace temperature.
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4.3.3 Crystalline phase study

a. Sample preparation

Different methods were used to prepare the powdered-form and the metal alloy 

samples since they were analysed using different instruments. Samples of deposit 

and corrosion products were prepared using the same method as described in section 

4.3. l.a. Samples of coated coupons did not need preparation since the flat surface of 

the coated coupons was compatible with the instrument requirement. However, the 

preparation for the alloy rings was different since they did not have a flat surface. 

Only part of the flat surface of the rings could be exposed to the radiation beam in 

order to provide precise phase analysis. Therefore the alloy rings were partially cold- 

mounted in epoxy resins. The rings were arranged in the way that only a flat surface, 

of approximately 0.5 * 0.5 cm was exposed out of the resin. There was no grinding 

or polishing required for this cold mounting.

b. Analytical details

Crystalline phase study was carried out at the X-Ray Diffraction Laboratory, 

Department of Engineering Materials. Samples of deposits and corrosion products 

were analysed by using “Philips PW1710 Reflection Diffractometer (Copper 

System)” with the software named “STOE WinXP0W and Hiltonbrooks XRD Link”. 

The 20 range used in this analysis was 5 -  80°.

Samples of coated coupons and alloy rings were analysed using “Siemens D500 

Reflection Diffractometer (Copper Radiation)” with the software named “Diffrac 

plus XRD commander”. The analysis was carried out for two scan types; “locked 

coupled” (6-29analysis) and “detector-scan” (glancing angle analysis). The 26 

range used in this analysis was 10 -  105°. The glancing angle used was 8°. Analysed 

depths of samples were approximately 25 pm for the locked coupled scan, and 2 pm 

for the detector scan.

The radiation beam in both machines consists of CuKa 1 and Ka 2 , and operates at 40 

kV and 30 mA. Phillips PW1710 Reflection Diffractometer and Siemens D500 

Reflection Diffractometer are shown in Figure 4.17 and Figure 4.18 respectively.
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Figure 4.17 Philips PVV1710 Reflection 
Diffractometer

Figure 4.18 Siemens D500 Reflection 
Diffractometer

4.3.4 Microstructure analysis

a. Sample preparation

M icrostructure a n a ly s is  o f  th e  a llo y  rin gs, b a ffle s , and coated  co u p o n s w ere  carried  

o u t o n ly  on  a  cro ss  sec tio n  surface o f  th ese  sa m p les . T h e sam p le  preparation w a s  

con d u cted  in  the D epartm ent o f  C h em ica l and P rocess E n g in eerin g  and in the  

M icropreparation  Lab, D epartm ent o f  E n g in eerin g  M aterials. F irstly , th ese  m etal 

sa m p les  w ere  cut to  the s iz e s  that cou ld  fit into a  2 4  m m  m ou n t as required b y  the 

an alytica l instrum ent. A llo y  rings w ere  cu t quarterly and a sa m p le  o f  b a ffle  w a s cut 

in to  1 cm  x 1 cm . C oated  co u p o n s h a v in g  the sm a llest s iz e  d id  n ot require cu tting.

C ut sam p les  w ere  co ld  m ou n ted  in  ep o x y  resin  w ith  a d iam eter o f  2 4  m m . A fter th ey  

w ere a llo w ed  set for 2 4  hours, th e  sa m p les  w e re  ground u sin g  ab rasive grin din g  

paper up to  a grit fin ish  o f  6 0 0  S iC  (m ed ian  d iam eter 15.3 p m ) to create the cross  

sec tio n  surface. T hen , the m ou n ted  sa m p les  w ere  p o lish ed  w ith  d iam ond  p o lish in g  

ab rasives so lu tio n  until a d iam ond  s iz e  o f  3 p m  w a s a ch iev ed . G rinding and  

p o lish in g  w ere carried ou t b y  u sin g  a “P H O E N IX  4 0 0  S am p le  Preparation S y stem ” 

a s sh o w n  in F igure 4 .1 9 . 6 - 8  p ou n d s o f  force w a s u sed  for  both grinding and  

p o lish in g . R ev o lu tio n s u sed  for grin d in g  and p o lish in g  w ere  2 5 0  rpm and 150  rpm  

resp ectiv e ly .

Prior to  the an a ly sis , the p o lish ed  sa m p les  w ere  painted  w ith  “ S ilv er  in M eth yl 

Isob u ty l K eton e E lectrod ag” a lso  k n o w n  as s ilv er  d ag  so lu tio n  in  order to  im p rove
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the e lectr ica l co n d u ctiv ity  b etw een  th e sam p les  and the sam p le h o ld er in sid e  the  

instrum ent. In so m e ca se s , sa m p les  w ere  carbon -coated  in  order to  reduce the  

ch arg in g  e ffec t. T he carbon coa tin g  m ach in e u sed  in th is study w a s “E M IT EC H  

K 9 5 0 X  C arbon C oater” as sh o w n  in F igure 4 .2 0 . P o lish ed  sa m p les , painted  sam p les  

and carbon -coated  sam p les are sh o w n  in  F igure 4 .2 1 .

Figure 4.19 PHOENIX 400 Sample 
Preparation System

Figure 4.21 Mounted samples of alloy 
ring: polished, painted, and carbon coated 
samples.

Figure 4.20 EMITECH K950X Carbon 
Coater

In the p ro cesses  o f  sa m p le  preparation, a llo y  sa m p les  w ere  kept dried as m uch  as 

p o ss ib le  and o n ly  Isopropanol w a s u sed  for w a sh in g  and lubricating during th e  

cu ttin g  p rocess.

b. Analytical details

M icrostructure a n a ly s is  w a s  carried out in  the “M ateria ls and E n g in eerin g  R esearch  

Institute (M E R I), S h e ffie ld  H allam  U n iv ers ity ” b y  u sin g  “E nvironm ental S can n in g  

E lectron  M icro sco p y  - P h illip s  X L 3 0  E S E M -F E G ” w ith  a  so ftw are nam ed “ Inca” .
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T h e scan n in g  electron  m icro sco p e  operated w ith  a typ ica l accelerating  v o lta g e  o f  2 0  

k eV . T he w ork in g  d istan ce b etw een  the electron  gu n  and the sam p le w as 10 cm .

S urface im a g es o f  the sam p les w ere obtained  u sin g  a secon d ary  electron  beam . It is  

th erefore im portant for o n e  to  n ote that the resu lts o f  elem en ta l co m p o sitio n  

determ ined  by th e backscattered  electron  b eam  m igh t be d ifferent. T h is is b ecau se  

the b ackscattered  e lectron s penetrate d eep er into the sam p le com pared  to  second ary  

electron s. T he sch em a tic  diagram  o f  the range and spatial reso lu tion s o f  back  

scattered electron  and second ary  e lectron s is  sh o w n  in F igure 4 .2 2 .

Figure 4.22 Summary of range and spatial resolution of backscattered electrons, secondary 
electrons, X-rays and Auger electrons produced from an electron microprobe-scanning electron 
microscope (Goldstein, 1974)

A n oth er im portant is su e  w h ils t  u sin g  E S E M  a n a ly sis  is  that the resu lts o f  so m e  

e lem en ts  overlap . Pairs o f  e lem en ts  that p roduce over lap p in g  results are W  -  S i, M o  

-  S , and F e -  Cu.

4.3.5 Corrosion rate measurement

C orrosion  rates on  a llo y  rings w ere  a n a lysed  b y  2 m eth od s. F irstly , the th ick n ess  o f  

th e a llo y  rings w a s m easured  b y  a d ig ita l vern ier ca llip er w ith  a p rec ision  o f  up to  a
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hundredth of a millimetre (10 pm). Secondly, the corrosion rates of alloy rings were 

measured by an optical microscope. The latter method is discussed in the following:

a. Sample preparation

Alloy rings were cut into half and mounted in epoxy resins having a diameter of 38 

mm. After it was left to set for 24 h, the samples were ground using abrasive 

grinding paper up to a grit finish of 600 SiC (median diameter 15.3 pm) to create the 

cross section surface. Then, the mounted samples were polished with diamond 

polishing abrasives solution until a diamond size of 3 pm was achieved. Grinding 

and polishing were carried out by using “PHOENIX 400 Sample Preparation 

System” as previously discussed in section 4.3.4a. Then, several radius lines were 

drawn on the cross-sectional surface of the alloy rings in order to create some 

reference marks for the length measurement by the microscope and its software.

b. Analytical details

Corrosion rate measurement was carried out in the Department of Engineering 

Materials by using a “Reichert Jung - Polyvar Microscope” with a software named 

“KS Run 3.0”. The software allowed the operator to take pictures of the sample with 

high magnification and to measure the thickness of the alloy rings. Hence, the 

corroded length and corroded area of the alloy rings was calculated.

4.3.6 Grain boundary analysis

a. Sample preparation

The samples of alloy rings were prepared using the same method as described in 

section 4.3.5a.

b. Etchant preparation

Etchant No. 105, also known as etchant 92-5-3, was made of 5 ml H2S04 + 3 ml 

HNO3 + 90 ml HC1. The solution was prepared under the fume hood.
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c. Analytical details

Corrosion rate measurement was carried out in the Department of Chemical and 

Process Engineering and the Department of Engineering Materials. Sample surfaces 

were swabbed by the etchant solution for 10-30 seconds. Then, the samples were 

washed with distilled water and dried. The dried samples were placed under the 

optical microscope “Reichert Jung - Polyvar Microscope” for grain boundary 

analysis.

4.3.7 Errors in analytical methods

Multiple errors were accounted for the whole experimental program. However, 

some errors were reduced by calibration of instruments whereas others required 

multiple readings and measurements to obtained averages. Another error that was 

not accounted for was during preparation by cutting the alloys. Cutting the alloys at 

high temperature caused them to stretch and distort which causes some errors during 

corrosion rate measurements. Furthermore, some of the compounds might have been 

disintegrated or transformed due to atmospheric moisture absorption while 

transporting the probes from the plant.
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CHAPTER 5

EXPERIMENTAL RESULTS

T h is chapter p resents th e resu lts obtained  from  the exp er im en ts and the analytical 

w ork  that w ere p rev io u sly  d escrib ed  in Chapter 4. F irstly , th e ab breviation s u sed  for  

id en tify in g  sam p les are introduced. T hen , the chapter sh o w s the resu lts o f  th e  

tem perature m easurem en ts that co n sist o f  ( 1 ) gas tem perature m easurem ent b y  u sin g  

a su ction  pyrom eter and (2 ) tem perature p ro files  o f  the air in sid e  the p rob es during  

th e exp osu re in  the furnace. N e x t , the v isu a l characteristics o f  variou s co m b u stio n  

resid u e sam p les  are d iscu ssed , fo llo w ed  b y  the d escr ip tion  o f  th e p rob es after th ey  

w ere w ithdraw n from  the furnace. S u b seq u en tly , the an alytica l resu lts for a llo y  

sp ec im en s, corrosion  products, probe d ep osits  and other com b u stio n  resid u es are 

presented . T h ese  resu lts in c lu d e (1 ) e lem en ta l co m p o sitio n , (2 )  crysta llin e  p hase  

id en tifica tion  for coa tin g  and corrosion  products, (3 )  tem peratures o f  p h ase  

transform ation  o f  d ep o sits , (4 )  corrosion  rates, (5 ) grain boundary a n a ly sis , and ( 6 ) 

m o rp h o lo g y  o f  corroded areas and corrosion  products.

5.1 Identification of Samples from the Sampling Probes

A  sy stem a tic  id en tifica tion  sy stem  w as d esig n ed  in  order to  standardize th e n am es o f  

lo ca tio n s o f  sam p les co llec ted  from  the probes. T he ab breviation s to  b e u sed  and  

their p o sit io n s  on  the probe are sh o w n  in  F igure 5 .1 . A ll  ab breviation s and their  

d escr ip tion s are listed  in  T ab le 5 .1 .

1-----------

G,J 'in  lin-W

f

1--------------------------- m ------------------------- 1---------------------x .-------------------- 1

lin-Ml I  in-M2 lin-E

,,-a» 6 ^  T  ........
■— *  t  t  t  f  + t  f  f  t  * t 1..... ...... f- +

[---------------------------------------  ; t = = =
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Figure 5.1 Diagram of a sampling probe and the abbreviations used for referring to the samples 
or locations on the sampling probe



Table 5.1 Description of the abbreviations used for referring to the samples or locations on the 
sampling probes

T y p e A b b r e v i a t i o n D e s c r i p t i o n
D i s t a n c e  ( m )  f r o m  w a l l

P r o b e  N o . l P r o b e  N o . 2

M a i n

p r o b e

( A l l o y 6 2 5 )

2 in The 2inch diam eter 0 - 0 .3 1 5 0 - 0 .3 1 5

l i n - W The 1 inch diam eter at the wall section 0 .3 1 5 -0 .5 2 5 0 .3 1 5 -0 .5 3 1

1 in -  M 1 The linch  diam eter at the m iddle section 0 .6 5 0 -0 .8 0 5 0.651 -0 .8 1 1

1 in -  M2 The linch  diam eter at the m iddle section 0 .9 3 4 -  1.089 0 .9 3 2 -  1.092

l i n - E The lin ch  diam eter at the end section 1 .2 1 4 -1 4 3 2 1 .2 1 3 -1 .4 3 2

A l l o y
r i n g s

Ring W Area o f  ring  59W , 556W  and 625W 0 .5 3 2 -0 .6 4 6 0.531 -0 .6 1 1

Ring M A rea o f  ring  59M , 556M  and 625M 0 .8 0 9 -0 .9 2 9 0 .8 1 1 -0 .9 3 2

R in g E A rea o f  ring 59E, 556E and 625E 1 .0 9 3 -1 .2 1 0 1 .0 9 2 -  1.213

59W R ing o f  a!loy59 at the wall section 0 .5 3 2 -0 .5 7 1 0.531 -0 .5 7 1

556W Ring o f  alloy556 at the wall section 0 .5 7 1 -0 .6 0 9 0 .5 7 1 -0 .6 1 1

625W Ring o f  alloy625 at the wall section 0.609 -  0.646 0 .6 1 1 -0 .6 5 1

59M R ing o f  alloy59 at the m iddle section 0 .8 0 9 -0 .8 4 9 0 .8 1 1 -0 .8 5 1

556M Ring o f  alloy556 at the m iddle section 0 .8 4 9 -0 .8 8 9 0.851 -0 .8 9 1

625M Ring o f  alloy625 at the m iddle section 0 .8 8 9 -0 .9 2 9 0 .8 9 1 -0 .9 3 2

59E Ring o f  alloy59 at the end section 1 .0 9 3 -  1.133 1 .0 9 2 -1 .1 3 3

556E Ring o f  alloy556 at the end section 1 .1 3 3 -1 .1 7 0 1 .1 3 3 -1 .1 7 3

625E Ring o f  alloy625 at the end section 1 .1 7 0 -  1.210 1 .1 7 3 -1 .2 1 3

B a f f l e s
BFW Baffle close to  the wall 0.390 -  0.465 0 .3 8 5 -0 .4 6 0

BFE Baffle close to  the end o f  the probe 1 .2 8 9 -  1.364 1 .2 9 3 -  1.368

C o a t e d

c o u p o n s

C59W C oated coupon o f  alloy59 close to the wall - 0 .6 8 7 -0 .7 0 5

C310W C oated coupon o f  a llo y 3 10 close to  the wall - 0.736 -  0.754

C59E C oated coupon o f  alloy59 close to the end - 1 .2 2 3 -  1.241

C310E C oated coupon o f  a llo y 3 10 close to  the end - 1 .2 5 5 -  1.273

D i r e c t i o n s

F / front
Front side o f  the probe (side facing gas 
stream  directly) T

/ s m \
F fend side! R 

F l o w  B

F l o w

F / T

/S P ~ 2 \
fend side)

R / rear / back
R ear side o f  the probe (side not facing the 
gas stream  directly)

T / to p The top  h a lf o f  the probe

B / bottom The bottom  h a lf o f  the probe. r 7 b

T he d irection  o f  the gas stream  p a ss in g  through th e  probe w a s d ifferent for each  

probe. M athem atical m o d e llin g  (C hapter 6 ) w a s u sed  to ca lcu la te  the d irection  o f  the  

gas flo w . T he ca lcu la ted  resu lts corresp on ded  reason ab ly  w ith  the f lo w  ob servation  

at the plant as w e ll  as th e exp er im en ta l resu lts. For probe N o . l .  the gas stream  had a 

v e lo c ity  o f  3 .0 5  m /s , w ith  an a n g le  o f -1 3 8 .4 °  to the Y -a x is . T h e gas stream  p assin g  

probe N o .2  had a v e lo c ity  o f  4 .8 3  m /s , w ith  an an g le  o f  4 .8 3 °  to the Y -a x is . 

S ch em atic  d iagram s o f  the p rob es and the f lo w  d irection  o f  g as stream  are sh o w n  in  

T able 5.1.  T he d raw in g illu strates the v ie w  as on e is lo o k in g  from  the end o f  the  

probe.
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5.2 Temperature Measurement by using an Air-cooled 

Suction Pyrometer

The flue gas temperatures at the position of probe No.2 were measured by using an 

air-cooled suction pyrometer. The pyrometer was placed at 3 positions: 0.53, 0.98 

and 1.43 m from wall which were approximately equivalent to the position of alloy 

ring W, alloy ring M, and the end of the sampling probe. Results from the pyrometer 

compared with the data obtained from the plant operators are shown in Table 5.2.

Table 5.2 Gas temperatures at the position of sampling probe No.2 - measured by an air-cooled 
suction pyrometer

Distance (m) Temperatures measured by 
the suction pyrometer (°C)

Temperatures measured by 
the plant’s equipment (°C)

1.43 m from wall (probe’s end) 600-650
0.98 m from wall (ring M) 515 730-791
0.53 m from wall (ring W) 482

The results show that probe No.2 was exposed to temperatures ranging from 482°C 

at ring-wall to 650°C at the end of the probe. These values were lower than the 

plant’s data (730 -  791°C) in spite of the fact that the suction pyrometer was 

designed to eliminate the effect of heat loss through radiation. The reason is that the 

plant’s probe is located further away from the waterwall and also at a higher position 

(close to the first pass of furnace).

5.3 Temperature of cooling air inside the sampling probes

The temperature profiles of air inside the sampling probes are shown in Figure 5.2. 

The results are composed of profiles of air temperature measured at 0.59 (556W), 

0.87 (556M) and 1.15 m (556E) from the wall, and also the temperature at the 

furnace wall. The sampling probes were placed in the furnace during the plant 

maintenance shutdown. After the maintenance jobs are accomplished, the auxiliary 

burner heats up the furnace at a rate of 50°C/h until the operating temperature is 

reached. Therefore, the recorded temperatures of air inside the probes started at the 

room temperature and sharply increased before being stabilized during the following 

day. The total exposure times of sampling probe No.l and No.2 were 769 hours (32 

days), and 811 hours (34 days) respectively. In general, the temperature of the
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c o o lin g  air increased  as it p assed  through the probe, i.e . the tem peratures at the end  

sec tio n  w ere  greater than th o se  at th e w a ll sec tio n . T h e tem perature p ro file s  o f  both  

p robes gradually  d ecreased  as tim e p rogressed . T h is  w a s the result o f  d ep o sit  

accu m u lation , as th e d ep osit has a lo w  therm al co n d u ctiv ity , w h ich  s ig n ifica n tly  

redu ces the heat transferred to the probe.
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Figure 5.2 Temperature profile of air inside the sampling probes: (a) probe No.l, (b) probe No.2

T he data recorded  for probe N o . l  (F igu re 5 .2 a ) b e tw e en  hour 3 1 4  and 3 8 7  are not 

a v a ila b le  d ue to  a b u m  ou t o f  the fu se  in  the data logger . A  h igh er grade fu se  w a s
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inserted and the experiment continued. The temperature profile consists of two peaks 

of increased temperature; in the period of hour 0 - 1 0 0  and hour 600 -  700. One 

reason for the first peak may be the effect of deposit accumulation as previously 

discussed. The later temperature increase may have occurred after the lower part of 

the deposit cracked and fell away from the probe. The evidence showing the loss of 

the thick deposit layer from the lower part of the probe is presented in section 5.4.1.

The plant can experience some difficulties during the start-up process and the burner 

might be shut down again. This problem occurred during the experiment with probe 

No.2 (Figure 5.2b). It resulted in a reduced temperature profile in hour 80 - 136.

The results of temperatures at 0.87 m (556M) in both probes were inconsistent. The 

results did not lie between those measured at 0.59 m (556W) and 1.15 m (556E) as 

expected. In probe No.l, the temperatures of air at the middle section were close to 

those of the wall section from about hour 100 to hour 314. In probe No.2, results 

from the middle section were similar to those of the end section from the beginning 

of the experiment until hour 281. After that, the recorded temperatures immediately 

dropped to be lower than temperatures at the wall section and remained relatively 

constant until the end of the experiment. One reason can be the displacement of the 

thermocouples at either the wall section or the middle section. Movement of 

thermocouples was due to the high velocity air inside the probe or the ductility of the 

thermocouple tubes in the high temperature condition which causes significant 

misalignment. Thus, the recorded temperatures were probably affected by the inner 

surface of the probe rather than the air temperature. This problem can be solved in 

the future by incorporating these thermocouple wires with a small stainless steel tube 

(or round bar) before inserting them into the main probe.

The average temperatures at 3 positions as well as the temperature differences (AT) 

between the end section and the wall section for probe No.l and No.2 were 

calculated. The values are shown in Table 5.3 and Table 5.4 respectively. The 

average temperatures were calculated for 3 different ranges of time in order to 

observe the effects of deposit accumulation. The ranges are (1) the first period: hour 

150 -  400, (2) the last period: from hour 400 to the end, and (3) the total 

experimental period: from hour 150 to the end.
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Table 5.3 Average temperatures of air inside probe No.l at different locations (°C)

Position of the air temperature 
measurement (from the wall) 
in probe No.l

Range of temperatures for calculating the average values

Hour 150-400 Hour 400 - End Hour 150-End

0.59 m (556W) 100 90 94

0.87 m (556M) 104 131 122

1.15 m (556E) 167 179 175

AT ( T 55 6 E ~  T 556 w ) 67 89 82

Table 5.4 Average temperatures of air inside probe No.2 at different locations (°C)

Position of the air temperature 
measurement (from the wall) 
in probe No.2

Range of temperatures for calculating the average values

Hour 150-400 Hour 400 • End Hour 150-End

0.59 m (556W) 118 117 117

0.87 m (556M) 142 97 110

1.15 m (556E) 219 198 204

AT (T556E -T 556W) 102 81 87

The average temperatures for probe No.l, calculated from hour 150 to the end, at the 

wall section, middle section and end section were 94, 122 and 175°C respectively.. 

The average values for probe No.2 were 117, 110 and 204°C respectively. The 

temperatures for probe No.2 were generally higher than probe No.l. The reason may 

be the displacement of thermocouples as discussed previously.

The temperature difference of the air flow inside the probe calculated from the wall 

section to the end section was 82°C for probe No.l, and 87°C for probe No.2. 

Therefore, the design of these probes provides an average temperature difference of 

84°C. The differences of average temperatures between the first period (hour 150 -  

400) and the last period (hour 400 -  end) confirm the effect of deposit accumulation.

These measured temperatures were used as the reference for the modelling work, 

which will be further explained in Chapter 6. Modelling of the sampling probes can 

provide an estimate of the surface temperature of the metal and deposit as shown in 

Table 5.5 (summarized results from Chapter 6). For probe No.l, the surface 

temperatures of the metal and deposits vary in the range of 404 -  543°C and 489 -  

680°C respectively. For probe No.2, the surface temperatures of the metal and 

deposits vary in the range of 363 -  474°C and 400 -  616°C respectively. These
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results will be referred to and used to explain the corrosion process later on. 

However, the modelling results for the air temperature inside the probes were lower 

than the measured temperatures. Therefore, it should be noted that the real surface 

temperatures of metal and deposit were higher than the modelling results.

Table 5.5 Modelled surface temperature values of metal and deposit at different locations on the 
sampling probes

Surface
temperature

(°C)

Location
(section)

Sampling probe No.l Sampling probe No.2

No deposit With deposit No deposit With deposit

Metal surface 
temperature

0.59 m (W) 452-496 404-427 397-434 363 -378
0.87 m (M) 477-518 435-462 419-453 385-401
1.15 m(E) 504-543 468-495 441-474 418-440

Deposit
surface

temperature

0.59 m (W)
n.a.

489-680
n.a.

399-598
0.87 m (M) 514-641 419-596
1.15 m (E) 542-631 616

5.4 Sampling Probes after the Experiment

5.4.1 Sampling Probe No.1

The probe was taken out from the furnace at hour 387 (day 16) for a brief inspection. 

It was covered all around by deposits as shown in Figure 5.3a. The deposit on the 

front side (directly facing the gas stream) was generally thicker than on the rear side 

of the probe. Cracks separating deposits into a top and bottom part were observed on 

the side, in the middle and the end of the probe. After 769 hours of exposure, probe 

No.l was finally withdrawn from the furnace. The front side and the rear side of the 

probe are shown in Figure 5.3b and Figure 5.3c respectively.

It was found that a major portion of the thick deposits detected earlier had fallen off 

in the furnace. The top part of the front side of the probe was the only area where a 

thick deposit was found. The other areas were covered by a very thin layer of deposit 

except the end section of the rear side where deposit was barely detected.

Scale or substance accumulating on sampling probe No.l was composed of (1) a 

thick layer of deposit at the outmost, (2) hard lamella layers of corrosion products
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w h ich  w ere  e a s ily  detached  from  th e probe, and (3 )  at the sca le-m eta l in terface, a  

very  th in  film  o f  d en se  and p ow d ery  corrosion  products.

(a)

(c)

Figure 5.3 Probe No.l after being exposed to the hot gas: (a) 387 hours -  front side, (b) 769 
hours -  front side, (c) 769 hours -  rear side

a. The Thickness and the Forms of Scale

T h e th ick n ess  and the form ation  o f  sca le  layers on  the probe varied  d ep en d in g  on  

their p o sitio n  on  the probe and th e typ e o f  a llo y s  in  that particular area. T ab le 5 .6  

p resents the th ick n ess  (m easured  b y  a  vern ier ca lip er) and p o sit io n s  o f  the sca le  at 

variou s lo ca tio n s on  the probe. A  s im p lif ie d  d iagram  sh o w in g  th e p o sit io n  and the  

form ation  o f  sca le  on  the a llo y  rings is  p resented  in  F igure 5 .4 . T he th ick n ess  v a lu es  

o f  corrosion  products p resented  in  T ab le  5 .6  and F igure 5 .4  w ere  m ain ly  o f  the
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d etach ab le corrosion  products (hard lam ella  layers). It w a s  not p o ss ib le  to  m easure  

the th ick n ess o f  the thin film  at the sca le-m eta l in terface b y  a vernier caliper.

Table 5.6 The thickness and position of scales at various locations on probe No.l

L ocations
D eposit C o rro s io n  p ro d u c ts

T h ick n ess
(m m )

C o v ered  a re a  
(to th e  Y -axis)

T h ick n ess (m m ) C o v ered  a re a  (to  th e  Y -axis)

2in 625 1 0 - 3 5

l i n - W 9 - 1 6

BFW 3.5 1 All

59W 8 -120° to  30° Barely detectable -180° to  30°

556W 15 -120° to  30° 2 -90° to  135°

625W 13 -120° to  30° 1 -180° to  30°

lin  —M l 13

59M 7 -105° to  20° <1 All round but thicker a t -200° to  30°

556M 8 -105° to  20° 2.5 -120° to 90°

625M 8 -105° to  20° 0.5 All round but thicker at -200° to  30°

lin  -  M2 7

59E 8 -90° to  0° 1 A ll round but th inner at the bottom  side

556E 5 -90° to  0° 2 -90° to  30°

625E 6 -90° to  0° 0.5 All round bu t th inner at the bottom  side

l i n - E 7

BFE 3 .5 - 4 1 All

Figure 5.4 Diagrams for the formation of deposits (yellow colour) and corrosion products 
(brown colour) on the metal rings of probe No.l

105



Deposit found to be thicker on the front side of the probe could be clearly explained 

by using the mathematical modelling (further described in Chapter 6). In summary, 

the front side of the probe was the area where the gas and particles impinged on the 

probe directly, and with the highest velocity. Therefore, the deposit was maintained 

by the force of the flue gas flow. This result agreed with a previous study which 

proved that the inertia-controlled transport is the dominant transport mechanism of 

particles. The study had considered the deposition rate which resulted from the 

change in heat transfer, diffusion and thermophoresis processes (Van Beek et al., 

2001).

Important factors that cause the deposits to fall off during the exposure time are:

1. The weight of deposit

2. The easily detached layer of corrosion products -  it is porous due to the loss 

of metal elements from the vaporization during the oxidation process 

(spallation). Therefore, it cannot carry the increasing weight of deposit.

3. Cracking due to the temperature difference in the probe -  the temperature 

gradient of 82°C for a distance of 0.56 m can lead to a difference in 

expansion, and consequently cracking and spalling of the deposit.

4. The shock due to fluctuation of the gas stream temperature or velocity

The difference of metal surface temperature had a great effect on the deposit amount 

and the corrosion process. Figure 5.5 shows scale formation on 3 sections of alloy 

rings. The measured average air temperatures inside the probe at sections W, M, and 

E were 94, 122 and 175°C, respectively. It was clear that the surface having a lower 

temperature had a thicker layer of deposit since a lower temperature surface allowed 

more vapours to condense, and liquid particles to solidify. The thickness of the 

deposit can also increase rapidly when its surface temperature exceeds the melting 

points of the constituting compounds, principally alkali chlorides. The molten 

deposit increases deposition of particles particularly of small size since these small 

particles cannot be carried further by the gas stream but are trapped in the sticky 

molten deposit.
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Figure 5.5 Probe No.l after the test: (a) wall/rear, (b) middle/rear, (c) end/rear

T he tem perature sig n ifica n tly  contributes to  the corrosion  p ro cess  as can  b e clearly  

id en tified  in  F igure 5 .6 . T he m ain  tube (1 in ch ) at the near w a ll p ositio n  (F igure  

5 .6 a ) still had a  sh in y  m eta llic  surface, w h erea s th e  en d  sec tio n  (F igu re 5 .6 b ) had  

corro siv e  surface dam age. It is  co n clu d ed  that th e  rate o f  the corrosion  p rocess  

in creases w ith  tem perature.

Figure 5.6 Baffles of probe No.l after the test: (a) wall/rear, (b) end/rear

b. Characteristics of Deposits

T h e d ep o sit on  probe N o . l  w a s co m p o se d  m ain ly  o f  fin e  y e llo w  p articles. It had the  

sam e v is ib le  characteristic  as the d ep o sit c o llec ted  from  the surrounding furnace  

w a lls . A s  the d ep o sitio n  con tin u ed , larger p articles, e sp ec ia lly  flak e-sh ap ed  p articles, 

w ere accum ulated  on  the o ld  d ep o sit su rface. It w a s  fou n d  that the upper layer o f  the  

th ick  d ep o sit w a s b row n in co lo u r  and con ta in ed  larger particles. T h e e v id en ce  o f  

m olten  d ep o sit w a s d etected  in  lo ca tio n s  su ch  as o n  th e  th ick est d ep osit co v er in g  the  

2  inch  tube (F igu re 5 .7 a ) and on  the b a ffle s  (F igu re 5 .7 b ). O n the m olten  areas, 

d ep o sits  had a  m ix ed  co lou r o f  ligh t green , w h ite  and grey. T h is ob servation  agrees  

w ith  the m o d e llin g  w ork  sh o w in g  that the su rface tem peratures o f  d ep o sits  cov er in g  

the 2 inch tube w ere  as h igh  as 6 8 0 1>C . T h is  tem perature is  h igh er than the m eltin g
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temperature of various eutectic compounds. The melting temperatures for the major 

constituents of the deposit were previously shown in Table 2.2.

c. Corrosion Products of Alloys 59, 556, and 625

The chemical composition of the different substrate material (metal rings) directly 

determines the characteristics (colour, thickness, hardness and chemical 

composition) of the corrosion products and the protective oxide layer. The 

detachable lamella layers (as shown in Figure 5.7c) of corrosion products are an un- 

protective oxide layer resulting from the oxidation of metal from the substrate 

followed by the volatilization of metals to the atmosphere (Kawahara, 2002). Such 

layers tend to be hard and brittle, with low cohesive strength; each layer could be 

separated by a slight force. They could be easily removed from the parent ring 

material, leaving a thin film covering the metal surface. The colours of the thin films 

formed on each alloy are described in . After the spalled layers of corrosion products 

were removed, the thickness of each ring was measured. The values were then 

calculated in order to find out the changes (%) in the thickness of each alloy ring. 

The results are shown in Table 5.7.

Deposit/Corrosion product ¡nterface-i

(a) (b) (c)

Figure 5.7 Probe No.l after the test: (a) 2inch tube -  rear, (b) baffle end -  front, (c) end/bottom

T.ble 5.7 Chans« (•/.) «■ the thickness of alto, rings (measnred by a vernier caliper) and the 
characteristics of corrosion products. v ’

M aterial 59 556 625 1 in (625)
2in

Position W M E W M E W M E W M l M 2 E

C hange
(% )

+
4.67 23.1 1.95 2.57 3.62 2.81

+
5.71

+
6.43

+
4.38

+
11.97

+
5.24

+
5.63

+
2.64 0.39

C orrosion
produc ts

G reenish brown 
M ax. thickness = 

1 mm

Black and soft 
M ax. thickness =. 

2 mm

Dark g reen / brow n 
M ax. th ickness = 

0.5 mm

Dark green/ brow n 
Max. thickness = detectable
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The results do not give a conclusive idea about the affect of temperature, but they 

clearly show the effect of alloy composition on the thickness loss. Alloy 556 

experienced the most thickness loss, followed by alloy 59. This implies that oxidized 

products of alloy 556 spalled off easily and were not protective. Conversely, the 

thickness of alloy 625 increased after the test. This could mean that the scale formed on 

alloy 625 is more adherent to the metal substrate. Therefore it can be a protective layer 

preventing further diffusion of oxidants (particularly 0 2 and Cl2) and subsequently slow 

down corrosion reaction of this alloy. Further investigations and their results 

supporting this idea are described in the section 5.9-5.11.

Alloy 625 and alloy 59 are both nickel-based alloys. Therefore, their corrosion 

products have a similar colour which is greenish brown whereas the corrosion products 

of alloy 556 were black. A decrease in diameter of the 2 inch tube might be the result 

of corrosion due to the molten salts. Nevertheless, one should note that the thickness 

measurement was possibly misread. This is due to the presence of a thin film that could 

not be removed from the metal surface. Hence, some changes (%) were positive values.

d. Corrosion of Baffles

Baffles, made of stainless steel 316, were found to be severely corroded. The oxide 

layers were black with a slight amount of dark reddish brown. The baffle at the end of 

the probe was broken. They were covered by fused deposits. This was mainly due to 

the higher surface temperature since the baffles were not affected by the air-cooling. 

The voids between baffles and the main 1 inch tube were filled with yellow fine 

particles. Spallation (expanded layers) of corrosion products are common especially at 

the edge where baffles were welded to the probes. There was no evidence that these 

baffles can prevent or reduce the corrosion of the 1 inch tube in the area where they 

were welded.

5.4.2 Sampling Probe No.2

Probe No.2 was taken out from the furnace for a brief inspection after 284 hours (day 

12) as shown in Figure 5.8a. The overall experiment was completed after 811 hours
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of exposure. Figure 5.8b shows the probe and its deposit as it was brought back to 

the lab.

(b)

Figure 5.8 Probe No.2 after being exposed to the hot gas: (a) 284 hours, (b) 811 hours

a. The Thickness and the Forms of Scale

The accumulation of deposits detected after 284 hours was similar to the findings at 

811 hours. There was a thick layer of deposit formed on the top half of the probe 

whereas the bottom half was coated by a thin film of deposit. The top half was the 

side directly facing the flue gas stream. I he relatively symmetric shape of deposit 

formed on the top side corresponded with the fact that gas stream flowed downward 

and relatively vertical. It also agreed with the mathematical modelling results.

The amount of deposit found on this probe was more than that of probe No. 1. The 

thick layers of deposit were found on the whole length of the probe as shown in 

Table 5.8. The deposit thickness varied from 40 mm at the beginning of the probe to 

16 mm at the end. The factors inducing a larger amount of deposit on this probe are: 

(1) the lower temperature of the probe and the environment promoting more droplets
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to condense on the surface, and (2) the position of the probe against the flue gas 

stream which allows gravity to promote more deposition.

The thick deposits easily fell off approximately 10 minutes after the probe had been 

withdrawn from the furnace. The exposed areas, earlier covered by deposit, look 

relatively similar to the bottom side of the probe. The only exception is that at the 

same position along the probe, the visible corrosion products on the bottom side of 

the probe were slightly thicker than those on the top side.

The amounts of visible corrosion products detected on this probe were less than 

those of probe No.l. Metallic, shiny surfaces were still detected on the 2 inch tube, 1 

inch W, 59W and 625W. Figure 5.9 shows probe sections after the thick layer of 

deposit was removed. Visible corrosion was detected on alloy 556 (W-E), 1 inch 

tube M2, ring E, 1 inch tube E, and baffles. However, thin films of a dark oxide layer 

were also present randomly on 59M, 625M, and coated coupons E.

The locations of visible corrosion products at various positions on probe No.2 are 

shown in Table 5.8. It was not possible to measure the thickness of these corrosion 

product layers since they were very thin and firmly attached to the metal surface. 

There is no spallation except for alloy 316 (baffles). Nevertheless, the corrosion 

products of alloy 556 E were noticeably thicker than for alloys 59 and 625. Results 

from Table 5.8 confirm the fact that temperature plays a vital role in the formation of 

deposits as well as the corrosion products.

Table 5.8 The thickness of deposits and the availability of corrosion products at various 
locations on probe No.2 F us

Locations Deposit thickness 
(mm)

Corrosion
products

2 in
40

n.a.
1 i n - W n,a.

BFW 40 (100%  covered) ■ H t l
59W

24

n.a.
556W +

625W n.a.
1 in -  M 1 n.a.

C 59/310W 24 (100%  covered) +
59M 20

Locations Deposit thickness 
(mm)

Corrosion
products

556M
20

-H-

625M +
1 in -  M  2 20 +

59E

16

++
556E +++
625E ++

1 in - E ++

C 59/310E 16 (100%  covered) +
BFE 16 (50%  covered) ++++
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(e) (0
Figure 5.9 Probe No.2 after the test: (a) linchW and baffle wall -  front, (b) wall/front, (c) 
linchMl and coated coupons -  front, (d) middle/front, (e) end/front, (0  linchE, coated coupons, 
baffle end - front

b. Characteristics of Deposits

Deposits on probe No.2 were generally composed of 4 types of particles: yellow fine 

powder, yellow flakes (larger sizes), brown/black particles, and condensed deposits. 

The first two types were the main compositions of deposit collected from probe No.l 

and they are the main constituents of the thick deposits on the top side of this probe. 

Flakes and brown/black particles were occasionally detected inside the body of these 

thick deposits. The condensed deposit was in the form of a thin film appearing 

adjacent to the metal surface or corrosion products. It was the initial layer of deposit 

formed when the probe was first placed into the furnace. From the modelling work, 

the temperatures of the metal surface were relatively low, varying from 397 -  474°C. 

These temperatures induce the condensation of liquid aerosols to take place 

instantly; after that, particles of different sizes of were accumulated.
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The particulates found in the 2nd pass of the furnace are generally larger in size than 

those found in the 1st pass. The reason is that the lower temperature and the longer 

residence time in the flue gas allows more particles to form, and in the same time 

more accumulation of these small particles. Therefore, the deposits from probe No.2 

were more likely to crumble than the packed deposit on probe No.l.

There was no evidence of molten salts or melted deposits on this probe although its 

deposits were thicker than for probe No.l. This is because the temperature on the 

deposit surface may be lower than its melting point. This finding agrees with the 

modelling results suggesting that the maximum surface temperature of deposit on 

this probe can be only 616°C.

c. Corrosion Products of Alloy 59,556, and 625

The colours of corrosion products formed on each alloy were similar to the previous 

findings. Corrosion products of alloy 59 and 625 were dark greenish brown and the 

corrosion products of alloy 556 were black. Spallation of the un-protective oxide 

layers was not commonly found because of the lower operating temperature.

The thickness of alloy rings was measured by using a vernier calliper in order to 

make a preliminary evaluation of the corrosion damage. The changes (%) in the 

thickness of each alloy ring are shown in Table 5.9. The measurement was carried 

out both for the top side and the bottom side. Unfortunately, the results do not 

provide conclusive evidence about the effect of particle deposition. The thickness of 

the rings seems to increase at the end section of the probe due to the additional 

thickness of the oxide layers. In general, these results support previous findings 

suggesting that alloy 556 experienced the most damage, followed by alloy 59. 

However, there were a lot of possible errors during the thickness measurement 

because: (1) the thin film could not be removed from the metal surface and (2) the 

alloy rings distorted by the heat during the cutting, or when they were taken apart.

d. Corrosion of Coated Coupons

The coated coupons were entirely covered with corrosion under the deposit when the 

probe was taken out. After the thick deposits were removed and coupons were cut
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out from the probe, it was found that there were thin oxide films formed on the metal 

surfaces. The coupons were in a good condition. There is no chip, broken structure, 

or spallation detected. Coatings proved to be an efficient way to protect the alloy 

from this corrosive environment. Both alloy 59 and alloy 310 showed no severe 

corrosion damage.

