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ABSTRACT

THE EFFECT OF A MAGNESIA BASED ADDITIVE ON
FLY ASH DEPOSITION IN A CHAIN-GRATE
BOILER SYSTEM

By: Kambiz Hadjforoosh

Unlike in oil firing, the effective role of additives to alleviate deposition in coal fired power generation
is still regarded with much scepticism and controversy amongst the power generators and boiler
operators. The objectives of this research study were principally to explore the mechanisms involved in
formation of coal ash deposits and thus determine the effectiveness of a magnesium based additive,
namely Lycal 93HS, in reducing the bonding strength of ash deposits on boiler tube surfaces, by making
them friable and easily removed by sootblowers during normal operation of the boiler.

The experimental techniques developed involved visual, optical and scanning electron microscopy
examination of a wide range of matured deposit samples collected over a period of two years, with and
without injection of Lycal 93HS into the boilers at West Belfast power station. Specimen deposit samples
"fashioned" into the form of Seger cones and "reconmstituted” from their crushed, powder form
were tested for their softening behaviour at elevated temperatures with and without further
additions of Lycal 93HS. This technique was further used to evaluate the effect of Lycal 93HS on the
softening behaviour of a range of coal ash components separated by high temperature ashing
of coarse particles of coal as well as the bulk ash from the coarse and fine sizes of coal particles. The
softening behaviour on heating and crystallisation tendency behaviour on cooling for a selected
range of the ash components was investigated without and with additions of Lycal 93HS, using Hot-
Stage Microscopy. The possibility of surface adhesion between the fly ash and injected Lycal 93HS
within the boiler environment was investigated through a series of laboratory based Surface leaching
experiments of deposit and particulate samples with and without injection of Lycal 93HS. The variation
in concentration profiles of silicon, iron and magnesium within the collected solutions over a
period of time were analysed, using Atomic Absorption Flame Spectroscopy. The elemental
chemical composition of bulk deposit samples, the average high temperature ash and its separated
components was carried out using X-Ray Fluorescence. Qualitative study of the mineralogy of low
temperature ash, selected ash components, as well as a range of deposit samples with Lycal injection was
conducted using X-Ray Diffractometry.

The results of Lycal injection into a boiler were clearly evident from inspections of the boiler where
Lycal injection over different periods of time had resulted in significantly cleaner boiler tube surfaces.
Examination of deposit samples with Lycal injection showed lightly sintered, porous, friable textures
compared to the highly sintered, fused and dense structures for samples without Lycal injection. The
effect of Lycal on the softening behaviour of reconstituted deposit samples and various components of
ash was shown to be dependent on their chemical composition, with iron oxide playing an important role.
For a number of highly acidic ash components, additions of 5 and 10 mass% Lycal promoted
crystallisation of their fluid melt, when cooled to specific temperatures. For the more ferriferous ash
components, additions of 1 and 3 mass% Lycal enhanced the surface formation of spikes when their melts
were cooled to specific temperatures. The results of leaching experiments showed that the initial magnesia
concentrations were generally much higher for the deposit samples and fly ash particles from ash hoppers
and grit arrestors with Lycal injection than those without.

- i -
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1. INTRODUCTION

Coal is an extremely complex heterogeneous material. However, to simplify its
constitution, it can be considered as a rock, comprised of different kinds of organic and
inorganic matter. When coal is heated it ignites and undergoes loss of volatiles and
pyrolysis. The organic matter is thus released and converted into volatile species, and

the inorganic matter is released as ash.

In the environment of an indﬁstrial boiler where large quantities of coal are burned, the
ash generated undergoes various reactions resulting in the production of some low
melting point compounds. Thése compounds cause the ash to adhere to the boiler tube
surfaces and promote further deposition of higher melting point alumino-silicate
compounds. If these deposits are allowed to accumulate, heat transfer and consequently
the efficiency of the boiler is effected. One method used to alleviate this problem, in
addition to the conventional on-line cleaning techniques such as sootblowing, is

chemical treatment in the form of additives to the coal.

Although the role of additives in alleviating deposition problems in oil-fired boilers
through increasing the sintering temperature of deposits is well established, with coal
firing however, where the ash burden is roughly 100 times that of fuel oil, the
effectiveness of the regular use of modest and large amounts of additives is generally

found to be dependent on the type of the boiler as well as the mode of operation.

The additive employed in this study is a magnesium based additive produced by Steetley
Quarry Products Ltd under the name of Lycal 93HS. Lycal 93HS is a high quality
grade of magnesium hydroxide precipitated from sea water and comes in the form of

a finely divided, fully hydrated powder.
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The opportunity to test Lycal 93HS on an industrial scale arose as a result of
approaches made by Steetley to the West-Belfast power station in Northern Ireland. The
power station employs thirteen boilers with a travelling grate combustion system to
produce steam for generating electricity. The coal is fed into each boiler from a hopper
on two chain grates and is spontaneously ignited due to the temperature inside the
boiler. The Lycal 93HS additive was injected into the boiler through a series of
secondary air ports along the length of the front and rear arches situated just above the

grates, and was thus available for contact with the ash burden in the flue gases.

As a result of the apparent improvements observed during an initial three months
"Lycal 93HS injection" trial, Iong term commitments extending over two years were
undertaken by the power station operators. During this period deposit samples from
various locations within the boiler were collected for examination at regular intervals.
Furthermore, on-site probe sampling of deposits with and without Lycal injection over
relatively short periods of time were carried out for comparative purposes. Samples of

the coal as fed into the boiler were occasionally collected for size and ash analysis.

There is considerable conflict both with respect tb the limited theoretical and practical
methodologies explaining the controlling factors and steps in deposit formation
mechanisms and effective role of any additive in alleviating this problem. The work
presented here involved a series of both industrial and laboratory based investigations
in order to elucidate a mechanism for the formation of fly ash deposits in West Belfast
power station and the effect on these of the Lycal 93HS addition. Such understanding

contributing to the possible use of the additive in other combustion systems.
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2.1 THE BURNING OF COAL FOR POWER GENERATION

2.1.1 Introduction

All ranks of coal are capable of being combusted on an industrial scale to generate
heat for conversion into electricity. Some ranks of coal are however more suited to
combustion by certain techniques than others.! The three most important means for
the large scale combustion of coal are:!

(1) Stoker firing

(2) Cyclone furnace firing

(3) Pulverised coal firing

The work reported in this thesis has been concerned entirely with a stoker fired system
and therefore only this will be considered further in the next part of the literature

review.

2.1.2 Mechanical Stoker Firing Systems

Mechahical stokers were developed early in the history of steam boilers as an

improvement over hand firing. Today, despite the more dominant pulverized fuel

firing systems, many small and medium size boilers employ mechanical stokers.

Several types of stokers are available, but all are designed to feed coal onto a grate

within a furnace and to remove the ash residue.

Mechanical stokers can be classified into three distinct groups according to the mode

of introducing coal onto the grate for combustion:>*

(1) Overfeed stokers: The main types are; chain and travelling grate, spreader,
vibrating grate and coking stokers.

(2) Underfeed stokers: The main types are; single and multiple retort stokers.

(3) Composite stokers: This type of stoker is not commonly used and the best known

of this type is the reciprocating stoker.
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The principle of combustion for these three categories of stokers are schematically
shown in Figure 2-1. The relative characteristics of the three modes of combustion
are summarised in Table 2-1.2

The overfeed stokers are the most commonly used type still employed in industry and
since the combustion system employed in the West Belfast power station was of the

travelling grate type, this will now be considered further.

Figure 2-2* shows a cfoss sectional view of a typical travelling grate stoker. The coal
is fed by gravity from a hopper located at the front of the stoker onto a grate
moving from the front to the rear of the furnace. The depth of fuel on the grate is
regulated by a hand adjusted gate. Air enters the furnace from underneath through
the openings in the grate, thereby promoting combustion of the coal.

Secondary air enters the furnace through ports situated at or above the front and rear
arches in order to create turbulence for better mixing of the flue gases as well as
controlling the position and length of the combustion flame.

The front arch promotes ignition by reflecting radiant heat onto the fuel bed. It also
serves to break up and mix the combustion air with streams of volatile rich gases
that might otherwise go through the unit unburned. The rear arch helps to further
burn off the last remains of carbon before discharge of the ash clinker, by radiating

heat from its surface onto the grate.

2.1.3 The Combustion of Coal on a Grate

Figure 2-3 illustrates the various combustion zones that exist as coal is
continuously burned on a grate.”® As the bed is ignited from the top, the
combustion front moves downward against an upward flow of primary air. The

inherent moisture (H,0) and volatile matter (CO,H,,N, and hydrocarbons) are distilled
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Figure 2-1: The principle of operation for: (a) Overfeed, (b) Underfeed and
(¢) Composite modes of combustion.?

Table 2-1: Characteristics of overfeed, underfeed and composite combustion.?

Mode of combustion " Advantage Disadvantage

Overfesd Rapid ignition, high Smoke at low burning rates;
response rate. not suitable for small coal.

: Can be sensitive to caking:
propertes of coal.

Underfesd Relatively smoke free, can  Reladvely slow ignition rate;
burn songly caking and can be difficult with coals with
small coals provided that less than 20% volatile
these are properly content.
conditioned with moisture  °
and delivered uniformly

) over the grate.

Composite Relatively smoke free, can  Sensitive to caking properties
burn small coal with up to  of the coal.

35% through 3 mm mesh.
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Figure 2-3- "Fuel-bed zones of a stoker fired boiler broken up into oxidation, reduction
distillation and volatile gas burning.**
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off in the "distillation" stage. The residual coke thus formed further promotes heat
transfer down through the bed, leading to the evolution of more volatile matter. In
the oxidation zone, coke is burned to carbon dioxide with the primary air rising
through the bed. This carbon dioxide travels up through the zone above and is partly
reduced to carbon monoxide by contact with the hot coke. The rate of CO formation
becomes rapid at the beginning of the reduction zone. Usually the temperature within
the bed is somewhat greater than at the surface. If this temperature is above that at
which ash fuses, clinker may form which finally passes into the ash pit.

The travelling grate stokers are limited in their use by certain factors.”® These are:

(1) The overall mass rate of combustion is limited due to the confined depth of the
coal bed. The maximum practical rate per unit cross section is of the order of
250 Kg.mhr!,

(2) The area of the grate also has to be kept 'within some reasonable bounds, about
100m? will be an upper limit.

(3) High levels of excess air, up to 40% can be required, to maximise combustion
of the air-born fly ash, hence reducing loss of combustibles.

(4) Smoke and the resulting atmospheric emission is a common problem.

(5) Clinker formation, hot grate and hot ash problems in the bottom ash pit pose
further maintenance problems. Furthermore carbon losses as high as 40 mass% has
been reported’ in the bottom ash of some larger stokers. The extent of this
problem is related to the bed temperatures which are achieved through the burning
coal on the grate.

Figure 2-4? illustrates the temperature contours measured in the fuel bed of a

travelling grate stoker.

- PAGE 7 -



I [ Fuel

bed
isctherms
Coal ;
v %
( . Grate travel 160 °C
+ 1370 °C———
0.003 ms~! 1083 °C ——————! Travelling grate stok
816 °C 0.088 kg.m~2 s~ ratin
538 538°C
, 400 -
C 2601 qrte temperature
121

Figure 2-4: Fuel-bed temperature contours for a travelling grate stoker.?

- PAGE 8 -



A great variety of coals of varying quality can be burned on travelling grate

stokers.!® However, the most satisfactory results have been found!"'>!® with coals

having certain chemical and physical characteristics. These are chiefly as outlined
below:

- Size range of 35mm or 25mm in diameter, with not more than 30% fines, less than
6 mm in diameter.

- Ash content of 6to 15 mass% for forced draught stokers and 5 to 9 mass% for
natural draught stokers.

- Moisture content should generally be low; of the order of 8 to 10 mass%, apart from
"smalls" which should have a surface moisture of about 1.5 mass% per 10 mass%
coal less than 3 mm.

- Volatile matter content of greater than 30 mass% on a dry ash free basis.

- Ash softening temperature should be as high as possible, with a minimum of 1150°C
in order to avoid clinker formation as well as ash deposition on boiler tube surfaces.

- Alkali metal contents in the ash substances promote deposit formation on the

heated boiler surfaces and thus should be at a minimum.

2.1.4 Fire-Side Boiler Deposits

Deposits occur in those parts of the boiler where the metal temperature is high.
Most significant are those deposits which are formed on the screen and superheater
tubes and at the entrance to convection heating surfaces of the upper furnace regions.
These types of deposits are usually referred to as fouling.

Those deposits which are generally limited to the léwer furnace area where the flue
gas temperatures are highest are known as slagging. These tend to be much harder and

denser. Deposits form slowly at first but the rate of formation usually increases
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with each successive layer." Figure 2-5 illustrates a section through a deposit at
the inlet to a convection tube of a boiler. The increase in the thickness of the
outer layers is clearly evident. This in turn causes reduction in cross-sectional area
and hence increases the resistance to gas flow.'* However, in practice the nature and
extent of deposits can vary considerably. Apart from the temperatures experienced,
it is most significantly the heterogeneity of the chemistry and structural complexity of
the coal ash minerals that determines fly ash morphology and its role in the formation
of deposits. At least 11 major morphological classes of coal fly ash particles have
beén identified'® on the basis of particle shape and opacity alone.

Fly ash may be partly infusible at furnace temperatures and partly quite readily
fusible, so that a sticky film or layer may be deposited throughout the high
temperature zone to which the remainder can adhere. In Figure 2-5"° distinct layers
can be identified, the second of which is fused and thus helps to capture particles
of fly ash which come into contact with it.

The main constituents of coal ash are silica and alumina, which are not easily
fusible. Other substances present include oxides of iron, calcium, sodium and
potassium, which are more easily fusible. The significance of these substances
in terms of their individual as well as combined role in forming deposits has been
studied by different workers!”'*!°, However, it is most significantly the oxides of
sodium and potassium which play a dominant part in causing deposits to adhere to
heated metal boiler surfaces. When in contact with the sulphur oxides present in the
flue gases, formed by oxidation of sulphur which may be organically or inorganically
combined within the coal or ash, sodium and potassium sulphates have been
found'? to form various complex sulphates, by reacting with aluminium or iron

oxides. The low melting temperatures of these complexes as depicted in Table 2-2
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Figure 2-5: Section through a deposit on a boiler tube."

Table 2-2: Melting point of complex sulphates formed within depositing
ash particles on boiler tube surfaces.'>

COMPQUND MELTING POINT (°C)

K:;Fe(SOp); 618
K,AL(SO,); - 654
KFe(SO,), 693
Na,Fe(SO,); - 613
Na;AL(SO,); 646
NaFe(S0,), 690
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is believed'®?® to be responsible for the formation of the first layers of fly ash

depositing over the boiler tube surfaces due to their fully softened or molten state.

2.2 MINERAL CONSTITUENTS OF COAL
2.2.1 Geological Origin of Mineral Matter in Coal

The geological environment in which the mineral deposits were laid down determines
the mode of occurrence and the relative concentration of the mineral impurities.

Coal is a sedimentary rock composed principally of two basic classes of
material:®?* inorganic crystalline minerals and organic carbonaceous "macerals".
The latter form the combustible part of the coal and are in turn divided into three
groups namely; vitrinite, exinite and inertinite.

Table 2-3%% lists the most common inorganic mineral components associated with coal.
The inorganic mineral matter in coal has frequently been classified®+* as inherent
or extraneous. The inherent mineral matter has its origin in the organic constituents of
plants. The extraneous inorganic mineral matter is defined as that which was brought
into the coal forming deposit from outside, for example as dust carried by winds, or
as suspended or dissolved material carried by water, after the death of the plant.

The inherent minerals seldom exceed about 2 mass% of the coal and generally make
up about 3 to 20 mass percentage of the total mineral matter.”’ These minerals are
generally found to be rich in iron, phosphorus, calcium, potassium and magnesium
which are mostly incorporated in the carbonaceous phases. Other elements such
as silicon, aluminium, manganese and sodium known to be essential for plant life
are also found to a lesser extent.?

The extraneous minerals make up about 80 to 95 mass% of the total inorganic
mineral matter in coal.”® These minerals are principally found to be rich in the

most abundant elements of the earth’s crust such as silicon, aluminium, iron,
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Mineral

Formula

Clay minerals
Montmorillonite
Tllite-sericite
Kaolinite
Halloysite
Chlorite
Mixed-layer clay minerals

Sulphide minerals
Pyrite
Marcasite
Sphalerite
Galena
Chalcopyrite
Pyrrhotite
Arsenopyrite
Millerite

Carbonate minerals
Calcite
Dolomite
Siderite
Ankerite
Witherite

Sulphate minerals
Barite
Gypsum
Anhydrite
Bassanite
Jarosite
Melanterite
Coquimbite
Mirabilite
Kieserite

Chloride minerals
Halite
Sylvite
Bischofite

Silicate minerals
Quartz
Biotite
Zircon
Tourmaline
Garnet
Kyanite
Epidote
Albite
Orthoclase
Augite
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calcium, magnesium, sodium, potassium and titanium.**%

In addition, other elements such as cadmium, antimony, arsenic, mercury, etc. which
are usually detected at less than 0.02 mass% (200ppm) are present in coal as trace
elements.”

All these elements however are present as minerals in coal either singularly or as
compounds in the form of oxides, hydroxides, sulphides and suphates, carbonates and

chlorides. The major groups and their constituents are listed in Table 2-3.%

2.2.2 The Behaviour of Inorganic Mineral Matter When Heated

The inorganic mineral matter in coal undergoes many complex physical and
chemical changes when it is heated. The chemical changes are essentially the thermal
decomposition of minerals: the dehydration of hydrated minerals such as shales and
clays, the loss of CO, from carbonates of Ca, Mg or Fe, the oxidation of pyrites (FeS,)
to Fe,0; with evolution of SO, and the volatilisation of alkalies and chlorides.**!
Further changes include interactions between mineral species, reactions between
mineral matter and the char and reactions between the mineral matter and furnace
gases.

Table 2-4°% represents the changes which have been observed on heating samples of
ash formed by low temperature ashing®® of pulverised coal particles. Low temperature
ashing produces ash with its mineral matter in a relatively unaltered state. The changes
illustrated in Table 2-4 are expressed more concisely in Table 2-5*7 for a range of
selected components of various mineral groupings.

The physical changes include vaporisation, fusion, disintegration, agglomeration and
the eventual release of mineral matter into the furnace gases.*®

The transformation of various inorganic mineral constituents of British coals in the

flame within the combustion zone of a boiler have been comprehensively
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Table 2-4: Effect of temperature on ash mineralogy®**

KAOLIN GROUP

1. Kaolinite [AlSi,Os (OH),]

Kaolinite ---------- > Kaolinite ---------- > Metakaolinite ---------- > Silicon Spinel
100-120°C  (dry) 500-600°C (AL0,.28i0,) 925-950°C '

¥ {

H,0 Si0,

Mullite = <--------mm-- 1:1 Mullite-type < --------------- J
(3A1,0;. 1150-1450°C Phase 1100 °C
25i0,) ¥ (AL0;.Si0,)
Sio,
(cristobalite)

SHALE GROUP

2. Tlite [K, (Si,.Al) ALO,, (OH),]

Illite  ------------ > Illite  -------oeee- > Illite =--------- > Destruction of Illite
50-150°C +  200-600°C + 850-900°C Structure
hygroscopic hydroxyl |
water group :
|
1400°C 1100°C :
Glass <--------- Mullite < ---------- | |
Phase — Spinel - Phase <--—------ '
Glass <------—-—-- . (ALO; . MgO)  850-950°C

Phase 1300°C

3. Muscovite [KAl, (Si;AlO,,) (OH),]

Muscovite — ------------ > Destruction of Lattice ------------ > Alumina or Spinel
940-980°C Structure 1050°C |
|
Liquid Glass <-----------o-- Glass + Corundum <---------- J
1500°C (ALO,) 1400°C
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PHIDE GR

4. Pyrites [FeS,]

Oxidising
0,
Pyrites > Hematite ----———-—-——> Amorphous Phase
475-500°C (Fe,0;)  1300-1400°C
S, SO,
Reducing
Pyrites ------------ > Pyrrhotite  ------------> Iron

280-325°C (FeS) 700°C  (Fe)
{S,H,S [partial melf] +S,H,S

CARBONATE GROUP

5. Calcite [CaCO,]

Calcite > Lime
710-1000°C (Ca0)
1 CO,

6. Dolomite [CaMg (CO5),]

Dolomite > CaO + MgO
815-910°C
1 CO,

- PAGE 16 -



SULPHATE GROUP
7. Gypsum [CaSO,.2H,0]

Gypsum --------- > Bassanite -----—----> Anhydrite --------- > pB-CaSQ, --—-—--—--> Ca0
145°C (CaS0Q,.1/2H,0) 175°C CaSO, 365°C 1450°C
SILICATE GROUP

8. Quartz [SiO,]

+other
compounds
Quartz ----------—--> f-Quartz -——------- > fB-Quartz -----——- > Amorphous Glass
570°C 950°C  (no change) 1200-
Temperature 1300°C
inversion
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Table 2-5: Transformation of selected mineral groupings due to heating.

Temperature (°C)

400 500 600 700 800 900 1000 1100 1200 1300 1400

Quartz | Amorphous

Kaolinite Metakaolinite Mullite
— Ik

Hlite Amorphous
) Je

Pyrite Hematite

| L

Calcite Anorthite, Lime & Anhydrite
— !:

Gypsum Anhydrite
(——’D' !1
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discussed.’®%4! It has been inferred*? that the inorganic minerals associated with
British coals are mainly shales and iron compounds. Shales, usually the result of
consolidation of mud, silt and clay, are complex alumino-silicates in combination with
a variety of metal compounds of calcium, iron, sodium and potassium. These
minerals include illite  [K, (Sig.Al,)) Al,O,, (OH),] and muscovite
[KAlL (Si;AlO,;) (OH),]. These are forms of mica. Kaolinite [AlSi,Os; (OH),] is the
most common of the clay (Kaolin) minerals which are found in coal in many forms. %
In the flame the shale minerals lose combined moisture and undergo lattice
transformation. Those particles which are ejected from the flame do not complete
either the process of fusion or the evolution of moisture before the change of
shape of silicate particles commences.*?> The particles which continue in the flame
tend to complete both processes, particularly in relatively hot combustion chambers and
thus, the small irregularly shaped particles are transformed into colourless, rounded,
solid spheres.”? The change in shape of these irregularly shaped alumino- silicate
particles on heating has been shown* to be the result of surface tension of the softened
matter on their sharp edges.

The iron minerals are most commonly iron pyrite and Marcasite. The iron pyrite
mineral (FeS,) is known to occur in various physical forms within the coal, for example
as nodules, lens-shaped masses, in veins and fissures or as discrete particles in
veinlets.** When heated, the degree of liberation and the melting temperature of
pyrite depends on its initial physical form, the fineness of the coal particles* as
well as the degree of sulphur reduction and iron oxidation.” It has been established®
that ignition of pyrite occurs at low temperatures of about 200-500°C depending on

particle size, the form of pyrites and the presence of oxygen. When pyrites is heated

in the absence of air, it dissociates to form pyrrhotite (FeS) and sulphur gas, and at
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and sulphur gas, and at higher temperatures the pyrrhotite decomposes into sulphur

and iron. The two step reaction can be summarised as follows:*

2FeS, = 2FeS + S, 2-1)

2FeS = 2Fe + S, (2-2)

The first reaction proceeds at a rapid rate while the final reaction requires
considerable time.

Under oxidising conditions, the reactions are found to be much more complex. Pyrites
may be converted directly to sulphur dioxide and either ferrous or ferric oxide.
The overall reaction has been represented as follows:*

11 1
FeS, + —-0, = Fe,0; + 250, (2-3)

In excess air the reaction can also proceed as follows:

FeS, + -;-02 - %1%:2(504)3 + %so2 (2-4)

The melting behaviour of the residue formed on heating iron pyrite mineral shows
a complicated pattern. Some researchers”® have published phase diagrams of the
FeO-FeS system, with a minimum liquidus temperature appearing at 940°C. This
has been supported by another study”’ which has claimed a minimum liquidus
temperature of 948°C. In a study of the phase diagram for the Fe-S system, as shown

in Figure 2-6%, it appears that no liquid would form below 988°C. Hence,
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depending on the origins from which pyrrhotite is produced, the initial melting
temperature of the product can be significantly different.

Under reducing conditions it has been shown*’ that pyrite can form melts at
temperatures as low as 600°C.

Studies® of iron pyrite particles allowed to fall freely through an oxidising atmosphere
in a laboratory furnace have exhibited the formation of a low melting phase, FeS, at
1027°C which had acquired a rounded shape. Furthermore iron oxide particles found
in boilers as fly ash or deposits are spherical in shape, with a black colour® this is
taken as a proof that a liquid phase exists before oxidation of FeS to FeO:*

3

FeS + 502 = FeO(SOM) + SO2 (2_5)

(molten)

In a stoker system, as the coal bed is ignited, various minerals previously bound
up within the coal matrix are released. The coal ash thus formed exists in two
forms; namely "clinker" and "fly ash".

Clinker is the ash which is mostly derived from the larger coal particles that as a result
of high flame temperatures on the coal bed have formed extended liquid
phases and consequently agglomerated.*® The clinker remains on the grate and is
dumped into ash pits at the other end of the grate’s traverse. The clinker comprises
between 40 to 60 mass% of the total ash content of the coal.?® Depending on the mode
of operation and the ease of combustion on the grate, carbon contents as high as 40
mass% have been found associated with the clinker.’

Fly ash is a heterogeneous mixture of inorganic mineral matter and unburned
combustibles®® which is lifted from the surface of the coal bed by air or gas

entrainment, possibly burning and modifying in suspension as it travels upwards
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inside the boiler environment, with the particle temperature continuously decreasing.

Fly ash can existina solid or liquid state before it is deposited on heating surfaces.

In stoker firing, fly ash is derived mainly from mixed minerals; only a few particles

are pure shale or iron residues and the rest are mixtures in all proportions.”? Mixing

of the minerals can take place in at least three ways:*

(1) During burning of relatively large particles of coal containing a variety of inorganic
minerals when these are released and lifted above the bed.

(2) If the coal forms swelling coke (i.e. becomes plastic at a temperature below the
ignition point), minerals mix while it is plasﬁc.

(3) For a non-caking coal the minerals are mixed to some extent as a result of sintering

and slagging during the pyrolysis and burning period of the coal on the grate.

The national average ash content for coals utilised by British power stations is
estimated?® at 16 mass%. The fly ash comprising about 50%% of the total ash content
for a stoker system and 10% for a typical chain grate stoker’? suggests a comparatively

limited amount of ash available within the boiler atmosphere to form deposits.

2.3 CHARACTERISATION AND FUSIBILITY OF COAL ASH WITH RESPECT
TO ITS CHEMICAL PROPERTIES

2.3.1 Introduction

Characterisation of coal ash in terms of its fusibility was originally introduced as a
means of providing guidance on the prediction of clinkering in coal fired stoker
furnaces.”

In spite of the fact that stoker firing has strongly declined and formation of clinker is
no longer as important a problem as it once was, ash fusibility measurements are still

widely used in their original form as a means of predicting the behaviour of coal

-PAGE 23 -



ash in combustion systems, in relation to their slagging propensity on heat receiving
boiler surfaces.

The fusibility test is based on observing the temperature at which successive
characteristic stages of fusion occur in a finely ground specimen of ash when heated
in a laboratory furnace under specified conditions of atmosphere and rate of

temperature rise.*

Although many studies'®*** have regarded standard ash fusibility measurements
as a relatively good indicator of the softéning and melting behaviour of coal ash in
combustion systems, others have shown®*® major shortcomings. Never the less, as
a relatively quick, easy, reliable and reproducible method, ash fusibility' measurements

are still widely used.