Table 5.9 Changes (%) in thickness of metal rings after deposits and spalled corrosion products 
were removed.

Material 59 556 625

Position W M E W M E W M E

Top side (%) -2.32 -2.70 + 1.60 -6.40 -5.79 + 0.19 -2.48 + 1.79 + 1.49

Bottom side (%) -1.45 -0.15 + 0.42 -6.70 -6.90 -6.74 -0.57 + 0.99 + 4.72

Average (%) -1.89 -1.43 + 1.01 -6.55 -6.34 -3.28 - 1.52 + 1.39 + 3.10

e. Corrosion of Baffles

It was noted that the wall-section baffle was fully covered by the deposits. Only the 

bottom of the end-section baffle was covered by the deposits. They were as severely 

corroded as the baffle on probe No.l. Spallation was commonly detected, especially 

at the edges. The baffle-wall was very thin and had chipped. Its spalled corrosion 

products were easily detached and fell off. This proves that the deposits increase 

corrosion damage significantly (hot corrosion). There was no evidence that these 

baffles can reduce or prevent the corrosion of the 1 inch tube in the area where they 

were welded. Instead, it retains the deposit and probably increases the risk of hot 

corrosion in that area.

5.5 Physical Characteristics of Other Combustion Residues

Samples of combustion residues collected from various locations inside the furnace 

are shown in Figure 5.10. The descriptions in the following section present the 

average particle sizes in term of ‘volume mean diameter’. These values were taken 

from the previous experiment (Phongphiphat, 2006) in which samples of combustion 

residues from a similar waste to energy plant were analysed.
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(0  SL3+Wh (h) EC (i) APC(g)SH

Figure 5.10 Combustion residues collected from the furnace: (a) BA: bottom ash, (b) SL1: slag from the 1“ pass at 10.2m from the waste burning bed, (c) SL2: slag 
from the l" pass at 25.1m from the waste burning bed, (d) SL2+Wh: white deposit from the 1st pass at 25.1m from the waste burning bed, (e) SL3: slag from the 1st 
pass at 28.7m from the waste burning bed, (f) SL3+Wh: white deposit from the 1st pass at 28.7m from the waste burning bed, (g) SH: fouling from the superheater 
tube in the 2nd pass, (h) EC: deposits collected from the economizer, (i) APC: air pollution control residues



Bottom ash (BA), shown in Figure 5.10a, was wet as collected because of the 

quenching after being burnt on the incineration grate. It consisted of the un­

combustible materials and the main components were glasses, pieces of metal, 

ceramic and gravels. More than 85% of bottom ash has a diameter larger than 1 mm.

A sample of slag collected from the 1st pass at 10.2 m from the waste burning bed 

(SL1) is shown in Figure 5.10b. The slag was mainly yellowish brown powder with 

a considerable amount of black particles. The large piece in this picture is a fraction 

of refractory that was fused with the slag. It was formed by the condensation of 

liquid aerosols on the hot surface of the refractory. The flue gas temperatures at this 

location are higher than 850°C (plant data) and the waterwall directly receives heat 
from the flame.

Slag collected from the 1st pass at 15.8 m from the waste burning bed (SL2) is shown 

in Figure 5.10c. It appears to be sand-like, fine yellowish brown powder. At the same 

collection point, a white precipitate (SL2+Wh) was also detected as shown in Figure 

5.10d. This precipitate might be the result of the ammonia injection which was used 

for NOx removal. This precipitate was white and semi-transparent.

A sample of slag collected from the 1st pass at 19.4 m from the waste burning bed 

(SL3) is shown in Figure 5.10e. Similar to the previous sampling point, a white 

precipitate (SL3+Wh), shown in Figure 5.1 Of, was found at this position. These 

samples were collected from the site of probe No.l where the measured temperature 

was approximately 850°C. The colour of SL3 was darker than the deposits found in 

the lower section of the furnace. However, various colours varying from light yellow 

to dark brown were found. The sample of SL3+Wh was a white semi-transparent 

agglomerate similar to SL2+Wh.

Slag is in the form of packed agglomerates of small particles and condensed 

aerosols. The real particle size of this sample can be largely altered during the 

sampling and the sample preparation prior to analysis. Therefore, the particle size 

distribution of slag was not earned out. However, the particle size of SL3 is 
noticeably larger than that of SL1 and SL2.
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Fouling material (SH) collected from a superheater tube is shown in Figure 5.10g. It 

was sampled from the 2nd pass of the furnace at 28.3 m from the waste burning bed. 

This is the top of the superheater tube bank and the experiment site for probe No.2. 

The temperatures in this area were measured to be in the range of 730 - 791°C. The 

sample collected was both deposit on the tube, and the corrosion products of 

superheater material. The deposit comprised brown, white and yellow particles. The 

corrosion products of steel 15Mo3 were black and brittle. The thickness of this 

spalled layer is in the range of 2 — 4 mm. The mean diameter of the superheater 
deposit is 181 pm from previous study.

Fly ash from the economiser (EC), shown in Figure 5.1 Oh, was collected from the 

bunker installed at the connection of the 2nd and the 3rd pass. The flue gas 

temperature in this area was approximately 300°C. The bunker collects two sources 

of particles. First is the fly ash that was removed from the economiser by using the 

soot blower. Second is the heavy and large fly ash that falls into the bunker as it 

could not be transported further with the upward flow. The samples were dark brown 

in colour and generally contain heavy and/or large particles (~ 355 pm). This fly ash 

is sent to a secure landfill site together with other air pollution control residues.

The air pollution control residue (APC), as shown in Figure 5.1 Oi, was collected 

from the bag filter. This sample had a yellowish grey colour. It was a mixture of fly 

ash, lime and activated carbon. The particle size of this residue is the smallest, partly 

due to the presence of lime. The mean diameter of the APC is approximately 75 pm.

5.6 Elemental Composition of the Probe Deposits and Other 
Combustion Residues

5.6.1 Combustion Residues

The elemental compositions of combustion residues, expressed in mg/kg, are shown 

in Table 5.10. The major elements, contributing more than 1% by weight, are listed 

in Table 5.11. Alternatively, results expressed in term of ‘mol/kg’ are shown in 
Table 5.12.
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These results are in the same range as reported by previous studies (Wiles, 1996; Li 

et al., 2004; Williams, 2005). The results show that the major constituents of the 
bottom ash were Ca, Al, Fe and P.

The waterwall slag collected from the level of 10.2 m (SL1), 15.8 m (SL2) and 19.4 

m (SL3) from the waste burning bed were mainly composed of Cl, Ca, Na, S, K, Zn, 

Al, and Pb. White precipitates found in the slag were composed of a high 

concentration of K (15.10 — 19.20%) and Na (13.00 — 13.40%), and to a lesser extent 

S, Zn, Ca and Fe. These precipitates are probably oxides, chlorides, and other 

compounds of K and Na; however, further analysis for Cl and N is needed for a 

conclusion.

The main components of the superheater deposit (SHI and SH2) are Cl, S, Fe, K, Ca, 

Na, Zn, and Al. It is obvious that the amounts of Cl, Zn, Ca and Pb were lower than 

those of the slag samples. The age of slag samples, which allow longer time for the 

accumulation of elements, might be the reason. The high amount of Fe detected was 

due to contamination from the Fe oxide layer on the tube surface.

Samples of slag and superheater deposit contained a high concentration of S, Cl and 

alkali metals, as expected. These elements were reported to potentially form 

compounds of molten salts which enhance the hot corrosion in the furnace. Other 

significant constituents are SO3, HC1, soot and volatile metal compounds. These 

compounds also contributed largely to the corrosion as they (1) supply S and Cl to 

the metal surface and (2) create a local reducing atmosphere.

Fly ash from the economizer ash bunker (EC) was mainly composed of Ca and, to a 

lesser extent, Cl, S, Al, K, Na, C, H, Fe and Mg. The high concentrations of Ca and 

Al are contributed largely from the sediment of heavy particles that cannot be 

transported further with the gas stream. The high concentration of Fe was mainly due 

to the ferrous oxide scale particles detached from the superheater tube.
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Table 5.10 Elemental composition of 10 samples of combustion residues (m/kg)
BA SL1 SL2 SL2+Wh SL3 SL3+Wh SH I SH2 EC A PC

c n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 14,600 9,200

H n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 15,100 3,400

N n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.detect n.detect

Cl n.m. n.m. 155,000 n.m. 138,000 n.m. 111,000 54,500 59,500 60,000

S 6350 22,200 53,500 10,500 91,700 21,000 26,000 75,700 35,000 148,000

P 12,900 9350 5550 1600 3760 1530 1090 4070 6850 2,200

Zn 3050 10,500 36,200 10,600 35,100 8160 10,900 20,200 7860 13.800

K 4430 7350 69,900 151,000 90,400 192,000 33,100 81,900 24.600 54,000

Na 9410 17,300 48,300 130,000 62,200 134,000 22,700 60,500 21,600 44,500

Mg 8000 9400 8050 2480 4940 2400 1410 5300 10,700 2850

Ca 152,000 128.000 147,000 48,200 10,400 54,000 28,500 98,000 197,000 197,000

A1 34,000 31,000 21,000 8500 15,800 7400 3600 12,900 29,000 5500

Si 2760 2780 1160 2390 3920 1530 1010 3040 760 6570

Ti 1510 1030 2680 857 1630 958 563 1760 2120 838

Fe 44,500 6140 7280 10,800 3690 5570 235,000 43,200 14,200 2130

Pb 1500 398 25,000 3600 55,000 3900 5500 6200 1800 6000

Cu 2400 160 950 720 1060 740 1600 1150 530 9200

Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Tl 0.2 0.1 6.3 0.8 9.2 1.0 1.3 0.9 1.2 1.9

V 22 197 21 26 23 17 10 36 37 6.2

Se 1.9 <1 6.3 2.8 5.5 1.9 3.5 8.0 7.5 4.2

Mn 760 480 817 278 460 210 3600 2200 1020 270

Sb 75 605 380 70 590 90 180 680 520 1020

Ni 120 84 100 8150 720 610 650 1200 78 17

Mo 8 7 12 580 68 85 750 410 24 8.8

Cr 82 187 185 1070 260 249 343 340 181 73

Co 75 22 28 15 18 11 33 26 36 10

Be 0.5 0.8 0.8 0.4 0.5 0.3 0.1 0.5 0.9 0.3

As 4.2 51 17 4.7 21 4.4 18 29 33 31

Ag 4.3 3.2 20 28 17 28 14 28 13 28

Ba 980 205 - 400 230 333 180 205 395 675 230

Cd 3.9 24 350 140 560 170 410 330 89 290

Sn 1840 240 290 54 500 75 86 520 300 1150

Sr 370 145 300 110 227 99 67 212 400 360

Li 38 12 21 16 27 10 11 33 18 24

Rb 8.6 9.2 200 210 250 240 79 160 53 100

La 7.4 11 9.9 3.5 5.5 2.9 1.7 6,9 12 4.3

Ce 18 15 14 5.5 7.3 4.2 2.3 9.6 18 5.3

Nd 5.8 6.2 5.6 2.9 2.9 2.1 1 4.1 8 . 3.1

W 1.7 1.2 3.5 1.4 3.3 1.8 3.1 2.6 3.3 2.8

others 712,764 751,186 415,243 607,754 415,248 564,719 511,558 524,948 555,252 544,023

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’.
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Table 5.11 Major elemental composition (>1%) of 10 samples of combustion residues (wt.%)

BA S U SL2 SL2+W h SL3 SL3+W h SHI SH2 EC A PC

c n.m. n.m. n.m. n.m. n.m. n.m. n.m. n.m. 1.46

H n.m. n.m . n.m . n.m. n.m. n.m . n.m. n.m. 1.51

Cl n.m. n.m. 15.50 n.m. 13.80 n.m. 11.10 5.45 5.95 6.00

s 2.22 5.35 1.05 9.17 2.10 2.60 7.57 3.50 14.80

p 1.29

Zn 1.05 3.62 1.06 3.51 1.09 2.02 1.38

K 6.99 15.10 9.04 19.20 3.31 8.19 2.46 5.40

N a 1.73 4.83 13.00 6.22 13.40 2.27 6.05 2.16 4.45

M g 1.07

C a  "~l 15.20 12.80 14.70 4.82 10.40 5.40 2.85 9.80 19.70 19.70

Al 3.40 3.10 2.10 1.58 1.29 2.90

Fe 4.45 1.08 23.50 4.32 1.42

Pb 2.50 5.50

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’.

Table 5.12 Major molecular composition of 10 samples of combustion residues (* 10~3 mol/kg)

BA SL1 SL2 SL2+W h SL3 SL3+W h SH I SH2 EC A PC

C n.m . n.m . n.m. n.m. n.m. n.m. n.m. n.m. 1216 766

H n.m . n.m. n.m. n.m. n.m. n.m. n.m. n.m. 14,950 3366

Cl n.m. n.m. 4372 n.m. . 3893 n.m. 3131 1537 1678 1693

S 198 692 1669 328 2402 655 811 2361 1092 4616

P 417 302 179 116 131 221

Z n 161 553 162 555 125 167 309 120 211

K 113 188 1788 3862 2246 4910 847 2095 629 1381

N a 4 0 9 l 753 2101 5655 2706 5829 987 2632 940 1936

M g 329 387 331 102 217 218 440 117

Ca 3792 3194 3668 1203 2323 1347 711 2445 4915 4915

Al 1260 1149 778 315 704 274 133 478 1075 204

Si 108 234

Fe 797 110 130 193 100 4208 774 254

Pb 121 232

Ni 139

Note: n.m. is ‘not measured’.

Air pollution control (APC) residues have a high concentration of Ca, S, Cl, K, Na, 

Zn, C and heavy metals such as Pb and As. This is largely a result of activated 

carbon and lime injection. Partitioning behavior of elements in the furnace was 

observed. Less volatile elements such as Fe and A1 were mostly found in the bottom

120



ash whereas more volatile elements such as Cd, Pb and As were detected more in the 
air pollution control residues.

Pb concentration in these combustion residues was very high (up to 5.5% in wall 

slag at the position of probe No.l). The deposition and corrosion process can be 

affected by the presence of heavy metals. Heavy metals, in the form of chlorides and 

sulphates, can interact with alkali chloride or alkali sulphates. The consequent 

formation of liquid phases with even lower melting points compared to the pure salts 

significantly accelerates the deposition and corrosion processes (Arvelakis and 
Frandsen, 2005).

The other main constituents in all combustion residues, which were not analysed in 

this study, are O and Si due to the limitation of the instrument (results of Si were 

reported but they were not accurate). Wiles (1996) reported the range of Si 

concentration to be 9.1 -  31 % for the bottom ash, 9 .5 -21  % for fly ash and 3.6 -  
12 % for APC residues.

Nitrogen was not detected in the samples from economizer ash (EC) and APC 

residues after being analysed by “Perkin Elmer 2400 CHN Analyzer” (for carbon, 

hydrogen and nitrogen as described in section 4.3.1). Similarly, N was not found in 

the samples of probe deposit (section 5.6.2) and corrosion products (section 5.6.3).

The common inorganic compounds in fly ash collected from waste to energy plants, 

reported by other studies (Vassilev and Braekman-Danheux, 1999; Williams, 2005) 

are summarized in Table 5.13. The high contents of chloride salts, alkali oxides and 

soluble matter contents in the ash are due to the use of high amounts of salty foods 

and plastic materials during incineration. For the bottom ash, a great amount of 

hexadedral crystals a-Si02 (fuel componenet), CaC03, and CaS04 are often detected 
(Li et al., 2004).
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Table 5.13 The typical compounds found in fly ash collected from waste to energy plants 
(Vassilev and Braekman-Danheux, 1999; Williams, 2005)

Types of Compounds Examples of Compounds

Potassium and Sodium NaCl, K2ZnCl4, K2Pb04, KC1, K2H2P20 5, Na2SO, K2S04

Silica, Silicate, Aluminosilicate Si02, CaSi03, Al2Si05, CaAl2SiÔ , Ca3Al6Si20i$, NaAlSiO, 
KAlSi30 8, 3Al20 3.2Si02, MgAl20 4, A120 3

Calcium CaAl407 , CaS04, CaC03, CaO, Ca(OH)2

Lead Pb3SiO, Pb30 2S04, Pb3Sb2C>7

Cadmium CdSO, Cd5(As04)3Cl

Zinc K2ZnCl4, ZnCl2, ZnS04

Iron and Titanium Fe20 3, FeO, Ti02

Other compounds CuCl2, Pb3P04, Sn02

5.6.2 Deposit on Probes

The elemental compositions of the deposits on probe No.l, expressed in mg/kg, are 

shown in Table 5.14. The major elements, contributing more than 1% are listed in 

Table 5.15. Results expressed in ‘mol/kg’ are shown in Table 5.16. Results of 

furnace wall slag at the same position (SL3, SL3+Wh) are also presented for 

comparison.

Table 5.17 - Table 5.19 present the results of elemental composition, in terms of 

mg/kg, percentage of major elements, and mol/kg for probe No.2. Results for 

superheater deposits (SHI, SH2) are also given in the last two columns for 

comparison.

For both probes, the elemental compositions for deposit samples were relatively 

similar to the elemental composition of the wall slag in the surrounding area. The 

major elements found in probe deposits are Ca, Cl, S, K, Na, and Al.

122



Table 5.14 Elemental composition of deposit collected from probe No.l (mg/kg)

2 inch 
(h387)

2inch
(h769)

Wall
(556W)

Middle
(556M)

End
(59E)

End
(BF-E) SL3 ‘ SL3+Wh

c n.m. n.m. n.detect n.detect n.m. 3900 n.m. n.m.
H n.m. n.m. 11,800 5,500 n.m. n.detect n.m. n.m.
N n.m. n.m. n.detect n.detect n.m. n.detect n.m. n.m.
Cl 144,500 n.m. 159,900 273,100 n.m. 90,900 138,000 n.m.
s 57,400 50,500 50,800 53,700 42,400 49.300 91,700 21,000
p 5590 7150 4750 5400 5220 7800 3760 1530

Zn 7840 4690 5930 8330 10,200 4590 35,100 8160
K 52,500 20,400 83,200 90,900 85,500 32,200 90,400 192,000
Na 50,400 21,100 66,200 67,000 66,000 30,900 62,200 134,000
Mg 8240 11,600 7250 8230 7950 12,000 4940 2400
Ca 187,000 236,000 176,000 181,000 146,000 224.000 10,400 54,000
A1 30,900 22,000 13,700 15,700 17,300 23,700 15,800 7400
Si 2740 1800 2350 2400 1730 2600 3920 1530
Ti 2300 3400 2330 2620 2030 3460 1630 958
Fe 5380 6410 4460 4640 7500 7420 3690 5570
Pb 2200 177 1430 1110 2300 290 55,000 3900
Cu 800 320 850 920 890 510 1060 740
Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Tl 0.3 <0.1 0.7 0.5 0.9 0.1 9.2 1.0
V 36 32 17 17 41 37 23 17
Se 8.5 5.5 10 12 5.7 5.7 5.5 1.9
Mn 740 1030 620 741 847 1030 460 210
Sb 320 390 240 280 240 280 590 90
Ni 2400 92 460 94 22,700 840 720 610
Mo 290 23 87.5 32.5 3890 742 68 85
Cr 690 402 523 375 4790 2700 260 249
Co 28 34 300 34 701 38 18 11
Be 0.1 0.4 0.2 0.2 0.4 0.6 0.5 0.3
As 12 16 12 12 9 17 21 4.4
Ag 28 13 48 52 45 19 17 28
Ba 630 749 859 662 728 550 333 180
Cd 190 34 215 210 230 48 560 170
Sn 260 290 210 250 210 250 500 75
Sr 326 440 370 410 285 330 227 99
Li 16 9.6 15 17 19 10 27 10
Rb 88 37 150 160 140 58 250 240
La 8.8 11 6.6 6.8 9.1 12 5.5 2.9
Ce 12 16 10 11 13 17 7.3 4.2
Nd 4.9 6.8 4.6 4.7 5.6 7.7 2.9 2.1
W 6.3 12 72 12 110 17 3.3 1.8

Others 436,115 610,810 404,819 276,056 569,960 499,421 415,248 564,719
Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’
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Table 5.15 Major elemental composition (>1%) of the deposit collected from probe No.l (wt.%)

2inch
(h387)

2inch
(h769)

Wall
(556W)

Middle
(556M)

End
(59E)

End
(BF-E) SL3 SL3+Wh

H n.m. . n.m. 1.18 n.m. n.detect n.m. n.m.
Cl 14.45 n.m. 15.99 27.31 n.m. 9.09 13.8 n.m.
S 5.74 5.05 5.08 5.37 4.24 4.93 9.17 2.10

Zn 1.02 3.51
K 5.25 2.04 8.32 9.09 8.55 3.22 9.04 19.2
Na 5.04 2.11 6.62 6.90 6.6 3.09 6.22 13.4
Mg 1.16 1.2
Ca 18.70 23.60 17.6 18.1 14.6 22.4 1.04 5.40
A1 3.09 2.20 1.37 1.57 1.73 2.37 1.58
Pb 5.50
Ni 2.27

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’

Table 5.16 Major molecular composition of deposit collected from probe No.l (x 10~3 mol/kg)

2inch
(h387)

2inch
(h769)

Wall
(556W)

Middle
(556M)

End
(59E)

End
(BF-E) SL3 SL3+Wh

C n.m. n.m. n.detect n.detect n.m. 325 n.m. n.m.
H n.m. n.m. 11,683 5446 n.m. n.detect n.m. n.m.

Cl 4076 n.m. 4511 7704 n.m. 2564 3893 n.m.
S 1790 1575 1585 1678 1323 1538 2402 655

P 180 231 153 174 169 252 116
Zn 120 127 156 555 125

K 1343 522 2128 2325 2187 824 2246 4910

Na 2192 918 2880 2914 2871 1344 2706 5829

Mg 339 477 298 339 327 494 217

Ca 4666 5888 4391 4516 3643 5589 2323 1347

A1 1145 815 508 582 641 878 704 274

Fe 115 134 133 100

Pb 232

Ni 387

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’
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Table 5.17 Elemental composition of deposit collected from probe No.2 (mg/kg)

Wall
(556W)

Middle
(556M)

End 1 
(556E)

End 2 
(556E) SHI SH2

c n.detect n.detect n.detect n.detect n.m. n.m.
H 3900 3300 4100 n.detect n.m. n.m.
N n.detect n.detect n.detect n.detect n.m. n.m.
ci 127,200 199,800 186,500 232,600 111,000 54,500
S 60,000 65,000 61,000 71,000 26,000 75,700
P 4970 3840 4060 2550 1090 4070

Zn 5100 7570 8080 6610 10,900 20,200
K 49,200 87,000 84,500 114,000 33,100 81,900

Na 43,400 64,800 63,000 86,000 22,700 60,500
Mg 7840 6050 6380 4110 1410 5300
Ca 201,000 165,000 168,000 138,000 28,500 98,000
A1 18,000 14,000 16,000 10,000 3,600 12,900
Si 5840 3150 5060 2410 1010 3040
Ti 2390 2090 2120 1450 563 1760
Fe 6440 5150 5870 3280 235,000 43,200
Pb 980 1100 1320 1070 5500 6200
Cu 578 922 935 758 1600 1150
Hg 0.1 <0.1 <0.1 . 0.1 <0.1 <0.1
Tl 0.5 0.6 0.7 0.7 1.3 0.9
V 45 37 40 26 10 36
Se 8.2 • 8.7 6.2 7.6 3.5 8.0
Mn 692 562 599 354 3600 2200
Sb 360 280 280 180 180 680
Ni 300 80 1060 90 650 1200
Mo 38 22 150 53 750 410
Cr 320 266 613 222 343 340
Co 25 20 83 17 33 26
Be 0.5 0.3 0.4 0.2 0.1 0.5
As 22 17 19 13 18 29
Ag 28 47 44 47 14 28
Ba 590 644 635 591 205 395
Cd 140 260 290 290 410 330
Sn 280 240 230 170 86 520
Sr 338 373 383 352 67 212
Li 17 23 21 24 11 33
Rb 100 180 170 220 79 160
La 8.9 7.6 7.1 4.7 1.7 6.9
Ce 13 10 10 6.9 2.3 9.6
Nd 5.6 4.7 4.4 3 1 4.1
W 14 11 26 9.9 3.1 2.6

Others 459,816 369,134 378,403 323,480 511,558 524,948

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’



Table 5.18 Major elemental composition (>1%) of the deposit collected from probe No.2 (wt.%)

Wall
(556W)

Middle
(556M)

End 1 
(556E)

End 2 
(556E) SHI SH2

Cl 12.72 19.98 18.65 23.26 11.10 5.45
s 6.00 6.50 6.10 7.10 2.60 7.57

Zn 1.09 2.02
K 4.92 8.70 8.45 11.4 3.31 8.19
Na 4.34 6.48 6.30 8.60 2.27 6.05
Ca 20.10 16.50 16.80 13.80 2.85 9.80
A1 1.80 1.40 1.60 1.00 1.29
Fe 23.50 4.32

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’

Table 5.19 Major molecular composition of deposit collected from probe No.2 (x 10~3 mol/kg)

Wall
(556W)

Middle
(556M)

End 1 
(556E)

End 2 
(556E) SHI SH2

C n.detect n.detect n.detect n.detect n.m. n.m.
H 3861 3267 4059 n.detect n.m. n.m.
Cl 3588 5636 5261 6561 3131 1537
S 1871 2027 1903 2215 811 2361
P 160 124 131 131

Zn 116 124 101 167 309
K 1258 2225 2161 2916 847 2095
Na 1888 2819 2740 3741 987 2632
Mg 323 249 263 169 218
Ca 5015 4117 4192 3443 711 2445
A1 667 519 593 371 133 478
Si 208 112 180 108
Fe , 115 105 4208 774

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’.

It was obvious that the Ca concentrations in the deposits were much more than that 

found in the slag. The percentage of Ca in the deposits accounts for 14.6 -  23.6% for 

probe No.l, and 13.8 -  20.1% for probe No.2 whereas there was less than 9.8% of 

Ca in the slag wall. This can be explained by the following. Ca is often present as 

small particles released from the waste burning bed. It is therefore easier to deposit 

on the probes that were placed in the flow rather than on the wall. The lower surface 

temperature of the probe also induces particle deposition by thermophoresis, and 

condensation of liquid aerosol. Certain elements (namely Zn, Pb and S) are present
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in the wall slag at higher percentages than the amount present in the probe deposits. 

A possible reason for this could be that: (1) there is a large concentration of Ca on 

the probe, and (2) the wall slag is older deposit and hence has greater accumulation 

of particles containing these elements.

Some deposit samples were contaminated with corrosion products. Deposit collected 

from the end section (59E) was contaminated by the corrosion products of alloy 59, 

resulting in a high concentration of Ni. Samples of SHI and SH2 were contaminated 

with corrosion products (FexOy) from the superheater.

In Cl-containing flue gases, high temperature corrosion of the superheater by 

chlorine is normally accelerated by oxidation and sulphidation. A high concentration 

of S in deposits (varying from 4.24 -  5.74% for probe No.l, and 6.0 -  7.1% for 

probe No.2) and Cl (9.09 -  27.31% for probe No.l, and 12.72 -  23.26% for probe 

No.2) can certainly lead to severe damage to the alloy.

Other elements such as Pb, Zn and Sn can also critically increase the damage 

chlorine corrosion (Uusitalo et al., 2004). Compounds of these elements, particularly 

the chlorides, generally have low melting temperatures. Therefore, molten-phase 

corrosion is triggered at a low temperature and subsequently the reaction rate of Cl- 

induced corrosion is increased.

5.6.3 Corrosion Products

This section presents the elemental composition of the corrosion products originating 

from four types of alloys: alloy 59, alloy 556, alloy 625 and austenitic stainless steel 

316 (baffle). The elemental compositions in term of mg/kg are shown in Table 5.20.

The major elements (%) are listed in Table 5.21.Results expressed in ‘mol/kg’ are 

shown in Table 5.22. Most of the corrosion product samples were taken from 

sampling probe No.l because the experiment using sampling probe No.2 did not 

yield enough corrosion products for this analysis.
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Table 5.20 Elemental composition of corrosion products (mg/kg)

A llo y  59 A llo y  5 5 6 A llo y  6 25 A llo y  3 1 6

5 9 W 5 9 E 5 5 6 W 5 6 6 M 5 5 6 M 5 5 6 E 5 5 6 E 6 2 5 W 6 2 5 E B F -E B F -E

(s p  1) (s p  1) (s p  1) ( s p l ) (sp  2 ) (s p  1) (s p  2 ) (sp  1) ( s p l ) (s p  1) (s p  2 )

s 5 0 ,3 0 0 4 4 ,7 0 0 3 3 ,5 0 0 3 1 ,4 0 0 5 6 ,0 0 0 3 7 ,2 0 0 4 9 ,0 0 0 5 7 ,2 0 0 5 4 ,7 0 0 19 ,800 2 2 ,2 0 0

P 2 3 3 0 2 7 5 0 7 3 0 1400 18 0 0 8 7 0 1020 1970 19 0 0 2 35 141

Z n 2 3 ,3 0 0 13 ,0 0 0 2 0 ,3 0 0 18 ,8 0 0 2 9 ,5 0 0 14 ,2 0 0 1 4 ,9 0 0 2 4 ,2 0 0 1 4 ,0 0 0 4 7 7 0 4 5 2 0

K 8 1 ,2 0 0 9 7 ,1 0 0 8 4 ,8 0 0 7 5 ,1 0 0 7 0 ,8 0 0 10 7 ,0 0 0 8 3 ,2 0 0 9 2 ,9 0 0 1 0 7 ,0 0 0 3 6 ,4 0 0 3 8 ,0 0 0

N a 5 1 ,9 0 0 6 8 ,2 0 0 3 9 ,7 0 0 3 6 ,9 0 0 3 4 ,7 0 0 5 9 ,6 0 0 3 7 ,8 0 0 6 2 ,1 0 0 7 3 ,6 0 0 2 9 ,8 0 0 2 3 ,3 0 0

M g 3 2 9 0 4 3 0 0 12 6 0 2 4 9 0 2 0 8 0 1470 1010 3 4 7 0 3 6 0 0 2 5 0 7 0

C a 1 0 0 ,0 0 0 9 8 ,9 0 0 5 3 ,5 0 0 7 1 ,6 0 0 6 5 ,5 0 0 4 4 ,4 0 0 4 6 ,4 0 0 9 4 ,6 0 0 8 7 ,1 0 0 15 ,1 0 0 14 ,5 0 0

A l 7 8 0 0 10 ,0 0 0 3 5 0 0 6 5 0 0 14 ,0 0 0 3 7 0 0 4 8 0 0 8 3 0 0 7 5 0 0 4 3 0 4 1 5

S i 1620 2 6 0 0 5 0 0 4 8 0 1730 6 3 0 1410 1050 1950 6 5 0 7 0 2

T i 11 3 0 1460 2 6 0 5 0 0 7 13 2 8 0 3 5 9 8 8 0 8 7 0 120 8 7 .2

F e 4 8 0 0 4 4 7 0 6 7 ,9 0 0 6 2 ,0 0 0 5 7 ,1 0 0 5 9 ,9 0 0 7 8 ,2 0 0 4 4 6 0 2 8 ,8 0 0 1 5 2 ,0 0 0 1 4 9 ,0 0 0

P b 3 4 ,5 0 0 9 9 0 0 3 4 ,5 0 0 2 6 ,0 0 0 3 3 ,6 0 0 18 ,4 0 0 14 ,8 0 0 2 4 ,7 0 0 5 7 0 0 5 8 0 1540

C u 2 1 6 0 156 0 2 4 8 0 2 0 0 0 2 4 0 0 2 3 5 0 2 1 0 0 1870 1380 5 5 0 4 4 3

H g < 0 .1 < 0 .1 < 0 .1 < 0 .1 0 .6 < 0 .1 0 .6 < 0 .1 < 0 .1 < 0 .1 < 0 .1

T l 16 4 .3 16 12 2 0 7 .6 8 .5 11 2 .4 0.3 0 .8

V 140 180 9 5 9 0 87 9 3 9 3 2 6 • 25 3 6 8 8

S e 5 .5 2 .9 6.1 6 .4 6 .4 <1 1.3 6 .8 <1 <1 <1

M n 4 9 7 5 1 7 2 4 2 0 2 4 0 0 2 1 8 0 2 2 7 0 2 8 5 0 4 3 0 1530 4 5 2 0 4 0 8 0

S b 3 0 0 170 120 130 2 6 0 61 100 2 8 0 180 2 8 3 0

N i 6 7 ,3 0 0 8 3 ,6 0 0 5 1 ,5 0 0 5 3 ,3 0 0 3 9 ,7 0 0 5 3 ,3 0 0 5 0 ,3 0 0 7 0 ,5 0 0 7 1 ,9 0 0 13 ,5 0 0 1300

M o 1 5 ,0 0 0 2 1 ,5 0 0 8 7 8 0 8 6 3 0 6 1 6 0 9 9 8 0 7 8 8 0 9 6 8 0 10 ,2 0 0 4 5 8 0 7 6 0

C r 1 7 ,6 0 0 15 ,7 0 0 3 4 ,8 0 0 3 2 ,3 0 0 2 4 ,8 0 0 2 8 ,9 0 0 2 5 ,3 0 0 1 3 ,5 0 0 1 3 ,8 0 0 6 5 1 0 6 3 3 0

C o 9 6 0 4 0 0 3 6 ,0 0 0 3 6 ,3 0 0 2 8 ,3 0 0 3 4 ,3 0 0 3 2 ,9 0 0 5 3 7 3 5 1 0 2 1 0 9 4

B e 0 .2 0 .2 < 0 .1 0 .2 < 0 .1 0.1 < 0.1 0.1 0.1 < 0.1 <0.1

A s 10 4 .4 6 .7 9 16 5 .6 7 .6 6 .1 4 .5 21 6 .4

A g 3 3 4 6 3 0 3 5 3 8 4 5 4 9 37 41 14 14

B a 7 0 7 7 4 4 4 1 0 6 0 2 3 4 2 3 5 6 2 4 4 621 6 2 6 143 137

C d 1200 5 7 0 1350 1240 1200 122 0 9 8 0 9 7 0 4 0 0 72 160

S n 2 8 0 140 120 120 2 5 0 58 1 00 2 5 0 160 55 31

S r 3 2 5 2 4 0 170 2 2 0 133 115 9 3 2 5 5 2 1 5 4 5 3 9

L i 19 21 11 13 12 14 10 23 19 5.5 4 .9

R b 2 5 0 180 2 6 0 2 6 0 2 7 0 2 6 0 2 5 0 2 6 0 1 80 59 8 5

L a 4 .4 5.1 2 7 2 4 2 3 2 6 3 5 3 .6 5.2 0 .3 0 .2

C e 5 6 .4 1.6 4 4.1 1.9 2 .3 5 4 .4 0 .3 0 .2

N d 1.8 2 .6 0 .9 1 .4 1.8 0 .8 1.1 2.1 1.9 0 .2 0 .2

W 2 5 0 9 2 1400 1900 3 1 0 0 1800 3 2 0 0 3 4 2 1 0 33 2 3

T a 160 140 <1

Others 530,766 516,934 519,546 527,233 523,013 517,186 540,456 524,862 508.886 709,482 717,898
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Table 5.21 Major elemental composition (>1%) of the corrosion products (wt.%)

Alloy 59 Alloy 556 Alloy 625 Alloy 316
59W 59E 556W 566M 556M 556E 556E 625W 625E BF-E BF-E
(sp 1) (sp 1) (sp 1) (sp 1) (sp 2) (sp 1) (sp 2) (sp 1) (sp 1) (sp 1) (sp 2)

s 5.03 4.47 3.35 3.14 5.60 3.72 4.90 5.72 5.47 1.98 2.22

Zn 2.33 1.30 2.03 1.88 2.95 1.42 1.49 2.42 1.40

K 8.12 9.71 8.48 7.51 7.08 10.7 8.32 9.29 10.70 3.64 3.80

Na 5.19 6.82 3.97 3.69 3.47 5.96 3.78 6.21 7.36 2.98 2.33

Ca 10.00 9.89 5.35 7.16 6.55 4.44 4.65 9.46 8.71 1.51 1.45

A1 1.00 - 1.40

Fe 6.79 6.20 5.71 5.99 7.82 2.88 1.52 1.49

Pb 3.45 3.45 2.60 3.36 1.84 1.48 2.47

Ni 6.73 8.36 5.15 5.33 3.97 5.33 5.03 7.05 7.19 1.35 1.53

Mo 1.50 2.15 1.02

Cr 1.76 1.57 3.48 3.23 2.48 2.89 2.53 1.35 1.38

Co 3.60 3.63 2.83 3.43 3.29

Table 5.22 Major molecular composition of corrosion products (x 10'3 mol/kg)

Alloy 59 Alloy 556 Alloy 625 Alloy 316
59W 59E 556W 566M 556M 556E 556E 625W 625E BF-E BF-E
(sp 1) (sp 1) (sp 1) (sp 1) (sp 2) (sp 1) (sp 2) (sp 1) (sp 1) (sp 1) (sp 2)

S 1569 1394 1045 979 1747 1160 1528 1784 1706 618 692

Zn 356 199 310 287 451 217 228 370 214
K 2077 2483 2169 1921 1811 2737 2128 2376 2737 931 972

Na 2258 2967 1727 1605 1509 2592 1644 2701 3201 1296 1013

Mg 135 177 102 143 148

Ca 2495 2468 1335 1786 1634 1108 1158 2360 2173 377 362

A1 289 371 130 241 519 137 178 308 278

Fe 1216 1110 1023 1073 1400 516 2722 2668

Pb 167 167 125 162 119

Ni 1147 1147 877 908 676 908 857 1201 1225 230 261

Mo 156 1424 104 101 106

Cr 338 669 621 477 556 487 260 265 125 122

Co 611 616 480 582 558
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The results show that the corrosion products are comprised of (1) the deposit 

composition such as Ca, K, Na, S, Zn, Al, and Pb and (2) the elements of alloys such 

as Fe, Ni, Mo, Cr, and Co.

The percentage of Cd is significant in these corrosion products, accounting for 72 -  

1350 mg/kg. However, the maximum concentration of Cd was only 290 mg/kg in the 

deposits covering the probes. Cd plays a vital role in hot corrosion since it can form 

compounds that have a low melting temperature.

Elements in the corrosion products of alloys varied depending on the major alloy 

composition. In general, alloys can withstand the corrosive environment when their 

composition species, such as Fe, Ni, Cr, Mo, V, Ti, and Al, form a passive or 

protective oxide layer. Other elements are also required in order to increase the 

corrosion resistance or to stabilize the alloy composition. Mo and N are added to the 

alloy to give high resistance to chloride pitting and crevice corrosion. Al, Nb, Ta, 

and Ti are added to prevent the grain boundary corrosion that results from the 

formation of CrçC^.

Alloy 59 and alloy 625 are nickel based alloys. Therefore a major component of their 

corrosion products is Ni (6.73-8.36% for alloy 59 and 7.05-7.19% for alloy 625). 

Other important components are Mo (1.5-2.15% for alloy 59, 0.97-1.02% for alloy 

625) and Cr (1.76-1.57% for alloy 59, 1.35-1.38% for alloy 625). Possible 

compounds forming the protective oxide layer for alloy 59 and alloy 625 include 

NiO, Q 2O3, M0O2. Other minor compounds consist of AI2O3, Si02 and Nb2Os 

(Kawahara, 2002).

The corrosion products of stainless steel 556 and stainless steel316 are composed 

mainly of Fe (5.71-6.79% for alloy 556, and 1.49-1.52% for steel 316). Other major 

components include Ni (3.97-5.33% for alloy 556, 1.35-1.53% for steel 316), Cr 

(2.48-3.48% for alloy 556, 0.63-0.65% for steel 316) and Co (2.83-3.60% for alloy 

556). The possible compounds forming a protective oxide layer for these stainless 

steels are Fe203, Fe304, Ni, and Q 2O3 (Kawahara, 2002). Other compounds such as 

(Fe,Cr)203, FeC^O.*, NiCr2Û4 are reported to be main components in the external 

scale (Tsaur et al., 2005).
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5.7 P h a s e  S tu d y  b y  U s in g  X -R a y  D iffra c to m e te r

The results of phase analysis for the corrosion products from alloy 59, coated alloy 

59, alloy 625, alloy 556 and coated stainless steel 310 are shown in Figure 5.11. 

There are 3 diffraction patterns for each alloy. The first graph (black colour) is the 

diffraction pattern of the substrate or the fresh alloy. The results of samples after 

being exposed in the furnace are shown in the second (red) and the third graphs 

(blue). The second graph is derived from the ‘locked coupled’ scan which gives the 

results for the deeper level of alloy (~25 pm from the surface). The third graph 

presents the results from the ‘detector scan’ mode operated at a glancing angle of 8°, 

which gives the results for the alloy surface (~2 pm from the surface).

Crystalline substances detected in corrosion products of these alloys are summarized 

in Table 5.23 together with their reference card numbers. The presence of substances 

is marked by a plus sign. The question mark indicates an uncertainty due to the 

inadequate amount or height of peaks. The last column lists the other possible 

substances. The presence of some of these compounds cannot be confirmed because 

their diffraction patterns are superseded by the other major substances.

In summary, substances detected in the corrosion products of alloy 59 and alloy 625 

include NiO*, NiCr20 4*, Cr20 3, Cr02, Mo02* and M o03* (where * indicates 

compounds detected with a strong signal). For coated alloy 59; NiAl*, Ni2Al3*, 

NiAl3,0-Al2O3, a-Al20 3\  NiO*, Cr20 3, Cr02, Mo02, and Mo03 were detected.

Compounds detected in the corrosion products of alloy 556 were Fe20 3\  Fe304*, 

FeO(OH), NiO*, NiCr20 4\  Cr20 3, and Cr02.

Finally, for the coated stainless steel 310, FeAl, Fe3Al*, NiAl*, 0 -  A120 3, a - A120 3*, 

Fe20 3*, Fe30 4*, FeO(OH), NiO, Cr20 3 and Cr02 were detected.

NiO was detected throughout the depth analysed (from the scale surface to the alloy 

substrate) where as other compounds were only detected near the substrate alloy (> 2 

pm from the scale surface).
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Figure 5.11 XRD analysis for alloy rings and aluminide coated alloys.



Table 5.23 Crystalline substances detected in the scale/corrosion products of alloy samples

Name No. Crystal
Structure

59 (Ni-Cr-Mo) C59 (Al) 625 (Ni-Cr-Mo) 556 (Fe-Ni-Cr-Co) C310 (Fe-Cr-Ni)

LC GA ST LC GA LC GA ST LC GA ST LC GA ST

AINi AINi 44-1188 Cubic - - - S s - - - - - - S w -

AIjNi AINi 02-0416 Orthorhombic - - - w - - - - - - - - - -

Al3Ni2 AINi 02-1265 Hexagonal - - - s s - - - - - - - - -

AIFe Al Iron 33-0020 Cubic - - - - - - - - - - - w w -

AIFe3 Al Iron 06-0695 Cubic - - - - - - - - - - - s w -

5-AI20 3 Al oxide 46-1131 Tetragonal - - - - - - - - - - - ? - -

0-Al2O3 Al oxide 11-0517 Monoclinic - - - w ? - - - - - - w w -

a- Al20 3 Al oxide 50-1496 Monoclinic - - - s w - - - - - - s w -

NiO Ni Oxide 44-1159 Hexagonal S s - s s S s - W - - w w -

Ni Oxide 85-1977 Hexagonal s s - - - s s - s w - w - -

NiCr20 4 NiCrOx 85-0935 Tetragonal s w - - - w w - s w - w w -

Cr20 3 Cr oxide 82-1484 Hexagonal w w - w w w w - w w - w - -

Cr02 Cr oxide 75-0078 Tetragonal w w - w w w w - w w - - w -

Fe30 4 - } M agnetite 79-04 ¡6 Cubic - - - - - - - - s w - w w -

Fe30 4 * 2 Magnetite 89-0951 Cubic - - - - - - - - w w - s w -

Fe20 3 -1 Maghemite, syn 39-1346 Cubic - - - - - - - - w ? - - - -

Fe20 3 - 2 Hematite, syn 33-0664 Hexagonal - - - - - - - - s s - s w -

Fe20 3 Hematite, syn 39-0238 Cubic - - - - - - - - ? - - - - -

B-Fe20 3 Iron Ox beta 40-1139 Hexagonal - - - - - - - - ? - - ? - -

FeO(OH) Lepidocrodite 74-1877 Orthorhombic - - - - - - - - w ? - ? ? -

FeO(OH) Goethite, syn 81-0462 Orthorhombic - - - - - - - - - - - ? ? -

Mo02 Mo oxide 73-1249 Monoclinic s ? - w - s ? - - - - - - -

M o0 3 Molybdite, syn 35-0609 Orthorhombic s w - w - s w - - - - - - -

CoO Co oxide 48-1719 Cubic - - - - - - - - - - - - - -

CoO Co oxide 42-1300 Cubic - - - - - - - - - - - - - -

CoCr20 4 Cochromite, syn 78-0711 Cubic - - - - - - - - ? - - - - -

Ni Nickel, syn 04-0850 Cubic s - ? ? - w - ? w w - - w -

Mo-Ni Mo nic 48-1745 Orthorhombic s ? - w ? w ? - - - - - - -

Al Al, syn 04-0787 Cubic - - - w ? - - - - - - - - -

Note: ‘S’ indicates strong presence of signal, ‘W’ indicates weak presence of signal, and *?’ indicates inadequate presence of signal of the diffraction pattern.
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5.8 Phase Transformation Study of Deposits and Other 
Combustion Residues

Differential thermal analysis of combustion residues or probe deposits was 

conducted in order to find out the melting temperature of these samples. The results 

of DTA are shown in Figure 5.12. The numbers written in the graph are the 

temperatures at which the peaks occur. The samples that were analysed consist of (1) 

SL3 - wall slag collected near the position of probe No.l, (2) Deposit on probe No.l 

-  middle section, (3) SH - superheater deposit collected near the location of probe 

No.2, (4) Deposit on probe No.2 -  middle section, (5) Deposit on probe No.2 -  End 

section. These samples were heated in a furnace in the presence of air. A sample of 

superheater deposit was re-analysed in order to confirm the results but Argon gas 

was used instead of air.

The results show that these samples are composed of several compounds 

characterized by the broad, asymmetric melting peaks. A eutectic melt was detected 

as a small second peak present prior the tall peak at the melting temperature. This 

can be found in the results for probe No.l’s deposit. There was a eutectic melt at 

1321°C prior the melting peak at 1365°C.

In general, the trends of all results were similar, especially for the samples of SL3, 

deposit on probe No.l, and both samples of deposit on probe No.2. The first 

endothermic peak for these results, varied between 137 -  174°C, represents the

evaporation of physical and hygroscopic water. Then, there are more endothermic 

peaks falling between 524 -  683°C. This temperature range can be interpreted as the 

melting temperature of eutectic mixtures in the ash or simply of the presence of low 

melting compounds. Compounds that have melting temperatures lower than 524 °C 

are, for example, PbCl2 (501°C), 73ZnCl2+27PbCl2 (300°C), 3 lNaCl+69PbCl2 

(410°C), 21KCl+79PbCl2 (411°C) and K2S04+Na2S04+ZnS04 (384°C). These 

compounds are abundant in the deposit samples as shown from the elemental 

analysis and the SEM/EDS analysis. More details for melting temperatures of 

different species and binary mixtures are shown in Table 2.2 (page 16).
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The graphs of SL3 and probe N o.l’s deposit start to decline from 683°C whereas the 

results for deposit on probe No.2 decrease from approximately 800 °C. This possibly 

expresses the collapse of the structure. They have an endothermic peak at the end of 

the experiment (1360°C for SL3, 1365°C for probe N o.l’s deposit, 1179°C for SH, 

1234°C for SH(in Argon), 1308°C for probe No.2 DepMid, and 1123°C for probe 

No.2-DepEnd). These temperatures possibly are the melting temperatures of binary 

mixtures of compounds shown in Table 5.24, as well as the signs for sublimation, 

phase transition and chemical reactions.

Table 5.24 Common minerals in solid residues from MSW combustion and their melting 
temperatures

Minerals in solid residues from MSW combustion Melting temperatures (°C)

KC1 771
NaCl 801
PbO 888

CaF2 1418

C3SO4 1460

Fe20 3 1475-1565
CflSiOj 1540
Fe30 4 1597
Si02 1610

BaTi03 1625
Ti02 1840

CaTi03 1980

The slag sample may undergo a re-crystallization at 1129°C. Similarly, the deposit 

sample for probe No.2 may have re-crystallized around 809°C. Results for the 

superheater sample do not show a water evaporation peak. There is first endothermic 

peak at 272°C which could be a melting point of, for example, 48ZnCl2+52KCl 

(254°C), 82ZnCl2+18KCl (262°C), 39ZnCl2+50KCl+llPbCl2 (275°C) and ZnCl2 

(290°C). In the presence of argon, this sample shows a peak at 100°C for water 

evaporation. The wide endothermic peak with the highest point at 642°C might 

represent phase transition or crystallization.

In summary, compounds in these deposit samples start to melt in the temperature 

range of 524 -  683°C. At a higher temperature, samples experience further melting, 

structural damage, phase transition, re-crystallization and maybe sublimation.

135



136

........ SL3 (P1 positio

Probel - DepM 

' SH (P2 positior 

SH (in Argon)

' " Probe2 - DepM 

Probe2 - DepEr

50.2 133 217 300 383 467 550 633 717 800 883 967 1050 1133 1217 1300 1383

Program Tem perature (C)

Figure 5.12 The results of Differential Thermal Analysis (DTA) for samples of combustion residues and probe deposits.



5.9 Corrosion Rates of Metal Alloy Samples

Corroded lengths for different segments on the alloy rings were measured by using 

an optical microscope. The results of corroded length (in pm) were then plotted 

against the position on the alloy by using a circle graph as shown in Figure 5.13. The 

position on the graph directly signifies the real position on the ring when looked at 

from the end, and the arrow shows the direction of flue gas stream. The distance 

from the center to the graph means the corroded length; hence the longer the 

distance, the worse corrosion occurs.

Figure 5.13 Corroded length (pm) of alloy rings from the sampling probes: (a) sampling probe 
No.I, (b) sampling probe No.2
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The results for both probes are not plotted in a full circle because the samples of the 

alloy rings were cut into half; front side and rear side, during the disassembling. 

Thus, measurements close to the cut edge were not carried out. The reason is to 

avoid errors due to the alloy expansion as a result of cutting.

The effects of deposit on the corrosion rate can be investigated by using Figure 5.13. 

The results reveal that the area covered with the deposit becomes less corroded 

compared to the side that is exposed to the flue gas. However, the results for 556M 

do not comply with this statement.

The results for the cross-sectional corroded length (pm) and corrosion rate of alloy 

rings from probe No.l and probe No.2 are presented in Table 5.25 and Table 5.26. 

The corrosion rates are present in both units: ‘mm/year’ and ‘mm2/year\ The latter 

unit was calculated from the corroded length and the width of the particular location 

in which the length occurs. The average values of cross-sectional corroded area were 

then used to find the corrosion rate of alloy rings in terms of area per unit time. The 

corrosion rates (mm/year) for both probes are plotted for comparison in Figure 5.14.

Table 5.25 Average corrosion rates of alloy 
rings from sampling probe No.l

Alloy
Rings

Average
Corroded

Length

Corrosion
Rate

(Length)

Corrosion
Rate

(Area)

(pm) (mm/yr) (mm2/yr)

59E
F 178.75 2.04 239

R 293.62 3.34 387

625E
F 41.27 0.47 53

R 14.89 0.17 19

556M
F 150.33 1.71 189

R 131.99 1.50 176

556E
F 267.76 3.05 354

R 343.60 3.91 456

Table 5.26 Average corrosion rates of alloy 
rings from sampling probe No.2

Alloy
Rings

Average
Corroded
Length

Corrosion
Rate

(Length)

Corrosion
Rate

(Area)

(pm) (mm/yr) (mm2/yr)

59E
F 104.43 1.13 132

R 59.17 0.64 75

625E
F 69.38 0.75 86

R 67.87 0.73 86

556W
F 242.28 2.62 300

R 287.18 3.10 355

556M F 175.43 1.89 220

556E
F 123.86 1.34 155

R 240.69 2.60 304
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The results from this measurement and calculations reveal that the corrosion 

resistance of alloy 625 was the greatest followed by alloy 59 and alloy 556. The 

alloys suffered more under the local conditions for probe No.l. On average, the 

operation of probe No.l increases the corrosion rate in alloy 59 and alloy 556 by 

204% and 77% respectively compared to the results for probe No.2. This is not valid 

for alloy 625 which shows a contrary result. However, the corroded values of alloy 

625 were relatively small and therefore its contrary number should not be 

convincing.

Corrosion was found more on the wall and middle section of probe No.2. This 

disagrees with the results for probe No.l. This can be explained in two ways. Firstly, 

the alloy ring could be affected by the heat during cutting. Hence the thickness 

measurement was conducted with intrinsic errors. Secondly, the corrosion damage 

increases proportionally with the temperature, but the deposit thickness was another 

factor that should be considered. The results from probe No.2 show that a thick layer 

of deposit, supplying corrosive elements to the metal surface through cracks, can 

overcome the effect of reduced temperature and initiate more corrosion damage. 

These cracks result mainly from thermal stress, as the thick layer of deposit 

generates a large temperature difference between the waterwall side and hot gas side.

5.10 Grain Boundary Study of Metal Alloy Samples

The results of grain boundary analysis of alloy 59, alloy 625 and alloy 556 are shown 

in Figure 5.15, Figure 5.16 and Figure 5.17 respectively. Each figure shows the 

cross-sectional images of (a) fresh alloy, (b) etched fresh alloy, (c) tested alloy and

(d) -  (f) etched tested alloy, respectively.

The samples of alloy from both probes were etched and compared. The image results 

show similar findings for both probes. There is no significant difference detected in 

the comparison between the samples of the same alloy that are located at the 

different positions.
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The grain arrangement of alloy 59 (Figure 5.15) is composed mainly of a series of 

large, equiaxed grains, containing numerous twin boundaries. The grain size varies 

from 5 - 3 0 0  pm. Corrosion took place both uniformly on the surface and along the 

grain boundary.

The grains of alloy 625 (Figure 5.16) were small and uniform. A typical grain 

structure has long rectangular/stripes in between the grains, similar to alloy 59. Grain 

sizes vary from 5 to 20 pm. The corrosion structure occurring in this alloy is similar 

to that of alloy 59. It is clear that pitting occurs along the grain boundary, in addition 

to the uniform surface corrosion. It is concluded that alloy 59 and alloy 625 are 

susceptible to the grain boundary corrosion attack.

Grain sizes for alloy 556 (Figure 5.17) were generally bigger than that of other 

materials. The major feature is a long rectangular shape. The grain size varied 

widely. Grains with a size smaller than 10 pm were detected, and they could be as 

large as 400 pm. The corrosion took place equally and randomly on the surface. 

Corrosion or cracking on the grain boundary was not detected.
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Figure 5.15 Cross-sectional images of alloy 59 and its grain boundary structure.
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Figure 5.16 Cross-sectional images of alloy 625 and its grain boundary structure.
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Figure 5.17 Cross-sectional images of alloy 556 and its grain boundary structure.
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5.11 Morphology and Elemental Composition of Corrosion 

Products and Alloy Samples

5.11.1 Results for Alloy 59

SE M  cro ss-sectio n a l im a g es created  b y  back  scattered electron s from  a llo y  59  are 

sh o w n  in  F igure 5 .1 8 . T he sam p le w a s taken from  the ring at the end section  o f  

probe N o . l .  It w a s clear that th is a llo y  ex p er ien ced  sev ere  corrosion . B oth  d eep  p its  

and w id e  crev ices , as sh ow n  in  th ese  figu res, w ere  d etected  in th is  sam p le. T he depth  

o f  the p it as sh o w n  in F igure 5 .1 8 b  w a s up to  4 0  p m . T he point scan carried out at 

the b ottom  o f  th e c r ev ice s  revea led  that Pb, S, C l, and K  w ere the m ain  con stitu en ts. 

O ther e lem en ts  in c lu d e C a, Z n and A s.

A  th ick  layer o f  d ep osit cou p led  w ith  corrosion  products w a s an a lysed  as sh o w n  in  

F igure 5 .1 9 . T he resu lts agree w ith  the elem en ta l co m p o sitio n  p rev io u sly  d iscu ssed . 

T he sca le  layer, a co m b in ation  o f  d ep osit and corrosion  products, w as m ain ly: (1 )  

co m p o u n d s o f  alkali m eta ls. Pb, A s  and Z n w ith  O and Cl; (2 )  o x id e s  o f  substrate  

a llo y  e lem en ts; and (3 ) other co m p o n en ts  such  as S i0 2 , com p ou n d s o f  A l. and C  

particles. T he lo n g  b lack  threads present in F igure 5 .1 9  w ere the resin  that w as  

form ed  under pressure by p a ss in g  through th e p ores in sid e  the corrosion  products. It 

tak es p la ce  right after the sam p le  w a s d isch arged  from  the vacu u m  im p regn ation  

p ro cess  during sam p le preparation.

(a) (b)

Figure 5.18 Back scattered electron image of alloy 59: SP1 - end/top
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Figure 5.19 Corrosion products of alloy 59: SP1 -  end/top: (a) back scattered electron image, (b) 
elemental composition results

T he p ositio n  sh o w n  in F igure 5 .1 8  w as a n a lysed  for its elem en ta l m ap. T h e resu lts  

are sh ow n  in F igure 5 .20 .

Electron Image 1 NiKal Cr Kal

MoLal OKal Cl Ka1

SKa1 KKa1 Pb Lai

Figure 5.20 Elemental mapping of alloy 59 and its corrosion products: SP1 -  end/top

T he co m p o sitio n  o f  corrosion  products w ere in v estiga ted  b y  u sin g  the lin e scan  

tech n iq ue. T he resu lts are sh o w n  in F igure 5 .2 1 .
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Figure 5.2! Line scan results of alloy 59: (a) SPI -  cnd/bottom, (b) SP2 -  end/top, (c) SP2 -  
end/bottom
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Figure 5.21 show that the corrosion products of alloy 59 consist mainly of oxides of 

Ni, Cr and Mo that are in the forms of NiO, NiCr20 4, Cr02, Cr20 3, Mo02, and M0O3 

(analysed by XRD). Minor alloy constituents such as Al, Fe and Mn were detected 

but at a less quantity. Elements from the deposit such as Cl, S, Pb were often found 

at the interface between the corrosion product and the metal surface. This shows that 

the oxide layers of Ni, Cr, and Mo existing on the top of this deposit were not 

protective. Thus, there is no evidence of a constant protective oxide layer forming at 

the metal surface.

Layer of nickel oxide was detected at the outer side of scale (depleted at the sub­

layer). The oxides of molybdenum followed by oxides of chromium were commonly 

found closer to the scale/substrate interface. This agrees with Kawahara (2002) 

stating that chlorides of Cr and Mo oxidized to un-protective oxides (CrCl2, CrCl3, 

MoCl3 —*• Cr20 3, Mo02) more readily and at lower partial pressure of 0 2 than nickel 

(NiCl2 —* NiO). It is noted that NiO seems to deplete at the oxide-sub layer where 

Cr20 3 or Cr02 were abundant. One explanation is that Cr in the parent alloy were 

oxidised preferentially and form protective oxides layer close to the alloy surface.

Investigation into the ‘effect of position on the alloy’ and the ‘effect of the deposit’ 

revealed that the end section of this alloy experienced more corrosion damage than 

the wall section. For example in probe No.2, the depths of pits on the end section 

ring were up to 100 pm whereas the depths on the wall section ring were less than 50 

pm.

The side of the alloy being exposed to hot gas corroded uniformly. In contrast, the 

side of the alloy under deposits was attacked by local corrosion notably from 

chlorides of heavy metals. Pits detected under the deposits were larger and deeper. 

This is obvious for probe No.l. The pits of alloy under deposit were up to 100 pm 

depth while the pits of alloy on the opposite side were less than 20 pm.

5.11.2 Results for the Coated Coupon of Alloy 59

The elemental maps of the end-section coated alloy 59 and its corrosion products are 
shown in Figure 5.22 and Figure 5.23.
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Figure 5.22 Elemental mapping of coated alloy 59 and its corrosion products: SP2 - end/top

Figure 5.23 Elemental mapping of coated alloy 59 and its corrosion products: SP2 - wall/top

Figure  5.22 and F igure  5.23 show  that the  scale  layers co n sis t of: (1) d ep o sit layers; 

(2) un -p ro tec tiv e  ox ide layers o f  A l, N i, C r, and  M o as A F O 3 , N iO , CriC>3 , CrCF 

M 0 O 2 and M o 0 3; and (3) a layer o f  co a tin g  p resen t n ex t to  the  alloy  in terface.
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The deposit accumulated on the coated coupon is mainly composed of Na, Mg, Ca, 

K, Cl, Si, and S. Round particles having sizes that varied from 20 -  100 pm were 

often detected. They are the condensed droplets of liquid CaCl2 and ZnCh. Figure 

5.23 shows the presence of chromium oxides and molybdenum oxides. Cr was 

depleted from the alloy substrate. The evaporated CrCl2 was oxidized as it passed 

through the deposit layer (where the partial pressure of oxygen is high). The newly 

formed Cr203 (un-protective) was therefore detected on the top of the deposit. The 

amount of M0O2/M0O3 oxide seems to be more than the amount of C^CTj. However, 

one should note that the signal results for Mo can be interfered with the signal results 
for S.

Results from line scan analysis are shown in Figure 5.24 and Figure 5.25. The 

coating site from Figure 5.24 was also analysed by the point scan technique and the 
results are shown in Table 5.27.

Figure 5.24 Results of line scan and point scanning for coated alloy 59: SP2 - end/top

Table 5.27 Elemental composition results of corrosion products of coated alloy 59: SP2 - end/top

A torriic % W e ig h t%

P I P 2 P3 P4 P I P2 P3 P4

c 45 .31 5 3 .2 6 49 .6 1 4 7 .5 3 18 .83 2 3 .8 3 16 .37 16 .18
Al 2 8 .5 4 2 2 .2 5 2 .0 8 - 2 6 .6 5 2 2 .3 7 1.54 _
N i 2 0 .0 3 22 .91 2 1 .0 2 2 9 .7 4 4 0 .6 9 50 .11 3 3 .9 0 4 9 .4 8
C r 3 .9 5 1.20 19 .16 13 .0 9 7.11 2 .3 2 2 7 .3 7 19 .29
Fe 0 .3 3 - 0 .5 7 0 .5 4 0 .6 4 - 0 .8 7 0 .8 6

M o 1.83 0 .3 8 7 .5 7 4 .4 5 6 .0 9 1.37 19.95 12 .09

0 4 .6 5 2.11
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I 200 pm 1 Electron image 1
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200 p m  ' Electron image 1
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Molybdenum —  Oxygen Chlonne

Sulfur -« -S o d iu m C alaum

(C)

F ig u r e  5 .2 5  L in e  s c a n  r e s u l t s  o f  c o a te d  a llo y  5 9 :  ( a )  S P 2  - c n d / to p ,  (b )  &  (c ) S P 2  - w a l l / to p
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The coating layer is comprised mainly of A1 and Ni that were fused to form Ni-Al 

intermetallic layer during the heating process. Figure 5.24 and the results from Table 

5.27 show that the atomic ratios of Ni to A1 at this intermetallic layer varied from 

1:1.0 (close to the substrate) to 1:1.4 (top part). A ratio of Ni:Al equals to 1:2.9 was 

detected in the wall-section coupons. NiAl, MAI3 and Ni2Al3 were detected by XRD 

analysis. Cr and Mo were also present in the intermetallic layer but at the less extent. 

Mn is present in the alloy, but its contribution in the protective oxide layer is not 

clearly shown.

Figure 5.25 clearly shows 2 different layer of coating above the substrate: (1) a layer 

of aluminum and nickel and (2) a thin layer Cr next to the substrate. The thickness of 

Al-Ni layer of the End-section coupon and the wall-section coupon is approximately 

60 and 70 pm respectively. The thickness of Cr layer for both coupons is 

approximately 10-12  pm.

Images of coated alloy 59 at different locations were compared as shown in Figure 

5.26. The temperature difference significantly affects the corrosion. The wall-section 

coupon became less corroded than end-section coupon. There is no corrosion at the 

substrate level at the wall-section coupon. The destruction of coating and the 

corrosion of substrate alloy were widespread in the end-section coupon.

Surprisingly, the top sections of coated coupons were more damaged. Some areas of 

coating on the top section were broken due to the corrosion. The bottom section was 

found to have a uniform coating. Heat transfer could be a governing factor; with 

better heat transfer at the bottom section. However, they were all covered by the 

deposit and the contact surface with the tube was too small to cause a significant 

thermal gradient change. So, this difference was unlikely come from the temperature. 

Another explanation is that the top sections of the coupons are more exposed to the 

deposit and its elements.

In summary, the aluminum pack coating on alloy 59 significantly improves the 

corrosion resistance of this alloy.
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(c) «1)

U l

Figure 5.26 Coated alloy 59: (a) SP2 - end/bottom, (b) SP2 - end/middle, (c) SP2 - end/top, (d) SP2 - wall/top



5.11.3 Results for Alloy 625

T he elem en ta l m ap p in g resu lts for the sam p le o f  a llo y  625  are sh ow n  in F igure 5 .27 . 

T h ese  are for a sam p le from  the end sec tion  o f  probe N o . l .  F igure 5 .2 7  sh o w s the 

th ick  d ep osit in clu d in g  N a C l. KC1 and C aC l2. S ilico n  particles w ere  found  esp ec ia lly  

on the m etal interface. CaSO.i and C aC l2 w ere co m m o n ly  d etected  on the upper layer  

o f  deposit; N aC l and K C l d ep osit first.

T he o x id e  layer for a llo y  625  is  sim ilar to that for a llo y  59. It is co m p o sed  m ain ly  o f  

N i, Cr and to a le ss  ex ten t. M o . X R D  an a lysis  sh ow ed  that th ese  o x id e s  are N iO . 

N iC r20 4 , Cr20 3 , C r 0 2, M o 0 2, and M0O3.

Figure 5.27 Elemental mapping of alloy 625 and its corrosion products: SP1 -  end/top
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T he sam p les  from  probe N o .2  w ere  a n a lysed  by the lin e  scan  tech n iq ue and the  

resu lts are sh o w n  in F igure 5 .2 8 . T h ese  resu lts sh o w  that C rC h and M 0 CI2 are 

readily  o x id iz e d  at the lo w  partial pressure o f  o x y g e n  (com pared  to  N iC h )  fo llo w in g  

their vo la tiliza tio n . H o w ev er , the layer o f  N iO  w a s not o ften  found. It m igh t h ave  

b een  in  the upper layer o f  the d ep o sit and therefore w a s detached  from  th is sam p le. 

Furtherm ore, d ep o sit on  probe N o .2  con ta in ed  h igher am ount o f  S and C than  

d ep o sit on  probe N o . l .

(a)

i ó o / v m  ' Etectror. Image 1

2 00E-O5 4 OOE-05 6 OOE-05 8 006-05

Distance (micron)

-» -N ic k e l 

—  Oxygen

-• -C h ro m iu m  — Molybdenum 

Chlonne —  Sufur

- • - I r o n

-•-M a n g a n e s e

(b)

Figure 5.28 Line scan results for alloy 625: SP2 -  end/bottom

It w a s  found  that the areas co v ered  by th e d ep o sit and the areas ex p o sed  to the hot 

gas h ave a sim ilar structure. T h e corroded  areas w ere  re la tively  sm ooth  as the  

corrosion  tak es p lace  u n iform ly . T he d eep  p its or cr ev ice s  as seen  in  a llo y  59  w ere  

d etected  but th ey  w ere le s s  co m m o n .
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5.11.4 Results for Alloy 556

T h e e lem en ta l m ap p in g  resu lts for a llo y  5 5 6  are sh o w n  in F igure 5 .2 9 . P oint scan  

resu lts  for the E nd-ring o f  probe N o . l  are sh o w n  in F igure 5 .3 0  and T ab le 5 .2 8  - 

T able 5 .2 9 . T h e sa m p les  o f  a llo y  5 5 6  w ere a lso  a n a lysed  b y  the lin e  scan  tech n iq u e  

and th e resu lts are sh o w n  in F igure 5 .31 .

CrKal Co Ka1 MnKal

0  Ka1 S Kal Cl Kal

Na Ka1_2 Ca Kal Si Kal

300 f/m Ni Kal

Figure 5.29 Elemental mapping of alloy 556 and its corrosion products: SP1 -  end/top

T he structure o f  the a llo y  5 5 6  su rface is  d ifferent from  that o f  o ther a llo y s . It lo o k s  

re la tiv e ly  sm o o th  w h ich  m ean s that the corrosion  form  is uniform  corrosion . F lence. 

the resu lts do not sh o w  d eep  p its or cr ev ices .
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T he point an a ly sis  (F igu re 5 .3 0  and T ab le 5 .2 8  -  T ab le 5 .2 9  ) sh o w s that the d ep osit  

adjacent to  the m etal surface con ta in s a large am ount o f  Pb and Z n com p ou n d s. T hey  

w ere m ix ed  into the o x id e  layer; h en ce  corrosion  dam age due to h eavy  m etal 

ch lorin e  co m p o u n d s can  be dom inant. C w a s a lso  o n e  o f  the m ajor con stitu en ts in  

the d ep osit.

.. Spectrum 4 
"Spectrum 3

Spectrum 1

■■

"Spectrum 2

100pm

Spectrum 8 “spectrum g

“Spectrum 6

Spectrum 7

ectrum 5

Electron Image 1

Figure 5.30 Point scan results for alloy 556 and its corrosion products: SP1 -  end/top

Table 5.28 Elemental composition results for point scan of alloy 556: SP1 - end/top (atomic%)

Element spi sp2 sp3 sp4 sp5 sp6 sp7 sp8 sp9

F e 2 .3 2 3 1 .1 6 6 .1 4 1.79 18.28 5 .8 4 3 .3 5 7 .5 6 7 .43
C r 2 .2 8 2 5 .3 2 15 .07 3 .0 2 2 2 .0 9 3 .8 0 2 .8 7 4 .1 8 6 .5 4
N i 1.69 20 .5 1 6 .1 9 1.86 13.85 3 .5 3 2 .1 3 4 .2 7 4 .6 6
C o 1.59 18.41 7 .7 7 3 .3 5 11.95 2 .1 5 1.89 4 .7 6 2 .7 0
M o 2 .2 3
C 7 1 .8 3 6 7 .5 4 4 1 .3 9 5 8 .3 5 6 1 .0 5 2 0 .1 5
0 17.91 6 1 .0 2 2 1 .3 5 2 1 .0 5 3 7 .7 9 2 8 .3 7 13 .16 4 7 .8 6
C l 0 .5 4 2 .0 8 0 .6 9 6.41 2 .4 7 1.57 2 .6 8 4 .5 6
s 0 .2 5 1.82 0 .2 3 0 .5 3 0 .7 9 0 .8 2
Pb 1.32 0 .6 4 0 .4 3 0 .9 2
Z n 0.51 0 .2 7 0 .9 5
C a 0 .2 0 1.50 0 .4 7 0 .4 4 0 .6 9 0 .9 9
K 0 .1 6 1.19 0 .3 5 0 .2 0 0 .4 2 1.02

N a 0 .5 4 1.09
Si 1.38

M n 1.32 0 .4 5
W 1.46 0 .4 0 1.45 0 .1 3 0 .3 3
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3Table 5.29 Elemental composition results for point scan of alloy 556: SP1 - end/top (weight%)

Element spl sp2 sp3 sp4 sp5 sp6 sp7 sp8 sp9
F e 7 .7 8 3 0 .3 0 10.25 5 .7 0 21 .11 14 .36 9 .6 5 18 .34 14.81
C r 7 .1 2 2 2 .9 2 2 3 .4 2 8 .9 6 2 3 .7 4 8 .68 7 .6 9 9 .4 3 12 .14
N i 5 .9 7 2 0 .9 6 10 .86 6 .23 16 .80 9.11 6 .4 4 10 .87 9 .7 7
C o 5 .6 3 18.88 13 .69 11 .26 14 .56 5 .5 8 5 .7 6 12 .18 5 .68
M o 4.41
C 51 .8 3 4 6 .2 2 2 1 .8 7 3 6 .1 2 3 1 .8 4 8 .65
O 17.22 2 9 .1 8 19 .46 6 .9 6 2 6 .5 9 2 3 .3 9 9 .1 4 2 7 .3 5
C l 1.15 2.21 1.38 4 .7 0 3 .85 2 .8 6 4 .1 2 5 .77

s 0 .4 8 1.02 0 .43 0 .7 4 1.10 0 .9 4
P b 8 .1 6 5 .7 9 4 .6 3 6 .7 8
Z n 1.46 0.91 2 .23
C a 0 .4 9 1.25 0 .8 2 0 .9 0 1.20 1.41
K 0 .3 6 0 .9 6 0.61 0 .4 0 0.71 1.42

N a 0 .5 5 0 .8 9
Si 2 .3 2

M n 1.26 1.06
W 4 .6 7 2 .2 2 5 .5 2 1.26 2 .1 6

O.OOE+OO 1 0OE-05 2.00E-05 300 E -05  4 00E-05

Distance (micron)

30 pm Electron Image 1

- • - I r o n Chromium - • - N ic k e l
- » -  C o ba t - -  Molybdenum - » -  Oxygen

Chkxirte -» -S u lfu r Manganese

(b)

Figure 5.31 Line scan results for alloy 556: SP2 -  end/top



Figure 5.29 - Figure 5.31 show that the oxidation products of this alloy are oxides of 

Fe, Cr, Ni and Co. The losses of these metals are characterized by the presence of 

their oxides on the deposit surface. Crystalline phase detected on the surface of 

tested alloy 556 were Fe2C>3, Fe3C>4, FeO(OH), NiO, NiG^CXt, Cr203, and CrC>2. 

These oxides were detected in the corrosion products which also contain a significant 

amount of S and Cl. In general, oxides of Cr/Fe were found next to the substrate 

while oxides of Co/Ni were detected at the outer scale layer.

Kawahara (2002) concluded that the ability of oxides for prevent the penetration of 

corrosive deposits are in the following order: SiC>2 >. AI2O3 > C^Cb > Fe3C>4 > Fe2C>3. 

The stabilities of chlorides of elements are in the following order: Cr > Fe > Ni ~ Mo 

at temperature 500 °C. Thus, alloy556 is more susceptible to corrosion in the 

chlorine-bearing gas, compared to the nickel based alloy. Kawahara (2002) also 

suggest that the stabilities of oxides of elements are in the following order: Cr > Mo 

~ Fe > Ni at 500 °C. This pointed out that the corrosion product layer may form by 

the compounds in this order: NiO (from the topmost), Fe203 / Fe304 / M0O2, and 

Cr203 (close to the metal interface).

The corrosion at different locations in this alloy was investigated. It was found that 

the areas covered by the deposit were rough as shown in Figure 5.30 - Figure 5.31. 

On the contrary, the areas exposed to the hot gas have a smooth corroded surface.

5.11.5 Results for the Coated Coupons of Alloy 310

Stainless steel 310 has a similar composition to the alloy 556 except that steel310 

does not contain Co (18% for alloy 556) and Mo (3% for alloy 556). It was used in 

this study in order to evaluate the affects of aluminide coating on the corrosion 

resistance of stainless steels, compared to exotic superalloy 556.

The results of elemental mapping of the coated coupons are shown in Figure 5.32a 

for the end-section and in Figure 5.32b for the wall-section coupon. The coating was 

barely detected at the end-section (Figure 5.32a), but was present in the wall-section 

with an average thickness of 3 - 8 pm. Figure 5.32b shows the area where the 

coating layer is broken.
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Figure 5.32 Elemental mapping of coated steeI310 and its corrosion products: (a) SP2 -  end/top, 
(b) SP2 -  wall/middle

O x id e s  o f  Fe. Cr. N i and A l w ere d etected  in the corrosion  products. X R D  a n a ly sis  

sh o w ed  that the m ain  co m p o sitio n  in the corrosion  products w ere  0 -  A F O 3, u - 

A 1 :0 3, Fe^O.i. F e30 4. FeO (O FI). N iO . Cr30 3 and C r 0 3. T he coa tin g  layer w a s  a

1 6 0



combination of A1 and Fe as FeAl and FejAl. Other elements such as Ni and Cr in 

the inter-metallic layer were also detected.

Line scan results for the aluminide coated 310 coupons are shown in Figure 5.33. 

The deposit adjacent to this coupon contains a large amount of alkali chlorides. A 

particle of CaSi04 was detected in Figure 5.33s. Round particles having sizes that 

varied from 2 0 -  100 pm were often detected in the deposit. They are the condensed 

droplets of liquid CaCL ZnCh SiC>2 or compounds of Si, Ca, Al, and O. Chunks of 

particle are often carbon. An aluminide coating is present in Figure 5.33b which is at 

the middle left side of the coupon. Figure 5.33c shows a thin layer of coatings under 

the deposit containing NaCl, KC1 and CaCl2. Figure 5.33d shows a thin layer of 

aluminum oxides covered under a thick layer of chlorine compounds.

Figure 5.34 shows a corrosion layer on the various positions of the coupons. It was 

noted that the coating was generally consumed and corrosion reached the substrate 

level. Coating was only detected in the wall-section coupon at the bottom and middle 

part. Coating was not found on the top part of wall-section coupon and the entire 

End-section coupon. This is due to the difference in temperature as previously 

described in section 5.10.2. The causes are also the quality of the coating itself 

(FeAls) or the non-homogenous nature of the deposit causing different rates of local 

corrosion

In summary, the aluminide pack coating does improve the corrosion resistance of 

stainless steel. Coated coupon of stainless steel 310 proves that the aluminide coating 

can provide a good corrosion resistance. The coated coupons had less suffered from 

the corrosion compared to the higher grade material (alloy556) and a stainless steel 

316 which was entirely corroded. The presence of some coating (original thickness 

of 40 -  50 pm) also showed that FeAl and Fe3Al can provide a greater corrosion 

resistance than nickel-based alloy 59 and alloy 625 (corroded lengths were 59.17 — 

104.43 pm). However, the aluminide coating on stainless steel 310 does not perform 

as well as a similar coating on nickel-based alloy59.
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F ig u r e  5 .3 3  L in e  s c a n  r e s u l t s  o f  c o a te d  s te e l  3 1 0 :  (a )  &  (b )  S P 2  — w a l l /m id d le ,  (c )  S P 2  — 
w a l l /b o t to m ,  (d )  S P 2  — e n d /m id d le
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Figure 5.34 Coated steel 310: (a) end/niiddle, (b) end/bottom, (c) wall/top, (d) wall/middle



5.11.6 Results for Alloy 316 (Baffle)

B affles w ere  co rro d ed  severe ly  as can  be seen  from  F igure  5.35. T he first p ic tu re  is 

the secondary ' e lec tro n  im age  sh ow ing  the  general structu re . T he second  p ictu re  is 

taken  u sing  back  scattered  e lec trons in w h ich  the  co lo u r is varied  by the  atom ic 

w eight. It is obv ious that the a lloy  316 corroded  bo th  inside  and  on the surface.

(a) (b)

Figure 5.35 Backscattered electron images for stainless steel 316: SP1 - wall

T he resu lts  o f  e lem ental m ap p in g  o f  the b affle  sam ple  from  the  end  sectio n  o f  p robe 

N o .l  are  show n  in F igu re  5.36.

It is found  that m ajo r co n stitu en ts  o f  sta in less steel 316 in clud ing  Fe, N i. C r and M o 

w ere  rem oved  from  the substra te . A fter th ey  passed  th ro u g h  the deposit, they  w ere 

o x id ized  at the p o sitio n  w here  the p artia l p ressu re  o x y g en  w as su ffic ien t and form ed 

F e 3C>4 , C r20 3  and  N iO .
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Figure 5.36 Elemental mapping results for alloy 316: SP1 -  end



CHAPTER 6
3-DIMENSIONAL MODELLING OF THE FURNACE

AND THE SAMPLING PROBES

6.1 Overview

Mathematical modelling using FLUENT code was carried out in order to simulate 

the flow characteristics and heat transfer inside the furnace and the region around the 

air cooled sampling probes. The CFD work consisted mainly of 3-dimensional 

models of the furnace, sampling probe No. 1, and sampling probe No. 2.

The furnace model simulated the flow characteristic of combustion gaseous products 

that were released from the waste burning bed. The results, including gas 

temperature, gas properties, flow velocity and direction, at “probes’ locations” were 

subsequently used as inlet boundary conditions for the sampling probe models. 

Sampling probes were modelled both with and without the accumulation of deposits.

Results from these modelling works were then used to discuss the following topics:

a. Effects of combustion gas characteristics on the deposition of particles and the 

temperatures of probes,

b. Effects of alloy composition on the heat transfer of sampling probes, and hence 

the corrosion behaviour of materials,

c. Effects of particle deposition on the heat transfer and the temperature of the 

sampling probes,

d. The temperature gradient across the sampling probes and deposit layers,

e. The performance of the flow diverted sacrificial baffles.
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Additional investigations into the effect of particle size on the particle trajectories 

and use of “sacrificial baffles” were carried out by conducting 2 -  dimensional 

modelling of the sampling probes.

The details of mathematical modelling approaches and related equations used in this 

study are given in the next section. The following sections present the results 

obtained from CFD modelling of the furnace, sampling probes No.l & No.2 as well 

as 2-D models of the probes. Finally, mathematical modelling results are compared 

and discussed using some of the experimental data obtained from this study.

6.2 FLUENT code modelling

The mathematical modelling codes used in this study were the FLIC bed modelling 

code and FLUENT computational fluid dynamics code. FLIC code simulated the 

processes in the waste burning bed. It provided information on the velocity, 

temperature and chemical composition of the combustion gaseous products that are 

released from the waste bed. These results were then implemented as the input 

boundary conditions in the FLUENT code. Combustion gaseous products in the 

freeboard region and the convective pass of the furnace were simulated using 

FLUENT. The principal equations used in the simulations by FLUENT code are 

summarized in Table 6.1.

All models in this study were solved with the assumption of a “steady state”. For the 

viscous model, the standard k  -  e  turbulence model equations were applied with the 

standard wall functions. Radiation was calculated by the Discrete Ordinate model 

(DO). Species transport modelling calculated 7 chemical species: O2, CO2, H2O, 

CH4, CO, H2, and N2. The density of gases was calculated using the incompressible 

ideal gas law. The reaction of the mixture was calculated using the finite-rate and 

eddy dissipation models.