2.3.2 The Effect of Chemical Composition on Ash Fusibility

Coal ash, unlike a pure compound, does not exhibit a sharp melting point but
rather softens over a temperature range as the temperature is increased. This
temperature range corresponds to the plastic state and depends on the composition
of the ash and gaseous environment.

The chemical composition of coal ash is usually described in terms of oxides of
eight major elements. Téble 2-6°! summarises these in addition to two other elements,
(i.e. barium and strontium) as elements of major abundance and others as elements of /
minor abundance in coal. These oxides have been defined as "acidic" or "basic".5%
The oxides of Al, Siand Ti are regarded as "acidic oxides", the oxides- of Fe, Ca,
Mg, K and Na are regarded as "basic oxides". The acidic oxides comprise the
refractory part of the ash, helping to retard ash-melting, whereas the basic oxides acting

as fluxes promote softening and melting of the ash.
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Table 2-6: Major and minor abundance impurity elements in coal !

Elemsnts of Major Abundancas giements of Mingr ABundancas
(Tess than 200 acom)

(200 =3 17.700 ocm)

Element pomr in Caal Slemers se= in Czal
SiTicza, §i 17,708 Carcmium, C» 103
Aluninum, AT 11,300 Zircsnium, Ir g4
Iren, Fe 3,630 Capper, Cu 58
Calcium, Ca 2,060 Boran, 8 13
Potassium, X 1,370 Manganesa, Mn 33
Magrasium, 4g 1,320 Rupidium, Rb 3
Titanium, 77 738 Lithium, LI 1
Sadium, Na 546 Zine, In 28
Barfum, 33 285 Nickal, Ni 20
Strontium, Se 7 Nictoium, Nb 10

: Carium, Ca 13
Tin, Sa 1s
Necdymium, Nd 14
Vanadium, ¥ i3
Cabalt, Ca 2
Lanthanum, L2 1z
Laad, PB 1
Scandium, Sc 7.2
Arsanic, As 4.3
Gallium, Ga 3.3
Malyodenus, Mo 2
Prasacdymium; Pr 2.3
Casium, Cs 2.3
‘Thorium, Th 2.2
Beryilium, 3e 1.3
Antimeny, SB < 0.83
Uraniuz, U < Q.58
Cadmium, Cd .48 -~
Germanium, Ge g.38
Mercury, Hg < 0.33
Tungstanm, ¥ . < 0.33

Major-abundanca elements are 98.7 weight percaat of these 41 eTements.
Minor-abundance elements are the remaining 1.3 percent.

Normetal eTements have appreciable ppm TenTs, e q., anrag& values of
4388 (s), 229 (C1), 116 (P), 1S (F), and 0.34 (Se).
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In terms of the ash melting retardation, the most desirable constituent of ash
is considered® to be Al,O, and the most undesirable constituents to be Fe,0;, CaO and
K;0. Another factor which affects the softening temperatures of the ash is the
atmosphere. Reducing atmosphere provides a more dependable basis for standardisation
of ash fusion temperature measurements. However it is generally oxidising conditions
which are prevalent in local areas or other parts of the furnace and may alter the
behaviour of the ash independently of actual change in temperature.’? This effect is

significant in the fouling of heating surfaces as will be discussed in later sections.

2.3.2 (a) oxidising conditions

Behaviour of Alumina (AL,0,)

Alumina is the most refractory component of the ash and is therefore expected to
increase the softening temperature of the coal ash. In a comprehensive study®
of the fusion characteristics of a range of coal ashes, it is shown that for four
different coal ash mixtures the softening temperature of the ashes increased on
average between 9 to 17°C for every 1.0 mass% of alumina added to the coal ashes.
It has further been suggested®®® that mineralogically it is mostly due to the alumina
in kaolin minerals such as kaolinite, rather than alumina in the shales such as
Illite, Muscovite or other minerals in this group, that coal ashes rich in alumina

retain their refractoriness up to relatively high temperatures.

Behaviour of Silica (Si0,)

Silica is the major constituent of coal ash and is also regarded as a refractory
oxide. However it can act as a flux for the more refractory alumina. Additions of
silica in the various proportions to three different ash mixtures with original silica

contents varying between 49 to 59 mass% showed® only a slight decrease in
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softening temperatures with increasing silica content. Addition of silica was believed
to produce two opposing effects:

(i) An increase in the silica/alumina ratio in the ash which would be expected to
reduce the softening temperature.

(ii) Lowering of the content of other fluxes present in the coal ash, thereby increasing
the softening temperature.

Hence, the net lowering in softening temperature is a compromise between these

two opposite effects.

In the results published by another study®, additions of up to 20 mass% of silica
as quartz showed a marked decrease in the softening temperature of the ash from the
washed and then ground large particles of coal. However, no significant effect was
observed on the softening behaviour of the ash collected from the fines in the coal
sample. The large coal particles were found to be richer in the basic oxides than the
fines. It was concluded that should an acidic oxide like silica be introduced into
a coal, having predominantly basic minerals, on burning of the coal they would
react together leading to formation of eutectic mixtures of low melting point,

thereby lowering the softening temperature range.

Behaviour of Iron Oxide (Fe,0;)

As an amphoteric transition metal oxide, iron can exist in various oxidation states;
FeO, Fe,0;, Fe;0, or even pure Fe, depending on the availablity of oxygen as well
as mixing of air with the burning coal.

In an oxidising atmosphere, iron is present mostly as Fe,0; within the coal ash. This
causes the softening temperatures of the coal ash to be higher than in the presence

of a mildly reducing atmosphere where iron may be present as FeQ.*
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Coal ashes and deposits from coal fired units most often are shown$2%% to
contain compounds of about 80% basic FeO plus 20% acidic Fe,O; compounds.
Hence, iron oxide is invariably classified with the bases, even though they are usually
listed as Fe,O; in the chemical analysis of coal ashes.

The fluxing effect of Fe,O; in lowering the softening temperature of ash has
been shown®" to be dependent on the original softening temperature and the Fe,O,
content of the ash. This has been estimated at 15-16°C per 1.0 mass% Fe,0;
at Fe,0; contents less than 15 mass%. Beyond this point, the fluxing effect
becomes negligible and sometimes even results in the rise of softening temperature
with further increase of Fe,O; content. Similar results have been documented®® whereby
the fluxing effect of the Fe,O, content for a series of ash samples increased up to 20
mass% of Fe,0,. However, in the range of 20 to 40 mass% Fe,O; progressively
increased the melting temperature. In another study®, removal of the magnetic iron
fraction from fly ash reduced both the softening and melting temperatures by 10
to 15°C. It has also been shown® that large particles of iron oxide formed on
dissociation of carbonates and oxidised pyrite species in the superheater flue gas

are comparatively inert in an oxidising atmosphere.

Behaviour of Alkali Earth Oxides (CaO, MgO)

The effect of CaO and MgO on softening temperature of a series of coal ash samples
of varying composition has been investigated.® It was shown® that the fluxing
effect of CaO decreases with increase in CaO content, up to 45 mass% for any
particular ash considered. The extent of the fluxing effect of CaO has been
divided into three ranges according to the amount of lime added:

(1) For increase in CaO content between 0 to 13 mass%, the softening temperature

was lowered by 18 to 25°C per mass% of CaO in the ashes.
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(2) For increase in CaO content between 13 to 30 mass%, the fluxing effect of CaO
is very small, about 4 to 5°C per mass% of CaO. Sometimes the fluxing effect
is even negative at the lower end of the range but increases as the CaO content
approaches 30 mass%.

(3) For increases in CaO content between 30 to 45 mass%, the softening temperature
rises progressively.

However in consideration of the above observations, it should be added that the

changes in the softening temperature of the coal ash mixtures as CaO is added, is

also due to the reduction in the proportion of other oxides in the ash, such as MgO,

Na,0, K,0 and Fe,0, or FeO, which possess considerable fluxing affect.

In a study of fusion behaviour of selected ash components™, a contrasting effect of
CaO content on ash softening and melting temperatures of two low temperature
ashes was investigated. It was observed that for a coal ash with an original CaO
content of 34.10 mass%, the first liquid phase was observed at 1240°C and the sample
was fully liquid by 1400°C. In contrast, a coal ash with a much lower original CaO
content of 13.60 mass% did not exhibit an observable liquid phase formation and
formed a fully liquid melt ata lower temperature of 1310°C. These observations
exemplify the complex softening behaviour of coal ash which can not be predicted from
its chemical composition.

Magnesium oxide is normally present in coal ash in smaller quantities than CaO. As
an individual entity, it is highly refractory with a melting point of 2800°C. The
changes observed® on softening temperature of two coal ash samples showed the
fluxing effect of MgO additions to be similar to a limited extent to that of CaO

at the lower ranges. The fluxing effect was shown to be restricted to an MgO content
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of 4 mass%, with no further lowering in the softening temperatures of the two ash
samples beyond that.

Additions of MgOto a selected range of coal ash samples rich in iron oxide
is reported® to have rendered the ash more refractory by forming the high

melting compound of magnesium ferrite.

Behaviour of Alkali Oxides (K,0, Na,0)

The fluxing action 'of alkali oxide additions has been investigated® for two coal
ashes. The lowering of the softening temperature per mass% of alkali oxide additions
was between 24 to 26°C which is more pronounced than with CaO or MgO.

The effectiveness of alkali oxides as fluxes is particularly dependent on their
occurrence as "active alkalies" such as simple inorganic salts (e.g. NaCl, KCI) or
as "inactive alkalies", bonded to organo-metallic molecules, such as those in clays
and shale minerals.%® Whereas the effective fluxing action of the latter group of
alkalies is restrained and defined by the alumino-silicate matrix boundaries of coal
ash minerals, the former group can undergo various reactions to form simple or
complex silicates and sulphates which are influencial in depressing ash softening
temperatures to varying degrees.

It has been shown®® by analysis of coal ash quenched from temperatures less than
1200°C, that the most important fluxing oxide is K,O. Above 1200°C, CaO and to a

lesser extent Fe,0, also become important fluxing agents.

2.3.2 (b) reducing conditions

This condition can exist within restricted regions of the lower furnace atmosphere, due
to wide variations in oxygen concentration, from undiluted air to fuel rich regions,

depending on the degree of mixing and the local rate of combustion. Even with ideal
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mixing in the flame, strongly reducing conditions with O, mole fraction < 10
are thought” to exist within the burning char due to the limiting rate of diffusion of

oxygen in the pore system.

Behaviour of Silica (Si0,) and Alumina (Al,0,)

In the majority of coals, silica is present as quartz or is derived from the decomposition
of clay minerals. However during combustion, silica may inferact ‘with other
components of the ash, e.g. CaO, FeO and alkalies in the furnace gases to form
low viscosity oxides. In addition, under reducing conditions, silica in close
association with the char may undergo carbothermal reduction*’®” to its more
volatile suboxide, SiO. This is a gaseous product and is only thermodynamically
stable above 1870 °C. On cooling, SiO dissociates to SiO, and Si, the Si subsequently

reoxidising to SiO,:"

§i0, + C = SiO, + CO (2-6)
28i0, = SiOy, + Siy @7
Si + 0, = SiO, (2-8)

The SiO, thus formed consists of particles of submicron size sometimes known as
"silica fume". The emission of silica fume has frequently been observed in stoker
boilers.”

The evidence given in support of the formation of the initial SiO sub-micron size
fume particles has been challenged by some researchers* suggesting that if silicon is
vaporized as the element, the monoxide or sulphides, the vapour will be

completely oxidised to silica in the combustion chamber. Silica would then condense
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immediately after formation to form a collidal suspension or aerosol.

Alumina existing almost entirely in clay and shale minerals is relatively
unreactive. However studies” of coal ash slag heated in a graphite crucible in an
argon atmosphere containing a trace amount of oxygen, showed that a substantial
amount of Al,O; was volatilised at 1900°C and subsequently condensed at about
1330°C. It is purported that volatile suboxides of aluminium were formed at high

temperatures and condensed and reoxidised on cooling:

ALO, — ALO, + -;-oz (2-9)
ALO, = ALO + O, (2-10)

Behaviour of Iron Oxide (FeO)

The softening temperature of coal ash under reducing atmosphere is lower than in
its temperature under oxidising atmosphere, as typically illustrated in Figure 2-7.%
This has been attributed®>” to the difference in the fluxing action of the different
states of oxidation of iron oxide in different atmospheres. In an oxidising
atmosphere, iron is mostly present as Fe,O; whereas in a mildly reducing atmosphere,
it is present as FeO and in a strongly reducing atmosphere it is completely reduced

to metallic iron.

Figure 2-8° illustrates the effect of total iron content on ash fusion temperatures of
coal ash under oxidising and reducing conditions.

A laboratory based study of ash melting behaviour showed® that melting was
greatly accelerated under reducing conditions. The percentage of melted ash

increased rapidly between 900°C and 1100°C, with no further increases above
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1200°C. It is primarily due to the predominant occurrence of iron as FeO, rather
than Fe,0,, asthe principal fluxing oxide controlling ash melting, that reducing
conditions become pertinent to the combustion regime within the boiler environment.

The fluxing effect of iron oxide as Fe,0O, has been shown” to diminish considerably
as its amount in the coal ash, as well as that added to synthetic ash samples was
increased to 35 mass%. Further increases in the iron oxide content up to 50 mass%
had no éffect on the softening temperatures which varied between 1075 and
1155°C for the ashes considered. It was further shown in the same study that
for some ash mixtures with SiO,/Al,O, ratios greater than 1.50 and (CaO + MgO)
content greater than 10 mass%, further increases in the iron oxide content as FeO
beyond 40 mass% increased the softening temperatures. Similar studies of ash fusion
behaviour have established™ analogous results with the maximum fluxing effect of

FeO at 30 mass% with slight increase in ash fusion temperature beyond this point.

Behaviour of Calcium Oxide (CaO) and Alkalies (Na,0, K,0)

An investigation of the softening behaviour of a range of ash mixtures with CaO
contents varying from 3 to 43 mass% showed™ that the ash fusion temperature was
at its highest between 3 to 8 mass%. On further additions of CaO, the fusion
temperatures decreased, reaching a minimum at 22 mass%, beyond which the fusion
temperatures continued to increase up to 43 mass%. However, the lowering of
softening temperature by the addition of CaO to a coal ash with high Fe,O, content
has been observed™ to be very low or even insignificant in reducing conditions, when
the original CaO content of the ash is low. Similar observation were made in the same

study regarding the role of the alkalies.
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2.3.3 Flow Characteristics

An understanding of the behaviour of coal ash in the molten state and its subsequent
mode of solidification is crucial for any boiler designer and operator whatever the
mode of operation and firing involved. In stoker systems, the flow characteristics
are important with respect to the formation of clinker on the grate as well as deposition
of fly ash on boiler tube surfaces.

The flow characteristics of coal ash slags and deposits formed on boiler tube surfaces
have been correlated™’5”" to temperature-viscosity-composition measurements for a
wide range of coal ashes. The results of one study” have been published in the
form of a nomogram relating these properties, with composition expressed in terms

of the "silica ratio" defined by the expression:

mass% SiO, 2-11)
mass% [(SiO, + Equivalent Fe,0, + CaO + MgO)]

Silica ratio -

where;

Equivalent Fe,0, - Fe,0, + 1.11 FeO + 1.43 Fe (2-12)
2U3 2Us

The silica ratio of an ash was considered to be a good guide to assessing its behaviour

in the plant.

In the most comprehensive studies”’® covering most of the British coals likely to be
used in practice, correlations have been made between the temperature,
viscosity and composition of a range of slags derived from blending ashes from actual

British coals. The viscosities of coal ash slags were generally correlated under two

conditions:
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(@) For fully liquid slags a logarithmic equation was derived,” giving satisfactory

accuracy for the viscosity values:

7
Log, n - 1_0*_"2' +c (2-13)
(t-150)

where;
n = Viscosity (poises)
m = 0.00835mass% SiO, + 0.00601mass% ALO, - 0.109 (2-14)
c = 0.0415mass% SiO, + 0.0192mass% AlL,O; + 0.0276Equivalent
mass% Fe,0, + 0.1060mass% CaO + 3.92 (2-15)
t = Temperature (°C)

(b) For devitrified slags,the temperature of critical viscosity (T,,), which is the

temperature at which, on cooling, crystallisation of the slag is first likely to interfere

with its flow properties, is expressed’® as follows:

T. = 2990 - 1470(4) + 360(4%) - 14.7(B) + 0.15(B? (2-16)

(44

where;

% SiO
ms% SI0) B masst [Fe,0, + Ca0 + MgO]

T isin°C, A-~- s
g mass% Al,O,

This expression was shown to be best suited to ashes with:

A <20, basedon Y. (SiO, + ALO, + Fe,0; + CaO + MgO) - 100.
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The importance of T, is that it greatly influences the thickness of coal fly ash
depositing on boiler tube surfaces where there is a temperature gradient through
the overlaying deposit layers. The outermost layer of deposit, being fluid, flows
under gravitational forces, but the innermost layer behaving as a solid, is unaffected
by gravity. Hence, the temperature at which this transition occurs between liquid
and solid, as well as the viscosity of the liquid phase is important in establishing
just how thick the deposit layer will be.”

Figure 2-9” illustrates the four distinct ways in which coal fly ash deposits can
act during cooling generated as the result of temperature gradients within the
maturing deposits. Curve 1 is that for a deposit consisting of pure glass, cooling
uniformly without formation of any solid phases as precipitates within the coal ash melt.
Curve 2 represents deposits approaching a glass in behaviour, cooling to a low
temperature before separation of solids causes the development of plastic flow of
coal ash melt, with T, being very low. Curve 3 represents coal ash slags which
have a long cooling range but which begin to slowly separate solids at a
relatively high temperature and freeze to a complete solid at a much lower temperature.
T,, is usually high in this case. Curve 4 represents slag deposits having a short
freezing range, separation of solids being very rapid with the possiblity that T,, may
be high or low.

In terms of the individual effect of various components of the coal fly ash on the
silicate slag deposits, it has been shown”® that alumina reduces the viscosity of
highly siliceous slags, but in highly alkaline melts, it acts to increase the viscosity.
Additions of alkali or alkali earth oxides usually decreases the viscosity of alumino-
silicate melts. However, the effect of potassium oxide can be an exception to this rule

due to its "inactive" status in alumino-silicate shale minerals. Iron being present
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as ferric iron under oxidising conditions, increases the viscosity by behaving as
a silicate network extender in a manner similar to that of alumina. The slag viscosity
will also increase as a result of crystallisation of iron-alumina spinels and iron
containing silicates. In a strongly reducing atmosphere at high temperatures iron oxide
is reduced and separates out as liquid metal. As a ferrous oxide, it reduces the
viscosity.

The measurement of viscosity is time consuming, arduous and requires
specialised equipment not commonly available. Efforts have thus been made to
correlate the viscosity of coal ash with parameters such as "silica ratio”, "ferric

percentage”, "base to acid ratio" and "dolomite percentage".®!2

2.4 THE FORMATION OF FLY ASH DEPOSITS IN BOILER SYSTEMS
2.4.1 Introduction

Generally, formation, growth and consolidation of a deposit is a long term process
possibly proceeding over periods of thousands of hours in a boiler. The study of
deposition phenomenon is complicated by the physical and chemical reactions

and changes of the depositing fly ash particles as well as those within the maturing

deposit.

The two distinct types of deposits, namely slégging and fouling, have already been
defined in section 2.1.4. However these types have further been divided into
high and low temperature deposits according to the region within the boiler unit that
they are formed as schematically illustrated in Figure 2-10.® The approximate

temperature ranges for the various deposition zones are presented in Figure 2-11.%
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2.4.2 Factors Influencing Deposition
2.4.2 (a) The Effect of Ash Chemistry on Deposition

The influence of ash chemistry on deposition has been investigated by many
workers. However, as yet no comprehensive study of all the chemicals present in the
ash and their interactive effect on the build up of deposits has been made.

In an investigation of the sintering behaviour of ash from Australian brown coals,
the effect of five oxides which appeared to influence the rate of deposition of the coal
ash was considered” with respect to the amount of deposit formed. It was shown that
of the five oxides, silica, iron oxide and sodium oxide were consistently significant,
magnesium oxide was partially significant and calcium oxide was of varying
significance. On the basis of statistical examination of data from many tests determining
the fouling rates, the mass of the deposit formed was related to the mass composition

of the ash in the coal, as follows:

Mass of deposit = 0.030 (%Si0,) + 0.092 (%Fe,0,) + 0.061 (%Ca0)

+ 0264 (%MgO) + 0.423 (%Na,0) - 10.6 2-17)

Good agreement was found between the mass of the deposit collected and the

mass predicted from the above equation.”’

Silica - The role of silica in deposit formation is complex. As quartz, it remains
essentially unaltered if heated in isolation. However, within the boiler atmosphere
it may interact with other components of the ash, such as CaO and FeO or Fe,0;
and alkalies in the furnace gases, to form low viscosity silicates. Clay minerals may

be involved in similar reactions.?
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The rates of deposition for three bituminous coals with varying ash composition
showed® that the coal ashes with higher SiO, contents(at 51.2 and 46.7 mass%) and
relatively lower Fe,O; + CaO ( 12.8 and 13.4 mass%) were deposited at less than
one third of the rate of the coal ash with SiO, content of 40.1 mass% and Fe,0;+Ca0O
content of 21.3 mass%. This illustrates the significance of the role of the potentially
strong fluxing components of the coal ash over the SiO, content of the ash in

determining the deposition rate.

The silicate ash particles comprising the bulk of the deposits are by and large
of a spherodised shape which is acquired through transformation of irregularly shaped
particles passing through the boiler.* These particles whether present in larger
quantities as cenospheres, plerospheres (i.e large hollow spheres containing lots of
smaller spheres) or just dense, solid spheres, or in much smaller quantities as
dermaspheres and ferrospheres (i.e small, solid spheres containing large amounts of
iron oxide as fine particles) will be the major "collectors” of various other mineral
constituents of fly ash such as sulphates of sodium, potassium or calcium or
pyrite particles which either diffuse through or reside and blend into the siliceous

matrix to form the deposit agglomerate.®

In Germany, studies® of the initiation of deposits from bituminous coals in stoker
fired boilers provided evidence of reaction between SiO, and iron sulphides to
form iron oxide and silicon sulphide (SiS,) which was subsequently oxidised in the
deposit to SiO,, hence acting as the carrier of iron oxide to boiler tube surfaces.

Examination of slags formed in large industrial boilers burning Victorian brown
coals from Australia revealed® that slags were formed only when silica in the form

of sand or clay as part of the coal was introduced into the boiler units.
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Alkali - alumino - silicates with inclusions of other oxides such as ferrous oxides
were considered®’ to be the major reason for slag at the walls of the radiative section
and glassy bridges between particles in the superheater and reheater regions of the

highest temperature zones of the combustion chamber of a pulverised coal fired boiler.

Iron Oxides and Iron Pyrites - The effect of iron oxide on the expansion of molten

ash droplets has been studied and it has been shown® that at least 5 mass% iron
oxide should be contained in the ash if any significant quantities of cenospheres are
to be produced in the flame zone of the boiler unit. The occurrence of hollow ash
spheres, commonly known as "cenospheres", has been shown* to increase sharply
with the iron oxide content of the molten fly ash, reaching its maximum when the iron
oxide content of the ash comprised 9% of the total mass of the ash. This increase is
thought to be due to volatilisation of iron in the form of metal vapour or via
formation of volatile iron carbide within the fly ash particles.** After deposition of
carbide fly ash particles on the surface of boiler tubes and the gradual formation of
deposit accretion, the iron carbide within the ash reacts with the SiO, to

release carbon monoxide:*"?

2Fe,C + SiO, = Fe,Si + 3Fe + 2CO (2-18)

This catalytic effect of iron has further been observed® through evolution of
residual gases such as carbon dioxide and nitrogen with traces of oxygen and
carbon monoxide, when iron was added to silicate melts in the form of oxide or
metal powder. However, ashes with higher than 20 mass% Fe,O; have been found®

to produce insignificant quantities of cenospheres. This is probably because the

- PAGE 43 -



iron-rich ashes have a low viscosity and the gas evolution is too rapid for the
formation of stable cenospheres.

Such considerations are particularly justified in the case of stoker systems where
relatively large quantities of unburned carbon are associated with the fly ash.

The results from operational units have indicated®®®! that iron oxides, FeO and/or
Fe, O, vacting as fluxes to form low-melting glasses can also be an important factor in
slagging of the heat exchanger surfaces. An approximate solubility limit of FeO in

silicate ashes of different compositions has been expressed in the form of the following

equation:”
FeO,, - 12(Si0,-ALO;) - 0.6(CaO+MgO+Na,0+K,0+Ti0;)  (2-19)

where;
FeOg,. is the mass% solubility limit of iron oxide in slag.

(M,0,) is the mass% of the major oxides in the ash (e.g. SiO,, K,0).

Table 2-7*2 gives the calculated solubility limits of FeO in bituminous coal ashes of
differing composition. The difference between the FeO solubility limit, and the amount
of iron oxide presentin an ash as FeO, has been considered®” asa measure of the
strength of the ash for developing an adhesive bond with the heat exchanging
metal surfaces.

Furthermore, the catalytic effect of Fe,O; on the conversion of SO, to SO; can
influence the reactions of alkaline constituents in the ash. Iron oxide has been found
in deposits in the form of iron alkali trisulphates. These are believed™* to have
formed from the reaction between iron oxide and alkali sulphates presentin the

ash, thereby producing sticky ash particles which would further promote the corrosion
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of the boiler tube surfaces. Figure 2-12*° summarises the probable sequence of
reactions involved in the formation of injurious iron-alkali-sulphate complexes in
fouling deposits which leads to external corrosion of the tube surfaces by the
trisulphate route below 650°C and by pyro-sulphates below 480°C, within the

convective zones of a boiler unit.

In a non-oxidising atmosphere, molten residues of pyrites appeared to be the only
coal mineral impurities that have an observable tendency for particle-to-particle
bridging.” This is helped by the low viscosity, probably below 10 N.s.m? of the
pyrite residue. According to the Frenkel equation’, this would give the time
required for the formation of a degree of partial bonding at less than 1 ms. The
low melting point liquids derived from pyrite minerals in the coal ash have been
suggested®>*®® as being instrumental in forming the first layer of deposit on boiler tube
surfaces through either the formation of a eutectic of FeS and ferrous orthosilicate
(Fe,Si0,) or by accelerated slagging through formation of a low melting temperature
ferrous meta-silicate (FeSiO;) compound.*®

The selective role of iron pyrites as an independent species of the ash in the
promotion of slagging, by forming the initial layer of deposit, has been
suggested by many workers®4"%% based on observations of deposits formed on
probes and heat exchanger tubes from furnace and convection zones near the
furnace exit regions. In addition, microstructural examination of laboratory
prepared deposits has shown® that porous iron sulphide droplets deformed on impact

to give a consolidated deposit on an oxidised metal surface.
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Table 2-7: Calculated solubility limit of FeO in coal-ash slags.®

Percent by mass
FeO

m .

num- : , " Solubility Amount Differ
ber Si0, ALO, Ca0 MgO N2.0 K,0 TiQ, Timit present ence

I 507 341 17 17 0.3 1.3 12 159 6.3 9.1
2 48.6 28.0 34 19 19 3.1 1.0 1709 8.1 9.8
3 43.6 246 77 29 0.7 22 1.0 14.1 11.3 2.8
4 422 281 43 L1 0.9 17 0.3 116 15.0 -3.8
5 115 214 -9.9

372 214 8.1 1ls 0.6 1.4 0.8

4807

c, C; c,
Fe—3= FeQ =3 Fe;0, =37 =Fe,0q=sa~ Fe,0,

A
+
| \ 1/
Ns;0, NaCL_ so, - 0, N850

or

Fe2Cs
< 430°C < 850

Na,S,0, Na, Fe(SO, )
or or
K520, K; Fe(SO, I,

Figure 2-12: Reaction sequence of iron oxides and alkalies with sulphur oxides.*
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Sodium and Potassium Oxides - Sodium oxide can be considered as the principal
promoter of corrosive ash formation and deposition in combustion systems. Sodium is
mostly found in deposits as chloride (NaCl) or sulphate (Na,SO,), depending on
temperature conditions at the collecting surface™ as well as the chlorine content of the
coal. These are invariably concentrated in the first layer of deposits forming a sticky
layer adjacent to the boiler tube surface in the convective zones.”** Laboratory
based investigations have shown?>'® that the deposition of sodium on the surface of thin
silicate fly ash particles promotes the formation of sodium silicate. This would make
the fly ash particle more sticky and therefore easier to adhere to boiler tube surfaces.
Detailed examination of depositand fly ash specimen from power station boilers
has?1%L1%2 fyrther shown a similar mechanism involved in the depositing ash over the
surface of heat exchanger tubes.