167



Table 6.1 Principal equations used in FLUENT code for the furnace and sampling probe models 
(Goddard, 2006)

Name Equation

Conservation of 
mass & . + V . ( p v )  = S m

d r
Conservation of 
momentum — (pü)+V • i p ô ô )  = - V p  + V  • J  + p g  + F

Transport 
Equations for the 
standard 
k  — £  model

—  (p k )=  {pku ) = 
d t y ' dx, 5xj

V \  ~
Ht de  // + —--------

>  a s ) ^ xj _

+ G k + G b - p s - Y M + S k

2
+ C\ e ^ ( Gk + C ie Gb ) ~ C 2 c P ~ ^  + Se

Energy Equation

Discrete ordinates 
radiation model V -(/(r ,j)s)+ (a  + CTJ) /(? ,s )  = a«2 + —  J/(r,s')<X>(?•?')dQ.'

n  An %

Chemical species 
transport |- ( p r ).)+v-(p5yi) = - v J i + /?,+ s /

dt

Chemical 
reactions of 
combustion

C H a + | 0 2 - + C 0  + 2 H 20  RCHi =5.01

C 0  + ̂ 0 2 - > C 0 2 Rc o  =2.239xlO12 ex

C O 2 —» C 0 + —0 2 RCo2 =5.0x108 exp 
2 \

H 2 + J ° 2  - + H 20  RHi =3.123xl0,6e>

2xl0n exp

f  1.7x10
\  RT

1.7xl08'
RT

>

f  1.7 x 1 ( 
cp ----------
\  RT

2 x l0 8 )^o,7 0̂.8
j r̂p CH4 02

8^ 0.25 ̂ 0.5
(-coLo2 ^ h2o

/

Gco t

^0.5^14
Ltf2L'02

y

6.3 Three-dimensional modelling of the furnace

6.3.1 Model description

The geometry and the calculation units (mesh) of the model were first created by the 

GAMBIT software before it was exported to FLUENT software for further 

mathematical modelling work. The geometry of the model in GAMBIT was based 

on the design drawings of the waste to energy plant. The schematic diagram of the 

furnace model (side view) created by GAMBIT software is shown in the Figure 6.1.
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The cross-sectional dimensions of the furnace are 4.9x11 m2 for the first pass, and 

4.4x11 m for the second pass. The over-fire air is supplied to the furnace via the 

front and rear nozzles. The front over-fire air system consists of 35 x 70 mm 

diameter nozzles, whereas the rear over-fire air system consists of 33 * 60 mm 

diameter nozzles. In the second pass, there are 2 sets of pendent superheater (as 

shown in Figure 6.1). Each set is composed of 36 panels located in parallel 

throughout the cross sectional area of the furnace. In this design, the number of 

superheater panels is almost equal to the number of over-fire air nozzles. Therefore, 

only a slice of furnace was modelled and it was assumed to be representative of the 

whole furnace. The geometry which was modelled had a width of 0.3 m and 

consisted of a rear over-fire air nozzle, a front over-fire air nozzle, and a pair of 

superheater panels. The isometric view of the model is shown in Figure 6.2.

The model begins at the free board region adjacent to the waste burning bed. This 

was the main inlet where the combustion gaseous products entered the domain. 

Other inlets include the front and rear over-fire air nozzles. The end of this model, or 

the domain’s outlet, was located in the second pass under the superheater panels. The 

locations of the sampling probes are also presented in Figure 6.2. The sampling 

probe No. 1 was placed in the first pass at the position 28.70 m from ground. The 

location of the sampling probe No. 2 was at the position 25.85 m from ground.

6.3.2 Input data

FLIC code computed the velocity, temperature and chemical composition of the 

combustion gaseous products primarily by using the data of plant’s operating 

conditions and the fuel properties. The total air amount supplied to the furnace was 

105,000 Nm3/h which was divided into 65,872 Nm3/h of the under-fire air supply, 

22,383 Nm3/h of the front over-fire air supply and 16,745 Nm3/h of the rear over-fire 

air supply. The waste was fed into the furnace at the rate of 30 ton/h or 8.33 kg/s. 

The calorific value of MSW was assumed to be 8600 kJ/kg. The chemical 

compositions of the typical MSW in UK were shown in Table 6.2 and Table 6.3.
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Figure 6.1 Schematic diagram (side view) and 
dimension of the furnace model

Table 6.2 The chemical composition (by wt%) of 
the typical MSW in UK

Elemental analysis % wt

C a rb o n 2 1 .5 0

H y d ro g e n 3 .0 0

O x y g e n 16 .90

N itro g e n 0 .5 0

Figure 6.2 Isometric view of the furnace 
model.

Table 6.3 The proximate analysis results of 
the typical MSW in UK

Proximate Analysis %wt

C o m b u s tib le s 4 1 .4 0

M o is tu re  H20 3 1 .0 0

Ash 2 7 .6 0
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T he resu lts o f  FLIC m o d e llin g  w ere su b seq u en tly  input into the F L U E N T  m o d ellin g  

as the boundary con d itio n s o f  the m ain  inlet. R esu lts  o f  the tem perature and v e lo c ity  

o f  the g a ses  p lotted  against the len gth  o f  the furnace m o d e l's  m ain  in let are sh o w n  in 

F igure 6 .3 .

F i g u r e  6 .3  I n p u t  d a t a  f o r  t h e  f u r n a c e  m o d e l :  ( a )  t e m p e r a t u r e  ( K )  o f  t h e  c o m b u s t i o n  g a s e o u s  
p r o d u c t s ,  ( b )  v e lo c i ty  m a g n i t u d e  ( m /s )  o f  t h e  c o m b u s t i o n  g a s e o u s  p r o d u c t s .

T he front over-fire  air je t w a s  set at the v e lo c ity  o f  4 5 .6 0  m /s  from  the n o z z le  h avin g  

a d iam eter o f  70  m m . T he rear je t  v e lo c ity  w a s 4 9 .7 3  m /s  from  the n o z z le  h av in g  a 

diam eter o f  6 0  m m . T h is over-fire  su p p ly  w a s p rovided  to  the p lant at room  

tem perature. For the ca lcu la tion  p urpose, the room  tem perature w a s assu m ed  to be  

2 8 8  K (1 5 ° C ) .

6.3.3 Results: Velocity

T he resu lts for v e lo c ity  p ro file  and d irection  o f  the com b u stion  gas stream  in the 

furnace m od el are sh o w n  in F igure 6 .4  and F igure 6 .5  resp ectiv e ly . T h e v e lo c ity  o f  

the gas stream  is  the h igh est around the over-fire  air je ts . It then  d ecreased  to be  

lo w er  than 10 m /s  h a lf  w a y  up the first pass. T he average v e lo c ity  at the ou tlet after 

th e f lo w  p assed  through the superheater p an els w a s  2 .7 3  m /s. T h e over-fire  air 

su p p lies  p layed  a v ita l role in the stream  flo w . T he h igh  v e lo c ity  o f  th ese  je ts  created  

turbulent reg io n s in the furnace. From  th is m o d e llin g , the an g le  o f  over-fire  air 

n o z z le s  created  so m e v o rtex es  p reventin g  a w e ll-c ircu la tin g  f lo w  in  the furnace.
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F i g u r e  6 .4  C o n t o u r s  o f  v e lo c i ty  m a g n i t u d e  F i g u r e  6 .5  V e lo c i ty  v e c t o r s  c o l o u r e d  b y  t h e  
( m /s )  o f  t h e  g a s e s  in  t h e  f u r n a c e  m o d e l  v e lo c i ty  m a g n i t u d e  ( m / s )  o f  t h e  g a s e s  in  t h e

f u r n a c e  m o d e l

T he v e lo c ity  vectors sh o w ed  that th e f lo w  around sam p lin g  probe N o . l  had an  

in c lin ed  an g le  w h ile  the f lo w  d irection  around sam p lin g  probe N o .2  w a s re la tively  

straight from  the top.

T h e resu lts o f  g as v e lo c ity  ca lcu la ted  b ased  on  the area-w eigh ted  average sh o w ed  

that the resultant v e lo c ity  o f  the g a ses  at the p o sit io n  o f  probe N o . l  w a s  3 .0 5  m /s . 

T he v e lo c ity  in the X  and Y  d irection s w ere 2 .0 2  m /s  and 2 .2 8  m /s , resp ectiv e ly . 

T h is resu lted  in the f lo w  an g le  o f -1 3 8 .4 °  to  the Y -a x is . T he resultant g as v e lo c ity  at 

the p o sitio n  o f  probe N o .2  w a s 4 .83  m /s . T he v e lo c ity  in  the X  and Y  d irection  w ere  

0.41 and -4 .81  m /s , re sp ectiv e ly . T h is resulted  in the f lo w  an gle o f  - 4 .8 3 °  to  the Y -  

a x is . T he n eg a tiv e  v a lu es o f  the v e lo c ity  sh o w ed  that the g a s  stream  w a s f lo w in g  

d ow nw ard . T he path lin es  o f  g a ses  co lou red  b y  th e resid en ce tim e are sh o w n  in  

Figure 6 .6 . T h e resid en ce tim e in the furnace from  the poin t w h ere second ary  air is  

in jected  to  the p o in t w h ere the tem perature fa lls  b e lo w  850°C  is  at least 2 sec o n d s as

required.
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6.3.4 Results: Temperature

T he g a s  tem perature result w a s  presented  in F igure 6 .7 . T he area-w eigh ted  average  

ca lcu la tion  sh o w ed  that the g as tem perature at the probe N o .l  and N o . 2  w a s 1144 K  

(8 7 1 °C ) and 9 9 0  K (7 1 7 °C ) resp ectiv e ly . A s  the hot g a ses  passed  through  

superheater p an els, the tem perature d ecreased , w h ich  resulted  in the g a ses  leav in g  

the ou tlet at 8 5 9  K  (5 8 6  °C ).
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F i g u r e  6 .6  P a t h  l in e s  c o l o u r e d  b y  t h e  r e s i d e n c e  F i g u r e  6 .7  C o n t o u r s  o f  t e m p e r a t u r e  ( K )  o f  t h e  
t i m e  (s)  o f  t h e  g a s e s  in t h e  f u r n a c e  m o d e l  g a s e s  in t h e  f u r n a c e  m o d e l

6.3.5 Results: Chemical species of gases

M o le  fractions o f  C O 2, O 2, H 2O , C H 4 , C O , H 2, and N 2 are presented  in F igure 6 .8 . 

T he m o le  fraction  o f  the C O 2 and 0 2 w ere  0 .1 0 3 2  and 0 .0 6 9 2  re sp ectiv e ly  at the 

outlet. W hen con sid ered  in m ass fraction  ratios, C 0 2 and O 2 contributed  to  the gas  

stream  15 .89  wt%  and 7 .7 3  wt%  resp ectiv e ly . O 2 w a s d ep leted  on  top  o f  the w a ste  

burning bed s in c e  it w a s  u sed  for  th e ox id a tio n  reaction . H ow ev er , the O 2 

con centration  reached 6 % b efore  th e  g as stream  travelled  past sam p lin g  probe N o . l .
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The locations of the sampling probes were therefore in the oxidizing environment. 

Methane (CH4) and carbon monoxide (CO) were burnt out almost completely just 

above the burning bed. The outlet, therefore, contained mainly O2, CO2, H2O (10.95 

wt%) and N2 (65.42 wt%).

6.3.6 Validity of the modelling results

The results from this furnace model were then compared with the values recorded 

online by plant operators. The results of gas temperature in Celsius, gas velocity and 

the oxygen content in the gas stream are summarized in Table 6.4. The results from 

FLUENT modelling corresponded relatively well to the real values. The differences 

might come from various parameters assumed in the modelling such as the radiation 

and the material properties. The radiation of the wall and the absorption coefficient 

of the gaseous combustion products were very important parameters as these values 

affect the overall furnace temperature. However, the results were quite acceptable 

and were subsequently used as the boundary input for the sampling probe models.

Table 6.4 Comparison of results from the FLUENT modelling and the on-line recorded values

Results Temperature
(°C)

Velocity
(m/s)

Oxygen content 
(% wt)

Real measurement -  roof probe 804 -  828

Model -  at the roof probe 769 1.26 6.55

Real measurement -  1 st pass 754-813 8.38-8.77

Model -  at the probe No.l 871 3.05 6.69

Real measurement -  2nd pass 730-791 ~ 5

Model -  at the probe No.2 717 4.83 6.68

174



Contours of Mole fraction of h2oContours of Mole fraction o f co2 Contours of Mole fraction of o2
2. l0e- fl l
2.0 Oe-0 ] 
1.89e-(ll 
I .79e-01 
1,66e-fl J ] .£Be- 0 1 
1 ,« 7 e -0 1 
1.37e-01 
1 2Be-01
1.1 Be-01 
l.0Se-0 ! 
9.45e-02 
B.40e-02 
7.35e-02 
6.3fle-02 
5.25e-02 
4.20e-Q2 
3 I5C-02 
2.10e-Q2 
1.05e-02 
t .09e-05

I3.33e-0J  
3.1 Be--01 
3.0 Oe--01 
2.B3e-0l 
2 BBe-01 
2.50e- 0 1 
2 33e-0J  
2 . l 6 e - 0 l  
2 00e-01 
I B3t-0J 
1 B 6 e-0 1 
J .5 0 t -0 )  
1.33e-0l 
] . I B e-01 
9 99 e-02  
B.32e-Q2 
B BBe-02 
4 9Qe-02 
3.33e-Q2 
] BBe-02 
0 QQe'OO

Conto urs  of  Mole frac tion  of  cM Contours  of  Mole f r ac t ion  of co Conto urs  of  Mole fraction of h2 Contours of Mole f r ac t io n  of n2

I
2.5 0e-02  
2 .3 7e-02  
2.25C-02 
2.1 3 e -0 2  
2 0 0 e -0 2  
1 SBe-02 
l .7 5 e-0 2  
1 6 2 e -0 2  
1 5 0 e -0 2  
1.37e-02 
l. 2 6 e-0 2  
I !3 e - 0 2
1 .00e-02 
B.7Se-03 
7.5 0e-03 
6 .25e-03 
5 .00e-03 
3.7Se-03
2 5 0e -03  
I 2Se-03 
0aoe-oo

1.00e-0l 
9.50e-02 
9.flOe-02 
B.50e-02 
8.00e-02 
7.50e-02 
7.00e-02 
6.60e-02 
B.00e-02 
5.50e-02 
5.00e-02 
4.60e-02 
4.0 0 e - 0 2 
3.50e-02 
3.00e-02 
2.50e-02 
2.00e-02 
l .60e-02  
1 .Qfle-02 
5.00e-03 
3.24e- 12

7.00e-02  
665C -02  
6 .30e-02 
5 9 5e -02  
5 60e-02  
5.25C-02 
4 .90e-02 
4.55C-02 
4.20e-02 
3.85c- 02 
3.50e-02 
3.15C-02
2 60C-02 
2.45C-02 
2.10c-02 
1.75C-02 
1 40c-02 
I.05C-02 
7 00e-03
3 50C-03 
0 OOc'OO

- J Figure 6.8 Contours of mole fractions of chemical species presented in the furnace model



6.4 Three-dimensional modelling of the sampling probe No.1

6.4.1 Model description

The modelling work of the sampling probe No.l consisted of 2 models; ‘sampling 

probe No.l without deposits’ and ‘sampling probe No.l with deposits’. The former 

model was carried out in order to simulate the probe just after it was just placed into 

the furnace while the latter one simulated the probe conditions when the probe was 

taken out. Both models used the same initial parameters such as the domain 

geometry, inlet conditions, and material properties. However, the deposit 

information and its properties were applied only in the model of the sampling probe 

with deposits.

The geometry of both models was based on the drawing of the probe presented in 

section 4.2.4. The information on particle deposit was based on the conditions of the 

real sampling probe after it was exposed in the furnace for 769 hours. The deposits 

were not found to cover the surface of the probe evenly. This was observed during 

the removal and disassembly of the probe. There was a thick layer of deposit only on 

the front side of the probe where the flow attacked. The deposits in the GAMBIT 

model were designed by using the experimental findings plus an assumed thin layer 

of uniform deposit (2 mm thickness) covering on the entire probe surface. The 

details of the deposit location, angle and the thickness used in this model are listed in 

Table 6.5.

The geometry of the model ‘sampling probe No.l with deposits’ created by the 

software GAMBIT is shown in Figure 6.9. In both models, the probe was located in 

a domain with a dimension of 250 * 250 x 2,000 mm. Since the flow direction had 

an angle of -138.4° (to the Y-axis) at the probe, the inlet of combustion gases to the 

domain was defined in 2 planes. Therefore, there were 2 outlet planes. The probe 

was located asymmetrically located in the domain to provide an efficient grid 

assignment. Details of the probe dimension, fabrication and materials were presented 

in the section 4.2.4.
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Table 6.5 Details of deposit thickness and their locations in the model ‘sampling probe N o .l’

Location of deposits 
on the probe

Position from wall 
(m)

Thickness of 
deposits (mm)

Angle of deposit 
(based on the Y-axis)

2 in c h  tu b e 0 .1 6 5 - 0 .3 1 5 18

-1 2 0 °  to  30°
1 in ch  tu b e  -  w all 0 . 3 1 5 - 0 .5 2 5 14

3 a llo y  r in g s  -  w a ll 0 .5 2 5 - 0 .6 5 0
12

1 in ch  tu b e  -  m id d le  1 0 . 6 5 0 - 0 .8 0 5

3 a llo y  r in g s  -  
m id d le

0 .8 0 5  -  0 .9 3 4
8 -1 0 5 °  to  20°

1 in ch  tu b e  -  m id d le  2 0 .9 3 4 - 1 .0 8 9

3 a llo y  r in g s  -  e n d 1 .0 8 9 - 1 .2 1 4
6 -9 0 ° to  0°

1 in c h  tu b e  -  en d 1 .2 1 4 - 1 .4 3 2

B a ff le  -  w a ll 0 .3 9 0 - 0 .4 6 5
2 -

B a ff le  -  en d 1 .2 8 9 -  1 .364

Figure 6.9 Isometric view of the model ‘sampling probe No.l with deposit’ created by GAMBIT 
software

6.4.2 Input data

T he input data o f  co m b u stio n  g a ses  to  the probe d om ain  w a s p rev io u sly  obtained  

from  the furnace m od el. T he v e lo c ity  in let o f  th e  hot g a ses  w a s a ssig n ed  to  the 

m o d e ls  as co m p o n en ts  in the X  and Y  d irection s. T he v e lo c it ie s  in  the X  and Y  

direction  w ere 2 .0 7  m /s  and 2 .2 9  m /s , re sp ectiv e ly . T h is resu lted  in  a total v e lo c ity  o f  

3 .0 8  m /s . T he tem perature o f  the hot g a ses  w a s 1145  K  (87 2 °C ). T he f lo w  rate o f  the  

air je t  su pp lied  in to  the probe and the am ount o f  air su pp lied  to c o o l d o w n  the  

surrounding base area o f  the probe w ere taken from  the actual m easurem en t. T he  

throughput and v e lo c ity  o f  the air je t  su p p lied  in to  the probe w a s 1320  ft3/h  or 2 0 .5  

m /s. T he air su pp lied  to co o l the base area had a v e lo c ity  o f  5 m /s. T h e inlet 

tem perature o f  th ese  air su p p lies  w a s  assu m ed  to  b e 2 8 8  K  (15°C ).
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Since the probes were constructed from different materials, the properties of the 

probe materials were required in the sampling probe models in order to calculate the 

heat transfer between the furnace and the air-cooled probes. Five types of metals 

were used in the fabrication of this probe and their properties are listed in Table 6.6. 

The physical and thermal properties of these materials at 773 K (500°C) were used in 

all probe models.

Table 6.6 Physical and thermal properties of probe materials at 773 K (500°C)

Properties Alloy 59 Alloy 556 Alloy 625 Steel 316 15Mo3

Density (kg/m3) 8,600 8,230 8,440 8,000 7,817

Cp (j/kg-K) 459 538 527 500 683
Thermal conductivity 

(W/m-K) 18.6 20.8 16.9 21.5 38.3

For the physical and thermal properties of the deposit, the data for calcium oxide 

(CaSCU) was applied. CaS04 is one of the main compounds found in combustion 

ash. Its thermal conductivity which is 2.25 W/m-K could represent those of slagging 

or fouling deposit. The density of CaS04 was 3,320 kg/m3 with a Cp value of 738 

j/kg-K.

6.4.3 Results: Velocity

The results of velocity magnitude of the gases in models of sampling probe No.l are 

shown in Figure 6.10. The velocity of the air inside the tube increased as it flowed 

through the probe. Area-weighted average calculations indicated that the velocity of 

the air increased from 20.5 m/s at entry to 37.6 m/s at the outlet of the probe, in the 

model of the sampling probe with deposits. An even higher outlet velocity of air, 

38.9 m/s, was found in the model of the sampling probe without deposits due to the 

higher temperature.

Velocity vectors coloured by the velocity magnitude of the hot gas stream are shown 

in Figure 6.11. Two planes of cross section presented in this figure were positioned 

at the baffle - end (1.33 m from the wall), and at alloy 556 - middle section (0.88 m 

from the wall). As the hot gas passed the tube its velocity increased from 3.08 m/s to
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as h igh  as 5 .6  m /s. H igh  v e lo c ity  f lo w  attacking at front s id e  o f  the probe (area  

fa c in g  the hot gas stream ) resu lted  in  a h igher am ount o f  d ep o sit accum ulated  on  th is  

area. T h is resu lt o f  m o d e llin g  agreed  w ith  the exp erim en tal resu lts. T here w ere areas 

around the rear o f  the probe in  w h ich  a vortex  occurred. T h is cou ld  p o ss ib ly  lead to 

the accu m u lation  o f  the sm all p articles on  the rear s id e  o f  the probe, due to  the  

T herm op h oresis p rocess.
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a. sampling probe No.l without deposits

Figure 6.10 Contours of velocity magnitude (m/s) of the model ‘sampling probe No.l’

Figure 6.11 Velocity vector, coloured by the velocity magnitude (m/s) of the flow across the 
model ‘sampling probe No.l’

Installation  o f  sacrific ia l b a ffles  cou ld  prevent the d irect attack o f  h ot g a ses  by  

d ivertin g  their f lo w . H ow ever, an a lm ost stagnant f lo w  that occurred in the c lo sed  

areas o f  the b a ffle s  a lso  resulted  in th e accu m u lation  o f  d ep osit. T h e f lo w  and the

179



entrained p articles co u ld  b e  trapped w ith in  th e triangular v o lu m e  b etw een  the b a ffle  

and the m ain  tube. A s  th e accu m u lation  o f  d ep osit in creases, the surface tem perature  

o f  th is d ep o sit layer increases. T h is co u ld  in ten sify  th e corrosion  d am age d ue to  

m olten  sa lts d ep osit. A  build -up  o f  a th ick  d ep osit layer and the stagnant f lo w  cou ld  

a lso  create a m ore redu cin g  en v iron m en t at the probe -  d ep osit interface reg ion .

6.4.4 Results: Temperature

T h e resu lts o f  tem perature o f  the m o d el ‘sam p lin g  probe N o . l ’ are sh o w n  in F igure  

6 .1 2 . In the m od el o f  the probe w ith ou t d ep o sits , the tem perature o f  air je t  increased  

from  2 8 8  K. (15°C ) at the b eg in n in g  o f  the probe to a tem perature o f  4 9 0  K  (2 1 7 °C )  

at the end o f  the probe due to the heat transferred from  the com b u stion  g a ses . T he  

d ep o sit accu m u lation  on  the probe resulted  in  lo w er  tem peratures o f  th e air je t  and  

a llo y  tem peratures. T he ou tlet tem perature o f  the air je t  in  the m od el o f  th e probe  

w ith  d ep o sits  w a s 4 2 4  K (1 5 1 °C ). T he tem perature d ifferen ce  o f  the air f lo w  in sid e  

the probe ca lcu lated  from  the w a ll sec tio n  to the end  sec tio n  w a s 115 K ( 1 15°C ) for 

the m od el ‘sam p lin g  probe w ith ou t d ep o sits’ , and 102 K  (1 0 2 °C ) for the m od el 

‘sa m p lin g  probe w ith  d ep o s its ’ .

1 . 1 4 e - 0 3  
1 . 1 0 e - 0 3  
1 .OB e -03 
1 . 0 2 e - 0 3  
3 . 7 4 8 - 0 2  
9 . 3 1 8 - 0 2  
B.BBe-02 
B ,4 5 e - 0 2
b . o2 b * 0 2  a. sampling probe No.l without deposits
7 . 5 3 8 - 0 2
7 . l B e - 0 2
E .7 4 e * 0 2
B .31e*02  
5,BBa*02 
5 .4 5 6 * 0 2  
5 . 0 2 8 - 0 2  
4 . 5 9 8 - 0 2  
4 . 17e*02  
3 . 7 4 8 - 0 2  
3 . 3 U - 0 2  
2 .BBe-02

Figure 6.12 Contours of temperature (K) of the model ‘sampling probe No.l’

T he tem peratures o f  the air in sid e  the p robes at the 5 5 6 -w a ll sec tio n  (0 .5 9  m  from  

the w a ll), 5 5 6 -m id d le  sec tio n  (0 .8 8  m  from  the w a ll) and 5 5 6 -en d  sec tio n  (1 .1 6  m
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from  th e w a ll)  com pared  w ith  exp erim en ta l data m easured  b y  th erm ocou p les are 

sh o w n  in T ab le 6 .7 . In gen eral, the resu lts obtained  from  F L U E N T  m o d ellin g  w ere  

slig h tly  lo w er  than the recorded tem perature ev en  though  th e input tem perature o f  

the h ot g as w as 1145 K  (8 7 2 °C ) w h ich  is  s ig n ifica n tly  h igh er  than the actual 

tem perature at th is loca tion . O ne reason  co u ld  b e that the real d ep o sit had a greater 

therm al co n d u ctiv ity  v a lu e  com pared  to 0 .5  W /m -K  used  in the m od ellin g . T he  

tem perature contours at th e cross sec tio n s  at 0 .5 9  m  (5 5 6 W ), 0 .8 8  m  (5 5 6 M ), 1 .1 6 m  

(5 5 6 E ), and 1.33 m  (B a ff le  E) from  the w a ll are sh o w n  in F igure 6 .1 3 .

Table 6.7 Temperature (K/°C) of the air jet inside sampling probe No.l

Position of the air jet Wall section 
(0.59 m)

Middle sect 
(0.88 m)

End section 
(1.16 m)

Outlet 
(1.43 m)

A c tu a l T e m p e ra tu re  
(m e a su re d  b y  th e rm o c o u p le s )

3 6 7  K 3 9 5  K 4 4 8  K N A

(9 4 °C ) (1 2 2 °C ) (1 7 5 °C ) N A

S a m p lin g  p ro b e  N o . l  w ith o u t 
d e p o s its

3 2 6  K 3 8 4  K 441 K 4 9 0  K

(5 3 °C ) (1 1 1 °C ) (1 6 8 °C ) (2 1 7°C )

S a m p lin g  p ro b e  N o .l  w ith  
d e p o s its

3 2 2  K 3 7 3  K 4 2 4  K 4 7 0  K

(4 9 °C ) (1 0 0 °C ) (1 5 1 °C ) (1 9 7 °C )

1 . 14e*03  
1.10 e »03 
1 .0 Se*03  
1 .0 2 e» 0 3  
S. 7 4 6*02  
9 . 3 l e * 0 2  
B.BBe*02 
B .45e»02  
B .0 2 e - 0 2  
7 .5 9 6 * 0 2  
7 . l 6 e » 0 2  
B.7 46*02  
B .31e*02  
5.BBe*02 
5 .4 5 e * 0 2  
5 .0 2 6 * 0 2  
4 .5 9 e * 0 2  
4 , 17e*02  
3 .7 4 e * 0 2  
3 .3 1 e * 0 2  
2,BBe*02

a. sampling probe No.l without deposits

Figure 6.13 Contours of temperature (K) of the model ‘sampling probe No.l’ at various cross- 
sections

T h e tem peratures at the surface o f  the a llo y  rin gs varied  d ep en d in g  o n  its p ositio n  

and its therm al con d u ctiv ity . T h e surface tem peratures o f  a llo y  59  rings at the w a ll,
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m id d le , and end sec tio n  are p lotted  aga in st X -d irection  as sh o w n  in Figure 6 .1 4 . T he  

n eg a tiv e  X -p o s itio n s  represent the front s id e  o f  the probe w h ere the com b u stion  

g a ses  attacked d irectly , w h ile  the p o s it iv e  X -p o sitio n s  represent the rear sid e o f  the  

probe. T he letter ‘F ’ represents the front h a lf  o f  the a llo y  ring w h ere the com b u stion  

g a ses  d irectly  attack w h ereas the letter ‘R ’ represents the rear h a lf  o f  the ring.

S im ilarly , the su rface tem perature o f  a llo y  5 5 6  rings and 6 2 5  rings are sh o w n  in 

Figure 6 .1 5  and F igure 6 .1 6  re sp ectiv e ly . T he average v a lu es o f  a llo y  surface  

tem peratures as sh o w n  in F igure 6 .1 4  - F igure 6 .1 6  are presented  in  T ab le 6 .8  (in  K ) 

and T ab le 6 .9  (in  °C).
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a. sam pling  probe  N o . l  w ith o u t deposits •  5 9 M -F  •  5 9 M -R  b. sam pling probe N o . l  w ith  deposits
•  5 9 W -F  •  5 9 W -R

Figure 6.14 Surface temperature (K) of alloy 59 rings in the model ‘sampling probe No.l’
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Figure 6.15 Surface temperature (K) of alloy 556 rings in the model ‘sampling probe No.l’
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Figure 6.16 Surface temperature (K) of alloy 625 rings in the model ‘sampling probe No.l’

Table 6.8 The average values of alloy surface temperatures from model ‘sampling probe No.l’ 
(K)

Models Alloys
Wall section (0.59 m) Middle section (0.88 m) End section (1.16 m)

59 556 625 59 556 625 59 556 625

SP1
without
deposit

Front
piece 7 6 2 7 4 9 7 6 9 783 7 7 2 7 9 2 8 0 7 7 9 8 8 1 6

Rear
piece 735 725 741 7 5 8 7 5 0 7 6 6 7 8 4 7 7 7 7 9 2

SP1
with
deposit

Front
piece 6 9 2 683 7 0 0 7 2 4 7 1 6 735 7 5 9 7 5 2 7 6 8

Rear
piece 6 8 6 6 7 7 6 9 3 715 7 0 8 7 2 5 7 4 8 7 4 2 7 5 7

Table 6.9 The average values of alloy surface temperatures from model ‘sampling probe No.l’
(°C)

Models Alloys
Wall section (0.59 m) Middle section (0.88 m) End section (1.16 m)

59 556 625 59 556 625 59 556 625

SP1
without
deposit

Front
piece 4 8 9 4 7 6 4 9 6 5 1 0 4 9 9 5 1 9 5 3 4 525 543

Rear
piece 4 6 2 4 5 2 4 6 8 4 8 5 4 7 7 4 9 3 511 5 0 4 5 1 9

SP1
with
deposit

Front
piece 4 1 9 4 1 0 4 2 7 451 4 4 3 4 6 2 4 8 6 4 7 9 4 9 5

Rear
piece 4 1 3 4 0 4 4 2 0 4 4 2 4 3 5 4 5 2 4 7 5 4 6 9 4 8 4

R esu lts sh o w  that the surface tem peratures o f  a llo y  rin gs located  at the end s id e  o f  

the probe w ere  c lear ly  h igh er than th o se  loca ted  n ex t to  the air su p p ly . In the m od el 

o f  the probe w ith ou t d ep o sits , the average tem perature in creases from  the w all 

sec tio n  to  the end sec tio n  for a llo y  5 9 , a llo y  5 5 6 , and a llo y  6 2 5  w ere  4 7  K (°C ), 50  

K (°C ), and 4 9  K (°C ) re sp ectiv e ly . T he ex is te n c e  o f  d ep o sits  resu lted  in  greater
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temperature differences. In the model of the probe with deposits, the average 

temperature increases for alloy 59, alloy 556, and alloy 625 were 64 K(°C), 67 

K(°C), and 66 K(°C) respectively.

At the same distances from the wall, the front side of the rings had a higher surface 

temperature compared to the rear side due to their direct exposure to the hot gas 

stream. The average percentages of temperatures difference for rings of alloy 59, 

alloy 556, and alloy 625 were 3.32%, 3.05%, and 3.35% respectively. Deposits 

covering these alloy rings reduced the direct contact of the alloys to the hot gas 

stream. Hence, the temperature differences between the front and rear side of the 

rings were minimized. The differences for alloy 59, alloy 556, and alloy 625 were 

1.17%, 1.13%, and 1.28% respectively.

Alloy 625 had the highest surface temperatures followed by alloy 59, and alloy 556 

had the lowest surface temperatures. This corresponded with the fact that alloy 556 

had the highest thermal conductivity followed by alloy 59 and alloy 625. The higher 

thermal conductivity could lead to a greater heat transfer rate. Furthermore, the high 

surface temperatures of alloy 556 and alloy 625 could be the result of heat transfer 

from the brace rings which were installed next to the rings of alloy 625 and alloy 59.

Surface temperatures of the deposit at various locations, which is divided into a thick 

top part and a thin bottom part, are presented in Figure 6.17. The average surface 

temperatures of the deposit at various locations are summarized in Table 6.10. The 

surface temperatures of the deposit depended on the thickness of the deposit layer 

and the position on the probe. The top part of the deposit had a higher surface 

temperature compared to the bottom part. The deposit temperatures were found to 

vary from 904 -  953 K (631 -  680°C) for the top part, and 762 -  815 K (489 -  

542°C) for the bottom part.

The deposit on the 2inch tube had a maximum thickness of 18 mm and its top part 

had a surface temperature of 1042 K (769°C). This was supported by the 

experimental results since the deposit on the 2 inch tube was found to have melted. 

The temperatures of the deposit on the baffles were also very high being at 912 -  964
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K  (6 3 9  -  6 91°C ). T he reason  w as that th e b a ffles  had a very lo w  con tact area for heat 

transfer w ith  the m ain  probe.
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Figure 6.17 Surface temperatures (K) of deposits in the model ‘sampling probe No.l’

Table 6.10 The average values of deposit surface temperatures from the model ‘sampling probe 
No.r

Deposit
Temperature

2inch
tube

Baffle
Wall

Wall
section

Middle
section

End
section Baffle End

K
Top 1042

912
953 914 904

964
Bottom 940 762 787 815

°C
Top 769

639
680 641 631

691
Bottom 667 489 514 542

6.5 Three-dimensional modelling of the sampling probe No.2

6.5.1 Model description

T h e m o d e llin g  w ork  for sam p lin g  probe N o .2  co n sisted  o f  2 m od els; ‘sam p lin g  

probe N o .2  w ith ou t d ep o s its ’ and ‘sam p lin g  probe N o .2  w ith  d e p o s its ’ . T he con cep t  

o f  m o d e llin g  w a s  sim ilar to  th e m o d e llin g  o f  sam p lin g  probe N o . l  w h ich  w as  

d iscu ssed  in sec tio n  6 .4 .1 . T he g eom etry  o f  both  m o d e ls  w a s  based  on  th e  draw ing  

o f  the probe presented  in  sec tio n  4 .2 .4 . T he in form ation  on  particle d ep o sit w a s  

b ased  on  the co n d itio n s o f  the real sam p lin g  probe after it w a s ex p o sed  in the furnace  

for 811 hours. T h e d ep o sits  w ere found to  co v er  o n ly  the top  part o f  the sam p lin g
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probe w h ere the hot gas stream  attacked. T he d ep o sits  in the G A M B IT  m od el w ere  

d esig n ed  by u sin g  the exp erim en tal fin d in gs p lu s an assu m ed  th in  layer o f  uniform  

d ep osit (h av in g  a th ick n ess  o f  1 m m ) coverin g  the entire probe surface. T he d eta ils  

o f  d ep osit loca tion , an g le  and the th ick n ess u sed  in th is m o d el are sum m arized  in 

T able 6 .11 .

Table 6.11 Details of deposit thickness and their locations in model ‘sampling probe No.2’

Location on the probe
Distance from 

wall
(m)

Thickness of deposits 
(mm)

----- 1----------------------------
Angle of deposit 

(based on the Y-axis)

2 in c h  tu b e 1 6 5 - 3 1 5
37

-9 0 °  to  9 0 °

1 in ch  tu b e  -  w a ll 3 1 5 - 5 3 1

3 a llo y  r in g s  -  w all 531 - 6 5 1
24

1 in c h  tu b e  -  m id d le  1 6 5 1 - 8 1 1

3 a llo y  r in g s  -  
m id d le

8 1 1 - 9 3 2
20

1 in ch  tu b e  -  m id d le  2 9 3 2 - 1 0 9 2

3 a llo y  r in g s  -  en d 1 0 9 2 - 1 2 1 3
18 -6 0 °  to  6 0 °

1 in c h  tu b e  -  en d 1 2 1 3 - 1 4 3 2

B a ffle  -  w a ll 3 8 5 - 4 6 0
1 -

B a ff le  -  en d 1 2 9 3 -  1368

T he g eom etry  o f  the m o d el ‘sam p lin g  probe N o .2  w ith  d ep o s its ’ created  b y  the  

so ftw are G A M B IT  is sh ow n  in T able 6 .1 9 . In the m o d els , the probe w as located  in a 

d om ain  h av in g  a d im en sio n  o f  150 x 2 5 0  x 2 0 0 0  m m . S in ce  the flow- d irection  had 

an an g le  o f  4 .8 3 °  (to  the Y -a x is )  to  the probe, 2 p lan es w ere appoin ted  as in le ts  o f  

co m b u stio n  gas. H en ce , there w ere  2 ou tlet p lan es. D e ta ils  o f  the probe d im en sio n s  

w ere presented  in C hapter 5 , E xperim ental m eth o d o lo g y .

Figure 6.18 Isometric view of the model ‘sampling probe No.2 with deposits’ created by 
GAMBIT software

186



6.5.2 Input data

The input data for the combustion gases was previously derived from the furnace 

model. The velocities in the X and Y directions were 0.40 m/s and -4.81 m/s, 

respectively. This resulted in a total velocity of 4.82 m/s. The temperature of the hot 

gases was 989 K (716°C). Other input data including air supplies and material 

properties in this model were similar to the model ‘probe No.l \  The velocity of the 

air flow supplied into the probe was 20.5 m/s. The air used for cooling the base area 

had a velocity of 5 m/s. The temperature of these air supplies were assumed to be at 

288 K (15°C). The physical and thermal properties of probe materials were listed in 

Table 6.6. The physical and thermal properties of deposit were assumed to be equal 

to that of CaSC>4. The thermal conductivity was therefore 0.5 W/m-K with density 

being 2960 kg/m3 and Cp of 856 j/kg-K.

6.5.3 Results: Velocity

The results of velocity magnitude of the gases in models of sampling probe No.2 are 

shown in Table 6.20. In the model of the sampling probe with deposit, the area 

weighted average velocity of the air inside the probe increased from 20.5 m/s at 

entry to 36.4 m/s at the outlet of the probe. An outlet velocity of 36.6 m/s was found 

in the model of the sampling probe without deposit.

The velocity vectors coloured by the velocity magnitude of the hot gas stream are 

shown in Figure 6.20. Two planes of cross section presented in this figure were at 

the position of the baffle - end (1.33 m from the wall) and alloy 556 - middle section 

(0.87 m from the wall). The velocity of the hot gas increased from 4.82 m/s to as 

high as 8.0 m/s as it was passed the tube. According to the flow directions, the 

particles entrained in the hot gas stream could easily be trapped and accumulated on 

the top part of the probe. The experimental results confirmed this since a thick layer 

of deposit was observed during probe removal. In contrast, there was hardly any 

deposit layer found on the bottom side of the probe. This could be due to the high 

velocity of the gas stream and the gravity force that hinders particle deposition.
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a. sampling probe No.2 without deposits

Figure 6.19 Contours of velocity magnitude (m/s) of the model ‘sampling probe No.2’
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1.20e*00 
B.00e-0l 
4.000-01 
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a .  s a m p l in g  p r o b e  .N o .2  w i t h o u t  d e p o s i t s b .  s a m p l i n g  p r o b e  N o .2  w i t h  d e p o s i t s

Figure 6.20 Velocity vector, coloured by the velocity magnitude (m/s) of the flow across the 
model ‘sampling probe No.2’

From  the m o d e llin g  results, the insta llation  o f  sacrific ia l b a ffles  cou ld  divert the f lo w  

and prevent d irect attack from  hot g a ses  and entrained particles on  the tube. 

H ow ev er , in the exp erim en tal probe, so m e  d ep o sit w a s  found  in  the triangular  

v o lu m e  b etw een  th e b a ffle  and the m ain  tube but to a le sser  ex ten t com pared  to  

probe N o . l . T herefore, sacr ific ia l b a ffle s  w ith  th is d esig n  m igh t b e a u sefu l d e v ic e  to  

prevent erosion  but cou ld  m a g n ify  the d ep o sit-in d u ced  corrosion s on  the tube surface  

loca ted  b eh in d  the b a ffles .
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6.5.4 Results: Temperature

T he tem perature resu lts o f  th e m o d el ‘sam p lin g  probe N o .2 ’ are sh o w n  in F igure  

6 .2 1 . In the m od el o f  the probe w ith ou t d ep o sits , the tem perature o f  th e air increased  

from  2 8 8  K  (1 5 °C ) at the b eg in n in g  o f  th e probe to  a tem perature o f  4 5 9  K  (18 6 °C )  

at th e end o f  th e probe. S im ilar to  the resu lts for probe N o . l ,  the d ep osit  

accum ulation  on  the probe resu lted  in lo w er  tem peratures o f  the air and the a lloy . 

T he ou tlet tem perature o f  the air in th e m od el o f  the probe w ith  d ep osits  w as 4 4 5  K  

(1 7 2 °C ). T he tem perature gradient o f  the air je t  in sid e  the probe ca lcu la ted  from  the  

w all sec tio n  to  the end sec tion  o f  the m od el ‘sam p lin g  probe w ith ou t d ep o s its ’ and  

the m o d el ‘sam p lin g  probe w ith  d e p o s its ’ w ere  9 9  K  (°C ) and 88 K  (°C ) resp ectiv e ly .

9 . 9 0 e * 0 2  
9 . 5 5 e * 0 2  
9 .2 0 6 * 0 2  
8 .6 5 e * 0 2  
6 .5 0 6 * 0 2  
6 .1 4 6 * 0 2  
7 .79  e »02 
7 .4 4 6 * 0 2  
7 .0 9 6 * 0 2  
6 .7 4 6 * 0 2  
B. 3 9 e* 0 2  
6 .0 4 e * 0 2  
5 .6 9 e * 0 2  
5 .3 4 6 * 0 2  
4 .9 9 6 * 0 2  
4 .6 3 e * 0 2  
4 .2 6 6 * 0 2  
3 .9 3 6 * 0 2  
3 .56  e • 02 
3 .2 3 e * 0 2  
2.66e >02

a. sampling probe No.2 without deposits

Figure 6.21 Contour of temperature (K) of the model ‘sampling probe No.2’

T h e ca lcu la ted  tem peratures o f  the air in sid e  the probe at the 5 5 6 -w a ll sec tio n  (0 .5 9  

m  from  the w a ll) , 5 5 6 -m id d le  sec tio n  (0 .8 7  m  from  the w a ll) and 5 5 6 -en d  sec tio n  

(1 .1 5  m  from  the w a ll) and exp erim en tal data m easured  b y  th erm ocou p les  are sh ow n  

in  T ab le 6 .1 2 . It w a s found that the resu lts ob ta ined  from  F L U E N T  m o d ellin g  w ere  

higher than the recorded  tem peratures e sp ec ia lly  at the end  sec tio n  w here the  

tem perature d ifferen ce  w as up to 75 K  (°C ). T h is  w a s  prim arily d u e to the lo w er  

in itia l tem perature o f  the hot gas in the m o d e llin g . T he tem perature used  for  

m o d ellin g  w a s 9 8 9  K (7 1 6 °C ) w h ereas the actual com b u stio n  g a ses  tem perature  

raneed  from  1003 -  1064  K 6730 -  7 91°C ). A n oth er reason cou ld  b e that the actual
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d ep o sit had a greater therm al con d u ctiv ity  va lu e  than the o n e  u sed  in the m o d e llin g  

(0 .5  W /m -K ).

Table 6.12 Temperature (K/°C) of the air jet inside the model ‘sampling probe No.2’

Position of the air jet Wall section 
(0.59 m)

Middle sect 
(0.87 m)

End section 
(1.15 m)

Outlet 
(1.43 m)

A c tu a l T e m p e ra tu re
3 9 0  K 3 8 3  K 4 7 7  K N A

( l i r e ) (1 1 0 °C ) (2 0 4 °C ) N A

S a m p lin g  p ro b e  N o .2  w ith o u t 
d e p o s its

3 1 6  K 3 6 6  K. 4 1 5  K 4 5 9  K

(4 3 °C ) (9 3 °C ) (1 4 2 °C ) ( 1 8 6 °C )

S a m p lin g  p ro b e  N o .2  w ith  
d e p o s its

3 1 4  K 3 5 9  K. 4 0 2  K 4 4 5  K

(4 1 °C ) (8 6 °C ) (1 2 9 °C ) (1 7 1 °C )

T he tem perature contours for the cross sec tio n s  at 0 .5 9  m  (5 5 6 W ), 0 .8 7  m (5 5 6 M ), 

1.15 m  (5 5 6 E ), and 1.33 m  (b affle  E ) from  th e w a ll are sh ow n  in F igure 6 .2 2 .
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Figure 6.22 Contour of temperature (K) of the model ‘sampling probe No.2’ at various cross- 
sections

A s d iscu ssed  p rev io u sly , the surface tem peratures o f  an a llo y  ring varied  d ep en din g  

on its p ositio n , its therm al con d u ctiv ity , and the th ick n ess  o f  co v er in g  d ep osits . T he  

surface tem peratures o f  a llo y  5 9  rings at the w a ll, m id d le , and end  sec tio n  are p lotted  

aga inst X -d irectio n  a s  sh o w n  in F igure 6 .2 3 . T he n eg a tiv e  X -p o s itio n s  represented  

the front s id e  o f  the probe w h ere the co m b u stio n  g a ses  d irectly  attacked , w h ile  the  

p o sit iv e  X -p o s itio n s  represented  the rear sid e o f  th e probe. T he letter ‘T ’ represented  

the top  h a lf  o f  the a llo y  ring w h ere th e co m b u stio n  g a ses  d irectly  attacked w h ereas
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the letter ‘B ’ represented  th e b ottom  h a lf  o f  the ring. S im ilarly , th e surface  

tem perature o f  a llo y  5 5 6  rings and 625  rings are sh o w n  in F igure 6 .2 4  and F igure  

6 .2 5  resp ectiv e ly . T he average v a lu es o f  a llo y  surface tem peratures as sh o w n  in 

Figure 6 .2 3  -  F igure 6 .2 5  are presented  in T able 6 .13  (in  K ) and T able 6 .1 4  (in  °C ).
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Figure 6.25 Surface temperature (K) of alloy 625 rings in the model ‘sampling probe No.2’
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Table 6.13 The average values of alloy surface temperatures from model ‘sampling probe No.2’ 
(K)

Models Alloys
Wall section (0.59 m) Middle section (0.87 m) End section (1.15 m)

59 556 625 59 556 625 59 556 625

SP2
without
deposit

Top
piece 700 703 707 721 723 726 741 743 747

Bottom
piece 670 675 677 693 697 698 714 719 720

SP2
with
deposit

Top
piece 644 648 651 667 671 674 703 708 713

Bottom
piece 636 640 643 659 662 665 691 697 700

Table 6.14 The average values of alloy surface temperatures from model ‘sampling probe No.2’ 
(°C)

Models Alloys
Wall section (0.59 m) Middle section (0.87 m) End section (1.15 m)

59 556 625 59 556 625 59 556 625

SP2
without
deposit

Top
piece 427 430 434 448 450 453 468 470 474

Bottom
piece 397 402 404 420 424 425 441 446 447

SP2
with
deposit

Top
piece 371 375 378 394 398 401 430 435 440

Bottom
piece 363 367 370 386 389 392 418 424 427

From Figure 6.23 - Figure 6.25 and Table 6.13, the surface temperatures of alloy 

rings located at the end section of the probe were clearly higher that those located 

next to the air supply. In the model of the probe without deposits, the average 

temperature increases of alloy rings from the wall section to the end section for alloy 

59, alloy 556 and alloy 625 were 43 K (°C), 42 K (°C), and 42 K (°C) respectively. 

The higher temperature changes were found in the presence of deposits. In the model 

of the probe with deposits, the average temperature increases for alloy 59, alloy 556 

and alloy 625 were 57 K (°C), 59 K (°C), and 59 K (°C) respectively.

At the same distances from the wall, the top part of the rings had a higher surface 

temperature compared to the bottom part due to a greater exposure to the hot gas 

stream. The average percentages of temperature differences were 2.80% for alloy 59, 

2.40% for alloy 556, and 2.69% for alloy 625. These temperature differences were 

lower in the model of the sampling probe with deposits where the percentages of 

temperature difference for alloy 59, alloy 556, and alloy 625 were 1.41%, 1.34%, 

and 1.47% respectively
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A llo y  625  had th e h ig h est surface tem perature fo llo w ed  by a llo y  5 5 6  and a llo y  59  

resp ectiv e ly . A llo y  5 5 6 , d esp ite  it hav in g  the h ig h est therm al co n d u ctiv ity  (2 0 .8  

W /m  K ) d id  not co n sisten tly  h ave th e lo w e s t surface tem perature com pared  to the  

other a llo y s  (1 8 .6  W /m  K  for a llo y  5 9 , and 16 .9  W /m  K for a llo y  6 2 5 ). T h ese  results  

w ere d ifferen t from  the resu lts for the m od el o f  probe N o . l .  O n e reason cou ld  b e that 

th e sam p lin g  probe N o .2 d id  not h ave brace rings in sta lled  n ex t to a llo y  59  and a llo y  

6 2 5 . T herefore the surface tem perature o f  the a llo y  rings m ain ly  d ep en ded  on  the  

heat transfer to the co o l air f lo w  and w a s not a ffected  by the heat o f  brace rings. 

C on seq u en tly , rings o f  a llo y  59  located  c lo ser  to  th e w a ll com pared  to  th o se  o f  a llo y  

5 5 6  and a lloy  625  cou ld  h ave lo w er  su rface tem peratures.

Surface tem peratures o f  d ep o sits  at variou s p o sit io n s  w h ich  are d iv id ed  into  a th ick  

top  part and a thin bottom  part are presented  in F igure 6 .2 6 . T he average surface  

tem peratures o f  d ep o sits  at variou s lo ca tio n s are sum m arized  in T ab le 6 .1 5 .

T he d ep o sits  on  the m etal rings w ere  found  to  vary from  7 6 2  -  9 5 3  K  (4 8 9  -  680°C ). 

T h ese  resu lts w ere  supported by the actual d ep o sit layer d etected  after 811 hours o f  

exp osu re. T h e d ep o sit on  probe N o .2  w a s co m p o sed  o f  sm all grain particles and  

there w a s no sign  o f  a m elted  area.
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Figure 6.26 Surface temperatures (K) of deposits in model ‘sampling probe No.2’
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Table 6.15 The average values of deposit surface temperatures from model ‘sampling probe 
No.2’

Deposit
Temperature

2inch
tube

Baffle
Wall

Wall
section

Middle
section

End
section Baffle End

K
Top 951

879
871 869 889

885
Bottom 809 673 692 NA

°C
Top 678

606
598 596 616

612
Bottom 536 400 419 NA

The surface temperatures of the deposits depended on the thickness of the deposit 

layer and its position on the probe. In general, the top part of the deposits had a 

higher surface temperature being at 904 -  953 K (631 -  680°C) compared to the 

bottom part which had a temperature range of 762 -  815 K (489 -  542°C). However, 

the deposits located closer to the wall did not had a lower surface temperature 

compared to the one located further from the wall. This means that the thickness of 

the deposits was more significant than the locations of deposits on the probe.

The highest surface temperature was found to be 951 K (678°C) on the 2inch tube. 

The surface temperatures of deposits on the baffles were also very high ranging from 

879 to 885 K (606 -  612°C). This was due to the small contact area for heat transfer 

of the baffles with the main probe.

The coated coupons, located at 0.72 m and 1.25 m from the wall, were covered by 

the deposits according to the experimental findings. Results from this modelling 

work indicated that the deposits at 0.72 m and 1.25 m from wall had a temperature of 

871 K (598°C) and 894 K (621°C) respectively.

6.6 Two-dimensional modelling of the sampling probe

6.6.1 Effects of welded sacrificial baffles

The effects of the baffle installation by welding it to the tube surface were further 

investigated in 2D modelling. The baffle is used to prevent particles from depositing 

on the tube surface and it was considered for use as a protection for corrosion.
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However, the installation of the baffle by welding it to the tube is suspected to 

induce more corrosion since the contact area from welding had a higher temperature 

compared to the rest of the outer tube surface. The temperature of the baffle itself 

should be very high since there was no source of heat transfer by cooler fluid, also 

due to the surface area contacting the tube being too small. Therefore, this modelling 

was used to show the temperature difference between the tube surface and the area 

where the baffle was attached. The input information for this modelling was the 

same as that for the sampling probe No. 1 model. The temperature difference results 

are summarized in Table 6.16.

Table 6.16 Average temperatures on surface of tube equipped with a baffle in 2-D modelling (K)

Material Temperature Alloy 59 Alloy 556 Alloy 625

Temperature of exposed surface 791 826 790

Temperature of area contacted to baffle 805 838 803

Temperature at the baffle surface 942 943 941

Temperature of surface area behind the baffle 567 583 566

% temperature increase at the welding 1.77 1.45 1.64

The results show that the average surface temperature of the alloy tube was lower 

than the average temperature of the surface contacted by the baffle. The velocity 

vectors and temperature contours are shown in Figure 6.27and Figure 6.28 

respectively.

In summary, when baffle was welded to the tube surface, the baffle itself could 

induce more damage to the tube surface where it was attached. This was due to the 

higher temperature at the contact region. Therefore, although the baffle is useful in 

diverting particles from accumulating on the tube, the method of installation has to 

be carefully considered.
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Figure 6.27 Velocity vectors of the flow passing 
the baffle for 2-D modelling

Figure 6.28 Temperature contour of the tube 
and connected baffle for 2-D modelling

6.6.2 Effects of the particle size on the particle trajectory

T he d iscrete  particle m od el w a s u sed  in F L U E N T  to  in vestiga te  the trajectory o f  

p articles as th ey  p ass across the sam p lin g  probe eq u ip p ed  w ith  a b affle . T hree  

different p articles s iz e s  w ere studied: 1 p m , 10 p m  and 100 p m . T h ese  p articles w ere  

a lso  a ssu m ed  to  be C aO  w h ich  w a s inert. A ll p articles w ere  assu m ed  to  be spherical 

w ith  a  uniform  diam eter. T he m od el w a s  b ased  on  the assu m ption  that particles  

travelled  at an in itial v e lo c ity  equal to  the gas stream  w ith  a particle load in g  o f  0.01  

k g /s. For the s im u lation  o f  turbulent d isp ersion , the d iscrete  random  w alk  m od el w as  

u sed  for stoch astic  tracking. T he input data for  the hot g as stream  w a s th e sam e as  

for 3 D  m o d e llin g  for sam p lin g  probe N o . l .

T h e particle tracks co lou red  b y  th e resid en ce tim e in th e system  and the v e lo c ity  

m agn itu de for particles w ith  d ifferen t d iam eters (1 p m , 10 p m  and 100  p m ) are 

sh o w n  in F igure 6 .2 9  -  F igure 6 .3 4 .

T he resu lts sh o w  that p articles w ith  a sm aller  d iam eter spend  a lo n g er  tim e w h en  

travellin g  through the sy stem  com pared  to  p articles w ith  a larger d iam eter. T he  

vortex  that occu rs in the f lo w  fie ld  in creases the resid en ce tim e o f  the particles. 

S m aller p articles tended  to stay  at th e back  o f  th e b a ffle  w h ere the v e lo c ity  o f  the 

f lo w  is the lo w est.
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Figure 6.29 Particle tracks coloured by 
particle residence time: particles with 
diameter of 1 pm

Figure 6.30 Particle tracks coloured by 
velocity magnitude: particles with diameter of 
1 pm

Figure 6.31 Particle tracks coloured by 
particle residence time: particles with 
diameter of 10 pm

Figure 6.33 Particle tracks coloured by 
particle residence time: particles with 
diameter of 100 pm

Figure 6.32 Particle tracks coloured by 
velocity magnitude: particles with diameter of 
10 pm

Figure 6.34 Particle tracks coloured by 
velocity magnitude: particles with diameter of 
100 pm
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6.7 Summary of the results from sampling probe models

The results for air temperature at different locations for both models are presented in 

Table 6.17 (for K) and Table 18 (for °C).

Table 6.17 Average temperatures of the air at different locations -  comparison of 2 models (K)

Location
Sampling probe No.l Sampling probe No.2

Without deposits With deposits Without deposits With deposit

Wall section 326 322 316 314

Middle section 384 373 366 359

End section 441 424 415 . 402

Table 6.18 Average temperatures of the air at different locations -  comparison of 2 models (°Q

Location
Sampling probe No.l Sampling probe No.2

Without deposits With deposits Without deposits With deposit

Wall section 53 49 43 41

Middle section 111 100 93 86

End section 168 151 142 129

The results for the surface temperatures of metal alloys at different locations on the 

probes are shown in Table 6.19 (for K) and Table 6.20 (for °C).

Table 6.19 Temperatures of the metal surface at different locations-comparison of 2 models (K)

Location
Sampling probe No.l Sampling probe No.2

Without deposits With deposits Without deposits With deposit

Wall section 725-769 677-700 670-707 636-651

Middle section 750 -  792 708 -  735 693-726 659-674

End section 777-816 742 -  768 714-747 691-713

Table 6.20 Temperatures of the metal surface at different locations-comparison of 2 models(°C)

Location
Sampling probe No.l Sampling probe No.2

Without deposits With deposits Without deposits With deposit

Wall section 452-496 404-427 397-434 363-378

Middle section 477-519 435-462 420-453 386-401

End section 504-543 469-495 441 -474 418-440
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The surface temperatures of deposits at different locations on the probes are presented in 

Table 6.21 (for K) and Table 6.22 (for °C).

Table 6.21 Surface temperatures of the deposits at different locations -  comparison of 2 models 
(K)

Location Sampling probe No.l Sampling probe No.2

Wall section 762 -  953 673 -  871

Middle section 787-914 692 -  869

End section 815-904 889

Table 6.22 Surface temperatures of the deposits at different locations -  comparison of 2 models 
(°C)

Location Sampling probe No.l Sampling probe No.2

Wall section 489-680 400-598

Middle section 514-641 429-596

End section 542-631 616

FLUENT code modelling work was successfully conducted and the results can be 

used to help explain the factors affecting corrosion of the heat exchanger material in 

a waste to energy plant. The effects of combustion gas characteristics on the 

deposition of particles and the temperatures of probes were demonstrated. The 

individual heat transfer ability of different alloys was shown to depend mainly on 

their thermal conductivity properties. However, the surface temperature of alloys 

depends on (1) their thermal conductivity, (2) nearby materials, (3) positions on the 

sampling probe, and (4) the existence of deposits.

In summary, the air-cooled sampling probe No.l and probe No.2 could provide 

suitable temperature conditions for this study with an average air temperature of 192 

K(°C) and 164 K(°C) respectively. The accumulation of deposit, typically having a 

thermal conductivity less than 5 W/m-K, significantly decreased the temperature of 

the heat exchanger tube.

The surface temperatures of alloys for the model ‘probe No.l without deposits’ were 

varied from 725 to 816 K (452 -  543°C). These surface temperatures were reduced
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to 677 -  768 K (404 — 495°C) when the probe was modelled with the particle 

deposition. Similarly, the surface temperatures of alloy rings in the model ‘probe 

No.2 without deposits’ ranged from 670 -  747 K (397 -  474°C) whereas lower 
values, 636 -  713 K (363 -  440°C), were found in the model ‘probe No.2 with 

deposits’.

The surface temperature of the deposits could be as high as 953 K (680°C) and 889 

K (616°C) for probe No.l and probe No.2 respectively. These temperatures were 

higher than the melting points of various eutectic Alkali-Chloride compounds. 

Therefore, the sampling probes could suffer from deposit-induced corrosions.

Finally, sacrificial baffles could be used for diverting the flow and therefore protect 

the materials from erosion and corrosion. However, welding the baffle directly on 

the material surface increased the surface temperature, and could lead to severe local 

corrosion. Therefore a better design of the baffles is necessary to optimise the 

stagnant conditions of particle-laden flow.
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CHAPTER 7
OVERALL DISCUSSION

The research for this PhD study, including the experiments, the analytical work and 

the mathematical modelling, was carried out successfully. The results from the 

mathematical modelling correspond with the information received from the 

experiments. The results of the experiments extensively explain the factors affecting 

the high temperature corrosion in the furnace. The investigation into the performance 

of different types of material and the corrosion control methods yielded satisfactory 

findings.

This chapter brings these results together to present an overall discussion about the 

high temperature corrosion in the waste to energy plant.

7.1 Flue Gas Characteristics in the Superheater Areas

The mathematical simulation by using FLIC and FLUENT codes showed that the 

chemical composition of the flue gas at the position of probe No.l and the gas 

composition at the end of the superheater panels were similar. The average flue gas 

composition are 16.1% CO2, 7.7 O2, 11.2% H2O, 65.0% N2 by weight, or 10.3% 

CO2, 6.8% O2, 17.7% H2O, 65.1% N2 as mole fraction. The average temperature of 

flue gas at the position of probe No.l is 871°C and reduces to 586°C.

The condition in the furnace is therefore an oxidizing environment; high in O2 and 

CO2 which are favorable conditions for high temperature corrosion. The presence of 

steam is known to accelerate the active corrosion. Although the simulation did not 

consider the concentration of Cl and S in the gas phase, their presence was 

confirmed in the deposit characterization.
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7.2 Characterization of the Combustion Residues and the 

Probe Deposits

The elemental composition of the combustion residues and deposit found in this 

study was in the same range as in previous studies (Wiles, 1996; Li et al., 2004; 

Williams, 2005). The partitioning behavior of metal elements in the furnace was 

observed. The distribution mechanisms of metals governed by the volatilisation- 

condensation theory and also the particle formation are explained in articles in the 

literature (Couch, 1994; Delay et ah, 2001; Obemberger and Brunner, 2005). The 

high boiling point elements such as Al, Ba, Be, Ca, Co, Fe, K, Mg, Si, Sr, Ti were 

found mainly in the fly ash matrix or the bottom ash. Low boiling point elements 

such as As, Cd, Cu, Ga, Pb, Sb, Zn and Se are often in the gas phase. They are 

detected on the fly ash surface as they condense while the gas streams cool down, or 

when these elements have enough partial pressure.

The presence of chlorides (HC1 and CI2) and SO2 in the combustion gas stream and 

the volatilized metals can lead to the formation of metal chloride or metal sulphate 

compounds. These particles can either condense directly on the surface of the heat 

exchanger and the waterwall or condense on the fly ash matrix. The deposit collected 

from the waterwall surface (1st pass) and the superheater area therefore contained a 

high concentration of these metal chlorides and metal sulphates.

The high concentration of S (up to 9.17% in the waterwall slag, up to 7.57% in the 

superheater deposit) and Cl (up to 15.50% in the waterwall slag, up to 11.10% in the 

superheater deposit) in these deposits indicates a very corrosive environment on the 

heat exchanger surfaces. Study has shown that alkali chlorides were more corrosive 

and play a more serious role in hot corrosion compared to sulphate compounds 

(Tsaur et al., 2005b). The discovery of Pb and Zn in the slag (up to 5.5% for Pb, and 

3.6% for Zn) and in the superheater deposit (up to 0.6% for Pb, and 2.0% for Zn) 

indicates that hot corrosion due to the molten salts on the superheater tubes possibly 

occurred. The chlorides of Pb and Zn (PbCh and ZnCh) can form binary mixtures 

with other species especially alkali metals creating compounds with lower melting 

temperatures.
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The superheater deposit was contaminated by a higher concentration of Fe. The 

porous un-protective oxide layer on the superheater tube in this plant was found to be 

very thick and brittle. The thickness of this spalled layer is in a range of 2 -  4 mm. It 

confirmed that a serious corrosion problem occurs due to the present use of steel 

15Mo3. The deposit from the economiser area contains a similar range of Cl and S 

but a lower concentration of heavy metals. The corrosion on the economiser is not 

serious because the gas temperature entering the economiser section is about 310°C. 

Superheater tubes located in areas with gas temperatures of 730 - 791°C were more 

prone to high temperature corrosion, especially in the form of hot corrosion.

The elemental compositions of deposits on the sampling probes were similar to the 

characteristics of the deposit collected from the surroundings. The major elements in 

the probes’ deposit are Cl, S, K, Na, Al and Ca. These elements were also found in 

the corrosion products of alloys where Zn and Pb were present in a significant 

amount. SEM micrographs reveal that compounds containing Zn, Pb and Cl were 

present at the metal/oxide layer interface and in the crevices or pits. They contribute 

significantly to the corrosion of the tested alloys.

The concentrations of Cl in the probes’ deposits were generally higher than in the 

surrounding deposits (up to 27.31% in probe No.l, and up to 23.26% in probe No.2). 

This is due to the lower surface temperature of probes compared to the water walls 

or the operating superheater tubes. The surface temperature of the sampling probe 

No.l and probe No.2 ranged from 404 -  495°C and 363 -  440°C respectively. This 

induces more condensation of gas phases, and also increases the particle deposition 

by thermophoresis.

These deposits were analysed by DTA and the results showed that the deposit on the 

superheater possibly had a melting temperature at 272°C. However, the melting 

temperatures of these deposits generally fall in the range of 524 -  683°C. These 

results were almost in the same range as another study that reports melting 

temperatures of 484 -  555°C (Kawahara, 2002). Since the surface temperatures of 

the deposits were calculated to be 489 -  680°C for probe No.l and 400 -  616°C for 

probe No.2, the sampling probes were likely to experience liquid phase corrosion, or 
hot corrosion.
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7.3 Effects of Gas Stream Characteristics, Deposition and 

Alloy Temperatures

7.3.1 Gas Stream Characteristics and Deposition

The direction of the gas stream and the arrangement of the heat exchanger tubes are 

among the most important factors determining the particle deposition on the tubes. 

Other major factors include the characteristics of the fuels, fly ash and aerosols, the 

operating conditions of the furnace and the conditions of the heat transfer surface 

(Wang and Harb, 1997; Coulson et al., 1999; Joller et al., 2007).

The structure and the thickness of the deposit on both probes corresponded to the 

direction of gas stream. On the front side of the probe (directly facing the flow) lies 

the thickest portion of the deposits. The particles on this side have various sizes and 

types. The spherical particles of CaSi02 and CaCl2 having diameters of 50 -100  pm 

were frequently detected under the SEM at about 100 pm from the alloy surface The 

main mechanisms governing particle deposition on this side of the probe are the 

inertia-controlled transport and the gravity effects (for the situation of probe No.2). 

The rear side of the probe was covered by a thin layer of deposit, which consisted of 

only fine particles. These particles are transported to the probe surface mainly by the 

eddy turbulence.

For both sides of the probe, the deposit at the deposit/scale interface was present as a 

layer of dense fine particles. These particles firmly attach to the scale and are present 

in the mix matrix with porous oxide layer. This suggests that the preliminary 

mechanisms of deposition involve the condensation of aerosols on the cold surface 

all around the probe. This mechanism is not limited to any side of the probe.

The temperatures of both the gas stream and the alloys play a vital role in particle 

deposition. The particles found in the deposit of probe No.2 consist of particles 

having a wide size range. As the flue gas travels from the position of probe No.l, the 

particles are formed through various mechanisms such as; ash condensation, 

agglomeration, and solidification promoted by the reducing temperature and longer 

residence time. The temperature of the gas stream cools down from 871°C

204



(modelling result) at the position of probe No.l to 717°C (modelling result) at the 

position of probe No.2. Furthermore, the lower surface temperature of probe No.2 

(363 — 440°C from modelling) compared to that of probe No.l (404 -  495°C from 

modelling) enhances the liquid aerosol condensation. This can result in a sticky 

surface of the deposit, which can further trap a larger amount of particles.

7.3.2 Deposit and Alloy Temperatures

The temperature of the alloy has a significant effect on its corrosion. The metal 

temperature not only influences the accumulation of deposits, but also significantly 

affects the rate of corrosion reactions. Deposit accumulation on the other hand can 

reduce the alloy temperatures.

a. Comparison of results for the same ring: with and without deposit

The probe areas covered by the deposit were found to have a thicker layer of scale of 

corrosion products compared to the opposite side. The corrosion products on the rear 

side (thin deposit) probably fell off as it is a spalled porous layer. Corrosion rate 

measurements show that the alloy on the rear side of the probe (covered by a thin 

layer of deposit) was more corroded.

The build-up of deposit increases the possibility of molten material formation, which 

leads to severe corrosion of alloys. On the other hand, a thick layer of deposit can 

protect the alloy surface from further active oxidation and prevent the volatilization 

of metal chloride. Once a reducing condition is formed, the corrosion rate will be 

parabolic with time (Nielsen et a1., 2000). Furthermore, the thickness of deposit can 

reduce the surface temperature of areas which it covers. Therefore, the rear side of 

the probe where deposit is barely present has a higher rate of corrosion reactions.

b. Comparison of results for two sampling probes: at different positions in the 
furnace

The deposit on probe No.2 was generally thicker (1 6 -4 0  mm) than the deposit on 

probe No.l (7 -  35 mm) and the corrosion rates for probe No.2 accounting for 0.64 -  

3.10 mm/yr was lower than the rates of probe No.l which was 0.17 — 3.91 mm/yr.
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The morphology of corroded areas from probe No.l is rougher and contains more 

pits and crevices than the alloy surface of probe No.2. The average surface 

temperatures of alloy on probe No.l and probe No.2 were calculated from modelling 

work to be 448°C and 397°C respectively. This yields a temperature difference of 

approximately 50°C.

These results showed that the particle deposition does not cause severe corrosion as 

long as the temperature of the alloy and the deposits do not exceed their melting 

points. Additionally, the thicker layer of deposit provides the lower surface 

temperatures for the alloys. Hence, the corrosion rates in probe No.2 were lower.

c. Comparison of results for the same probe: wall, middle and end section

The results of corrosion rate measurements and the morphology study revealed that 

the alloys at the end section of probe No.l had higher corrosion rates compared to 

the wall section. This is due to the higher temperature of the alloy, and the lower 

amount of deposit at the end section. The temperature difference between alloys at 

the end and wall section is approximately 66°C (modelling result). The average 

deposit thickness at the wall and the end section were 12 and 6 mm respectively.

The effect of deposit thickness may exceed the effect of temperature at the lower 

operating temperature. This is proved by the results for probe No.2 showing higher 

corrosion rates in the wall section (2.62 -  3.10 mm/yr) for alloy 556 compared to the 

end section (1.34 -  2.60 mm/yr). The temperature difference between alloys at the 

end and wall section is approximately 58°C (modelling result). The average deposit 

thickness at the wall and the end section were 24 and 16 mm respectively. In this 

case increasing the thickness of the deposit layer intensifies the partial pressure of 

the corrosive substances at the deposit/metal interface, which results in a higher 

corrosion rate.
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7.4 Effects of Heat Transfer Materials (Alloy 59, 556 and 625)

7.4.1 Morphology of the Corroded Areas

The morphology of the corroded areas on alloy 59 and alloy 625 are similar. The 

localized corrosion, such as deep pits and crevices, is frequently noticed especially in 

probe No.l. The severity of corrosion is slightly higher in alloy 59. The depth of the 

pits in alloy 59 was up to 100 pm, while the maximum depth of the pits in alloy 625 

was only 50 pm. Some pits were detected occurring along the grain boundary. 

Therefore, the most important corrosion modes of these alloys are the intergranular 

corrosion, crevice corrosion and pitting corrosion.

The form of corrosion in high alloyed steel 556 is generally uniform. The corroded 

areas were relatively smooth compared to the Ni-based alloy. No deep pits were 

detected. The depth of crevices was less than 10 micron.

7.4.2 Corrosion Rates

The experiment using the sampling probes shows that the Ni-based alloys (alloy 59, 

and alloy 625) have a lower corrosion rate than the high alloyed steel (alloy 556). 

The corrosion rates of alloy 625 are slightly lower than that of alloy 59.

The summary of the results is as follows:

In the flue gas temperature range of 754 -  813°C (calculated metal temperature range 

of 404 -  495°C) and the exposure time of 769 hours, the average corrosion rates of 

alloy 59, alloy 556, and alloy 625 are 2.69,3.48 and 0.32 mm/yr, respectively.

At the flue gas temperature range of 730 -  791°C (calculated metal temperature 

range of 363 -  440°C) and the exposure time of 811 hours, the average corrosion 

rates of alloy 59, alloy 556, and alloy 625 are 0.88, 1.97 and 0.74 mm/yr, 

respectively.

As a caution, one should note that the very low corrosion rates measured for alloy 

625 from the test of sampling probe No.l had errors. The errors are due to (1) the
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cutting which distorted and expanded the alloy cross sectional area and (2) the 

alloys’ arrangement in the resin during the sample preparation.

7.4.3 Overall Performance for Corrosion Resistance

Alloy 556 is the Fe-Ni-Cr-Co alloy. It has an effective resistance to sulphidizing, 

carburizing, and Cl-bearing environments at high temperatures. It also has a good 

oxidation resistance, good fabricability and outstanding high-temperature strength. It 

has been tested to resist hot corrosion from molten salts, and molten zinc (Mankins 

et al., 1990). Its corrosion behavior is uniform. Pits and crevice are not detected. 

However, when it is compared with the Ni-based alloys 59 and 625 in the test 

environment, its composition containing mainly Fe is a disadvantage. The loss of 

metal in alloy 556 is noticeably higher than Ni-based alloys.

Both alloy 59 and alloy 625 are Ni-Cr-Mo alloys. Alloy 625 also contains Nb that 

reacts with Mo to provide the high strength. This type of alloy can resist various 

corrosive environments and has an excellent resistance to pitting and crevice 

corrosion (Mankins et al., 1990). The superior performance of alloy 625 compared to 

alloy 59 may be the result of the lack of Nb, Ta and Ti in alloy 59. These elements 

help to protect the loss of Cr through intergranular corrosion.

In summary, alloy 556 is inferior to Ni-based alloys in term of corrosion rates, but 

the evidence of localized corrosion in the Ni-based alloys raises some concern. The 

corroded depth of alloy 556 into the substrate was up to 344 pm, while the deepest 

pit detected in alloy 59 was less than 80 pm. Therefore, it can be concluded that the 

corrosion resistance of alloys are in the order alloy 625 > alloy 59 > alloy 556 under 

the conditions of this study. In the real application of alloy 59 and alloy 625 as 

superheater tube materials, the failure of the superheater tube may arise from the 

undetectable cracks along the grain boundary or the pits which cannot be pre­

calculated. On the other hand, engineers may be able to predict its corrosion rate and 

hence can change the material according to duration of use.

The findings suggest that Ni-based alloy materials are more resistant to the general 

corrosion in this environment, but they are prone to the localized corrosion notably
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from Cl attack. Therefore, the investigation into alternative corrosion control 

methods such as the use of sacrificial baffles and coating are necessary.

7.4.4 Corrosion Products and Corrosion Mechanisms

a. Corrosion Products of Ni-Based Alloy 59 and 625

The corrosion products of alloy 59 and alloy 625 are composed mainly of NiO, 

NiCr2Û4, Cr2C>3, Cr02, M0O2, and M0O3. Other possible oxides reported from 

previous studies include M^Os (Kawahara, 2002), Fe(Cr, AO2O4, CoCr204, CoO, 

S1O2, Ti02 (Zhao et al., 2005).

It was noted that the XRD analysis for every alloy sample did not give a clear result 

of Cr2Û3. However, its presence was confirmed by the results from the SEM 

analysis, elemental composition analysis and other literatures. The reason why Q2O3 

is not clearly detected might be that Cr was present in a deeper level, and also 

present in a small amount (1.57 -  1.76 % for alloy 59, 2.48 -  3.48% for alloy 556, 

and 1.35 -  1.38% for alloy 625) compared to Fe or Ni. Also, Q2O3 is situated

b. Corrosion Products of High Alloyed Steel 556

The thickness of the corrosion products plays a vital role in heat transfer. The 

corrosion products of alloy 556 were the thickest among the three alloys (up to 2.5 

mm for the probe No.l, and 2.0 mm for the probe No.2). This spalling layer is highly 

porous and detachable. Therefore, superheater tubes made from this type of material 

can significantly cause the plant to loose the efficiency.

XRD analysis showed that the black corrosion products of alloy 556 comprised 

Fe2Ü3, Fe3C>4, FeO(OH), NiO, NiCr204, Q2O3, and C1O2. Other possible compounds 

reported by other studies include K.2Fe204, ZnCr204, K2QO4, C1O4, C1O2CI2 (Li et 

al., 2003), Cr3C2 (Tawancy and Abbas, 1992), FeO(OH), FeO, M0O3 (Tsaur et al., 

2005a), and Si02 (Kawahara, 2002).
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c. Corrosion Mechanisms

This study does not deeply investigate the high temperature corrosion mechanisms of 

alloys. However, the results of corrosion product characterization correspond well 

with the previous studies and therefore the existing models can be used to explain the 

corrosion process of alloys in this study.

The models of corrosion mechanisms, governing reactions, and thermodynamic 

consideration are widely discussed elsewhere (Nielsen et al., 2000; Zahs et al., 2000; 

Ishitsuka and Nose, 2002; Kawahara, 2002). The mechanisms of high temperature 

corrosion in the presence of the Cl-bearing gas and the deposit having low melting 

temperatures are summarized as follows:

1. Formation of a protective oxide layer (which is often un-continuous) due to 

simultaneous contact with oxygen and other corrosive gases,

2. The presence of free Cl and S at the metal surface either derived from the gas 

phases or the particle deposition,

3. The formation of metal chlorides (such as FeCl2, MFe2Clg when M is divalent 

metal, CrCh, NiCh) which subsequently volatilize through the initial oxide 

layer,

4. The oxidization of metal chlorides into metal oxides (such as Fe203, Fe3C>4, 

Cr203, NiO) which is formed as a porous layer in between or on the top of 

the deposit layer. The oxidization takes place at the position where the partial 

pressure of oxygen is enough for the reactions. These oxides easily 

disintegrate and hence the components loose their constituents.

5. The release of free Cl as a product of oxidation which can penetrate through 

the scale to further oxidize/reduce the metal.

The ability of oxides to prevent the penetration of corrosive deposits are in the 

following order: Si(>2 > AI2O3 > Cr203 > Fe3(>4 > Fe2(>3 (Kawahara, 2002). 

Nevertheless, the stabilities of chlorides of elements are in the following order: Cr > 

Fe > Ni ~ Mo at temperature 500 °C. Thus, alloy 556 is more susceptible to 

corrosion in the Cl-bearing gas, compared to the Ni-based alloy.
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Kawahara (2002) also suggests that the stabilities of oxides of elements are in the 

following order: Cr > Mo ~ Fe > Ni at 500 °C. This indicates that the corrosion 

product layer may form by the compounds in this order: NiO (from the topmost), 

Fe2C>3 / Fe3C>4 / M0O2, and Cr2C>3 (close to the metal interface) The thermodynamic 

equilibrium diagram calculated for the temperature range of 730 -  813 °C will offer a 

better understanding of the corrosion in this study’s conditions.

7.5 Corrosion control by aluminum pack cementation

The aluminide coating significantly improved the corrosion resistance for the 

selected materials. The coated coupons were mounted at the top of the probe and 

they were totally covered under the deposit, having a surrounding temperature of 

(values from mathematical modelling) approximately 487 °C for the end section, and 

502 °C for the wall section. After 811 hours of furnace exposure, they were found to 

be in a better condition than the substrate alloys which were tested at a temperature 

range of 363 -  440 °C.

The temperature has an influence on the corrosion of coupons especially on the 

coated alloy 59. The coupons in the end part of the probe are more corroded than the 

ones at the wall section. There is a tendency for more severity on the top part of 

coupons, which was not directly contacted with the air-cooled probe. A greater 

access to the various oxidants in the covering deposits may be one of the reasons.

The degradation of the aluminide coating is triggered by the oxidation/chloridation 

of aluminized compounds, which results in the formation of interconnecting voids in 

the coating layer. These voids allow further penetration of molten deposit to the 

substrate (Tsaur et al., 2005a). Once the aluminide coating is broken, the corrosion 

mechanisms on the substrate carry on as previously discussed.

7.5.1 Aluminide Coating on Alloy 59

The aluminide coating on alloy 59 after furnace exposure was detected over the 

entire coupons. The end-section coupon suffered severe corrosion. Its coating was 

thin and corrosion at the substrate level was widely detected. The coatings on the
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wall-section coupon and the lower part of the end-section coupon were corroded to a 

less extent. There was no significant sign of corrosion at the substrate level of the 

wall-section coupon. The average thickness of coating was approximately 60 pm.

XRD analysis carried out on the coated alloy 59 coupons show the following 

compounds: NiAl, MAI3, NI2AI3, 0 -  AI2O3, a - AI2O3, NiO, C^Ch, CrC>2, M0O2 and 

M0O3. Other possible compounds could be similar to those of alloy 59 as well as 

M03AI8 (Houngninou et al., 2004).

The aluminide coating on Ni-based alloys proved to be the most efficient method to 

prevent high temperature corrosion in the furnace of the WTE plant. The 

performance of this coating can be enhanced by pre-oxidation prior to the exposure 

to the corrosive gases. Further investigation into the price and the strength of this 

material are recommended in order to apply it in the field.

7.5.2 Aluminide Coating on Stainless Steel 310

The coating on the hottest area, i.e. end-section coupon, was mostly oxidized as soon 

as the test was completed. It was noted that the thickness of the coating on the wall- 

section coupons was reduced to 10 pm from original thickness 4 0 -5 0  pm.

Crystalline phases on the coated stainless steel 310, detected by XRD analysis, 

consisted of FeAl, Fe3Al, NiAl, 0 -  AI2O3, a - AI2O3, Fe2C>3, Fe304, FeO(OH), NiO, 

Q2O3 and Cr02. Other possible compounds could be Fe2Al5, FeAl3Si3, ferrite, 

austenite (Tsaur et al., 2005a), FeAl3, (FeCr)Al, (FeCr^Al, (Fe2Cr)Al, M2AI3 

(Houngninou et al., 2004), Al7gFe24, AlFe03 and M3AI (Sharafi and Farhang, 2006).