In other studies®® of boiler deposits which had caused severe corrosion of
superheater tubes, a large proportion of complex sulphates of potassium-aluminium,
potassium-iron and sodium-iron were found in the inner layer of deposits. Potassium
sulphate having a higher temperature stability limit compared with that of sodium
and calcium sulphates, can be preferentially transported across the ash deposit to the
surface of cooled boiler tubes when there is a steep temperature gradient. The K,SO,
containing phase, when molten, can cause severe corrosion of tube metals.?

In the absence of silicate ash, a typical value for the mass of sulphate fume (Na,SO,
+ K,SO,) produced per unit mass of coal, for a series of coals of different volatile
alkali-metal content, formed in pulverised coal fired boilers has been given as 0.4 with
a typical value of the mean diameter of the sulphate fume particles being 0.12um.®
Low fouling deposits usually contain less than 1.0 mass% sodium,'® while ashes

with more than 3 mass% sodium content are regarded as high fouling.
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Calcium and Magnesium Oxide - The role of these oxides in the deposition of fly
ash on boiler surfaces has not received much attention. Calcium, mostly found as
sulphate, is frequently found in deposits, but it is considered'™ that the sulphate does
not take part in the initial sintering process. However, this is dependent on the
availability of calcium sulphate on the surface of fly ash particles, where it can inhibit
the cohesion of fly ash particles. Conversely, the growth of crystalline CaSO, material
inside the porous matrix of sintered ash may increase the strength of deposits. The
presence of small amounts of calcium sulphate in sodium-rich ashes may enhance the
rate of sintering, but in large concentrations it may retard the process of deposit
formation.® Calcium sulphate has also been recognised as the bonding agent in the
outer, bulky layer of deposits from Victorian brown coals.”

It has been suggested®® that the amount of calcium oxide in the ash may be influential
in the tendency for the formation of cenospheres rather than dense ash particles, with
higher calcium oxide contents favouring the latter. However, other investigations of
the possibility that cenosphere production is limited by the quantity of calcium oxide
in the ash has not established any correlation for different types of ash®.

It has been shown!® that magnesium sulphate and calcium sulphate in the presence
of alkali sulphates form low melting eutectics that might lead to serious fouling
problems. Furthermore, calcium and magnesium are known to have an inhibiting
effect on the formation of potassium and sodium iron trisulphates by formation

of the more stable compounds of K,Ca,(SO,); and K,Mg,(SO,),.'%

2.4.2 (b) The Influence of Flue Gas Composition on Deposition
The chemical composition of the flue gases in a boiler environment has been considered

an important factor in determining the extent of sintering of fly ash and the subsequent
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texture of deposits formed.'® Invariably all flue gases contain major proportions of
various chemical combinations of four elements; carbon, oxygen, hydrogen and
nitrogen. In coals with significant quantities of chlorine and sulphur compounds,
further gaseous compounds result when the coal is combusted creating a corrosive

environment with high fouling potential.

Studies have shown'®!? that areas of superheater tubes and other heat receiving
surfaces exhibiting high corrosion rates due to fouling within the combustion chamber,
existed where high CO levels were present. The sulphur content of particulate matter
was relatively higher in these areas than the areas which were depleted in CO and
richer in oxygen. |

In a study'® of factors affecting the corrosion of boiler tubes, it has been .suggested
that when oxides of sulphur, carbon monoxide and steam are dissolved as gases in the
fused slag at temperatures of approximately 1300-1700°C, their presence could
facilitate the break down of the metal anions such as SiO,* and SiO,*, into SiO, and
07, hence enhancing the stability of silicate cohesion within the slag.

An investigation of the composition and origin of gas in ash cenospheres has shown®
that CO, and N, were the main constituents of gas locked in the ash spheres with CO,

being produced via dissociation of carbonates and combustion of carbonaceous matter.

2.4.2 (c) The Effect of Flue Gas Temperature on Deposition

The effect of temperature on the mineral matter as well as the flow properties of
the coal ash, has already been discussed in sections 2.2.2 and 2.3.3 respectively.
Of all the factors influencing depositon, temperature and composition of the coal ash
are probably the most significant. The effect of increasing gas temperature has been

found'® to be very pronounced, indicated by a three-fold increase in the deposition
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rate over the temperature range of 980°C to 1150°C.

A theoretical study of the effect of flame temperature on the surface temperature
and thickness of deposits has been carried out.”"!® It was calculated that with a
flame temperature of 1500°C, even an initial deposit of 0.5 mm would be enough to
raise the surface temperature by 450°C whereas Awith a flame temperature of
1200°C, the same increase in surface temperature would not be achieved until a deposit
layer of 1.2 mm was formed on the boiler tube. Similar observations on the degree
of sintering and fusion of various coal ashes as a function of flue gas temperature have
also been made.!"

The importance of flue gas temperatures below 1000°C on the balance between the
rate of deposition of fly ash and sodium sulphate in the ash and also the effect on the
physical nature of deposits has also been investigated.!" It was shown that at flue gas

temperatures greater than 900°C, formation of hard deposits was increased. These

observations have been confirmed by other workers.!*?

2.4.2 (d) The Effect of Boiler Design on Ash Depoéition

Ash deposition in various boiler zones is an important factor to be considered in
boiler design and operation. As explained earlier, the occurence and severity of ash
deposition depends largely on the coal ash composition and amount of coal ash, but
can be strongly influenced by the method of firing, design of equipment, and the

operating conditions.®? Some of the design considerations are shown in Table 2-8.

In practice, the design parameters and operating conditions are determined by
the characteristics of the ash. For example if ash does not tend to form troublesome
deposits, the furnace wall surface will require few, if any, sootblowers for cleaning.

The boiler can be designed with deep banks of closely spaced superheater or reheater
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Fuel characteristics

1. Properties of coal substances
a. Physical, including density,
hardness, specific heat, thermal
expansion and thermal conductivity

2.

Properties of coal ash

Determined by the concentration
and type of minerals in the coal
containing the following elements:

b. Chemical-behaviour during heating a. Alkalies e. Calcium-Magnesium
i.e. carbonization, gasification b. Sulphur f. Iron
and combustion c. Chlorine g. Silica
d. Phosphorus h. Alumina
Technological properties Technical properties
1. Proximate analysis 1. Fusion temperature
2. Ultimate analysis 2. Viscosity of slag
3. Free-swelling index 3. Surface tension of slag
4. Differential thermal analysis 4. Volatility of constituents in slag
5. Thermogravimetric analysis 5. Sintering temperature and strength
6. Effluent gas analysis of ash
7. Grindability
8. Calorific value
9. Sieve analysis
10. Ignitability
11. Abrasiveness

1. Firing method

a.

b.
c.

2. Furnace design 5. Properties of flue gases
a. rating a. Temperature
b. Wall construction b. Flow patterns

c.
d.

3. Tube bank design 6.
a.

o R0 o

. Spacing, side and back
. Depth of bank

. Alignment

. Freedom of tube

Boiler design and operation

Slag tap, PC a. Excess air
and cyclone b. Air temperature
Dry ash, PC c. Load cycle

Fuel bed, chain-grate
and spreader stoker

Type, number and c. Composition
arrangement of burners

Exit-gas temperature

a. Dust loading
b. Size consist
c. Composition
d. Microstructure

Horizontal or vertical
tubes

movement

4. Combustion conditions

d. Residence time

Properties of entrained ash

Sootblower
design and operation

1. Blowing medium
a. Air or steam
b. Pressure
c. Temperture

2. Type of sootblower
a. Short retractable
b. Long retractable
c. Fixed position rotating
d. Travelling frame

3. Location and spacing
of sootblowers

4. Sootblower nozzles
a. Type, size, number
b. Angle of attack
5. Lance-tube attack
a. Rotational
b. Axial

6. Frequency of operation
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tubes located in high - gas - temperature zones. Relatively few sootblowers will be
required and these can be operated at high speed, with small nozzles and low pressures.
On the other hand, if the ash produces hard, massive deposits, the superheater and
reheater tube banks must be designed to permit ease of deposit removal. For
instance, lateral tube spacing is increased, tube bank depth is decreased and the banks
are located in cooler gas temperature zones. Additipnal sootblowers, operating at

maximum capability, may be required.*

Further design considerations such as furnace dimension, burner location, heat input
and width and arrangement of convective tube banks, with respect to the slagging

of lower and upper furnace regions, have been adequately discussed elsewhere.'!>!"

2.4.2 (e) The Effect of Boiler Operation on Ash Deposition

Boiler operating conditions can significantly effect deposition. Some of the
operating factors that have been studied®* are:

- Excess air requirements

- Firing method

- Gas/tube temperature

- Selection and blending of coal

- Humidification of combustion air

- Mixing of flue gases with combustion air

- Compound firing of pulverized coal over stoker fuel beds

- Operating within loading capacity

- Cleaning of the heat receiving boiler tube surfaces at regular intervals either by

using additives or by soot blowing of these surfaces.
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2.4.3 The Mechanism of Ash Deposition

2.4.3 (a) Formation and Accumulation of Coal Ash on Boiler Tube surfaces

Three types of ash species have been identified'® in the flue gas stream in boiler units:

(1) The relatively physically unaltered extraneous inorganic matter such as quartz,
kaolinite and iron pyrites which undergo further oxidation.

(2) The coalesced or agglomerated ash particles formed largely from the less volatile
inherent inorganic ash made up of calcium, magnesium, aluminium and iron
compounds. Small extraneous silica particles may serve as condensation nuclei for
these agglomerates.

(3) Sodium, potassium and sulphur compounds derived from organically bound

volatile constituents of ash.

Similar categorisation of the particulate matter in fly ash has been made in other
studies.'”® It has been proposed that the formation of particulate matter takes place in
three different ways:

(i) By transportation of solid particles of inorganic ash with the flue gas up through
the boiler unit.

(i) By volatilisation of portions of the ash and their subsequent transportation with the
flue gas. The volatilised particulate matter thus formed is the product of
condensation of vaporised inorganic constituents, such as SiO. On reaching the
lower temperature zones of the boiler unit, some degree of reaction can occur
between these particles. The products of these condensation processes generally
form very small fly ash particles.

(iii) By reaction of metal oxides such as Na,0 and K,O in the ash with condensed

sulphuric acid in the lower temperature zones of the boiler unit.
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Figure 2-13'° gives a simplified view of the evolution of the inorganic ash
components of fly ash during coal particle combustion.
Ina comp;ehensive study by CEGB workers,'" of the inhomogeneity of a wide range
of bituminous coals heated in air, it was observed that the coal particles consistently
formed ash particulates of four main types. These were described as:
(a). "solid" particles, retaining the original irregular shape of the particles of coal;
(b). thin-walled, hoﬁow cenospheres (balloon type);
(c). "lacey" cenospheres with intricate internal partitions;

(d). thick-walled cenospheres.

The ash derivéd from the inherent and extraneous mineral matter within the burning
char substance are released as particles of varying size and composition, as the coal
is burnt in the furnace region of a mechanical stoker or pulverised fuel burner
within a boiler unit. In mechanical stokers the majority of particles are from 1 to
150 pm in size with some solid particles up to 300 ym and a few hollow particles
even larger. In pulverised fuel units, there are very few particles outside the range of
1 to 120 um.*

Studies relating the morphology of the evolved ash particles to their size ranges
have demonstrated'®® that whereas the relative abundance of amorphous, vesicular and
cenospherical ash particles decreased with decreasing ash particle size, the abundance
of solid, non-opaque spherical ash particles increased with decreasing particle size.
Variations in the structure and morphology of ash matter havé been observed
and catalogued!® with the proportion of various ash particle types depending on the
origin of the coal. These studies have described the heterogeneity and structural

complexity of coal fly ashin great detail. In other studies'*""! spherical particles of
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various shapes, sizes, mass and colour were found to be the most dominant structures
in sampled deposits from boilers. Other studies®***!?° have exclusively dealt with

the formation of solid ash spheres and cenospheres.

Accumulation of fly ash particles on boiler surfaces involves at least four

physical processes: 912!
(1). Inertial impaction - This is the dominant mechanism in transporting flue gas
particles with a threshold size of about 5 um in diameter to boiler tubes. At
typical flue gas velocities between 10 to 25 m.s? in pulverised and other conventional
coal fired boilers, the particles above about 10 xm in diameter have kinetic energy in
excess of what can be dissipated at impaction on clean tube surfaces, resulting in their
re-entrainment in the flue gas.®
(2). Brownian motion (particle diffusion)-This mechanism may account for deposition
of some fume particles below 0.1 um in diameter. It has been suggested'? that
sulphate particles in the boundary layer of flue gas surrounding a cooled target as
well as a small mass fraction of silicate ash in the form of fume can be deposited
via this mechanism.
(3). Molecular (vapour) diffusion - Flame volatilised species chiefly Na,SO,, K,SO,,
are deposited on cooler boiler tubes as condensable salts. This could account for over
50 mass% of the total of these sulphates,* the remainder being carried onto the
surface of the tubes by the silicate fume particles. This is believed to be a more
significant transport mechanism than particle diffusion.
(4). Thermophoresic (eddy) and electrophoresic diffusion - These mechanisms are
likely to have a marked influence in cooled boiler tubes. Thermophoresis is the

particle movement resulting from a heat flux'?'. This is particularly relevantin the
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initial stages of deposit formation, when the surface temperature of a clean boiler
tube is around 430°C and that of the flame exceeds 1430°C*.