The aluminide layer on this material was more severely degraded compared to the 

aluminide coating on alloy 59. This result agrees with the previous study in the 

laboratory furnace showing that AlFe3 is not suitable in the Cl bearing oxidizing 

environment (Tsaur et al., 2005a). Nevertheless, an aluminide coating on steel has a 

greater resistance to high temperature corrosion compared to the Ni-based alloy 59 

and 625. Therefore, it can be a promising alternative material to withstand this 

corrosive condition. Its advantages include the high temperature strength of the
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substrate (steel 310), low cost, low density, and good fabricability. However, the 

disadvantages of using AlFe3 at the temperatures higher than 500°C should be noted 

(Houngninou et al., 2004).

7.6 Corrosion control by using sacrificial baffles

The modelling work shows that baffles can divert the particles from the probe 

preventing deposition and erosion corrosion. On the contrary, the design of these 

baffles, which were attached to the tube, was found to be not beneficial under real 

operation. It generated pockets and recesses for deposit accumulation, and 

subsequently hot corrosion to take place. The mathematical modelling must consider 

the condensation of aerosols and use more accurate particle loads in order to achieve 

a better simulation of this baffle model. A different design, where the baffle is not 

attached to the tube, is required to optimize the stagnant conditions of particle-laden 

flow.

The baffles made from austenitic stainless steel 316 were found to be corroded 

severely. The entire pieces of the baffles were oxidized. This concurs with the fact 

that the austenitic stainless steel cannot withstand the corrosive conditions in this 

high temperature furnace. Another important factor increasing its corrosion is the 

temperature. The baffles did not have enough surface area for heat transfer to the air 

cooled probes, therefore they are detrimentally influenced by the temperature of the 

surrounding deposits.

The welding regions that connected the baffles with the probes were oxidized to be 

thick spalled layers. This agrees with the modelling results showing the higher 

temperature at the welding points. This finding raises concern about the use of 

sacrificial baffles in the industry. The welding points possibly become the source of 

localized corrosion which potentially punctures the superheater tube.
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7.7 Problems and Errors

The main problem that emerged in the mathematical work was largely due to the 

limited memory resource of the program. Simulation of the probe models, especially 

of the baffle part and the coating specimen, required a very fine mesh that can easily 

overwhelm the capacity of the program. Therefore, a coarser model was created and 

the simulation of baffles and coating coupons were avoided in the large probe 

models. This can result in errors in the calculations, especially for the heat transfer. 

The results of temperatures in the modelling are possibly lower than the actual 

temperatures.

The problems and errors during the sample analysis principally come from the (1) 

transportation of the probes after the experiment, (2) the dismantling of the probes 

and (3) the cutting of the samples. During these processes the deposit and corrosion 

products were greatly disturbed. Corrosion products were cracked, spalled off and 

were affected by the humidity. Cutting caused expansion and distortion of the 

samples. The solution to these problems may be to use a better design of probe 

where the samples can be taken from the probe with the minimum damage. Another 

suggestion is the prompt sample preparation in order to preserve the genuine sample 

conditions acquired from the furnace exposure.
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CHAPTER 8 CONCLUSIONS 

AND RECOMMENDATIONS FOR FUTURE WORK

8.1 CONCLUSIONS

The study of high temperature corrosion in WTE plants is presented in this PhD 

thesis. The study project, which consists of; literature reviews, experiments in a UK 

WTE plant, analytical work and the associated mathematical modelling, was carried 

out successfully.

The results give a comprehensive understanding about the significance and 

mechanisms of factors governing the process. The investigation into the performance 

of proposed corrosion control methods (use of new high grade alloys, aluminide 

coating, and sacrificial baffles) yielded satisfactory findings. Results from the 

mathematical modelling correspond with the plant information and explained the 

experimental results very well. All results pointed out that high temperature 

corrosion and hot corrosion took place in probes No.l, and to a less extent in probe 

No.2. The following conclusions can be drawn from this study:

8.1.1 Conditions of Flue Gas at the Sampling Points

1. The average flue gas compositions at the sampling points are 65.1% N2, 17.7% 

H2O, 10.3% CO2, and 6.8% O2 by mole. The average temperatures of the flue 

gas at the sampling point of probe No.l and probe No.2 were 871°C (754 -  

813°C by plant’s thermocouple probe), and 717°C (730 -  791°C by plant’s 

thermocouple probe) respectively. Therefore, the sampling points were at a high 

temperature oxidizing condition.

2. At the position of probe No.l, the velocity vectors of flue gas in the X and Y 

directions were 2.02 m/s and 2.28 m/s respectively. This resulted in a total 

velocity of 3.05 m/s with a flow angle o f -138.40° to the Y-axis.
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3. At the position of probe No.2, the velocity vectors of flue gas in the X and Y 

directions were 0.41 m/s and -4.81 m/s respectively. This resulted in a total 

velocity of 4.83 m/s with a flow angle of -4.83° to the Y-axis.

8.1.2 Temperatures of Sampling Probes

1. The temperatures of air inside the probe calculated by modelling are lower than 

the experimental results. At the end section, the differences are 8.79% for probe 

No.l and 22.76% for probe No.2. Therefore, the actual surface temperatures of 

the alloys are higher than the model-derived values being used in this study.

2. For model probe No.l with deposits, the surface temperature of the alloys 

increase from 404 -  427°C at wall section to 469 - 495°C at end section resulting 

in an average temperature difference of 66°C.

3. For probe No.2, surface temperatures of alloys increase from 363 -  378°C at wall 

section to 418 - 440°C at end section resulting in an average temperature 

difference of 5 8°C.

4. The surface temperatures of alloys are in the following order: 625 > 59 > 556. 

This is due to their thermal conductivity values (556 > 59 > 625).

5. The accumulation of deposit significantly decreased the temperature of the heat 

exchanger tube. Models of the probe without deposits shows increases in 

temperature of 50°C for probe No.l and 39°C for probe No.2.

6. The surface temperatures of deposits are in range of 489 -  680°C for probe No. 1 

and 400 -  616°C for probe No.2.

8.1.3 Characterization of Deposits

1. The deposit collected from the waterwall surface (1st pass) and the superheater 

areas contains a high concentration of alkali metals (K, Na and Ca), heavy metals 

(Pb and Zn), Cl and S.

2. Deposit from the economizer area, having a lower temperature, contains a similar 

range of Cl and S but a lower level of heavy metals.

3. Deposit on the sampling probes had a similar elemental composition to the
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deposits from the surroundings. The major elements are Cl, S, K, Na, A1 and Ca. 

Elements such as Zn, Pb and Cl were detected in significant amounts in the 

corrosion products, at the interface of metal/oxide layer, and in crevices or pits.

4. DTA results showed that the deposit from the superheater possibly has a melting 

temperature at 272°C. However, the melting temperatures of deposits from 

probes and superheaters generally fall in the range of 524 -  683°C.

8.1.4 Corrosion Products

1. Corrosion products of these alloys are porous and spalled. The thickness of the 

corrosion products is directly proportional to the thickness of deposit and the 

alloy temperature. Alloy 556 has a thicker deposit layer than others.

2. Corrosion products of alloy 59 and alloy 625 are composed mainly of NiO, 

NiCr2C>4, C^Ch, CrC>2, M0O2, and M0O3. The thickness of corrosion products 

was up to 1 mm for alloy 59, and 0.5 mm for alloy 625.

3. Corrosion products of alloy 556 comprised Fe203, Fe304, FeO(OH), NiO, 

NiCr204, Cr203, and Cr02. The thickness of corrosion products was up to 2 mm.

8.1.5 Effects of Flue Gas Characteristics, Deposition and Alloy 

Temperatures

1. The structure and the thickness of the deposit on both probes corresponds with 

the direction of the gas stream. The front side of the probe (directly facing the 

flow) has the thickest portion of the deposits.

2. The temperature of both the gas stream and the alloy play a vital role in particle 

deposition. Lower temperatures result in deposition of particles with a wider size 

range. This is due to the increases in particle formation, thermophoretic 

transportation, and aerosol condensation on the colder surface.

3. For probe No.l, the average corrosion rates of alloy 59, alloy 556, and alloy 625 

are 2.69, 3.48 and 0.32 mm/yr. For probe No.2, the average corrosion rates of 

alloy 59, alloy 556, and alloy 625 are 0.88,1.97 and 0.74 mm/yr.

4. The surface temperature of the alloy has a greater influence on the rates of
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corrosion than the thickness of deposits.

5. The side of the probe covered under a thick layer of deposit has a lower 

corrosion rate compared to the side covering by a thin film. The reasons are (1) 

the thick deposit protects the alloy surface from further active oxidation and 

prevents the volatilization of metal chlorides and (2) it reduces the surface 

temperature by acting as a thermal barrier between the hot gas and the metal 

substrate.

8.1.6 Effects of Heat Transfer Materials

1. The Ni-based alloys (alloy 59 and alloy 625) have a lower corrosion rate than the 

high alloyed steel (alloy 556). The corrosion rates of alloy 625 are slightly lower 

than that of alloy 59.

2. The Ni-based alloys are more resistant to the uniform corrosion in this 

environment, but they are prone to the localized corrosion notably from metal 

chlorides. Alloy 556 has a higher resistance against pitting and crevice corrosion 

but its uniform corrosion causes deeper loss of alloy material (up to 344 pm) 

than alloy 59 (up to 100 pm).

3. The superior performance of alloy 625 compared to alloy 59 may be the result of 

the lack of niobium, tantalum and titanium in alloy 59. These elements help to 

protect the loss of Cr through intergranular corrosion.

8.1.7 Corrosion Control by Aluminide Pack Cementation

1. The aluminized coating significantly improved the corrosion resistance for the 

selected materials - despite being tested under a higher surrounding temperature 

(surface temperature ranges from modeling results are 363 -  440°C for the alloy 

rings and 487 - 502°C for the coated coupons).

2. The order of corrosion resistance of materials is as follows: coated alloy 59 > 

coated steel 310 > alloy 625 > alloy 59 > alloy 556 > steel 316.

3. Temperature significantly affects the corrosion of the coating in the same way as 

it does for un-coated samples. As the temperature increases, the undamaged
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coating region becomes thinner and local penetration to the substrate increases. 

Penetration of coatings and corrosion of the substrate were detected in the end 

section coupons (where the temperatures of deposit and coupons were the highest 

and fluxing hot corrosion by molten salts could occur).

4. Crystalline phases detected from the aluminide coated alloy 59 (after exposure) 

consist of NiAl, NiAF}, Ni2Al3, 0 -  AI2O3, a - AI2O3, NiO, Cr203, CrC>2, M0O2 

and M0O3. The thickness of the aluminide coating on alloy 59 was 

approximately 60 pm for almost the entire coupon.

5. Crystalline phases detected on the aluminide coated steel 310 consist of FeAl, 

FesAl, NiAl, 0 -  AI2O3, a - AI2O3, Fe203, Fe3C>4, NiO, NiCr204, Cr203 and Cr02. 

The coating layer thickness was variable. It was detected only at the wall section 

coupons and with a thickness of 10 pm.

8.1.8 Corrosion Control by Using Sacrificial Baffles

1. This design of baffle generated traps for particle deposition (and subsequently 

hot corrosion) to take place.

2. The mathematical modelling must consider the condensation of aerosols and use 

accurate particle loads in order to achieve a better simulation of the baffle model.

3. Welding the baffle directly on the tube increased the surface temperature and led 

to severe local corrosion. The welding points were oxidized into a thick spalled 

layer. A better design of the baffles is necessary.

4. Austenitic stainless steel 316 was found to be ineffective as a baffle material and 

corroded severely since it cannot withstand the corrosive conditions in this high 

temperature furnace

8.2 RECOMMENDATIONS FOR FUTURE WORK

1. Further investigation into the performance of different types of coatings is 

recommended. There are many types of coatings available to prevent the high 

temperature corrosion of metal. However, there are only limited studies showing 

the result of tests of these coatings in the real operating conditions of WTE
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plants. Examples for coatings that can be tested include the aluminide coating 

with the addition of Zr or Si, and chromized coatings.

2. These coatings could be oxidized by pure oxygen prior to the flue gas exposure. 

This will help the coating to form a protective oxide layer that is dense and 

continuous. The pre-oxidized coatings will have a greater corrosion resistance 

than the coatings oxidized in the mixed-oxidant conditions, especially in the 

presence of alkali metal, heavy metals, S and Cl.

3. Different designs of baffle should be investigated. It should not be connected by 

welding with the heat exchanger tubes or with a minimum contact. Further 

investigations into other grades of low-cost stainless steel with better corrosion 

resistant properties (such as 310), or of aluminized steels should be carried out.

4. The feasibility study of the applications of these corrosion control techniques 

(high grade alloys, coatings, and baffles) should be conducted. Various aspects 

including the strength of material, the capital cost and the maintenance cost, the 

reliability, and the accessibility of technology should be considered. This will 

give a better outlook for their industrial application.

5. The mathematical modelling results can be improved by using a finer mesh. It is 

better to dissect a large scale and complicated model into several sub-models. 

The output data from the large model will be the input for the smaller models 

having a finer mesh.

6. Different designs of sampling probe (that can be more easily dis-assembled after 

environmental exposure) are encouraged, in order to (1) avoid or minimize the 

cutting of alloy samples, and (2) prevent the breaking or spallation of the layer of 

deposit and corrosion products.
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APPENDIX A

CHEMICAL COMPOSITION OF VARIOUS ENGINEERING ALLOYS

Table A! Chemical composition (wt%) of material commonly used in the fabrication of superheater tubes. (The values of maximum steam temperature are 
subjected to the application in straw-fired boilers)

Alloy C Cr Fe Mn Mo Ni Nb V Others Max. steam 
temp. Ref.

ST35.8 0.2 Bal 0.6 P, S, Si: trace ti]
15Mo3 0.12-0.20 Bal. 0.40-0.90 0.25-0.35 P, S: <0.035, Si: 0.10-0.35 < 450 °C [2] [3]

13CrMo44 0.13 1.00 Bal. 0.50 [2]
10CrMo910 0.10 2.25 Bal. 0.50 1.00 [2]

HCM2S 0.06 2.25 Bal. 0.30 0.05 0.25 N, B: trace, W: 1.60 [2]
P91 0.10 9.00 Bal. 1.00 0.07 0.23 N: trace [2]

NF616 0.10 9.00 Bal. 0.50 0.06 0.20 N,B: trace, W: 1.80 [2]
X20OM0V121 0.2 11.2 Bal 0.5 1.0 0.5 Trace P, S, Si: trace < 470 °C [2] [1]

HCM12 0.10 12.00 1.00 0.05 0.25 W: 1.00 [2]
Esshetel250 0.1 15.0 Bal 6.3 1.0 9.5 Trace Trace B: Trace [1]

C-276 <0.010 14.5
16.5

4.0
7.0 <1.0

15.0
17.0 Bal <0.35 Co: <2.5, P: <0.025, S: <0.010, 

Si: <0.08, W: 3 .0-4.5 [4]

X3CrNiMoN
1713 0.03 17.00 Bal. 2.25 13.00 N: trace [2]

TP347H FG 0.07 18.00 Bal. 10.00 1.00 < 540 °C [2]

AISI 347FG 0.07 18.0 Bal. 2.0 12.0 Nb+Ta:
<1.2 <0.5 Si: <0.75 [5]
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Table Al (continue) Chemical composition (wt%) of material commonly used in the fabrication of superheater tubes. (The values of maximum steam temperature 
are subjected to the application in straw-fired boilers)

Alloy C Cr Fe Mn Mo Ni Nb V Others Max. steam 
temp. Ref.

Super304H 0.10 18.00 Bal. 9.00 0.40 N: trace, Cu: 3.0 [2]
NF709 0.07 20.00 Bal. 1.50 25.00 0.25 Ti: 0.05 [2]

625 <0.10 20.0
23.0 <5.0 <0.50 8.0

10.0
Bal

(>58.0)
Nb+Ta:

3.15-4.15
Al: <0.40, Co: <1.0, P: <0.015, 
S: <0.015, Si: <0.50, Ti: <0.40 [6]

556 0.10 22 Bal.
(>31.0) 1.0 3 20 Al: 0.2, Co: 18.0, La: 0.02, N: 0.2, 

Si: 0.4, Ta: 0.6, W:2.5, Zr: 0.02 [7]

59 <0.01 22.0
24.0 <1.5 <0.5 15.0

16.5 Bal. Al: 0.1 -  0.4, Co: <0.3, P: <0.015, 
S: <0.005, Si: <0.10 [8]

HR3C 0.06 25.00 Bal. 20.00 0.40 N: trace 12]
HR6W 23.00 Bal. 1.00 43.00 0.20 Ti: 0.10, W: 6.00 [2]

Sanicro28 0.02 27.0 Bal 1.7 3.5 31.0 Cu: Trace [1]

Note:
1. Persson, K.,etal., High tem perature corrosion in a 65 M W  w aste to  energy plant. Fuel Processing Technology, 2007. 88(11-12): p. 1178-1182.
2. Nielsen, H.P., et al., The Im plications o f  C hlorine-Associated Corrosion on the Operation o f  Biom ass-Fired Boilers. Progres in Energy and Combustion Science, 2000. 

26: p. 283-298.
3. E-Pipe Co.Ltd. DIN 17175-79 Seamless S teel Tubes fo r  E levated Tempeartures (DIN17175-79). Pipe/Tube Standard Data 2007 [cited 2007 21 December]; Available 

from: http://www.e-pipe.co.kr/eng/DIN/1 7175.htm.
4. Mankins, W.L., S. Lamb, and Inco Alloys International Inc., Nickel and Nickel Alloys 1998, Huntington, West Virginia.
5. Nielsen, H.P., F.J. Frandsen, and K.D. Johansen, Lab-Scale Investigations o f  High-Temperature Corrosion Phenomena in Straw-Fired Biolers. Energy & Fuels, 1999. 

13: p. 1114-1121.
6. ThyssenKrupp VDM, N icrofer 6020  hM o - a lloy  625 (according to  ASTM). June 2002 ed. Corrosion-resistant alloy. Vol. 4018. 2002: A company of ThyssenKrupp 

Stainless.
7. Haynes International Inc., H aynes 625 a lloy  High - Temperature Alloys Vol. H-3073C. 1998: Haynes Intemation.
8. ThyssenKrupp VDM, N icrofer 5923 hMo - a lloy  59 (according to  ASTM). March 2002 ed. Corrosion-resistant alloy. Vol. 4030. 2002: A company of ThyssenKrupp 

Stainless.

http://www.e-pipe.co.kr/eng/DIN/1_7175.htm


APPENDIX B 

CALCULATION FOR HEAT TRANSFER 

AND SURFACE TEMPERATURE

B.1 CALCULATION OF THE SUPERHEATER TUBE

B A A  Parameter and Data Used for Calculation

Properties o f  steam leaving the superheater tube

Pressure (46 bar) at the outlet 4600 kPa
Actual temperature (395 C) at the outlet 668.15 K
Velocity o f  steam (u) 32 m/s

From superheated steam table
Saturation temperature (at 46 bar, 395 C) 533.31 K
Therefore, average temperature for calculation 600.73 K

Properties of superheated steam at 600.73 K
Density 18.99 kg/nr
Viscosity 2.11E-05 kg/ms
Thermal conductivity 4.61E-02 W/mK
Specific heat capacity at constant pressure 2768.04 J/kgK

Properties o f  Superheater Tube

Carbon steel DIN17175, 15Mo3 (Inconel59 overlay was not considered)
Outside diameter 0.0380 m
Thickness 0.0063 m
Inside diameter 0.0254 m

Properties of carbon steel at 610 K (from trials)
Thermal conductivity 43.67 W/mK
Specific heat capacity at constant pressure 587.85 J/kgK

(Trials: Firstly, the average temperature of the superheater tube was unknown. Hence, the properties 
of tube material (depending on the temperature) were assumed for the initial calculation. Results of 
tube surface temperature obtained from the first calculation would then be used for acquiring material 
properties in the next calculation. Few trials were carried out in order to achieve the nearest values of 
surface temperature in which the properties could be referred)
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Properties of Hot Combustion Gas

Temperature (850 C) 1123.15 K
Velocity normal to tube 5 m/s
Using properties ofN2 at 1 atm, 1123.15 K (assumed properties)
Density 0.30 kg/m3
Viscosity 4.28E-05 kg/ms
Thermal conductivity 7.13E-02 W/mK
Specific heat capacity at constant pressure 1190.94 J/kgK
Pr 0.72

B.1.2 Forced convection heat transfer coefficient inside a tube

Re Reynolds number 

pude / p 18.99x32x0.0254 7.33E+05

Pr Prandtl number 

Cpp i k

2.11xl0~5

2768.04x 2.1 lxlO -5 _ 
4.61 xlO-2

1.27

Use equation by Gnielinski (1976)

Nu = 0.0214(Re°8-100)Pr04 for 0.5 < Pr < 1.5 and 104< Re < 5x 106

Nu =

h, =

0.0214 * ((7.33 x 105)°8 -100) x (1.27)°4 

heat transfer coefficient = Nuxk
d

1155.32

h, =
945.90x4.61x1 O'2 

0.0254
2097.60 W/m2K

Use heat transfer factor (jt)

—  = ARePr0JJ(-^-)°" 
k p w

jh = 0.002 (from Sinnott et al (2005) [1])
, 0.002x 7.33xlO5 xl.27033 x4.61xl0 '2h = ------------------------------------------------
' 0.0254

2877.70 W/m2K

Use equation by Butterworth (1977)

puCp
E
St
h

= St = £Re"0'205 P r '0505 when E = 0.0225exp(-0.025(lnPr)2) for 104<Re

0.0225 exp (-0.0225(ln (1.27)2))
= 0.0225 x (5.71 x 105 )“°-205 (1 .2 7 )505
= 0.0013x18.99x25x2768.04

0.0225
0.0013
2109.92 W/m2K

Use lowest value for calculation, therefore h; = 2097.60 W/m2K
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B.1.3 Forced convection heat transfer coefficient outside a tube

Re

Pr

Reynolds number 

pud I fj.

Prandtl number 

CpPl k

0.30x5x0.038 
4.28 xlO"5

1190.94 x 4.28 x!0~5 
7.13 xl0~2

1.33E+03

0.72

Use equation by Knudsen and Katz (1958)

hdNu = —  = CRe" Pr1/3 where C = 0.683 and n = 0.466; for gas with Pr = 0.72 
k

Nu =

K

0.683 x(l .33 xlO3)0 466 0.721/3 
17.45x7.13xl0"2

0.0380

Use equation by Churchill and Bernstein (1977)

17.45

32.77 W/nrK

0.5 n _ l / 3

Nu = 0.3 + ■ 0.62 Re Pr 
(l + (0.4/Pr)2/3)1/4

Re
(l + (— -  )5/8)4/s for 102< R e < 107; RePr>0.2

282000
\3  \0 .5  Vj,Nu = 0 3 + 0.62x(l.33><10’r x 0 7 2 "  , i .Bx lO !

(l + (0.4/0.72)2/3)1M 282000
23.98

= 23.98 x 7.13 x 10~2 = w/m2K
0 0.0380

Use lowest value for calculation, therefore hc = 32.77 W/m2K

B.1.4 Conduction heat transfer coefficient

2k 2x43.67
d0 In (da ¡d,) 0.038 x ln(0.03 8/0.0254)

5705.59 W/m2K

B.1.5 The overall heat transfer coefficient and surface temperature

U = -----\---- r  = __________l__________ = 32.08 W/m2K
— 1 1 1
hj hs ^  2097.60+ 5705.59+ 32.77

Heat transfer per area qIA

32.08 x (1123.15-600.73)

U (AT)

16760.89 W/m2 
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Since
q /A  =  h: x (Twull̂ m - T sleam) =  hs x(Twall_oul

Temperature of inner wall ( Twall_in )
16760.89
2097.60

T emperature of outer wall ( Twall _out) =1123.15- 

Average temperature of the wall

_ r  ì =
w a ll- in  / K  X  ( ^ a i r  T w a ll  ■-oui

+ 600.73 = 608.72 K

16760.89
611.66 K

32.08
= 610.19 K

B.1.6 Results summary

Convection (Inside probe) heat transfer coefficient (hi) 

Convection (Outside probe) heat transfer coefficient (ho) 

Conduction heat transfer coefficient (hs)

Overall heat transfer coefficient (U)

Heat transfer (q/A)

Surface wall temperature of superheater tube

2097.60 W/m2K 

32.77 W/m2K 

5705.59 W/m2K 

32.08 W/m2K 

16760.89 W/m2 

611.66 K

B.2 CALCULATION OF THE SAMPLING PROBE 

B.2.1 Parameter and Data Used for Calculation

Properties of compressed air

Pressure (4.5 bar)
Flow rate o f compressed air (37.38 m3/h) or 
Velocity o f compressed air 
Air temperature at probe inlet

Average temperature for calculation (from trials) 
Properties of superheated steam at 350.00 K, 4.5 bar

Density
P  _ 10xl.0132xl05 

RT  287x350
Viscosity
Thermal conductivity
Specific heat capacity at constant pressure
Pr

Properties o f sampling probe material-Alloy Inconel 625

450 kPa
1.038E-02 m3/s
20.5 m/s
288.15 K

350.00 K

4.54 kg/m3

2.08E-05 kg/ms
3.00E-02 W/mK
1009.00
0.70

J/kgK

0.0318 m
0.0064 m
0.0254 m

Outside diameter 
Thickness 
Inside diameter

B-4



1.5 mProbe length
Properties of Inconel 625 at 430 K (from trials)
Thermal conductivity 12.54 W/mK
Specific heat capacity at constant pressure 455.66 J/kgK

Properties o f hot combustion gas were same as the calculation for sampling probe.

B.2.2 Forced convection heat transfer coefficient inside a tube

Re

Pr

Reynolds number
, . 4.54x20.5x0.0254pud.! u = ----------------- ------- =
e 2.08 xlO '5

Prandtl number

1.13E+05

= „  .. 1009x2.08x10 '5C„u/k = ---------------------  =
p 3.00 xlO '2

0.700

Use equation by Gnielinski (1976)

Nu = 0.0214(Re°8 -100) Pr0 4 for 0.5 < Pr < 1.5 and 104 < Re < 5 x 106

Nu = 0.0214 * ((1.13 x 105)°8 -100) x (0.7)°4 220.63

h = heat transfer coefficient =* Kuxk
d

h, =
220.63 x 3.00x10- .  m o j ,  

0.0254
W/m2K

B.2.3 Forced convection heat transfer coefficient outside a tube

Re

Pr

Reynolds number
0.30x5x0.0318pud l a  = --------------- :—  =

4.28 xlO"5
Prandtl number

1.11E+03

= „  .. 1190.94x4.28x10 '5C p / k  = ------------------:------  =
p 7.13xl0-2

0.72

Use equation by Knudsen and Katz (1958)

Nu = —  
k

= CRe"Pr1/3 where C = 0.683 and n = 0.466; for gas with Pr == 0.72

Nu = 0.683 x (1.11 x 103)°4660.72'/3 = 16.06

K  =
16.06x7.13xl0-2 „ „ „
----------------------  = 36.08

0.0318
W/m2K
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B.2.4 The overall heat transfer coefficient

2k =_______ 2x12.54_______
d0 In {d0 /d t) 0.0318 x ln(0.0318 / 0.0254)

3539.12 W/m2K

B.2.5 Surface temperature of superheater tube

U = -------------- = _________ !_________  = 31.41 W/m2K
JL + J_ + J_ 1 | 1 | 1
ht hs 260.59 3539.12 36.08

Since mCp(Tairprobe ouUel -  Tairproh inlel) =  UA (Thotgas -  (~ - prohef ullel t  TaiI ^ M e ,  ^  

Solve equation: 1.308xl0~2 ^1009x(Tairpmheoullel -288.15)

= 31.41 x tv x 0.0254 x 1.5 x (1123.15 -  +288.15^

Tairproheouüet = 379.08 K
= 333.61 K

Heat transfer per area (qI A) = UA(Thotgas -

24797.77 W/m2
Since 
q! A ^ w a l l - i n  1 s tea m  ) * ( ? w a ll- o u t  ŵ a l l - i n  ) 0̂ * ^ a ir  ŵ a l l- o u i  )

Temperature of inner wall ( Twall̂  ) = 

Temperature of outer wall (TwaU_out ) =

24797.77
260.59

24897.77
3539.12

+ 333.61 

+ 428.77

Average temperature of the wall

428.77 K

435.78 K 

432.28 K

B.2.6 Results summary

Convection (Inside probe) heat transfer coefficient (hj) 

Convection (Outside probe) heat transfer coefficient (ho) 

Conduction heat transfer coefficient (hs)

Overall heat transfer coefficient (U)

Heat transfer (q/A)

Surface wall temperature of superheater tube

260.59 W/m2K 

36.08 W/m2K 

3539.12 W/m2K 

31.41 W/m2K 

24797.77 W/m2 

435.78 K
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APPENDIX C

CORROSION RATES MEASUREMENT

This section presents the results of corrosion rates measurement carried out by using 

an optical microscope. The discussion can be found in Chapter 5 (section 5.9). The 

following tables show the values of corrosion rate of each alloy rings in term of 

‘corroded area per unit length (mm2/mm)’ and ‘corroded length (mm)’.

C.1 Results for Sampling Probe No.1

59E
Front

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 120 .04 1 1 6 .3 7 7 4 .3 9 15 7 .0 3

B o t S id e 181 .48 18 2 .8 8 124 .20 2 2 3 .3 3

S id e  B o t 2 4 0 .7 2 2 3 7 .9 8 1 8 4 .2 8 3 1 7 .7 0

M id  B o t 172.91 167.71 12 5 .4 4 2 4 8 .9 6

M id  T o p 2 2 5 .1 6 2 2 5 .9 3 2 0 3 .6 5 2 5 7 .8 8

S id e  T o p 18 6 .2 0 1 8 4 .3 7 166 .18 2 0 2 .4 1

T o p  S id e 173.31 17 3 .6 7 16 1 .3 9 187.01

T o p 142 .02 1 4 1 .0 9 12 1 .2 0 1 7 3 .3 4

59E
Rear

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in • M a x

B o tto m 2 8 3 .9 6 2 8 7 .6 1 2 6 5 .4 5 3 4 5 .5 7

B o t S id e 3 0 6 .6 7 3 0 7 .3 6 2 8 2 .4 6 3 4 5 .8 9

S id e  B o t 30 1 .1 1 3 0 1 .8 5 2 4 6 .6 2 3 5 7 .2 6

M id  B o t 2 5 7 .7 6 2 5 9 .5 1 2 2 4 .5 4 2 8 9 .8 4

M id  T o p 219 .81 2 1 9 .8 3 1 8 5 .8 0 254 .31

S id e  T o p 2 8 3 .3 3 2 8 5 .5 5 2 4 7 .1 8 3 5 1 .3 4

T o p  S id e 3 6 2 .8 5 3 5 8 .7 7 3 1 2 .8 5 40 1 .4 1

T o p 3 2 4 .6 4 3 2 8 .4 4 2 7 9 .1 0 3 6 8 .9 5

556E
Front

A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

A v e ra g e M in M a x

B o tto m 2 9 6 .1 0 2 9 0 .3 6 2 3 9 .9 2 3 2 2 .1 1

B o t S id e 3 2 9 .2 0 3 3 7 .1 3 2 7 5 .6 0 4 1 1 .9 4

S id e  B o t 2 8 0 .0 5 2 7 7 .9 3 2 4 5 .3 2 3 1 0 .2 4

M id  B o t 2 6 6 .1 8 2 6 6 .5 5 2 4 0 .3 7 3 1 2 .0 8

M id  T o p 32 6 .4 1 3 2 1 .3 7 25 6 .2 1 4 0 7 .0 4

S id e  T o p 2 2 1 .5 9 2 2 3 .2 6 2 0 4 .1 7 2 4 3 .2 6

T o p  S id e 2 3 7 .2 4 2 4 0 .0 4 2 0 7 .4 7 2 9 0 .8 0

T o p 18 3 .4 2 1 8 5 .4 6 16 2 .0 6 2 3 0 .1 4

556E
Rear

A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

A v e ra g e M in M a x

B o tto m 2 4 7 .8 1 2 4 3 .8 4 2 0 7 .8 8 2 7 8 .9 9

B o t S id e 2 5 6 .2 7 2 5 8 .0 2 2 3 4 .7 4 2 9 0 .8 5

S id e  B o t 2 7 6 .9 4 2 7 7 .4 3 2 3 5 .5 4 3 2 0 .0 8

M id  B o t 3 1 8 .7 5 3 1 7 .9 1 2 7 6 .2 4 3 4 6 .9 5

M id  T o p 3 4 5 .6 7 3 4 5 .6 2 3 1 0 .7 4 3 9 0 .6 9

S id e  T o p 4 5 0 .4 9 4 5 0 .2 9 4 1 3 .7 7 4 8 0 .5 5

T o p  S id e 4 4 6 .3 7 4 3 9 .0 4 3 7 5 .2 9 5 0 8 .1 6

T o p 4 1 6 .1 6 4 1 6 .6 2 3 8 4 .6 3 47 2 .5 1
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556M A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

Front A v e ra g e M in M a x  .

B o tto m 2 1 5 .5 6 16 9 .7 0 135 .07 2 1 7 .8 8

B o t S id e 17 6 .0 0 2 1 3 .4 5 166.61 2 7 8 .1 8

S id e  B o t 2 2 3 .2 5 17 5 .4 8 149 .53 2 1 2 .9 7

M id  B o t 12 9 .1 0 2 2 3 .1 3 195 .54 24 2 .9 1

M id  T o p 13 5 .8 9 12 8 .9 2 108 .22 15 7 .9 7

S id e  T o p 102.21 134 .45 101 .04 15 8 .8 0

T o p  S id e 102.21 9 8 .8 0 6 8 .5 4 12 6 .0 0

T o p 5 9 .1 2 5 8 .73 3 8 .8 4 10 4 .9 6

625E A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

Front A v e ra g e M in M a x

B o tto m -2 5 .2 5 -2 0 .4 8 -1 1 2 .7 0 6 6 .8 2

B o t S id e 106 .94 107 .33 -2 2 .9 8 2 3 6 .5 4

S id e  B o t -3 3 .6 4 -3 2 .1 6 -7 4 .8 6 5 7 .5 8

M id  B o t 3 6 .7 4 3 4 .9 2 -72 .51 106.01

M id  T o p 101 .63 103.01 4 5 .7 5 1 4 3 .9 6

S id e  T o p 4 3 .2 0 4 4 .21 17 .01 6 6 .8 4

T o p  S id e 4 0 .8 5 4 1 .3 0 6 .41 87 .0 3

T o p 5 2 .1 0 5 2 .0 7 2 6 .6 5 8 0 .6 5

556M A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

Rear A v e ra g e M in M a x

B o tto m 106 .84 106 .45 8 6 .5 6 152 .68

B o t  S id e 17 0 .8 8 16 7 .4 7 137.21 194 .67

S id e  B o t 13 9 .0 0 1 3 7 .5 6 10 4 .1 6 161 .92

M id  B o t 87 .61 8 7 .4 3 6 6 .7 2 11 6 .4 7

M id  T o p 8 7 .6 9 8 7 .5 7 7 1 .9 9 10 7 .3 4

S id e  T o p 115 .48 11 4 .9 6 8 9 .0 0 15 2 .4 4

T o p  S id e 17 2 .3 6 1 7 0 .2 4 123.41 2 3 4 .9 8

T o p 18 4 .6 4 1 8 4 .2 2 1 4 9 .6 0 23 2 .4 1

625E
Rear

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 8 .3 5 3 .7 6 -8 4 .9 0 7 4 .2 3

B o t S id e 1.65 0 .8 0 -4 7 .4 3 9 3 .0 9

S id e  B o t -1 2 .4 8 -7 .4 7 -4 4 .7 2 5 5 .0 4

M id  B o t 5 0 .2 8 56 .71 22 .01 10 7 .1 4

M id  T o p -1 7 .7 7 -1 7 .0 8 -5 4 .6 7 9 .8 7

S id e  T o p 14.93 13 .9 9 -3 2 .8 9 4 9 .9 0

T o p  S id e 4 2 .6 6 4 3 .61 13.11 9 8 .1 1

T o p 2 4 .8 9 24 .8 1 4 .71 4 4 .2 1

C.2 Results for Sampling Probe No.2

59E
Top

A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

A v e ra g e M in M a x

B o tto m 10 9 .1 6 1 0 7 .7 2 5 4 .5 7 174.71

B o t S id e 6 9 .7 8 6 7 .2 9 17 .95 1 3 5 .1 6

S id e  B o t 114.31 1 1 4 .0 9 9 5 .6 6 1 3 2 .9 4

M id  B o t 113 .55 11 6 .6 5 9 0 .8 0 1 8 4 .4 7

M id  T o p 107 .28 10 8 .1 7 7 8 .4 9 1 3 7 .4 2

S id e  T o p 114 .83 1 1 2 .6 2 6 6 .2 0 1 4 6 .1 2

T o p  S id e 10 9 .1 6 10 7 .7 2 5 4 .5 7 174.71

T o p 6 9 .7 8 6 7 .2 9 17 .95 13 5 .1 6

59E A re a L e n g th  o f  c o rro d e d  (m m )

Bot /m m ) A v e ra g e M in M a x

B o tto m 6 6 .0 9 6 5 .5 7 3 9 .6 8 8 1 .6 2

B o t S id e 55 .71 5 6 .4 2 31 .61 10 0 .8 5

S id e  B o t 18 .80 17.01 -2 3 .9 9 6 9 .8 3

M id  B o t 6 1 .4 3 6 3 .1 8 -2 1 .4 2 1 0 2 .6 0

M id  T o p 68 .71 6 9 .0 5 2 9 .2 9 1 1 1 .3 7

S id e  T o p 87 .01 8 3 .81 6 5 .5 3 119 .65

T o p  S id e 6 6 .0 9 6 5 .5 7 3 9 .6 8 8 1 .6 2

T o p 55 .7 1 5 6 .4 2 31 .61 100 .85

59E A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

Top A v e ra g e M in M a x

B o tto m 14 8 .5 8 147 .13 10 5 .5 7 2 1 9 .3 1

B o t S id e 155 .65 15 7 .8 2 121.81 19 8 .6 4

S id e  B o t 16 3 .8 7 1 6 3 .3 6 143 .18 1 9 4 .6 6

M id  B o t 6 1 .2 8 6 1 .8 5 3 4 .9 0 9 3 .3 3

M id  T o p 9 4 .8 4 9 4 .7 2 5 5 .0 9 1 3 1 .3 8

S id e  T o p 1 1 7 .8 6 1 1 8 .2 7 9 4 .6 7 1 4 8 .1 7

T o p  S id e 14 8 .5 8 147 .13 10 5 .5 7 2 1 9 .3 1

T o p 15 5 .6 5 15 7 .8 2 121.81 19 8 .6 4

556E
Bot

A re a
(m m 2
/m m )

L e n g th  o f  c o r ro d e d  (m m )

A v e ra g e M in M a x

B o tto m 16 9 .9 0 16 5 .9 3 122.71 2 2 0 .3 9

B o t S id e 14 6 .2 0 1 4 1 .6 8 7 3 .9 6 2 0 9 .1 5

S id e  B o t 32 2 .0 1 3 2 5 .4 7 2 5 0 .6 4 3 8 8 .9 5

M id  B o t 2 6 8 .3 5 2 6 9 .2 8 2 4 2 .9 7 2 9 5 .4 5

M id  T o p 2 3 4 .5 3 2 3 2 .6 5 178.31 2 8 3 .5 0

S id e  T o p 19 3 .5 9 1 9 3 .2 6 1 6 4 .2 9 2 2 8 .9 1

T o p  S id e 16 9 .9 0 165 .93 122.71 2 2 0 .3 9

T o p 14 6 .2 0 1 4 1 .6 8 7 3 .9 6 2 0 9 .1 5
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625E
Top

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 9 4 .2 4 9 5 .6 2 5 9 .4 9 137.01

B o t  S id e 10 8 .7 6 112 .04 6 6 .2 2 17 0 .9 2

S id e  B o t 6 5 .5 6 6 8 .5 8 5 7 .8 8 84 .3 5

M id  B o t 3 7 .4 8 39 .21 -1 5 .4 8 105 .58

M id  T o p 4 4 .0 2 4 3 .8 6 1 3 .99 110 .35

S id e  T o p 6 0 .2 9 5 6 .9 5 1 .40 147 .59

T o p  S id e 9 4 .2 4 9 5 .6 2 5 9 .4 9 137.01

T o p 10 8 .7 6 11 2 .0 4 6 6 .2 2 170 .92

556W
Top

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 2 3 4 .0 5 2 3 4 .8 3 2 0 8 .0 9 2 6 7 .9 2

B o t  S id e 22 7 .0 1 2 4 5 .4 2 19 4 .2 9 2 6 8 .2 8

S id e  B o t 2 0 1 .9 8 2 0 2 .1 8 18 8 .8 8 2 2 9 .0 2

M id  B o t 167 .34 167 .68 1 6 0 .8 6 176 .83

M id  T o p 3 1 9 .4 6 31 7 .4 1 2 6 3 .4 3 3 6 3 .4 3

S id e  T o p 2 8 6 .1 1 2 8 6 .1 8 2 6 6 .6 7 314 .11

T o p  S id e 2 3 4 .0 5 2 3 4 .8 3 2 0 8 .0 9 2 6 7 .9 2

T o p 2 2 7 .0 1 2 4 5 .4 2 1 9 4 .2 9 2 6 8 .2 8

625E
Bot

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 152 .53 151 .98 1 1 2 .4 0 2 0 4 .3 5

B o t S id e 118 .08 1 1 3 .9 2 7 4 .7 9 185.71

S id e  B o t 7 3 .7 0 7 1 .4 6 2 5 .4 5 127 .19

M id  B o t 8 4 .5 2 8 7 .0 7 54 .71 15 3 .6 7

M id  T o p 2 .3 8 1.08 -4 5 .6 6 46 .11

S id e  T o p -1 8 .2 3 -1 8 .2 7 -4 2 .3 0 16.65

T o p  S id e 152 .53 15 1 .9 8 1 1 2 .4 0 2 0 4 .3 5

T o p 118 .08 11 3 .9 2 7 4 .7 9 185.71

556W
Bot

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M ax

B o tto m 2 7 0 .2 4 2 7 4 .3 5 2 3 5 .0 1 3 4 0 .4 7

B o t  S id e 2 7 5 .1 0 2 7 5 .7 3 2 5 1 .6 1 3 1 7 .1 7

S id e  B o t 3 0 2 .4 6 3 2 6 .4 4 2 9 7 .3 9 3 5 9 .4 7

M id  B o t 2 9 0 .0 5 2 8 9 .1 4 2 5 5 .7 9 3 1 2 .9 4

M id  T o p 2 9 8 .7 6 2 9 6 .0 3 2 5 5 .4 4 3 1 5 .0 3

S id e  T o p 2 6 2 .0 2 2 6 1 .4 1 2 1 7 .7 2 2 8 4 .4 1

T o p  S id e 2 7 0 .2 4 2 7 4 .3 5 2 3 5 .0 1 3 4 0 .4 7

T o p 2 7 5 .1 0 2 7 5 .7 3 2 5 1 .6 1 3 1 7 .1 7

556M
Top

A re a
(m m 2
/m m )

L e n g th  o f  c o rro d e d  (m m )

A v e ra g e M in M a x

B o tto m 17 5 .0 0 17 3 .9 0 12 6 .3 2 2 2 7 .2 5

B o t S id e 11 1 .1 8 10 9 .5 9 8 2 .5 9 129.21

S id e  B o t 18 1 .8 9 18 2 .1 9 1 6 7 .2 2 195 .08

M id  B o t 17 5 .1 4 17 5 .9 7 15 5 .8 8 197 .23

M id  T o p 188 .13 189 .01 1 6 3 .6 9 22 1 .5 1

S id e  T o p 2 2 0 .7 7 2 2 1 .9 0 17 1 .2 9 2 8 1 .4 9

T o p  S id e 17 5 .0 0 1 7 3 .9 0 12 6 .3 2 2 2 7 .2 5

T o p 11 1 .1 8 1 0 9 .5 9 8 2 .5 9 129.21
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HIGH TEMPERATURE CORROSION CONTROL FOR THE SUPERHEATER 

SYSTEMS IN A WASTE-TO-ENERGY PLANT:
PART I CORROSION BEHAVIOURS OF NI- &  FE-BASED ALLOYS

Awassada Phongphiphat'*, Adrian Leyland2, Vida N Shari fi', and Jim Swithenbank1 

'Sheffield University Waste Incineration Center (SUWIC), Department o f Chemical and Process Engineering, 

2Department o f  Engineering Material, The University o f Sheffield, UK.

ABSTRACT

High temperature corrosion and the contro l techniques f o r  superheater in waste-to-energy processes were  

investigated in a  3 5M W  UK p la n t .The experim ent w as carried ou t by  p lacing  two-air cooled sampling probes  

a t different locations in the furnace  in order to sim ulate the corrosion process taking p lace  on the superheater 

tubes a n d  a lso  to collect the deposits o f  com bustion residues. The probes were fabrica ted from  2 types o f  nickel- 

based alloys (alloy 59 a nd  alloy 625), a n d  an  iron-based alloys (alloy 556), A fter approximately 800 hours o f  

exposure to h o t f lu e  gas having tem perature range o f 730 -  8J3°C, each probe w as carefully disassembled a n d  

analyzed. O u r  study showed that both 'temperature * and  \particle deposition  ’ h ad  great effects on the high  

temperature corrosion inside this plant. D am ages due to ho t corrosion were significantly m agnified when the 

m etal surface temperature range increased fro m  363  -  4 4 (fC  to 404 -  495°C. Tests showed that sulphates and  

chlorides o f  alkali metals and  heavy m etals nam ely zinc, lead, a nd  arsenic were the m ain contributors to the hot 

corrosion. In  this particu lar environment, tubes m ade o f  n ickel based  alloys were fo u n d  to have higher 

corrosion resistance than iron based  alloys. However, nickel based  alloys are more prone to the localized  

corrosion (creating deep p its  and  crevices) notably fro m  metal chlorides. In  addition, mathematical modelling 

using FL IC  a n d  FL U E N T code was carried  out in order to sim ulate the flo w  characteristics and  heat transfer 

inside the  fu rnace  a n d  the region around  the a ir  cooled  sampling probes. Findings fro m  the modelling agreed  

with the experim ental results and  were used  to explain the experim ental results.

1. INTRODUCTION

High temperature corrosion o f heat exchanger material is the important factor that limits the efficiency of 

various energy systems (Jappe Frandsen 2005; Persson et al. 2007; Srikanth et al. 2003; Streiff et al. 1987). In 

combustion systems utilizing biomass and municipal solid waste, the steam temperatures are typically kept 

lower than 450°C in order to avoid die corrosion problems (Rapp et al. 1981). Increase in steam temperature for 

only 50°C can result in a significant increase o f corrosion rate in a biomass power plant (Sidhu et al. 2005; 

Srikanth et al. 2003). The problems are more amplified by: (1) die use o f  fuels containing alkali metals, heavy 

metals, Cl and S; (2) the fluctuation o f flue gas flow; (3) the high velocity, particle bearing flue gas, and finally 

(5) the deposit (combustion residues) accumulation (Ishitsuka and Nose 2002; Rapp et al. 1981; Srikanth et al.



2003; Swithenbank et al. 2000). In general, the overall plant efficiencies for the waste-to-energy plant are 

relatively low (e.g. 25 — 30%). Therefore, methods to prevent or control high temperature corrosion in these 

plants must be investigated in order to improve the plant efficiencies.

High temperature corrosion can be prevented by controlling the fluctuation in the furnace. CFD modelling is 

proved to be an effective tool for simulation and optimization o f the flow conditions, heat transfer, and particle 

trajectory inside the furnace (Swithenbank et al. 2000). One o f the corrosion control methods is to use die high 

graded alloys. However, this is not generally cost effective. The more popular approach is to use coatings such 

as the overlay coatings, and to implement the sacrificial baffles. Aluminide coating which forms protective 

oxide layer o f  A12Oj and chromized coating (Cr20 3) were found to be effective in preventing the high 

temperature corrosion (He et al. 2002; Houngninou et al. 2004; Tsaur et al. 2005). The objectives o f this 

research are to investigate ( 1) corrosion behaviours o f  three high temperature superalloys and (2) the 

performance o f aluminide coating and sacrificial baffles in the furnace of a waste-to-energy plant The results o f  

work are presented separately in 2 papers. The answers for die first objective are presented in this paper.

2. METHODOLOGY

2.1 Experimental Sites

Two air cooled sampling probes namely probe No.l (SP1) and probe No.2 (SP2) were fabricated for this 

experiment They were installed in the furnace via existing furnace’s viewing ports. A schematic diagram 

showing die probe locations is presented in Figure 1. Additionally, samples o f combustion residues were 

collected from various locations and were subsequently analysed for their chemical composition.

2.2 Probe Fabrication

The main structure o f the probes was made o f a 1.5 m long tube o f 1-inch alloy 625. Three identical sets o f  

alloys rings welded onto the main tube at 0.59 m (W-section), 0.68 m (M-section) and 1.16 m (E-section) from 

die furnace wall. Each set o f rings was composed o f  3 individual rings made o f 2 nickel-based alloys (alloy 59 

and alloy 625) and an iron-based alloy (alloy 556). Triangular baffles (45°), made from stainless steel 316 

sheets, were welded to the main tube according to the flow direction: on the bottom side for probe No. 1 and on 

the top side for probe No.2. Four coupons o f aluminide coated alloy were welded only on probe No.2. The 

design o f probe No.2 and its components is showed in Figure 2. The chemical compositions o f these materials 

are presented in Table 1. The wall-end o f the main tube was mounted to the air compressor which fed air to die 

probe with the rate o f  37.38 m3/hr (1320 ft3/hr) at 4.5 bars. The air flowed feely into the furnace at die other end. 

The temperatures o f air inside the probe were measured by three thermocouple junctions and were recorded by a 

data logger. After approximately 800 hours o f exposure to hot flue gas having temperature range o f 730 -  

813°C, each probe was carefully disassembled and analyzed.

23  Analytical Methods

Elemental analysis was conducted by using the “Spectro Genesis -  Simultaneous Charged Coupled Device -  

Inductively Coupled Plasma (CCD-ICP) Spectrometer”, “Perkin Elmer 2400 Elemental Analyzer for CHN 

Analysis” and standard titration method for chlorine. Crystalline phase was investigated by using “Siemens



D500 Reflection Diffractometer (Copper Radiation)" operated with CuKa 1 and K a 2 at 40 kV and 30 mA. The 

differential thermal analysis was carried out using a "Perkin Elmer - Differential Thermal Analyzer DTA7 

(N538-I045)". Microstructure analysis were carried out by using "Environmental Scanning Electron 

Microscopy - Phillips XL30 ESEM-FEG" operated at 20 keV. Corrosion rates were analysed by "Reichert Jung 

- Polyvar Microscope". For grain boundary analysis, etchant No. 105 was used.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Temperatures o f the Sampling Probes

The average temperatures o f the cooling air inside probe No. I at the W, M, E-section were 93.63, 122.26 and 

175.40 °C respectively. The values for probe No.2 were 117.16, 110.44 and 204.30 °C respectively. This 

resulted in an average temperature difference of 84.46 °C between W and E section. The temperatures profiles 

o f both probes gradually decreased as time progressed as a result of deposit accumulation. The results agree 

with the modelling results, hence, the overall conclusions were drawn from both parts of the study.

3.2 Sampling Probes after the Furnace Exposures

After the probes were removed from the furnace, scale layers were detected on the probes. The scale is 

composed o f ( 1) a thick layer of deposit on the topmost, (2) hard lamella layers o f corrosion products cm* the un- 

protective oxide layer, and (3) a thin film o f dense and powdery corrosion products at the scale-metal interface. 

The ranges o f deposit thickness on the probes were 7 - 3 5  mm for probe No. 1, and 16 -  40 mm for probe No.2. 

Molten deposit was detected in probe No. 1 at the thickest deposit covering the 2 inch tube and on the baffles. 

This agrees with the modelling results. There was no evidence of molten deposits on probe No.2.

Contrarily, the amount o f corrosion products increases with the temperature and also depends on the alloy types. 

For probe No. 1, the thickness o f corrosion products from alloy 59 and alloy 625 were less than 1 mm while the 

thickness o f that from alloy 556 were up to 2.5 mm. For probe No.2, the corrosion products present only as a 

thin film. Corrosion products under the deposit layer were slightly thinner than those present on the flue gas- 

exposed side. The thickness of the corrosion products plays a vital role in heat transfer. The corrosion products 

o f alloy 556 were highly porous and detachable, and were the thickest among the three alloys. Therefore, the 

superheater tubes made from this alloy 556 are prone to loose their efficiency.

3.3 Characterization of Combustion Residues and Probe Deposits

3.3.1 Combustion Residues

Samples o f combustion residues were collected from various locations inside the furnace. The results showed 

that the major constituents o f the bottom ash were Ca (15.2%), A! (3.4%), Fe (4.4%) and P (1.3%). Samples of 

wall slag and superheater fouling were composed mainly o f Cl (5.45-15.50%), S (2.2-9.2%), Zn (1.0-3.6%), K 

(3.3-9 0%), Na (1.7-6 2%), Ca(2.8 -  14.7%), A1 (1.3-3.1%) and Pb (2.5-5 5%). High concentration of Fe (4.3- 

23.5%) was detected in superheater fouling and economizer ash. It was derived from the iron oxide layers of the 

corroded tube surface. Fly ash from the economizer ash bunker was contributed largely from the sediment of 

heavy particle mainly o f Ca (19.7%). The air pollution control residue was a mixture o f fly ash, lime and



activated carbon. Thus, the major constituents were Ca (19.7%), S (14.8%), and Cl (6.0%). Other main 

constituent which were not analyzed in this study, are oxygen, and silicon. Wiles (1996) reported the range of Si 

concentration to be 9.1 -  31%  for the bottom ash, 9 .5 -2 1  % for fly ash and 3.6 -  12 % for APC residues. The 

common inorganic compounds in fly ash collected from waste to energy plants were reported by other studies 

(Vassilev and Braekman-Danheux 1999; Williams 2000).

3.3.2 Deposit on Probes

The major elements in deposit on both probes (shown in Table 2) were relatively similar to those o f surrounding 

areas. The major elements found are Cl (9.1-27.3%), S (4.2-7.1%), K (2.0-11.4%), Na (2.1-8 6%), AI (1.0-3.1%) 

and Ca (14.6-23.6%). These elements combined with Pb (up to 0.23%), Zn (up to 1.02%) and Sn (up to 0.03%) 

potentially form low-melting point-compounds which induce the severe hot corrosion on the superheater tubes 

(Uusitaio et al. 2004). Calcium was detected more in the probe deposits compared to slag samples, because the 

tower surface temperatures of the probes can induce more particle deposition.

These deposits were analysed by DTA and the results showed that the deposit from superheater possibly has a 

melting temperature at 272 °C. However, the melting temperatures o f these deposits generally fall the range of 

524 -  683 °C. This results were relatively in the same range as another study that reports the melting 

temperatures o f 484 -  555 °C (Kawahara 2002).

3.3.3 Characterization o f  Detached Corrosion Products

The elemental compositions o f the corrosion products detached from alloys are the combination of the deposit 

and the elements o f alloys. The major component of corrosion products for alloy59 and alloy625 are Ni, Cr and 

Mo. Fe, Ni, Cr and Co were found abundant in the corrosion products o f iron-based alloy556. Considerable 

amounts o f Zn (1.3-2.9%), Pb (up to 0.22%) and Cd (up to 0.13%) were noticed.

3.4 Corrosion Rates of Alloy Rings

The results o f corroded length (in mm/year) plotted against the position on the alloy are shown in Figure 3. The 

position on the graph directly signifies the real positions on the ring when looked at from the end. The arrow 

shows the direction o f flue gas flow which corresponds to die location of the thick deposit layer. The average 

corrosion rates are listed in Table.3 and Table.4. The results revealed that alloy 556 had the highest corrosion 

rate (up to 3.9 mm/yr) followed by alloy 59 (up to 3.3 mm/yr) and alloy 625 (up to 0.5 mm/yr). The area 

covered with the deposit becomes less corroded than the side exposed to the flue gas because ( 1) the thick layer 

o f deposit protected the alloy surface from further active oxidation and prevent the volatilization o f metal 

chloride, and (2) the thickness of deposit can reduce the surface temperature of areas in which it covers. 

Comparison o f results from probe No.l and probe No2 revealed that increase in metal temperature, 

approximately 50°C (from CFD modelling), results in the increase of corrosion rates.

3.5 G rain Boundary at the Corroded Area

Etched cross-section image showing the grain boundary at the corroded area o f alloy 59, alloy 556, and alloy 

625 are shown in Figure 4 respectively. The corrosion o f alloy 59 and alloy 625 took place both in uniform 

mode and at the grain boundary. Pitting along the grain boundary o f alloy 625 is more obvious but the deeper
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pits were detected at the surface o f alloy 59. For alloy S56, the corrosion took place uniformly on the surface. 

Cracking on the grain boundary was not detected.

3.6 Morphology of Corroded Areas by SEM

Hie morphology o f corroded areas from probe N o.l is rougher and contains more pits and crevices than die 

alloy surface o f probe No.2 due to die higher surface temperatures. For probe No. I, the bottom side o f  die alloy, 

despite being exposed to hot gas, corroded uniformly. H ie top side o f the alloy, where deposit accumulated, was 

attacked by local corrosion notably chlorine and heavy metal related corrosion. For example, die average depth 

o f  pits o f alloy 59 under deposit was up to 100 microns while it was less than 20 microns on the opposite side. 

H ie models o f  corrosion mechanisms, governing reactions, and thermodynamic consideration are widely 

discussed elsewhere (Ishitsuka and Nose 2002; Kawahara 2002; Nielsen et al. 2000; 7jA« et al. 2000).

3 .6 .1 Results fa r  AUay 59

SEM cross-sectional images created by back scattered electrons from alloy 59 are shown in Figure 5 and Figure 

6. It was clear that this alloy experienced severe corrosion. Both deep pits and wide crevices, as shown in these 

figures, were detected in this sample. H ie scale layer, a combination o f deposit and corrosion products, was 

mainly: (1) compounds o f alkali metals, Pb, As and Zn with S, O and Cl; (2) oxides o f substrate alloy elements 

and (3) other components such as SiOj, compounds o f  Al, and C particles.

Elements from the deposit such as Cl, S , Pb were often found at die interface between the corrosion 

product/znetal surface. This shows that the oxide layers o f Ni, Cr, and Mo existing on the top o f this deposit 

were not protective. There is no evidence o f  a  constant protective oxide layer forming at die metal surface. 

Layer o f  nickel oxide was detected at the outer side o f  scale. The oxides o f  molybdenum followed by oxides o f 

chromium were commonly found closer to the scale/substrate interface. This agrees with Kawabara (2002) 

stating that chlorines o f Cr and Mo oxidized to un-protective oxides (C1CI2, CrClj, MoClj -+ Cr2O3, M0O2) 
more readily mid at lower partial pressure o f O2 than nickel (NiCl2 —► NiO).

3.6.2 Results fo r  A lloy 625

The SEM results for alloy625 sample o f  are shown in Figure 7  - Figure 8. Analysis o f the thick deposit shows 

that the very first layer o f deposit (adjacent to die probe) were often composed o f  silicon particles, NaCl and 

KCL The later deposits are CaCh and other sulphates (C8SO4). Layers o f  these salts were often detected in 

between die layer o f nickel oxides and chromium/molybdenum oxides. The corrosion products o f alloy 625 are 

similar to that o f  alloy59. Oxides o f  chromium and molybdenum are detected close to die alloy substrate 

whereas oxides o f  nickel were detected in the outer level.

The morphology o f  the corroded areas on alloy 59 and alloy 625 are similar. The localized corrosion such as die 

deep pits and crevices are frequently noticed especially in die probe N o.l. However, the severity o f corrosion is 

low«- than in alloy 59. The superior performance o f alloy 625 compared to alloy 59 may be the results o f the 

lack o f  niobium, tantalum and titanium in alloy 59. These elements help to protect the loss o f  chromium through 

the intergranular corrosion.



Results o f crystalline phase study by X-Ray Diffractometer for alloy 59 and alloy 625 are similar. The corrosion 

products detected on tested alloy surface consisted ofNiO , NiCr20 4, Cr3C>3, CxO* M o02, M o03 Ni, and MoNi.

3.6.3 Results f o r  A lloy  556

The elemental mapping results and line scan results for alloy5S6 are shown in Figure 9 and Figure 10. 

Crystalline phase detected on the surface o f tested alloy 556 were FejOs, FesO,*, FcO(OH), NiO, Cr2C>3, C r02 

and Ni. Other elements found in die oxide layers also include cobalt. Scale o f probe show very clear that the 

layer o f Cr/Fe was close to the alloy whereas Co/Ni was found in outer scale.

The ability o f oxides for prevent die penetration o f  corrosive deposits are in the following order: Fe203»  Fe30 4 
> Cr203 >  AI2O3 > S1O2 (Kawahara 2002). Therefore, the pits and crevice corrosion were less likely to occur on 

the high alloyed steel 556. Nevertheless, the stabilities o f  chlorides o f elements are in the following order: C r > 

Fe > Ni ~ Mo at temperature 500 °C. Thus, alloy556 is more susceptible to corrosion in the chlorine-bearing 

gas, compared to the nickel based alloy. Kawahara (2002) also suggest that die stabilities o f oxides o f elements 

are in the following order: Cr > Mo ~ Fe > Ni at 500 °C. This pointed out that the corrosion product layer may 

form by the compounds in this order: NiO (from die topmost), Fe203 /  Fe30 4 / M o02, and Cr20 3 (close to the 

metal interface).

4. MATHEMATICAL MODELLING

Mathematical modelling using FLIC and FLUENT code was carried out in order to simulate die flow 

characteristics and heat transfer inside the furnace and die region around the air cooled sampling probes.

The results for velocity vector and the temperature contour o f combustion gas stream in the furnace model are 

shown in Figure 11 and Figure 12, respectively. The results from modelling corresponded relatively well to the 

values recorded by plant’s probes as shown in Table 5. The simulation showed that the condition in the furnace 

is oxidizing (6.8%  0 2) with the presence o f stream (17.7% H20 )  which is favorable for die high temperature 

corrosions. The results for velocity vector and die temperature profile o f the model ‘sampling probe No.l* are 

shown in Figure 13 and Figure 14 respectively. Similar results for mode! ‘sampling probe No.2 ’ are shown in 

Figure 15 and Figure 16. The surface temperatures o f  alloy rings and deposit on die probes are summarized in 

Table 6. In summary, the surface temperatures for probe alloys were 404 -  495°C for probe No.l and 363 -  

440°C for probe No .2, The surface temperatures o f the deposits could be as high as 680°C.

5. CONCLUSIONS

Nickel based alloys (alloy 59 and alloy 625) had lower corrosion rates which was 0.17 • 3.34 m/yr than die iron- 

based alloy (alloy 556) which was 1.34 -  3.91 m/yr. However, nickel based alloys are more prone to the 

localized corrosion notably from metal chlorides. Alloy 556 has a higher resistance against pits and crevices 

corrosion but its uniform corrosion cause deeper loss o f  alloy material (up to 344 microns) dim  alloy 59 (up to 

80 microns). Therefore, it can be concluded that die corrosion resistance o f alloys are in the order alloy625 > 

alloy59> alloy556 under the conditions o f this study. In die real application o f alloy 59 and alloy 625 as a 

superheater tube material, die failure o f superheater tube may rise from the undetectable cracks along the grain



boundary or the pits which can not be pre-calculated. In contrary, engineers may be able to predict its corrosion 

rates and hence can change the material according to  time.

Temperature and deposit has a great effect on the rates o f  corrosion. Results pointed out that probe N o .l, having 

metal temperature range o f  404 -  495°C, experienced severe deposit-induced corrosion o r hot corrosion. The 

melting temperatures o f  deposits were found to  be in the range o f  524 -  683 °C. Therefore, deep pits and 

crevices were generally detected under deposit layer on probe No. 1. Hot corrosion might take place on probe 

No.2 (363- 440°C) but at a very less extent. However, it was found that a thick layer o f  deposit could reduce the 

corrosion rates. The reasons are (1) it protects the alloy surface from further active oxidation and prevent the 

volatilization o f  metal chlorides and (2) it reduces the alloy surface temperatures.
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Table 1 Typical chemical composition o f metal alloy regarded in this study (%  wt)

Alloy Al Co C r Fe Mn Mo Ni Others

59 P
|

° ■to. < 0.3 2 2 -2 4 <  1.5 < 0 .5 15-16.5 Bal.
556 0.2 18 22 Bai 1.0 3 20 W, Ta, N, La, Zr
625 < 0 .4 < 1.0 2 0 - 2 3 < 5 .0 < 0 .5 8 -  10 Bal Nb+Ta
310 - - 2 4 - 2 6 Bal. < 2 .0 - 1 9 -2 2
316 - - 1 6 -1 8 Bal. < 2 .0 2 - 3 10 - 14

Table 2 M ajor elemental composition of the deposit collected from probe No.l (%)

D eposit from probe N o .l (%) Deposit from probe No.2 (%)

2 inch 
(hr387)

2inch
(hr769)

Wall
(556W )

M iddle
(556M )

End
(59E)

End
(BF-E)

Wall
(556W )

Middle
(556M )

End 1
(556E)

End 2 
(556E)

Cl 14.45 n.m. 15.99 27.31 n.m. 9.09 12.72 19.98 18.65 23.26
S 5.74 5.05 5.08 5.37 4.24 4.93 6.00 6.50 6.10 7.10

Zn 0.78 0.47 0.59 0.83 1.02 0.46 0.51 0.76 0.81 0.66

K 5.25 2.04 8.32 9.09 8.55 3.22 4.92 8.70 8.45 11.40
Na 5.04 2.11 6.62 6.90 6.6 3.09 4.34 6.48 6.30 8.60

Ca 18.70 23.60 17.60 18.10 14.60 22.40 20.10 16.50 16.80 13.80

Al 3.09 2.20 1.37 1.57 1.73 2.37 1.80 1.40 1.60 1.00
Pb 0.22 0.02 0.14 0.11 0.23 0.03 0.10 0.11 0.13 0.11

Fe 0.54 0.64 0.45 0.46 0.75 0.74 0.64 0.52 0.59 0.33

Ni 0.24 0.00 0.05 0.00 2.27 0.08 0.03 0.00 0.11 0.00

Note: n.m. is ‘not m easured’



F ig u re  3  C o rroded  length (m m /y e a r ) o f  a lloy rings from  sam pling  probe  N o .l

Tab le.3  A verage  corrosion rates o f  a lloy  rings  
fro m  sam pling probe N o .l

Alloy
Rings

Average
Corroded

Length

Corrosion
Rate

(Length)

Corrosion
Rate

(Area)

(nm ) (mm/yr) (mm2/yr)

59
E

F 178.75 2.04 239

R 293.62 3.34 387

556M
F 150.33 1.71 189

R 131.99 1.50 176

556E
F 267.76 3.05 354

R 343.60 3.91 456

625E
F 41.27 0.47 53

R 14.89 0.17 19

T ab le.4  A verage corrosion rates o f  a lloy rings  
fro m  sam pling probe N o.2

Alloy
Rings

Average
Corroded

Length

Corrosion
Rate

(Length)

Corrosion
Rate

(Area)

(nm) (mm/yr) (mm2/yr)

59
E

F 104.43 1.13 132

R 59.17 0.64 75

556W
F 242.28 2.62 300

R 287.18 3.10 355

556M F 175.43 1.89 220

556E
F 123.86 1.34 155

R 240.69 2.60 304

625E
F 69.38 0.75 86

R 67.87 0.73 86

F ig u re  4  Cross-sectional im ages o f  a lloy59  and its g ra in  boundary  structure.



Figure 5 E lem ental m app ing  o f  alloy 59 and its corrosion  p roducts: SP1 -  End/Top

Figure 6 Line scan results of alloy 59: SP1 -  End/Bottom



Figure 7 E lem ental m apping o f  alloy 625 and  its corrosion products: SP1 -  End/Top

Figure 8 Line scan results fo r alloy 625: SP2 -  End/B ottom  (1)
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F igure 9 E lem ental m app ing  o f  alloy 556 and its co rrosion  p roducts: SP1 -  End/Top

F igure 10 Line scan  results fo r  alloy 556: SP2 — End/Top (2)
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Figure 12 C on tou rs o f  tem pera tu re  (K ) o f the 
gases in  the fu rnace  model

T able 5 C om parison  o f results from  th e  FLU EN T modelling and the  on-line recorded values

Results T em p era tu re Velocity 0 2 content
(°C) (m/s) (w t% )

R e a l m easurem en t -  r o o f  p ro b e 8 0 4  -  82 8

Model -  at the roo f probe 769.35 1.26 6.55

R e a l m ea su rem en t -  1 st p a ss 754 -  813 8 .3 8 - 8 .7 7

Model -  at the probe N o.l 871.31 3 05 (X =2.02,Y=2.28,6 = -138.4° ) 6.69

R e a l m easurem en t -  2 n d  p a ss 7 3 0 -  791 ~ 5

Model -  at the probe No.2 717.23 4.83 (X = 0.41, Y =-4 .81 ,6= 4.83°) 6.68
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Figure 16 C o n tou r of te m p era tu re  (K ) o f the model ‘sam pling p robe No.2’

T able 6 S urface te m p era tu re  of metal and deposits a t  d ifferent locations on the  sam pling probes

Surface
temperature (°C)

Location
(section)

Sampling probe No. 1 Sampling probe No.2

No deposits With deposits No deposits With deposits

Metal surface 
temperature (°C)

0.59 m (W) 452 -  496 404 -  427 3 9 7 -4 3 4 363 -  378

0.87 m (M ) 4 7 7 -5 1 8 4 3 5 -4 6 2 4 1 9 -4 5 3 3 8 5 -4 0 1

1.15 m  (E) 504 -  543 4 6 8 -4 9 5 441 -4 7 4 4 1 8 -4 4 0

Deposit surface 
temperature (°C)

0.59 m (W )

n.a.

489 -  680

n.a.

399 -  598

0.87 m (M) 5 1 4 -6 4 1 4 1 9 -5 9 6

1.15 m (E ) 542 -6 3 1 615
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SYSTEMS IN A WASTE-TO-ENERGY PLANT:

PART II PERFORMANCE OF ALUMINIDE COATED ALLOYS AND BAFFLES

Awassada Phongphiphat1*, Adrian Ley land2, Vida N Sharifi1, and Jim Swithenbank1 

'Sheffield University Waste Incineration Center (SUWTC), Department o f Chemical and Process Engineering, 

2Department o f  Engineering Material, The University o f  Sheffield, UK.

ABSTRACT

In  waste-to-energy plants, high temperature corrosion o f  heat exchanger m aterials is  the important problem  

that lim its the p la n t efficiency a n d  it often  leads to a  high maintenance cast. To tackle the corrosion problem , 

one approach is to apply 'surface m odifica tion ' on the superheater materials. This study investigates (I )  the  

aluminide coating (AlfD j form er) which w ere fo u n d  to be  effective in preventing  material against the high  

temperature corrosion a nd  (2) the use o f  sacrificial baffle. A n  air-cooled sampling probe was placed  in the  

fu rnace  o f  a  35M W  waste-to-energy p la n t in  order to simulate the corrosion process taking place on  the  

superheater tubes. I t  was fabrica ted from  5  different types o f  materials: (nickel-based alloy 59  a nd  a lloy 625, 

aluminide coated  alloy 59, iron-based alloy556, alum inide coated stainless steel 510 and stainless stee l 316. 

A fter 800 hours o f  exposure to the f lu e  g a s  having temperature range o f  754 to 79I°C, the probe was 

withdrawn. I t  was fo u n d  that the order o f  corrosion resistance o fte s ted  materials is as follow s: coated alloy59  

> coated steel310 > alloy 625 > alloy 5 9  > a lloy 556  > stee l 316. The alum inized coating significantly 

improved the corrosion resistance f o r  the  selected  materials despite being tested under the higher  

temperature. In  contrary, this particu lar design  o f  sacrificial baffle d id  not show  its ability to  be used  a s  

corrosion control equipment. O u r  study show ed  that 'aluminide coating ' is a  promising corrosion control 

technique f o r  superheater m aterials in the waste-to-energy plants.

1. INTRODUCTION

Waste-to-energy plants are die most susceptible to severe corrosion than other types o f energy systems due to 

the presence o f deposit containing alkali metals, heavy metals (such as Pb, Zn and Cd), chlorine, and sulphur 

(Ishitsuka and Nose 2002; Rapp et ai. 1981; Srikanth et al. 2003; Swithenbank et at. 2000). The existence o f  

these elements leads to die formation o f  low melting points eutectic compounds (Hansen et al. 2000; l i  et al. 

2003). Liquid phase corrosion or hot corrosion is very likely to take place on the superheater tubes. Hus 

results in a high annual cost for die plant operators to repair and replace the superheater tidies. Therefore, 

reliable and cost effective methods to control the corrosion in these plants must be investigated. One o f  die 

promising methods is to use coatings such as die overlay coatings, and to implement the sacrificial baffles. 

Aluminide coating which forms protective oxide layer o f  A12Oj and cfaomized coating ( C r ^ )  w oe found to



be effective in preventing the high temperature corrosion (He et al. 2002; Houngninou et al. 2004; Tsaur et aL 

2005). Aiumimde coating on cheaper stainless steels may provide engineers with a high corrosion resistance 

material at an affordable price. Hence, the objective o f  this research is to investigate die corrosion behaviour 

o f  aluminide coated materials in the waste-to-energy plant This paper presents the second part o f study 

following the previous article (part I: corrosion behaviours o f nickel-based and iron-based superalloys).

2. METHODOLOGY

Research work consisted o f 2 parts: the experiments and die mathematical modelling. The experiment was 

performed by placing an air-cooled sampling probe in the furnace o f a 35MW waste to energy plant for 

approximately 800 hours. The position o f the probe was in die 2ai pass o f die furnace just above the top o f 

superheater panels where die temperature range of flue gases was 730 - 791°C.

2.1 Probe Fabrication

The main structure o f the probe was made o f a 1.5 m long tube o f 1-inch alloy 625. Three identical sets o f 

alloys rings welded onto the main tube at 0.59 m, 0.68 m and 1.16 m from the wall end. Each set o f rings was 

composed o f  3 individual rings made o f 2 nickel-based alloys (alloy 59 and alloy 625) and an iron-based alloy 

(alloy 556). Triangular baffles (45°), made from stainless steel 316 sheets, were welded to the main tube at 

0.42 m and 1.33 m from wall end. Four coupons o f  aluminide coated alloy coupons (0OD 37.00 mm, 

Thickness 2 mm) were made of alloy 59 and stainless steel 310. Coupons o f each alloy were welded to the 

main tube at 0.72 m (W-section) and 1.25 m (E-section) from wall. The aluminide pack cementation coating 

process was conducted by the Advanced Material Research Institute, School o f Engineering, University o f 

Northumbria at Newcastle. Firstly, coupons were ground up to 600 SiC grit finish. Then, they were heated in a 

ceramic crucible packed with aluminide chemicals in the furnace. For alloy 59, coupons were heated at a 

temperature o f 1000 °C for 5 hours in the aluminide mixture composed o f 15%A1 + 3%NH4C! + 82%A1203 by 

weight. For stainless steel 310, coupons were heated at a temperature o f 850 °C for 5 hours in foe aluminide 

mixture composed o f 4%A1 + 2%A1C13 + 94% A12Oj by weight. The chemical compositions o f relevant 

materials are presented in Table 1. Further details o f foe probe can be found m Part I.

The compressed air was fed to foe probe with foe rate o f  37.38 m3/hr (1320 f^/hr) at 4.5 bars. The air flowed 

feely into foe furnace at foe other end. The temperatures o f ah’ inside foe probe were measured by three 

thermocouple junctions and were recorded by a  data logger.

2 2  Analytical Methods

Elemental analysis was conducted by using the “Spectro Genesis -  Simultaneous Charged Coupled Device -  

Inductively Coupled Plasma (CCD-ICP) Spectrometer”, “Perkin Elmer 2400 Elemental Analyzer for CHN 

Analysis” and standard titration method for chlorine. Crystalline phase was investigated by using “Siemens 

D500 Reflection Diffractometer (Copper Radiation)” operated with CuKa 1 and K a  2 at 40 kV and 30 mA. 

The differential thermal analysis was carried out using a “Perkin Elmer • Differential Thermal Analyzer 

DTA7 (N538-1045)”. Microstructure analysis were carried out by using “Environmental Scanning Electron



Microscopy - Phillips XL30 ESEM-FEG” operated at 20 keV. Corrosion rates were analysed by “Reichert 

Jung - Polyvar Microscope”. For grain boundary analysis, etchant Ko. 10S was used.

3. RESULTS AND DISCUSSION

3.1 Sam pling Probes after the Furnace Exposures

After die probes were removed from die furnace, scale layers were detected on the probes. The scale is 

composed o f  (1 ) a thick layer o f deposit on die topmost and (2) a thin film o f corrosion products or the un- 

protective oxide layer on the alloy surface. The deposit thickness varied from 40 mm at the colder region 

(wall-end side) to 16 mm at the hotter region (outlet side). There was no evidence o f mo hen deposits.

Visible corrosion products were barely detected on die wall and middle section o f the probe. The corrosion 

products are thicker in the hotter end. Sections o f  the probe after deposit was removed are shown in Figure 1 » 

Figure 6. Corrosion products o f  alloy 556 were noticeably thicker than those o f alloy 59 and alloy 625.

Baffles were totally covered under die deposit. The voids between baffles and die main tube wore also filled 

with die yellow fine particles. The design o f  these baffles was found to be not beneficial under real operation. 

It granted a void for deposit accumulation, and subsequently hot corrosion to take place. Baffles, made of 

stainless steel 316, were severely corroded leaving brittle dark reddish brown corrosion products. The edges 

o f baffles had chipped. Spallation o f  corrosion products were common at the edges welded to the main probe. 

There was no evidence that these baffles can reduce or (»-event the corrosion o f the 1 inch tube in the area 

where they were welded. Instead, it retains the deposit and increases die risk o f he» corrosion in that area.

The coated coupons were also entirety by the deposit After the thick deposits were removed, it was found that 

there was a  very thin film o f  corrosion products randomly formed on the coupon surfaces. There was no chip, 

broken structure, or spallation detected. Both coated alloy 59, w d  coated stainless steel 310 were found to be 

in s  better condition than substrate alloy (alloy 59) and its comparable materials (alloy 556, and steel 316).

3 2  C haracterisation o f Combustion Residues and Probe Deposits

Samples o f combustion residues were collected from various locations inside die furnace. The results showed 

that die major constituents o f die bottom ash were Ca (15.2%), A1 (3.4%), Fe (4.4%) and P (1.3%). Samples 

o f wall slag and superheater fouling were composed mainly o f  Cl (5.45-15.50%), S (2.2-9.2%), Zn (1.0- 

3.6%), K (3.3-9.0%), Na (1.7-6.2%), Ca (2.8 -  14.7%), A1 (1.3-3.1%) and Pb (2.5-5.5%). High concentration 

o f Fe (4.3-23.5%) was detected in superheater fouling and economizer ash. It was derived from the iron oxide 

layers o f the corroded tube surface. Fly ash from the economizer ash bunko- was contributed largely from the 

sediment o f  heavy particle mainly o f  Ca (19.7%). The air pollution control residue was a  mixture o f fiy ash, 

lime and activated carbon. Thus, the major constituents were C a (19.7%), S (14.8%), and Cl (6.0%). Other 

main constituent which were not analyzed in this study, are oxygen, and silicon. Wiles (1996) reported the 

range o f Si concentration to be 9.1 -  31 % for die bottom ash, 9.5 -  21 % for fly ash and 3.6 -  12 %  for APC 

residues. The common inorganic compounds in fly ash collected from waste to energy plants were reported by 

other studies (Vassilev and Braekman-Danheux 1999; Williams 2000).



The elemental compositions o f die deposit collected from the probe and superheater were shown is Table 2. 

The major elements in probe deposit were Cl (12.7-23.3 wt%), Ca (13.8-20.1 wt%), S (6.0-7.1 wt%), K (4.9-

11.4 wt%), Na (4.3-8..6 wt%), AJ (1.0-1.8 wt%) and Fe (0.3-0.64 wt%). Calcium and chlorine were detected 

more in the probe deposits compared to slag samples, because die lower surface temperatures o f the probes 

can induce more particle deposition. Presence o f  heavy metals such as Zn (0.51-0.66 wt%), Pb (0.98-1.3 %), 

Cd (0.14-0.29 wt%) and Sn (0.17-0.28%) in the probe deposit and superheater deposit showed that low- 

melting point compounds may form, and hot corrosion may take place (Uusitalo et al. 2004)

DTA results showed that the deposit from superheater possibly has a first melting temperature at 272 °C. 

However, die melting temperatures of these deposits generally fall die range o f 524 -  683 °C.

3 3  Corrosion Rates o f Alloy Rings

Alloy rings (alloy 59, alloy 625 and alloy 556) were analysed for their corrosion rates. The measurement was 

taken at die cross-sectional surface o f these rings. The results of corroded length for die exposure period (pm) 

and die predicted corrosion rate (mm/yr) are presented in Table 3. The results revealed that alloy 556 had the 

highest corrosion rate (1.3 -  2.6 mm/yr) followed by alloy 59 (0.6 -  1.1 cm/yr) and alloy 625 (0.7 -  0.8 m/yr).

3.4 Morphology o f Corroded Arens by SEM & Crystalline Structure Analysis by XRD

3.4.1 R esultsfor A lum m ide Coated A lloy 59

The elemental map o f die coated coupon o f alloy 59 from W-section is shown in Figure 7 - Figure 8. Results 

o f  crystalline structure analysis are shown in Figure 9. It was found that the scale layers consist of: (1) deposit 

layers, (2) un-protective oxide layers o f Al, Ni, Cr, and Mo as 9-A120 j, a-Al20 3, NiO, Cr2Oj, NiCr20 4, M o02 

and MoO}, and (3) a  layer o f coating present next to the alloy interface. The coating layer is comprised mainly 

o f  Al and Ni that were fused to form Ni-Al intermetallic layer during the heating process. NiAl, NiAl2 and 

Ni2Al3 were detected.

Figure 10 and Table 4 show that the atomic ratios o f Ni to Al at this intermetallic layer varied from 1:1.0 

(close to die substrate) to 1:1.4 (top part). A ratio o f Ni:Al equals to 1:2.9 was detected in the Wall-section 

coupons. Cr and Mo were also present in die intermetallic layer but at die less extent. Mn is present in die 

alloy, but its contribution in the protective oxide layer is not clearly shown.