As all heat transfer and combustion systems contain areas of high thermal gradients,
this form of particle deposition is very significant. Conversely, if the combustion
gases are being heated, deposition due to thermophoretic effects will be negligible.
Electrophoresic diffusion is responsible for the preferential deposition of ash
particles of comparatively high conductivity. The electrostatic charge is acquired by
the moving particles in the flue gas as a result of flame ionization or the frictional
forces on particle collision. The silicate ash surface, enriched by alkalies and iron

oxide particles are partly deposited via this mechanism.*

An overall schematic representation of the formation and deposition of coal fly
ash particles through various physical processes, as discussed previously, is
depicted in Figure 2-13.116

It is believed that as the size of ash particles increase, the process of accumulation
changes from (4) to (1) above. However, the combined effects of deposition
mechanisms (1)-(4) are most conducive to the deposition of 0.1 to 10 um fly ash

particles on boiler tubes.

In the initial stages of deposition the formation of an adhesive bond involves two
stages; wetting and then bonding. Wetting involves the viscous flow processes required
to bring the possible liquid phases of the ash in contact with the solid surface.!” The
rate of wetting is determined by the interfacial energy of both the liquid and solid,
the viscosity of the liquid, and the roughness of the solid surface. Bonding may involve
either the formation of a chemical, physical or electrostatic bonds at the interface.** The

area of contact required between a depositing fly ash particle and a tube to prevent
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detachment of the particle under the influence of gravity, its tendency to rebound on
impaction, and its ability to resist detachment due to abrasion by other fly ash
particles depends on various factors. These include the mass of the particle, its
velocity at the time of impaction, its surface tension, its affinity for the metal oxide
and other factors relating to viscoelastic properties of the particle. When the particle
impacts onto a deposit layer already formed on the tube, its retention will also be
determingd by the condition of the deposit surface, especially with respect to any
liquid phases present.?

A strength of 10 kN.m? is regarded as just sufficient to withstand sootblower
action. At the adhesive bond strength of 100 kN.m?, a 500 mm length of boiler tube

could support a 10 kg mass of slag deposit.'?

2.4.3 (b) Sintering and Coalescence of Coal Ash
The term ‘“sintering" is variously defined and it can connect either individual or
compound processes of bonding, densification and / or recrystallisation. However in
general terms it is the extension of the contact area between powder particles in the
solid state, by the transport of material across or around pores, under
appropriate conditions of time, temperature, pressure and atmosphere.'* The driving
force in the sintering process is the reduction in the surface energy by decreasing the
surface area. There are four possible mechanisms: 1) viscous flow, 2) vapour
condensation, 3) surface diffusion and 4) volume diffusion.!*?
The process of sintering by viscous flow is believed'”® to play a dominant role
in the formation of deposits in coal fired boilers. It has been suggested'*° that sintering
by viscous flow can occur via two mechanisms:

- densification governed by shrinkage of large pores with a sufficient excess of liquid

phase to fill initial porosity.
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- densification with an abundance of a liquid phase allowing for complete filling of

the pore spaces.

The dominance of one mechanism over the other. is dictated by temperature and
chemical composition of the liquid phase. In order to quantify the sintering process,
a model that describes the rate of coalescence of particles, in terms of measurable
parameters, has been developed.” The growth of the interface between two spherical

particles or a particle and a semi-infinite body as shown in Figure 2-14 is thus

defined:

2 _ 3ryt 2-20)

radius of interface assumed to be circular

X =

r = radius of the spherical particle
v = surface tension

t = time

7 = viscosity

Rearranging equation (2-20) in terms of "x/r" and "t", it becomes:'?

1 1
2 - 1205 ()2 g2 (2-21)
r nr

This equation is applicable when x/r < 0.3.
The ratio x/r can be used to characterise stages in the sintering of ash deposits on
boiler tubes, as shown in Table 2-9'% from the initial contact between the

particles to the formation of fused slag where the shape of initial constituent

particles is no longer distinguishable.
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Figure 2-14: The initial stage of sintering - Frenkel’s two particle model.*"'Z

Table 2-9: Degree of sintering based on the ratio of neck bond radius to partcle

radius (x/1).'*
Value of =fr Degre= of sinteting Comment
0.001 Onset of sintering - The deposit of this degree of sintering on
boiier tubes has no significant cohesive
streagth and wouid probabiy fall off
under the action of gravity and boiler
vibration. :
0.01 Slightly sintered matrix The deposit on boiler tubes would probably
‘ o be removed by soot blowing.
g.1 Strongly sintered deposit The deposit on boiler tibes would be
' © difficuit to remove by soot blowing.
>03 Slagging The ash particies lose their original identity
and the depasit on beiler tubes canmot :
be removed by soot biowing.
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The sintering characteristics of coal ash are effected by many factors such as the
chemical composition of the ash, the nature of minerals in the original coal, the
time-temperature history during combustion of the coal, the atmosphere, temperature
and the time during which the ash particles are in contact with each other on a heat
receiving surface.

Although the complexity of coal ash systems makes it difficult to relate
composition to sintering tendency, the alkali content of the coal has been shown'”
to correlate well with sinter strength. In a similar study'® the effect of iron
oxide and water soluble alkalies on the temperatures corresponding to the
maximum expansion on heating of precipitator ashes was examined. It was
shown that this temperature was lowered by increasing the iron oxide content of an
ash and increased by reducing the soluble alkalies present in the ash.

Changes in the iron oxide content and silica ratio of coal ash have been used'” as
indices for a range of temperatures indicative of slow (10 hours), rapid (2-3 minutes)

and very rapid (1 second) sintering processes.

2.4.3 (c) Formation of Monolithic and Layer - structured Deposits
By far the most widely investigated feature in ash deposition is the formation of

"layer-structured” deposits. These are often encountered with high alkali and sulphur

coals.

Figures 2-5" and 2-15% are the schematic representations of the variations in the form,
thickness and the role of alkali-sulphates in the formation of layers of ash depositing
on boiler tube surfaces. In the first investigation'* of these type of deposits, it was

concluded that the mechanism whereby these deposits are formed is as follows:
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1. Loose unbonded fly ash accumulates on the tube surface.

2. Alkali compounds in this deposit form alkali sulphates by a reaction with SO, in
the deposit. The SO, may have originated in the flue gas stream and/or has been
formed from the catalytic oxidation of sulphite by another oxide such as Fe,0;, in the
ash deposit (see Figure 2-12).

3. The deposit nearest the tube metal continuously becomes enriched with SO, until
a major portion of the alkali compounds are converted to sulphates. Up to this point
there has been no formation of a "white inner layer".

4. In the presence of alkali sulphates, the red iron oxide (Fe,O;) and SO; react to
form alkali iron sulphates Na;Fe(SO,); and K;Fe(SO,);, in a layer immediately next
to the tube. This is white or yellow-white in colour.

5. In the presence of alkali sulphates, the alkali iron and alkali aluminium sulphates
form low melting point phases which soften at the tube metal temperatures and form
a tightly adherent bond to the tube metal.

6. Both the inner and the outer layers of the deposit increase in thickness, so that
the temperature of the outer layer is raised and sintering occurs.

7. The surface temperature of the deposit ultimately becomes high enough to melt
the alkali sulphates capturing more fly ash and thus accelérating fhe rate of deposit
build up. In the higher temperature regions, alkali silicates, aluminium silicates as
well as other complex oxides of silicon, aluminium, iron, sodium and potassium can

form, producing strong fused, glassy outer layers.

One of the principal reasons for the formation of layer-structured deposit in coal
fired boilers is that the chief constituents of ash, namely silicates and sulphates such

as alkali- metal and calcium sulphates, are immiscible.*
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Investigations carried out by other researchers™!'*® bumning high-fouling coals,
have established similar mechanisms, whereby three distinct layers, namely; "inner
white layer”, "inner sinter layer" and "outer sinter layer", which differed in physical
character but had similar chemical analysis, were formed. In another study” the
role of iron oxide in forming layered deposits on the surface of superheater and
reheater tubes with different physical as well as chemical characters has been
recognised. Other studies®®"'® have only identified two layers as inner and

outer layers. Figure 2-15% shows the various layers as they are progressively formed

on a boiler tube.

2.5 ADDITIVES

2.5.1 Additives In Coal-Based Power Generation

The treatment of fuels by addition of certain chemicals directly or indirectly to the
fuel or fuel ash, has been tried since corrosion and deposits first became a problem in
industrial and utility boilers. However, chemical additives are just one amongst nine
potentially applicable techniques for controlling slagging, fouling and corrosion in
coal-fired boilers. These techniques are briefly summarised in Table 2-10"5 along with
some of the economic considerations in choosing between them.

The range of chemicals and minerals which have been employed in order to assist
in addressing the various fireside problems is quite diverse. Some perception of this
diversity can be gained from Table 2-11"%7 which classifies additives by physical
form as well as chemical ingredient.

Generally there are four main reasons for using additives:'*®

- To minimise catalytic formation of SO; on hot surfaces.

- To prevent formation of corrosive substances on heat receiving surfaces

(high temperature corrosion).
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Table 2-10: Considerations in choosing various techniques for controlling slag and

corrosion. 3¢

Techniques

Drop boiler load.

Reduce flame temperature by
increasing excess air or by
flue gas recirculation.’

Increase frequency of soot
blowing.

Add more soot blowers or
water blowers.

Switch to clean or blended
fuels.

Grind coal more finely.
Boiler modification.

Closely monitor combustion

system maintenance/operation.

Chemical additives.

Considerations

Costly if load demand requires
use of less efficient generation.

Hurts thermal efficiency, increase
erosion.

Increase tube erosion and operation
expences.

Increases capital investment and
operationg cost.

Increases cost of alternate fuel
or blending expense. Cleaning coal
may aid or worsen problems.

Increases mill capacity requirement,
causes higher operating expense.

Increases capital cost.

Increases maintenance cost.

Evolving technology, continuing cost
may require small investment for feed
equipment. Feed method, location and
frequency are important.
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Table 2-11: Physical form of oil and coal additive chemicals.'”

Chemical

Magnesium oxide
Magnesium hydroxide
Aluminium trihydrate
Manganous oxide
Limestone, dolomite

Water-soluble metal salts
Mg, Mn, Cr, Ba, Si, Fe

oil-soluble metal salts
Mg, Mn, Cr, Ba, Si, Fe

Ammonia

Rare earth oxides
Silica
Vermiculite
Sulphur trioxide
Borates

Amines

Copper oxychloride

Form
Powder Dispersions Emulsions Gas
_oil _Water
X X
X X X
X
X X
X X X
X X X
X X X
X
X X
X X
X
X
X
X
X X
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- To decrease the sintering tendency of high-temperature deposits.

- To neutralise acids normally condensing on cool surfaces.

In oil-fired boilers, additives have been used for many decades, mainly to
prevent corrosion on the cooler parts of the system. The extent of their use to date,
is a measure of their success which has been proven and accepted for many years.

A number of studies concerned with the use of magnesia, the most widely used
additive in oil-fired boilers have been carried out. In a comprehensive review'?, the
role of magnesia along with some of the more frequently used additives in oil

firing has been considered.

In coal fired boilers, the use of additives has by ﬁo means been as extensive as
with oil-firing and chemicals have mostly been used to deal with the waterside of the
boilers, ignoring the potential benefits of fireside chemical treatment. The main
reason for this seems to originate from the higher ash content of the coal (at 10%
or greater) compared with the ash content of oil (at around 0.1%). Thus, with nearly
one hundred times greater solid burden in the flue gas relatively larger quantities of
additive (from 0.4 to 3 mass% of the coal burned compared with 0.025 mass% for
0il)***13 have been required to have any significant effect on ash deposition. This
makes the application of additives to coal-firing uneconomical.

Some studies®!*! have however suggested that it-is sometimes possible to use
chemical treatment effectively to inhibit deposit build ups in coal-fired boilers. Trials
carried out during the early 1970’s,'*? employing fine particle size MgO dispersion
in pulverized coal fired boilers burning widely different kinds of coal yielded a

reduction in deposits at very low treatment rates, 0.015 mass% or less.
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In addition to magnesia which is probably the most widely used additive, dolomite
and limestone are also frequently used with pulverized fuel slag-tap furnaces to lower

the viscosity of the slag.’*

In the early 1960’s the use of copper oxychloride to control slag formation was
introduced as a relatively cheap, easy to use and readily available additive.'** By
the early 1970°s application of small amounts of copper oxychloride directly to the
coal being burnt at over twenty five power stations in England and Wales,'
mostly utilising chain-grate systems, to combat slagging, produced results varying
from marked improvement to marginal or no improvement.The only ineffective use
of copper oxychloride was associated with the power station burning a coal with a high

alkali content. The cost of this treatment was usually between 0.1 and 0.3 pence per

tonne of coal.

Investigations of the effective use of additive mixtures to combat high
temperature corrosion and fouling of heat exchange surfaces showed that
mixtures of magnesia-alumina and magnesia-silica'®® as well as silica-antimony'¥’ at
various compositions performed satisfactorily by forming friable, high-melting

products under laboratory and furnace conditions.

The choice of any additive used is governed by the particular desired changes in
slag properties (e.g. more fluid or more powdery) and fuel ash chemistry, coupled
with cost effectiveness, ease of handling/addition and any side effects.