Figure 10 * Figure 11 clearly show 2 different layer o f coating above the substrate: (1) a lay«- o f aluminum 

and nickel and (2) a dun layer Cr next to die substrate. The thickness o f Al-Ni layer of the End-section coupon 

and die Wall-section coupon is approximately 60 and 70 micron respectively. The thickness o f Cr layer for 

both coupons is approximately 10 -  12 micron.

Images o f coated alloy 59 at different locations were compared as shown in Figure 12 • Figure 15. The 

temperature difference significantly affects the corrosion. The wall-section coupon became less corroded than 

end-section coupon. There is no corrosion at the substrate level at the wall-section coupon. The destruction o f  

coating and the corrosion o f substrate alloy were widespread in the end-section coupon.

The aluminized coating on nickel based alloy is proved to be die most efficient method to prevent die high 

temperature corrosion in die furnace o f  waste-to-cnergy plant The performance o f this coating can be
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enhanced by die pre-oxidation prior the exposure to the corrosive gases. Further investigation into the price 

and the strength o f material are recommended in order to apply it in die field. However, the drawbacks o f the 

NiAl which is the insufficient strength and creep resistance at the temperature above 1000 °C (Houngninou et 

al. 2004) should be carefully concerned.

3.4.2 Results fo r  A luminide C oated  Stainless S tee l 310

The results o f elemental mapping o f die coated coupons are shown in Figure 16. The coating was barely 

detected at the End-section but present in die Wall-section with an average thickness o f 3 - 8 pm. Crystalline 

structure analysis. Figure 17, shows that die main composition in die corrosion products are 0 -  A120 3, a  - 

Al2Oj, FcîOj, Fe30 4, FeO(OH), NiO, Cr20 3 and C i02. The coating layer was a  combination o f A1 and Fe as 

FeAl and Fc>Al.

Line scan results for die aluminide coated 310 coupons are shown in Figure 18 • Figure 20. The deposit 

adjacent to this coupon contains a  large amount o f alkali chlorides. A particle o f CaSi04 was detected in 

Figure 18. Round particles having sizes that varied from 20 -  100 microns were often detected in the deposit 

They are the oondcnsed droplets o f  liquid CaCh ZnCl2 S i02 or compounds o f St, Ca, Al, and O. Figure 19 and 

Figure 20 shows a  very thin layer o f aluminide coating and layers o f  A120 3 present among die deposit layer.

Figure 21 - Figure 24show a corrosion layer on the various positions o f  the coupons. The coating was 

generally consumed and corrosion reached die substrate level. Coating was detected in the Wall-section 

coupon only at die bottom and middle part. It was not found on die top part o f Wall-section coupon and the 

entire End-section coupon. This is due to die difference in temperature, The causes are also die quality o f die 

coating itself (FeAlj) or the non-homogenous nature o f  die deposit causing different rates o f local corrosion

In summary, coated coupon o f stainless steel 310 proves that the aluminide coating can provide a good 

corrosion resistance. The coated coupons had less suffered from die corrosion compared to the similar 

material, stainless steel 316, which was entirely corroded. However, the aluminide coating on stainless steel 

does not perform as well as the coating on nickel based alloy. This results agree with the previous study in the 

laboratory furnace showing that AlFe* is not suitable in the chlorine bearing oxidizing environment (Tsaur et 

al. 2005). Nevertheless, aluminized coating on steel has a greater resistance to die high temperature corrosion 

compared to die nickel based alloy 59 and 625. Therefore, it can be a  promising alternative material to 

withstood in this corrosive condition. Its advantages include the high temperature strength o f substrate (steel 

310), low cost, low density, and good frabicability. However, the disadvantages o f  such as the decreasing o f  

strength o f AlFe3 at the temperature higher than 500 °C should be noted (Houngninou et al. 2004).

3.4.3 Results fo r  Stainless S tee l 316  (Sacrificial Baffles)

AThe baffles made from austenitic stainless steel 316 were found to be corroded severely. The entire pieces o f  

baffles w o e  oxidized. This shows that die austenitic stainless steel can not withstand die corrosive conditions 

in dus high temperature furnace. One important factor increasing its corrosion is the temperature. The baffles 

did not have enough surface area o f  heat transfer with the air cooled inches therefore it is preferably 

influenced by the temperature o f the surrounding deposits. Corrosion products consist mainly o f Fe30 4, Cr20 )



and NiO. Oxides o f chromium clearly lie close to the substrate whereas oxides o f iron and nickel wei 

detected in die outer layer.

4. MATHEMATICAL MODELLING

Mathematical modelling using FLIC and FLUENT code was carried out in order to simulate the flo 

characteristics and inside the furnace as well as to calculate die heat transfer o f die air cooled sampling pro! 

components. The results (Figure 25) show that die surface temperatures o f alloy rings were in a range of 363 

440°C. This calculation supports die experimental findings showing dial hot corrosion did not take place c 

the probe surface. The modelling show that the coated coupons founded under the deposit could I 

surrounded by the deposit having temperature up to 615°C. This means that these coupons experienced high* 

surface temperatures than the alloy rings on the probes.

The modelling work shows that baffles can divert the particles from the probe preventing deposition at 

erosion corrosion. However, die temperature o f  die baffle itself is very high since the heat transfer surfat 

connected with die main tube is too small. The installation o f the baffle by welding it to die main tut 

increases die local surface temperature o f the mail tube by approximately 1.74%. This finding raises a concet 

about the use o f sacrificial baffles in the industry. The welding points possibly become the source o f localize 

corrosion which potentially punctures the superheater tube.

5. CONCLUSIONS

The results from this study yielded valuable information that can be applied to the waste-to-energy industry < 

similar corrosive-environment processes. The results proved that ‘aluminide coating’ is a promising corrosic 

control technique for superheater materials in die waste-to-energy plants. The coating is relatively cheap ar 

simple but it can significantly increase the corrosion resistance o f  selected materials. The order o f corrosk 

resistance o f materials is as follows: coated alloy59 > coated steel310 > alloy 625 > alloy 59 > alloy 556 

steel 316. Our results showed that corrosion resistance o f FeAl, and Fe^Al formed on a low cost stainless ste- 

310 is comparable to the corrosion resistance o f  expensive nickel-based alloys. Finally, results showed th 

this particular sacrificial baffle can (1) provide rooms for deposition accumulation and (2) cause a  high* 

temperature at the welding point As a result, the deposit-induced corrosion can take place vigorous!; 

Therefore, use o f sacrificial baffles requires precautions and careful design.
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Table 1 Typical chemical composition of metal alloy regarded in this study (% wt)

Alloy Al C o C r Fe M n Mo Ni O thers

59 0.1 -0 .4 < 0 .3 2 2 -2 4 < 1.5 <0.5 15-16.5 Bai.

556 0.2 18 22 Bai 1.0 3 20 W. Ta, N, La,

625 < 0 .4 < 1.0 2 0 -2 3 < 5 .0 <0.5 8 -1 0 Bai. Nb+Ta

310 - - 2 4 -2 6 Bai <2.0 - 1 9 -2 2

316 - • 1 6 -1 8 Bai <2.0 2 - 3 1 0 -1 4

Figure  1 B a ffle  -  n a il  section

Figure  3  Coated coupons -  w all section

Figure  5 A llo y  rings -  end section

Figure  2 A lloy  rings -  w a ll section

Figure 4 A lloy  rings -  m idd le  section

Figure  6 Coated coupons & baffle  -  end 
section

T a b le  2 M a jo r  e lem enta l com position (> 1 % )  o f the deposit collected from  probe No.2 ( w t % )  i 
deposit collected fo rm  superheater (S H 1 & 2 )

Wall
(556W)

Middle
(556M)

End 1 
(556E)

End 2 
(556E)

SHl SH2

CI 12.72 19.98 18.65 23.26 11.10 5.45

s 6.00 6.50 6.10 7.10 2.60 7.57

Zn 0.51 0.76 0.81 0.66 1.09 2.02

K 4.92 8.70 8.45 11.4 3.31 8.19

Na 4.34 6.48 6.30 8.60 2.27 6.05

Ca 20.10 16.50 16.80 1380 2.85 9.80

Al 1.80 1.40 1.60 1.00 0.36 1.29
Fe 0.64 0.52 0.59 0.33 23.50 4.32

Note: n.m. is ‘not measured’, n.detect is ‘can not be detected (lower than detectable level)’
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Table 3 Average corrosion rates of alloy rings from sampling probe N0.2

Alloy Rings
A verage C orroded  Length C orrosion  Rate

(nm ) (m m /yr)

5 9 -E
Front 104.43 1.13

Rear 59.17 0.64

5 5 6 - E
Front 123.86 1.34

Rear 240.69 2.60

6 2 5 - E
Front 69.38 0.75

Rear 67.87 0.73

F igure 7 E lem ental m apping o f coated  alloy 59 an d  its corrosion  p roducts: End/Top

Figure 8 E lem ental m apping o f coated alloy 59 and  its co rrosion  products: W all/Top



Figure 9 XRD analysis o f alum inized coated alloy 59

Figure 10 Results o f line scan and  point scanning for coated alloy 59: End/Top

T able 4 E lem ental com position results o f  corrosion products o f coated alloy 59: End/Top

A to m ic % W eight«/«

E lem ent p i P 2 P 3 P 4 P I P2 P3 P 4

c 4 5 .3 1 5 3 .2 6 49 .61 4 7 .5 3 18 .83 23  83 1 6 .3 7 1 6 .1 8

A l 2 8 .5 4 2 2 .2 5 2 .0 8 2 6 .6 5 2 2 .3 7 1.54 -

N i 2 0 .0 3 22.91 2 1 .0 2 2 9 .7 4 4 0 .6 9 50 .11 3 3 .9 0 4 9 .4 8

C r 3 .9 5 1.20 1 9 .1 6 1 3 .0 9 7.11 2 .3 2 2 7 .3 7 1 9 .2 9

F e 0 .3 3 * 0 .5 7 0 .5 4 0 .6 4 - 0 .8 7 0 .8 6

M o 1.83 0 .3 8 7 .5 7 4 .4 5 6 .0 9 1.37 19 .95 1 2 .0 9

0 4 .6 5 2.11



Figure 11 Line scan results o f coated alloy 59: VVall/Top

Figure 12 Coated alloy 59: End/Bottom

Figure 14 Coated alloy 59: End/Top

........ :iS2£
U rr.V  Spot DH h  ■ J ftOOjmi
p m k v  30 Bsr in?  cs<w t im

Figure 15 Coated alloy 59: Wall/Top



Figure 16 Elem ental m apping o f coated stee!310 and its corrosion p roducts: SP2 -  VVall/Middle

Aluminide Coated Steel 310 V M  ♦  AlFe
▼ N O  (1) +A1F®,
▼ N O  (2) AF«C M 1)
❖  NOfA AF»0,(2)* CrOp ftF«CX(l) 
■ CraOj t»FojO,(2) 
O theta- A I,O j
O alpha- AJ2O s

________ O- ™  & ,'* '* ” *  q

_ . o  . i  >f J
P.OTVl ▼ +#a| +  9JW OT+T* A ▼<*• 

i à  o  J+  <? + * w o w  , v t + * v

_ _ _ _ _ J
Figure 17 XRD analysis of Coated 310



Figure 18 Line scan results of coated steel 310 : SP2 -  Wall/Middle(l)

Figure 19 Line scan results o f coated steel 3 10 : SP2 -  Wall/Middle (2)
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j i ' f
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4 tL nl l i  r f
Tf> n f
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h

-•-AUnmum Iron Ctiorrmm NK*«
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Figure 20 Line scan results o f coated steel 3 10 : SP2 -  End/Middle

O



Figure 21 Coated steel 310 : End/Middle Figure 22 Coated steel 310 : End/Bottom

Figure 23 Coated steel 310 : Wall/Top Figure 24 Coated steel 310 : Wall/Middle

■
9.90b*02 
9 . 55 8 *0 2  
9.20b*02

_____ B .B5b »02
B .50a *0 2  
B . 148*02  
7 . 75 9* 02  
7.448*0? 
7 . 09 8* 02  
6.748*0? 
B. 35a*0 2  
B.04 6* 02  
5 . 05 9* 02  
5 . 34 9* 02  
4 . 99 8 *0 2  
4.B3b*02 
4 2B e*02 
3 . 93 8* 02  
3 . 5Bs *02  
3 . 23 9* 02  
2 .BBs *0 2

a. sampling probe Xo.2 without deposits

Figure 25 Contour of temperature (K) of the model ‘sampling probe No.2’
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ABSTRACT

Waste incineration process produces ashes through several pathways such as bottom ash, heat exchanger 

deposits a nd  f l y  ashes. These ash p a n ic le s  are o f  various sizes a nd  composition, and  contain toxic 

organic inorganic compounds as well a s  som e valuable metals f o r  recovery. In this study, f iv e  ash samples 

collected fr o m  a  large-scale m unicipal waste incinerator were characterised fo r  particle size, surface  

morphology, unbum ed  carbon and elem ental composition. The samples consisted o f  bottom ash, superheater 

deposit, heat exchanger and fabric  f i l te r  ashes. The bottom ash not only contained most o f  non- or less volatile 

metals, but also significant fractions o f  some volatile metals such a s  Ph a nd  Zn. The superheater deposit was 

com prised o f  agglomerates o f  spherical partic les sized  fro m  10 p m  to 60 p m  a nd  fin e  f l y  ashes with high  

concentrations o f  S  and  Zn. The concentrations o f  alkali metals in the superheater deposit were much higher 

than in the bottom ash but sim ilar to those f o r  heat exchanger ashes. Two heat exchanger ashes had  similar 

particle sizes a nd  elemental composition. However, m any large particles in the economiser ash were in a  thin 

plate form . The fabric  fi l te r  ash consisted o f  a  huge amount o fpartic les less than 300 pm  highly enriched with 

volatile m etals and  dioxins. M ass balance o f  the elem ents in the ashes was calculated using the experimental 

data. For Cd, 85%  o f  the total am ount was fo u n d  in the f l y  ash.

Key words: bottom ash, fly ash, incineration, municipal waste, superheater deposit, metal partitioning

I. INTRODUCTION

Sustainable management for municipal solid waste (MSW) requires a hierarchy o f reduction, reuse, recycling 

and energy recovery of MSW followed by environmentally sound disposal o f the residues. MSW consists o f 

putrescible, paper, plastics, textiles, metals, glass and other miscellaneous materials. After recovering valuable 

recyclables by segregation, the waste can be processed by thermo-chemical treatments with or without 

mechanical/biological treatments. Among many technologies available for energy recovery, mass bum 

incineration is well established in industry. It has typically about 25% o f efficiency for electricity generation 

only, which is significantly lower than for a coal fired power plant (35%). However, more than two thirds of 

carbon in MSW is greenhouse gas neutral, and incineration with combined heat and power production has 

much higher overall energy efficiency as incineration plants are usually in the vicinity of large cities. The gas

mailto:c.ryu@sheffield.ac.uk


cleaning process controls the release o f various organic/inorganic pollutants welt below the tightened emission 

regulation limits by the EU Waste Incineration Directive (2000/76/EC). PCDD/Fs have been the main focus of 

public concern for a few decades, but recent figures show that modem incinerators are no longer a significant 

source o f dioxins (DEFRA, 2004; BMU, 2005). However, the release of submicron particulates escaped the 

air pollution control (APC) devices recently gained a significant environmental concern, which is common for 

most combustion sources using fossil fuels (Morawska and Zhang, 2002; Zhang and Morawska, 2002). They 

can be highly enriched with heavy metals and inhalable deep into a lung. This brings attention to the 

behaviour of trace metals associated with various ashes/particles generated from incineration, which is the 

subject of this paper.

The ashes from mass bum incineration are discharged through several pathways (Wiles, 1996). Most o f the 

ashes (typically 80-90% by weight) are bottom 8sh discharged at the end o f the grate. A minor portion of 

particles in the waste bed drops through the gaps between the grate plates as grate siftings, which are usually 

combined with bottom ash for disposal. Ferrous metals can be recovered from bottom ash and the rest can be 

used as feedstock for construction and other industry (Wiles, 19%; Maria et al., 2001; Ferreira et al., 2003).

The generation of fly ash from fossil fuels and biomass is well understood (Couch, 1994; Linak and Wendt, 

1993; Jdller et al., 2005). The particles in the flue gas are generated by two mechanisms during combustion: a) 

entrainment of large particles into the gas flow and b) vaporisation of volatile trace elements. The former 

contributes to particles generally over I pm and the latter to submicron. The entrained large particles contain 

the elements which do not vaporise and compose the matrix o f the fly ash, but are also enriched on their 

surfaces by deposition of volatile material. The elements partially or fully vaporised during combustion 

undergo transformation and partitioning at the downstream as the flue gas cools down by heat recovery and 

gas cleaning. The conversion o f these elements into the solid phase involves adsorption, condensation, 

coagulation and chemical transformation.

Some larger particles are transported to and held on the cold surfaces of heat exchangers before entering the 

gas cleaning process. The deposition mechanisms involve inertial impact, condensation and thermophoresis. 

The deposition is initiated typically by condensation o f alkali metal compounds which creates a sticky surface 

for fly ash particles to accumulate on. Such deposits reduce the heat transfer to the water-steam and cause 

operational problems such as corrosion and formation o f large clinkers.

Fly ash from combustion sources such as coal power plant (Davison et al., 1974; Anh and Lee, 2006), iron ore 

sinter plant (Aim and Lee, 2006) and biomass plant (Obemberger and Brunner, 2005) are bimodal with a peak 

at sub-micron range (0.1-1 pm). The air pollution control (APC) devices such as electrostatic precipitator and 

fabric Alter are used in order to remove particles in the flue gas, in combination with injection o f activated 

carbons and lime for adsorption of heavy metals and organic pollutants including dioxins. Although the APC 

devices have over 99% particle removal efficiencies by mass, they are least efficient for capturing submicron 

particles.

MSW differs from coal or pure biomass such as wood and straw mainly by great inhomogeneity in 

composition and sizes, high ash content (~25%) and high Cl content (~1%). Incineration directly bums large 

waste particles with excess air o f typically 50-80%, which results in lower flame temperatures than for coal 

and biomass. The behaviour of particulates and trace elements in incineration has been studied for various



aspects, as compiled in the book by IAWG (1997). Other studies investigated the sources and partitioning of 

elements (Law and Gordon, 1979; Nakamura et al., 1996, Reimann, 1989; Jung et al., 2004) and enrichment 

o f volatile elements on fíne particles (Wadge et al., 1986; Chang et al., 2000). The above studies presented 

that lithophilic elements such as Fe, Cu, Cr and Al remain mainly in bottom ash (over 90% by weight) while 

enrichment of volatile elements in fly ash varies depending on their volatility. It also significantly varies for 

feed waste and plant process. Typically over 80% o f Cd by weight is found in die fly ash while about 50% for 

PbandZn.

This paper presents the characterisation results for the bottom ash, superheater deposit and fly ashes taken 

from five locations in a large-scale municipal waste incinerator. The samples were analysed for die particle 

size distribution, unburned carbon, elemental composition and surface morphology.

2. INCINERATION PLANT AND ASH SAMPLES

2.1 Collection of ash samples

The ash samples were taken from a commercial mass bum incinerator shown in Figure 1. The waste fed by 

ram feeders undergoes combustion on the grate with the primary air supplied through the grate. The secondary 

air is injected in the form o f strong jets at each side wall above the bed in order to supply turbulent mixing and 

additional oxygen to the combustion gas. The combustion gas passes through a pendant superheater, multi- 

tubular heat exchanger and economiser for energy recovery. Then, the gas enters the fabric filters with 

sorbents which are hydrated lime for acidic gases and activated carbon for dioxins and heavy metals. The 

amounts o f lime and activated carbon injection are about 9 kg/ton-waste and 0.2 kg/ton-waste, respectively.

The bottom ash discharged from the grate passes through a magnetic separator to recover ferrous metals. The 

ash is then transported used as a capping material on landfill sites, or as an aggregate substitute for 

maintenance of roads. The amount o f total residue is 322 kg/ton-waste. Bottom ash is about 85% o f the total 

residues, o f which 7.8% is recovered as ferrous metals (equivalent to 6.2% o f the total residues).

The ashes and heat exchanger deposits used in this study were originally sampled for dioxin studies (Gan et 

al., 2003). They were collected four times spanning a period of six months from 5 different locations o f the 

plant as numbered in Figure 1 ; (1) bottom ash, (2) deposits from superheater (SH), (3) fly ash from the 

convective heat exchanger (HE), (4) fly ash from the economiser (EC) and (5) fly ash from the fabric filters 

(FF). Approximately 1  to 5kg o f each residue was sampled each time. The bottom and fly ashes represented 

particles generated for about an hour during each sampling while die SH deposit was accumulated for several 

weeks to months.

2 2  Combustion and emission characteristics o f the plant

Several studies on combustion and pollutants emission have been carried out at this plant by SUWIC team; (a) 

the measurement of waste combustion using a novel instrumentation technique (Goodfellow, 2003; Ryu et al., 

2004), (b) computational fluid dynamics (CFD) modelling on the waste combustion and gas flow (Ryu et al., 

2004), (c) transient behaviour o f waste combustion (Yang et al., 2005), (d) PCDD/Fs measurement and 

modelling (Gan et al., 2003), (e) continuous emission monitoring (CEM) o f heavy metals before and after the 

fabric filters (Clarkson et al., 2003; Poole et al., 2005a, 2005b). These studies have provided in-depth



understanding o f the waste combustion and micro-pollutants emission such as the particulates and trace 

elements.

The waste undergoes combustion on die grate for about 60-80 minutes at temperatures between 1000-I200°C 

(Ryu et al., 2004). The temperature and oxygen acquired direedy from the bed using a novel measuring 

technique have very large fluctuations (over 800°C o f temperature and over 10%dry o f oxygen) during 

combustion due to the inhomogeneous waste particles, solid particle mixing and channelling o f air through 

waste particles. The waste combustion is controlled by a simple on-off control o f the ram feeders in order to 

keep the gas temperature at the radiation shaft at 850-1000°C. As the primary air supply keeps constant, the 

oxygen concentration in the combustion chamber fluctuates correspondingly between 6 to 14%dry. Due to the 

furnace geometry and secondary air injection, the gas flow field has a high velocity (7-12m/s) stream at over 

1000°C developed from above the bed to the exit o f die radiation shaft and thus is likely to carry a large 

amount of particles to the heat exchangers (Ryu et al., 2004). The residence time for die high velocity gas in 

the combustion chamber was about 2.5 seconds.

The gas temperature at the superheater inlet is about 650°C and drops to 310°C at the boiler exit. The 

teperatures at die economiser exit and at the fabric filter exit ate about 135°C and 120°C, respectively.

The heavy metals in the flue gas at the entry to the fabric filter were measured continuously for several hours 

at a time for a period o f several days in this incinerator, using SUWIC’s unique CEM device with ICP-OES 

(Poole et al., 2005a, 2005b). The behaviour o f metals in the flue gas were categorised into three types based 

on the temporal variation o f the metal concentration and combustion conditions. Volatile bulk metals such as 

Na and K, which are present in most feed waste, have concentration variation in die flue gas largely due to 

changes in the combustion conditions. Volatile bulk metals with uneven distribution in the waste (often found 

in bulky wastes) such as Pb and Zn, which are present in high concentration, show more overall temporal 

variation than the more evenly distributed metals. Volatile trace metals such as Cd and Hg which are present 

only occasionally in the feed lead to occasional random peaks in an otherwise near-zero concentration profile.

Further continuous measurements were made for periods o f several days in die flue gas emitted to atmosphere 

following clean-up (Clarkson, 2003; Poole, 2005b). These results did not show significant concentration or 

variation for any o f the volatile metals o f interest, with all monitored metals being below emissions limits, 

demonstrating the efficiency o f die clean-up system in removing almost all metal contamination from die flue 

gases before release.

Gan et al. (2003) measured the PCDD/Fs concentration in the ashes and SH deposits for this plant and 

developed a mathematical model for PCDD/Fs concentrations by predicting their formation through the De- 

Novo synthesis mechanism in the heat recovery unit and removal by the fabric filter.

3. ANALYSIS METHOD

As the particle size varied widely from submicrons to a few centimetres, the samples were first sieved from 

212pm to 4750pm with 19 size ranges. The amount o f sample used for the sieving was 737g for the bottom 

ash and about 200g for the rest o f ash samples. Mass loss during die sieving tests was less than 1% o f the 

initial mass. Particles smaller than 850pm were analysed by a Malvern instrument (model: Mastersiza* S).
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This instrument uses low angle laser light scattering by particles detected by a number o f photosensitive 

silicon detectors. It provides two models o f analysis method: polydisperse range model (0.5-850pm) and 

compressed range model (0.5-212pm with better accuracy). The results with the polydisperse range model had 

a good agreement with those combined from sieving tests for 212-850pm range and the compressed range 

model.

The analysis for morphology and mineralogy by using SEM (Scanning Electron Microscopy) and EDS 

(Energy Dispersive X-ray Spectrometer) was carried out at Sorby Centre, Sheffield University. The work was 

divided into 2 parts. Initially, the samples were coated with gold and analyzed by a Camscan Mark II -  Link 

system SEM. Subsequently, the samples were mounted in epoxy resin, and then the cross-sections were 

diamond-polished and coated with carbon for SEM-EDS using attached a  Link Analytical EXL energy 

dispersive spectrometer. It detects elements heavier than Na with a detection limit o f approximately 0.1%.

The carbon content in ash was analysed according to British Standard 1016 Part 6 in which a sample is burned 

with pure oxygen at 1350°C and C 02 released is captured by soda asbestos.

Elemental analysis was carried out by using a Spectro Genesis ICP (Inductively coupled plasma) 

spectrometer. The acid solvent used in digestion was a mixture of HNO3 and HC1 at the ratio o f 3:1.

4. RESULTS AND DISCUSSION

4.1 Particle Size Distribution (PSD)

Figure 2 shows the accumulative PSD for the ash samples. The bottom ash was a heterogeneous mixture 

coarse black dust and larger slag solids. More than 57.0% of the bottom ash was larger than 4750pm (4.7mm). 

When compared to data from Spanish incinerators repented in literature (Maria et al, 2001), the bottom ash in 

this study had less contribution o f fíne particles. However, the PSD varies between plants depending on the 

MSW feed composition, particle mixing by moving grates and subsequent treatment o f bottom ash. Also, 

representative sampling o f bottom ash is also notoriously difficult (IAWG, 1997)

The SH deposit was yellowish brown in colour and due to their hard nature, moderate physical force was 

required to break them down. It should be noted that that it was originally a large agglomerate on the SH 

surface, but the current sample consisted o f agglomerated particles and disintegrated fragments. The vibration 

during sieving might have further broken up the particles. However, the results showed that pieces larger than 

4750pm accounted for 31.1%. Figure 3 shows the results from the Malvern instrument for particles less than 

850pm in the SH deposit and other fly ashes. It suggests that the SH deposit contains much more o f fíne 

particles than the HE and EC ashes. This is related to the mechanism o f deposit formation: the sticky surface 

o f the deposit can trap fine particles better due to their large surface area to mass ratio.

The HE and EC ashes consisted mainly o f  coarse (50- 1000pm) fly ash entrained in the flue gas. Although the 

HE ash was much darker than the EC ash, both samples had over 90% o f the particles smaller than 850 pm 

(Figure 2) and a peak at around 500pm (Figure 3). The volume-averaged diameters o f the two ashes were

344.1 and 366.1pm, respectively. The difference in particle shape will be discussed later with the SEM 

images.



The FF ash was the combined material o f fly ash and injected sorbents, having light grey grains. All the 

particles were smaller than 350pm. The volume-averaged particle size was 75.0pm. The PSD o f FF ash in 

Figure 3 shows that it is trimodal, with peaks at 120pm, 12pm and a tiny peak at 1pm. Although the peak at 

120pm is for coarse fly ash, hydrated lime accounting 19% of FF ash by weight contributed to this peak. The 

grain size o f commercial hydrated lime is less than 125pm. The grain size o f commercial activated carbon is 

typically less than 45pm, but the weight fraction o f  activated carbon in fly ash was less than 0.5%. The peak at 

12pm is for coagulated fíne particles. The volume fraction at the last peak was 0.38%. However, in terms of 

particle number fraction, 82% of FF ash was submicron. This was common for other ash samples analysed by 

the Malvern instrument (78% for the bottom ash, about 80% few the rest). The PM 10 content for the samples 

was 3.3% by volume for the HE ash, 2.4% for the EC ash and 22.1% for the FF ash.

4.2 Elemental composition

Table 1 lists the unbumed carbon content (average o f  three tests), dioxin concentration and trace element 

concentrations (average o f two tests) in the ash samples. The unbumed carbon content in the bottom ash was 

3.95% which evidenced good combustion efficiency. Its value for the SH deposit, HE and EC ashes were all 

around 2%. The carbon content increased to 4.45% in the FF ash mainly due to the activated carbon injection 

and organic micropollutants adsorbed.

The bulk inorganic elements in the ash samples were Fe, Ca, Al as well as Si which was not analysed here. 

The concentrations o f Mg, Na, K, S, P, Ti and Zn were also significant (over 2000ppm).

The comparison o f elemental composition between the ash samples shows two distinct behaviours o f trace 

elements depending on their volatilities. Non- and less volatile elements such as Ca, Al, Mg, Ti, Ni and Cr 

were equally distributed in the bottom ash and in the rest o f  the ashes as they were transported by entrainment 

o f particles into the gas flow from the waste bed. Considering that the bottom ash is about 85% of the total 

ash, most of these non* or less volatile elements remained in the bottom ash. In case o f Fe which is also non* 

volatile, the concentration in the bottom ash was significantly higher than in the fly ashes. It suggests that 

certain waste materials made o f steel are not bound to the organic compounds but present separately. Cu also 

showed similar behaviour to Fe but it has an evaporation route by CuCU (boiling point 993°C) which acts as 

catalysts for De Novo synthesis of PCDD/Fs (AIWG, 1997). Ca became the most abundant element in the 

residues except the bottom ash. Its concentration in the FF ash further increased to over 24% due to lime 

injection.

Alt the volatile elements were enriched in the FF ash but their behaviour in the other ashes were different. Sb 

and Cd were significantly enriched only in the FF ash and depleted in the rest o f the samples. However, most 

other volatile elements still had a significant concentration in the bottom ash. Alkali metals (Na and K) were 

enriched in all the ash samples except for the bottom ash. Their compounds including KOH and chlorides 

vaporise in the waste bed and stay in the gas phase in the superheater region. These may condense on the 

cooler superheater surfaces and thus enhance deposition o f other fly ash particles. S and Zn were also enriched 

in the SH deposit, although the weight fraction of the SH deposit in the total ash was negligible. The 

concentration o f S increased by several times in the SH deposits. This is presumably due to sorption o f SOj 

and condensation o f volatilised species as metal sulphates during the prolonged exposure o f the deposit to the



combustion gas. Sulphates condense at relatively high temperatures compared with chlorides, and are 

predicted to become more thermodynamically favoured as temperature decreases (Linak and Wendt, 1993; 

Poole et al., 2005b). It also suggests that die elemental composition o f the deposits in the superheat«- and heat 

exchangers will vary depending on the gas temperature.

Overall, the two fly ashes from HE and EC have similar composition to the bottom ash expect for alkali metals 

enriched and Fe and Cu depleted. The SH deposit has several times higher concentrations of S and Zn but 

similar levels o f  alkali metals to die HE and EC ashes. The FF ash was enriched with volatile metals such as 

Pb, Cd, K, Zn and Sb. Hg which is die most volatile element appeared only in the fly ash at a veiy low 

concentration (1.05 ppm). During the continuous monitoring o f trace metals in the flue gas in this plant, Hg 

was observed occasionally in the pre-cleanup gas but not in the emitted gas (Clarkson et al., 2003; Poole et al., 

2005a, 2005b). PCDD/Fs also increased significantly in the FF ash by adsorption to activated carbon and fine 

particles (Gan et al., 2003).

Table 2 summarises the amount and weight fraction o f  each element in bottom and FF ashes for 1 ton o f input 

waste. The partitioning of elements was calculated from the weight fraction o f bottom ash (85.3%) and FF ash 

(14.7%) in the total ignoring the contribution o f the other ashes. Data for flue gas acquired from the UK 

pollution inventory was also listed in Table 2. The mass fraction o f  volatile metals for FF ash ranged from 

25-85%. Cd has the highest mass fraction (85%) appeared for FF ash. The partitioning for most elements is in 

the same range as reported in Jung et al’s study (2004). However, Pb in the FF ash (26%) was slighdy lower 

than in the above study (32-57%). This is attributable to the difference in the MSW feed composition and 

operating conditions. The fraction o f K and S in FF ash in our study was about 45%. The amount o f Fe in the 

bottom ash per 1 ton o f waste was 28.6kg o f  which a large proportion can be recovered by magnetic 

separation. The amount o f ferrous metals the plant recovered was 19.9kg per ton o f waste.

4 J  M orphology and Mineralogy o f Ash Samples

Figure 4 shows die SEM images o f the SH deposit. It was agglomerates o f  irregular-shaped fly ashes and 

spherical or polygon particles as shown in Figure 4a, unlike coal fly ash which is mainly composed o f 

spherical particles (Saikia et al., 2006; Ahn and Lee, 2006). This is due to die variable components o f MSW, 

greater ash entrainment, and also die low operating temperature o f incineration. The spherical particles were 

clearly identified in Figure 4b. Their particle size ranged typically from 10 to 60pm. The spherical particles 

that are formed under the high temperatures appear as smooth spheres o f  molten material, while those formed 

under the lower temperatures have irregular shapes (Jiménez and Ballesta-, 2005). The surface o f  those 

particles (Figure 4c) was sintered agglomerates o f  about 1 pm sized polygon particles.

Figure 5 shows the SEM-EDS results for SH deposit. Figure 5a is for the cross-section of a large spherical 

particle (diameter o f  200pm). Partially fused particles enclosed other particles and voids inside while 

transforming into a sphere due to surface tension. However, the EDS spectra were vo y  similar between the 

surface and the inner, having Ca and Si as major elements. K, Cl, S, Al, Fe, Cr, Mg, P, Ti and Zn were also 

found at all points. Figure 5b is for typical spheres and irregular shaped particles. Small spheres had a smooth 

cross-section due to complete fusion. All the elements appeared in Figure 5a were also found but the major 

elements varied between points. Ca-Si-Al and Si-K-Al appeared to be the main combination of die particles.



Ca-S were main elements at some points which was expected to be mainly CaS04. In Figure 5, no clear 

difference was found between the surface and the inner o f spherical particles.

Figures 6 and 7 shows the SEM images of HE and EC ashes. A variety o f particles sized from over 300pm to 

submicron can be seen in both ashes. Although their PSD were similar, the EC ash contained more particles in 

form o f plates. As the drag force on such particles is higher than on round particles, they can be carried over 

much further. Spherical particles appeared in SH deposit were also found but covered with fine particles. The 

SEM-EDS results for die EC ash shown in Figure 8 had very simple elemental composition, compared to die 

SH deposit The main combinations of elements in large ash particles were Ca-Si-Al and Si-K-AI.

The FF ash contained much less large particles over 100pm and a large amount o f smaller particles in 

irregular porous shapes, shown in Figure 9a. Several spherical particles sized around 50pm were also 

identified, o f which some are lime particles. Figure 9b is for some fly ash particles which clearly shows the 

agglomeration o f finer particles. Figure 10 shows lime particles adsorbed Cl (at Points 1 and 3) from SEM« 

EDS. Lime contains a few percent o f impurities such as Al20 3,.Fe204 and MgO (Fernández et al., 1997) which 

were detected together as trace. Point 2 is on a typical large ash particle.

5. CONCLUSIONS

Five ash samples from different locations o f a MSW1 process were characterised for unbumed carbon content, 

particle size, surface morphology and elemental composition. While volatile metals were depleted in the 

bottom ash by temperatures o f  1000-1200°C during combustion, Fe and Cu were enriched in the bottom ash 

due to the incombustible materials not bound to the combustible. The other non-volatile elements were 

distributed equally in all the samples.

The SH deposit consisted o f  fly ash trapped and spherical particles due to surface tension o f partially fused 

materials by hot gas. The elemental composition o f SH deposit was similar to the HE and EC ashes except 

highly enriched S and some volatile metals such as Zn.

The fly ashes from the HE, EC and FF consisted o f two different types o f particle: large spherical, polygon or 

plate shaped particles and a huge number o f fine particles. Although the PSD was similar to the HE ash with a 

volume mean diameter o f about 350pm, the EC ash contained large particles o f a thin plate form. These two 

ashes had increased concentrations o f alkali metals.

The FF ash particles were smaller than 300pm with volume-averaged size o f 75pm. However, 82% o f particle 

number fraction was in submicron range. The volatile elements were found at significant concentrations in the 

FF ash, such as Cd with 85% of the total amount. Over 50% of Sb and As were found in die FF ash. The 

weight fraction o f Pb and Zn in their totals was not significant in contrary to their high volatility, which agreed 

reasonably well with the findings from other studies.
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Table 1. Result* of full elemental analysis o f various combustion residues.

Bottom ash Superheat«
deposit

Heat exchanger 
ash

Economis«
ash

Fabric filter 
ash

Unbumed Carbon (%) 3.95 2.00 1.72 2.32 4.45

Dioxin (I-TEQ ng/g)* 0.06 0.07 0.08 0.12 1.62

Elements (ppm) 

Ag 2.1 5.7 6.6 3.9 28.4
Al 31000 22200 28800 40800 24000
As 3.8 25.7 7.1 3.3 27.5
Ba 639 299 704 1043 477
Ca 81320 148300 107600 102100 225000
Cd 3.7 198 25.6 6.25 127
Co 14.1 14.3 14.7 17.1 13.2
Cr 74.5 174 115 100 86.2
Cu 1459 713 436 1440 438
Fe 104000 8500 18800 17300 6400
K 4820 17200 17200 10420 23300

Mg 7130 9790 8680 9290 6710
Mn 753 561 689 656 468
Mo 8 1 15.2 16.2 14.0 15.9
Na 5535 14460 10330 9600 15250
Ni 73 41.7 52.5 102 41.1
P 4050 7550 5500 7000 3950

Pb 999 144 587 182 2060
S 5050 71000 7200 7900 26000

Sb 23.6 110 68.5 42.5 233
Sn 158 244 227 112 504
Sr 182.9 196.0 199.7 219.9 262
Ti 2190 2680 2430 3360 2000
TI <0.1 <0.1 <0.1 <0.1 1
V 51.7 41.1 57.3 83.5 59.4
Zn 2770 7850 3020 1710 6370

a: Gan et al. (2003)



Table 2. Summary o f particles and metals emission per 1 ton o f input waste in the incineration plant.

— Hydrated Lime, 9kg 
— Activated carbon, 0.2kg

Waste
1 ton <3

Heat Exchangen

1000.120CPC  
to r 60 -90 m in u ta *

T

Gas Cleaning

Flue Gas

HE
Deposits

Grate siftings Bottom ash < 
275kg

T "
HE

I I
APC

Fly ash Fly ash Particulate m atter
47kg <0.067kg*

Ash Bottom Ash SH Deposit HE ashes FF ash
Particles in the 

flue Gas

Weight fraction in die 

total ash
85.3% 14.7%

Typical particle size > 1000pm Agglomerates 1-1000 pm 0.1-300 pm <1 pm

Enriched elements
■ C l,S ,K ,N a,

Fe, Cu
Zn, Sb

K, Na
All volatile 

metals, dioxins

Fe 28 6kg (99%) 0.3kg ( 1%)

A1 8.5kg (88%) 1.1kg (12%)

Cu 0.4kg (95%) 0.02kg (5%) <0.067g*

S 1.39kg (53%) 1.22kg (47%) < 33 .3g (asS 02)*

K 1.3kg (55%) 1.1kg (45%)

Cd 18 (15%) 6g (85%) 0.04 lg*

Pb 275g (74%) 97g(26%) 0.869g*

Zn 761g(72%) 299g (28%)

As lg (44%) lg  (56%) 0.095g*

Sb 6g (37%) U g(63% )

Sn 44g (65%) 24g (35%)

Cr 20g (83%) 4g(17% ) <0.067g*

PCDD/Fs" 16500ng I-TEQ 76100ng I-TEQ 0.13ng I-TEQ*

a: from annual emission data o f the plant.

a: calculated from data presented in Gan et al’s study (2003).



1: bottom  ash , 2: superheater(S H ) deposit, 3: h ea t exchanger (H E ) ash , 4: econom iser (EC) ash , 5:

fab ric  f ilte r  (FF) ash .
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Figure 2. A ccum ulative p artic le  size d istribution  o f the ash sam ples.
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Figure 3. Size d is tribu tion  for particles sm aller than  850pm.



(c)

Figure 4. SEM  im ages o f su p e rh ea te r deposit (a: su rface o f la rge deposit, h: individual particles, c: 

surface of round  particle)



Figure 5 SEM-EDS analysis for SU deposit.
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F igure 6. SEM  im ages of HE ash.

F igure 7. SEM  im ages o f EC  ash.

Pt M ajor elements

1 Si, K, Al

2 Ca, Si, Al

3 Ca, Si, Al

4 Si, Ca, Al

5 Si, K, Al

6 Ca, Si, Al

7 Ca. Si, Al, K, Mg

8 Si

Figure 8. SEM-EDS analysis for EC ash.



Pt Major elements

1 Cl, Ca, K, Fe, Si, Al, Mg

2 Ca, P, Si, K, Ti, Zn

3 CI, Ca, K

(b)

Figure 9. SEM  im ages of FF ash.

Figure 10. SEM -ED S analysis for FF ash.