Tables 2-12, 2-13 '3 and 2-14'*® provide an overview of the range of additives most
widely used for controlling and alleviating slagging and corrosion on dry-bottom
boilers and on wet-bottom boilers and fouling of the convective passages of

coal-fired boilers, respectively.
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Table 2-12: Additives for control of slagging and corrosion on P.F dry-bottom

boilers. !
Additive Type® Treatment Rate Treatment cost Remarks
and form ppm Ib/ton coal $/ton coal
HIGH RANK COAL

Copper oxychloride

powder 2-6 0.004-0.012 0.006-0.018 (€3]
Magnesium oxide

water slurry 50-70 0.11-0.15° 0.05-0.075 )
oil slurry 500-900 1.1-1.8 0.40-0.90
Manganese organic

oil solution 22 0.04 0.20 3)
Limestone '

fine powder c 400 c @)

LOW RANK COAL

Limestone

gravel 500-1500 1-3 0.03-0.09 )
Magnesium oxide

oil slurry 100-160 0.2-0.33 0.075-0.12

Copper oxychloride

diluted powder 5-50¢ d 0.20-1.00 (6)

* In order of suggested consideration by fuel class.

® Pounds of MgO fed in proprietary slurries which typically weigh
1.5 to 2.0 times the numbers shown.

¢ Not meaningful.

4 Equivalent copper oxychloride.

(1) Rate based on current utility practice.

(2) Applied only to the 15-20% of furnace surface that slags.

(3) Only good data is on a cyclone furnace.

(4) Aimed at SO, control; slagging is secondary benefit.

(5) Not effective on cyclone-fired units.

(6) In a proprietary additive, costs are high compared to the pure copper
oxychloride because of the accompanying inert or other active ingredients,
service, and benefit for the additive vendor.
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Table 2-13: Additives for controlling salg fluidity on wet-bottom P.F boilers.'*

Additive Type Treatmnet Rate Treatmnet Cost

and form Continuous Feed

Ib/ton $/ton

Limestone® 1 to 200 0.01 10 1.00
gravel
Boron minerals® 1 to 10 0.18 to 0.80
Granular
Mill scale per test Negligible*
powder
Sodium compounds? per test e

* Dolomite or waste calcium products are alternates.
b variety of boron minerals are effective.

¢ Waste from steel making is potentially very low cost.

4 Can cause fouling problems; sodium bearing wastes offer low costs.

¢ Cost dependent on additive source and treatment rate, which are best

determined by test.
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Table 2-14: Additives for controlling convective pass fouling and corrosion on
coal-fired boilers. '

Additive Type
and Form

MgO powder

Mg(OH), water
dispersion

Vermiculite
powder

CaO-Limestone
powder

CaCl,
solution

Clay-Kaolin
powder

Mn-Organic
solution

CaO-Limestone
powder

Vermiculite
powder

MgO-oil
dispersion

Treatment Cost
$/ton coal

Feed Feed Treatment Rate
Point Method Ib/ton coal
HIGH-RANK COAL
Burner Intermittent 0.33
Furnace  Continuous 0.26*
outlet
Furnace Continuous 0.6 to 2.0 |
outlet
Coal mill Continuous 20
On coal Continuous 0.2 to 7.0°
Lower Continuous 1.5
furnace
Burners Continuous 0.04*
LOW-RANK COAL
Coal mill Continuous 1.0 to 1.5
Furnace Continuous 1.0 to 4.0
outlet
Burner Continuous 0.3 to 0.6*

0.04

0.20

0.03 to 0.10

0.60

0.02 to 0.56

0.25

0.20

0.07 to 0.15

0.07 to 0.25

0.15 to 0.30

* Pounds of active ingredient contained in the additive compound per ton of coal.
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2.5.2 Implication of the Use of Additives
2.5.2 (a) Increased Flexibility and Efficiency in Fuel Selection

In most cases of boiler slagging, the cause can be traced back to particular coals
with low ash fusion temperatures, to specific variations in the boiler operation or
to somé other features of boiler design. Since the formation of deposits is very
much a function of reactions between the coal ash minerals, any variations in the
nature aqd type of coal used can exaggerate any existing fouling and slagging

problems with inevitable cost penalties incurred.

In addition to the significant expenses and time involved in fuel evaluation and
in negotiating new supply contracts, the fuel related options are also likely to
result in increased shipping cost since proximity to the mine normally is a criterion
for initial selection of fuel. Furthermore, if cleaning or blending of the selected fuel

is needed, the as-fired expenses will increase significantly.!*

In addition to a wide range of troublesome coals liable to cause slagging, the
inhibition of external fouling and slagging in a peat-fired chain-grate stoker, through
the use of copper salts, has further been reported, 14514

Effective use of magnesia on a few selected lignitic, sub-bituminous and bituminous
coals burnt in various industrial boilers has been demonstrated.'*

Coals from the Western USA, which included a range of sub-bituminous and lignitic
fuels, containing large quantities (10 - 30 mass%) of CaO with substantial sodium
levels were successfully fired using additional limestone as an additive.™

Cleaner convection passes will allow a reduction in excess air levels; each 1%

reduction being equivalent to an increase in efficiency of about 0.05%.'5°
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In a number of studies concerned with the catalytic effect of some proprietary
metallic compound (DG-807) used in different types of stoker boiler systems, boiler
efficiency gains of 1.25%' to 1.7%° via lower excess air and carbon losses in
fly ash were achieved. The treatment rates of additive added onto coal varied between
80-365 ppm of coal. In another similar study*®® steam generation increased by 6.1%
per tonne of coal bumnt as well asan 18% reduction in excess air requirements and
additional reduction of unburnt carbon and deposits were realised.

Efficiency gains of up to 4.5% for precipitator performance have been reported'®
through injection of a magnesia solutions (liquimag) into a pulverised coal fired boiler.
Other workers'®® have reported gains of between 15-30% in collection efficiency of
precipitators through conditioning of fly ash with a range of additives at a

concentration of 50 ppm.

2.5.2 (b) Lower cost boiler operation

Additives can offer a rapid solution to slagging and corrosion problems with
minimum capital investment and acceptable operating costs. 35145144172

Injection of minor quantities of magnesia into the superheater area on boilers firing
both high and low fouling coals has resulted in cleaner convection surfaces which
would result in an increase in superheater temperatures hence increasing thermal
cycle efficiency of power generation. Consequently boilers can be designed for
higher heat releases and/or higher steam temperatures. Other cost related activities and
factors which can lower capital and operating costs are:*%1%

- Boiler shutdown time,

- Reduction in heat transfer and loss in efficiency,

- Metal damage and cost of replacement of tubes,
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- Cleaning and lower rating of units resulting in loss of power output capacity,

- Dependability

2.5.2 (c) Reduction in Acid Smut, SO; and Fly Ash Emission
Acid smuts are effectively the entrained agglomerates of condensed sulphuric acid
in combination with sticky carbonaceous and particulate matter of the ash. These can
contain up to 50% H,SO, and therefore environmentally it is imperative to capture
these injurious particles before release into the atmosphere.
Injection of magnesium hydroxide and a mixture of magnesium oxide and
sodium bicarbonate in a 500 MW boiler have been shown!*’ to reduce the free acidity
of deposits to a level which would be unlikely to cause an acid smut problem . In
the same study the overall amount of smut in the flue gases at the top and bottom
of the stack was greatly reduced after long term trials with magnesium hydroxide
and sodium bicarbonate injection.
Generally materials effective in reducing SO; levels in flue gases can be classified
into three main groups:*

(1) Materials that physically absorb SOs, such as silica or carbon.

(2) Materials that combine preferentially with the atomic oxygen in the flame zone

or which promote recombination of the oxygen atoms with consequent inhibition

of the reaction:

§O, + 0 = SO, (2-22)

Carbon tetrachloride and tetraethyl lead are examples of this catagory of additive.
(3) Materials that combine with SO; to form non-corrosive compounds, which are

carried away in the stack gases. Compounds of magnesium fall into this catagory.
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Three mechanisms have been suggested as being influential in reducing soot

emissions: !

- Jonization effects, which reduce coagulation of soot particles into large
agglomerations. Na, K, Cs, Ba as elements are believed to act in this way.

- Promotion of oxidizing radicals such as OH". Ba, Ca, St compourids are believed to
be OH" promoters.

- Oxidation catalysis. Mn, Fe, Co, Ni are recognised catalysts, along with many other

metals.

Additives are also gradually being accepted as tools for enhancing precipitator
performance. The characteristics of the fly ash greatly influence the efficiency with
which an electrostatic precipitator (ESP) can collect fly ash. The most notable
of these characteristics, is the electrical resistivity of the fly ash, which controls the
rate at which the electrical charges placed on the fly ash particles by the ionising
wires can be caught by the collecting plates of the precipitator. This is considered to
be directly related to the neutralising effect of additives. Additives such as MgO or
CaO help to neutralise the SO; and Na,O levels in the flue gas which lowers the

electrical resistivity and therefore reduces the efficiency of the collection process. '

2.5.3 Magnesium Compounds and their Effect on the Ash Deposition Process
Magnesium oxide (MgO) is a hygroscopic powder, usually supplied as a fuel additive

with a size range such that 98% passes through a 325 mesh sieve (44 um). MgO is
produced by calcining either mineral magnesite (MgCO;) or magnesium hydroxide
(Mg(OH),) which has been precipitated from magnesium chloride contained in brine or
sea water.'*” The reactivity of magnesium oxide and hydroxide is a function of the time-

temperature history during calcination, thermal exposure in the boiler, the surface
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area, particle size and agglomeration state of the powder. 4%

Magnesium oxide and hydroxide have been successful in treating fireside problems,
deposits and fouling problems, as well as high-temperature and low-temperature
corrosion in all types of coal-fired boilers, 1¥%150.155,160

The form in which the magnesium based additives have been applied whether
as a powder or a water/oil based solution, is very much dependent on the particular
type of boiler, the feeding position, the mode of firing, the nature of the
dominating problems and the relevant economics.'*'*” Table 2-15"*¢ and Table 2-16'!
highlight some of the factors mentioned here, involved in utilising magnesium oxide,
hydroxide or its compounds as additives for different coal fired boilers. A number of

other additives have also been included in Table 2-15 for comparison.

When fine particulate magnesium oxide is injected separately from the coal, it yields
a "base" which seems to be more available chemicaily tﬁan the far larger quantities
(ten to thirty times as much) of alkaline materials in the coal ash. The naturally
occurring alkaline earth material in the coal ash is present as a silicate which would

render it "unreactive".'*®

When introduced into the boiler atmosphere, magnesia can actas a "scavenger"
by contacting and absorbing SO, in the combustion gases. The resultant reaction

produces the high melting point compound, magnesium sulphate;!42:146.150.151

MgO + SO, = MgSO, (2-23)

Removal of sulphur trioxide in this way, reduces not only the amount of sulphur
available for condensation on the surface of silicate ash particles in the flue gases

but also restricts the amount of low melting point sodium and potassium sulphates,
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Table 2-15: Methods of feeding additives to P.F coal-fired boilers.'*

Additive Type
and Form

Feed Point

Method

Capital

Investment

Dry-Bottom Boilers - High Rank Coal

Copper oxychloride
powder

Magnesium oxide
water slurry
oil slurry

Manganese organic
oil solution

Limestone
fine powder

Dry-Bottom Boilers - Low Rank Coal

Limestone
gravel

Magnesium oxide
oil slurry

Copper oxychloride
diluted powder

Limestone
gravel

Boron minerals
granular

Mill scale
powder

Sodium compounds
Various

Coal mill

Sprayed on

- furnace wall

furnace
injection

Special burner

Furnace
injection

Coal mill

Ignitors

Coal bunkers

Intermittent

Continuous

Continuous

Continuous

Continuous

Intemittent

Continuous

Continuous

Wet-Bottom Boilers

Coal crusher
Coal crusher
Slag tap

Coal crusher

Coal crusher

Continuous
Continuous
As needed

Continuous

Continuous
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Minor

Modest

Modest

Significant

Significant

Modest

Modest

Significant
Significant
Modest

Significant

Significant

Labour
Intensive

No

Yes

No

No

No

No

No

Yes

No

No

Yes

No

No



Table 2-16: Characteristic comparison of various types of magnesium fuel additives.'!

Comparing Key Characteristics of Various Types of Magnesium Fuel Additives

Characteristic

Class example

Typical concentration
active metal (%)

Purchase cost, ($/1bMg)

Freight/unit Mg cost

Handling and feeding

Feed system investment
Effective particle size
Typical dosage for high-
temperature corrosion

and deposits
(Ibs Mg / ton coal)

Control of acid and
plume

Shelf life

Soluble

Magnesium
sulphonate

8 to 10

Very high
8 to 10

High
Meter into

furnace

Low
<0.1pm

NRI

Very good

Excellent

oil or water dispersions

MgO or Mg(OH), suspended

in light oil or water

19 to 42

Moderate to high
0.47 to 4.17

Moderate

Meter into furnace

Low

0.7 to 2.0 um
0.06 to 1.2
Fair

Poor to excellent
depending on manufacture

(1) Not recommended.
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MgO,
MgCO;,
Mg(OH),

28 to 58

Low,
0.18 to
1.25

Low

Powder
feeder
to boiler

High
20 pm

0.6 to
5.0

Some
help

Good,
protect
from
moisture



which can form the initial sticky layer on heat receiving surfaces,!%150.151.162

However, it has been reported'® that the reactivity of MgO decreases above
970°C, due to a sharp reduction in the "reactive" surface due to the formation of
non-porous crystalloids. However, in another study'® it has been claimed that the
scavenging effect of MgO is not as important as its coating of the otherwise receptive
tube surfaces with a thin layer of inactive MgO thus preventing the adhesion of sticky

ash particles.

Formation of low melting point alkaline iron trisulphates has been shown!'*!%? to

be inhibited, due to the fact that magnesium oxide reacts faster than iron oxide in
the coal ash to produce more stable complexes with alkaline sulphates such as

Na,Mg,(SO,), :

2Na,Fe(SO,), + 3MgO = 3Na,SO, + Fe,O, + 3MgSO, (2-24)

In the absence of iron oxide, other researchers®*1% have suggested that MgO can form

complex systems with potassium and sodium sulphates, e.g.:

K,SO, + 250, + 2Mg0 = K,Mg,(SO)), (2-25)

In a similar study,’® it was concluded that the magnesium oxide additive reduced
corrosion rates by preventing the formation of a molten phase in the inner layer of

deposits.

The main advantage of using magnesium oxide or hydroxide injection is probably
the change in the character of deposits which form on superheater tubes. Without the

additive, the deposits are very dark and extremely difficult to remove. With additive
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the deposits are soft, friable and lightly bonded to the tubes. They are reddish
brown and can be easily brushed from the tubes.'® Similar observations have been
made on deposits collected on sampling probes'*? showing the gas stream reaction
between MgO and SO; to have been significant resqlting in the formation of more
friable deposits on the probe surface.

In a comprehensive laboratory based study,'® the addition of 1 mass% of magnesia
with particle sizes of 2, 10 and 50 um reduced the strength of various types of coal
ashes by half or more. Surface reactions between the ash particles was shown
to have been modified as a result of diffusion of various species of the ash
such as Si, P, Fe and Al, as vapours into the magnesia particle. An extension to this
work'®” showed that iron, one of the main components of the ash, was more
evenly distributed through the "magnesia" particles than the other elements,

demonstrating it’s high intra-particle mobility.

The role of magnesium based additives as ash and ash deposit fusion modifiers
which would consequently bring about a change in the physical form of the deposit,
rendering it more easily removed by normal sootblowing has been demonstrated
in a number of studies.!®'® It was found'® that a 10-20 mass% addition of
magnesium hydroxide to a reconstituted powder sample of a slag fired at a furnace
temperature of 1200°C raised the liquid phase formation temperature by about 200 °C,
thus extending the vitrification range sufficiently to alter the deposit texture from a
fused mass to a light, friable mass. Regular addition of 10-20 mass% Mg(OH),
to the coal ash would be prohibitively expensive. However, other work! has
suggested that such large additions of Mg(OH), may not be necessary to modify the

nature of ash deposits.
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The proposed influence of additives on surface devitrification of silicate ash
particles has been extensively reviewed.'® The influence of the ratio of glassy
to crystalline components of the ash on the rate of sintering has been defined by the

relationship:

R, = a ( %s ]b (2-26)

where;

R, = rate of deposit formation
Xy » 1-X, = the glassy and crystalline fractions of the ash
a = constant

b = rate index

It has been shown'® that the glassy fraction of typical bituminous coal ashes
from pulverized coal fired boilers was between 71 and 88 mass%. The glass content

has been estimated by difference:
G = 100-(X+C+38) (2-27)

where;

G = the glassy material
= crystalline species
carbon content of ash

X
C
S = sulphur content of ash

The rate of ash sintering could thus be significantly reduced when an additive
captured on flame-borne ash acts as a nucleating agent, resulting in the transformation
of glass to crystalline species on the surface layer of silicate ash particles, hence

forming a surface material of relatively high viscosity.!®®
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Measurements of the rate of ash deposition are quite varied. Whereas in some studies
it has been determined® that magnesium and calcium additives had little effect on the
deposition rate, in other studies!® the mass of deposit collected for most of the
additive injection trials, including MgO, were higher than the mass of deposit with
no additive. However in the same study'® the intermittent injection of high dosages
of MgO (at 45 kg per tonne of coal, injected for a period of 30 seconds at six minute
intervals) with a resultant average injection of 2.2 - 4.5 kg per tonne of a high fouling

coal, was shown to reduce the deposit rate by up to 40 mass%.

2.6 WEST BELFAST POWER STATION

2.6.1 Introduction

West Belfast power station is one of the four power stations operating in
Northern Ireland, producing electricity for provincial consumption. This power
station is the one which this study is primarily concerned with. The generating
capacity of this station along with others are summarised in Table 2-17.17°

West Belfast power station was commissioned in the period between May 1955

and October 1958 and is capable of generating up to 240 MW of electricity.

2.6.2 Operation of the Plant

Whilst many power stations operate under a unitized generating system with one
boiler to one generator, West Belfast power station employs a range system in
generating electricity from the steam produced by its thirteen boilers. This means that
each generator is connected to a number of boilers and vice versa, using
pressurised collection vessels known as receivers. This system provides scope
for maintenance and power generation as it allows for operation of all other units

should any particular boiler or generator fail.
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The power station burns 600,000 tonnes of coal per annum at full load, producing
70,000 tonnes of ash. The flue gases are released into three 73 meter high

chimneys, with the power station generating electricity of 11.8 kv from the fire

generators. 77!

2.6.3 Boiler Operation
The boiler monitored in the course of this study was supplied by Babcock and Wilcox

Ltd. Figure 2-16"! and Plate (2-1) show cross-sectional views of the boiler.

The boiler is capable of producing 99,660 kg of steam per hour at a pressure of

6.55 MPa and a temperature of 496°C. The coal is fed into the boiler from a
hopper onto two chain grates and is spontaneously ignited due to the temperature
inside the boiler. The ash falls off the grate at the other side of the boiler and is
collected in an ash hopper, where it is sluiced away by water to the ash handling plant.

Combustion of coal is supported by passing air up through the coal bed on the
grate (primary air) using a forced draught fan and is enhanced using secondary air
which enters the firing area through ports situated in the front and back walls of the
boiler just above the level of the grate.

The heat produced by combustion is transferred by radiation and convection in the
firing chamber of the boiler to the wall tubes and screen tubes and by conduction
to the water contained within the tubes. The pressurized water rises by natural
convection to the steam/water drum where the steam is separated from the water.
This saturated steam is then superheated in the superheater section of the boiler,
using some of the remaining heat of the flue gases, before passing to the receiver. The
heat contained in the flue gases is further utilized by passing the gases over the
economiser tubes, containing the boiler feed water returning from the generator
turbines as condensate.
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Figure 2-16: Arrangement of boiler no.6 - sectional view.!”!
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The exit flue gases also heat up the inlet air (taken from the warm area at the top
of the boiler) in the corrugated air heaters. This is illustrated in Figure 2-17.1 The flue
gases are drawn through the ducting by induced draught fans which pass the
gases out to the chimneys. The entrained grits present in the flue gases are
removed by a series of grit arrestors taking the form of cyclones with incorporated

trickle valves, and are positioned prior to the airheaters.

2.6.4 Additive Injection Equipment

The apparatus used to inject the powder was only temporary since the Lycal 93HS
was being added as part of a test. The design of the apparatus was based on the
Nyflow feeder system'’?, operating essentially with a wedge shaped hopper of
approximately 25 kg capacity, a discharge screw and a variable speed drive. The
powder was screw fed into a venturi system where it was drawn into the air stream
and passed immediately through a venturi orifice. This assembely is shown schematically
in Figure 2-18. The air conveying the powder was supplied from the plant compressed
air supply. The powder was injected with the secondary air through the many
secondary air ports, ensuring good mixing, into the combustion chamber at both the
front and rear walls, just above the level of the grate.

The design of the hopper was such that discharge should be by mass flow, where
the material moved down the hopper as a solid mass with little relative movement
between the particles; in preference to core flow, where the material slides over
itself at a place remote from the hopper walls.The configuration of the two type of
hoppers is schematically shown in Figure 2-19.'% The recommended hopper design
values for Lycal 93HS are further outlined in Table 2-18.1"

It should be noted however that for the assembled test injection apparatus the discharge

from the hopper was in fact by core flow.
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Figure 2-18: Schematic representation of Lycal 93HS injection apparatus.!™ |
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Figure 2-19: Schematic representation of core and mass flow hoppers. '™

Table 2-18: Recommended hopper design values for Lycal 93HS.!™

Recommended diameter

Recommended angie of of hopper outiet
.Measured angie of hopper wall to the Bulk density (instantaneous
wall friction, . horizontal, in bopper, conditious),
deg deg kg/m3 cm
28 79 500 25
30 81 500 25
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3.1 INTRODUCTION

Short term injection trials investigating the role of Lycal 93HS in alleviating high
and low temperature ash deposition problems on boiler surfaces had been carried out
by investigators from the Magnesium Materials Division of Steetley Quarry Products
Ltd. Trials had been carried out on a variety of combustion systems. These included
a refuse incinerator at Wolverhampton, an oil-fired boiler at CEGB in Surrey and a

coal fired chain-grate shell stoker operated by Rowntree Mackintosh in Halifax. All
had exhibited marked reductions in fly ash deposition and slagging upon application

of Lycal 93HS.

Following the success of this work, a long-term investigation extending over a period
of two years was carried out on alarger boiler unit at West Belfast power station
where the operators were experiencing slagging and fbuling problems, particularly on
screen and steam generating tubes. It is this part of the work with which the author was
involved.

Batches of ash deposit samples were obtained at intervals by Steetley personnel from
West Belfast Power Station. These were mainly from boiler No.6 which had been set
up to operate with Lycal 93HS injection through its secondary air ports. In addition
one batch of deposits was collected from boiler No.5 operating similarly to No.6 but
without any additive injection. These samples were sent to Sheffield Hallam University
for detailed examination by the author.

The deposits observed within boilers No.5 and No.6 clearly showed that whereas the
deposits formed under the influence of Lycal 93HS injection in boiler No.6 were
generally soft, friable and easier to remove as much smaller accretions, the undoped
deposits in boiler No.5 were mostly dense, hard, glassy accumulations of ash,

producing larger pieces on removal.
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During the early stages of the research, as a result of the coal strike in 1984/5, West

Belfast Power Station had become committed to using a variety of imported coals from

as far afield as China and Australia, long after the strike was over.

The first batch of samples received in February 1986 had therefore resulted from a

variety of coals of uncertain origin, from which little- could be reliably deduced and

hence were used only to establish different investigative techniques.

By the middle of 1986 a consistent supply of coal from open-cast coal fields in

Ayrshire, Scotland had become a permanent feature of the operation at the power

station.

Samples of deposits from various regions within the two boilers were investigated

using:

® visual and macroscopic examination.

® optical and SEM-EDX microscopic examination.

® X-ray fluorescence chemical analysis.

® X-ray diffractometry.

® cone fusion tests.

® size fraction analysis.

® surface dissolution of deposit samples and chemical analysis of the leachant.

During the course of the investigation it became apparent that an understanding of the

mineral matter associated with the Ayrshire coal was required. Hence a series of

experiments investigating this aspect was embarked on involving:

® high and low temperature ashing of Ayrshire coal

® particle size distribution of the coal

® ash and moisture content determination of coal particle size fractions

® separation of various components of the coal ash

® determination of the effect of Lycal 93HS on softening/melting and crystallisation
behaviour of separated components of the ash, using Hot-Stage Microscopy

® X-ray fluorescence chemical analysis of ash admixtures
® X-ray diffractometry of separated ash components .
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3.2 RAW MATERIALS

3.2.1 Lycal 93HS

Lycal 93HS is the additive which was employed in this study and is produced by the
Magnesium Materials Division of Steetley Quarry Products Ltd. Lycal 93HS is a
high quality, technical grade of magnesium hydroxide precipitated from sea water and
takes the form of a finely divided, fully hydrated powder. The production process
essentially consists of calcining dolomite to produce dolime and reacting this with

sea water to precipitate magnesium hydroxide:

Ca0.MgO+ MgCl,/MgSO,+ 2H,0 = 2Mg(OH) ,l+ CaSo,/cacl, (3-1)

Dolime + Magnesium salts = Magnesium hydroxide 4+ Calcium salts
in sea water precipitate spent sea water

The chemical and physical properties of Lycal 93HS are presented in Table 3-1.1"
The particle size distribution of Lycal 93HS, is depicted in Figure 3-1.12 The fineness
of the particles, all less than 50pm, ensures that the powder is free flowing with a

high specific surface area and large number of particles per unit mass.

On exposure to high temperatures, Lycal 93HS calcines to produce magnesium oxide
particles with a large effective surface area, as illustrated in Figure 3-2.1"!

The Lycal injected into the combustion zone of a boiler experiences high temperature,

short retention time conditions which are analogous to a flash calcination process. It

is to be expected that the resulting oxide is significantly more reactive than if it was

pre-calcined prior to injection.

- PAGE 92 -



Table 3-1: Chemical and physical properties of Lycal 93HS additive used in the
operation of boiler No.6.""

CHEMICAL ANAIEIS (%) TYPICAL —}ANGE
AS RECEIVED BASIS

MgO 66.7 66.0 - 68.0
CaO 0.6 0.5-0.9
Sio, 0.6 0.5-0.8
Fe,0, 0.9 0.8-1.0
AL O, 0.3 0.2-04
Sulphates as SO; 0.9 0.7-1.1
Loss at 950 C 30.0 29.0 - 31.0

100.0

sodium as Na,O 0.1 0.05 -0.2
Chlorides as NaCl 0.4 0.2 -0.7
Carbonates as CO, 1.4 1.0-2.0
PHYSICAL PROPERTIES

SIEVE ANALYSIS (GALLIE PORITT METHOD)

%GREATER THAN

Microns B.S.S .

150 100 0.005 0.0 - 0.02
75 200 0.40 0.2-0.7

53 300 0.65 0.4 -0.9

PARTICLE SIZE DISTRIBUTION (%FINER)

Microns

53 99.3 99.1 -99.6

20 97.0 95.0 - 99.0
6 85.0 80.0 - 90.0
4 68.0 60.0 - 80.0
2 35.0 25.0 - 45.0
1 20.0 10.0 - 30.0
PACKAGING DENSITY B.S.1460 (kg/m?) 570 550 - 590

N.B. Lycal 93HS is packed in 25 kg moisture proof, multi-ply paper sacks which can be safely stored.
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Figure 3-1: Lycal 93HS particle size distribution curve measured on a Sedigraph 5000D
particle size analyser.”
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Figure 3-2: The surface area of magnesium oxide formed by the decomposition of
magnesium hydroxide.™”
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3.2.2 Ayrshire Coal
The coal delivered to West Belfast power station during all but the earliest period of

this investigation, was a bituminous coal, originating from the open-cast coal fields of
Ayrshire in Scotland. The coal specification as received and analysed at the power

station and Sheffield Hallam University is shown in Table 3-2.

3.2.3 Boiler Ash Deposit Samples

A wide range of deposit samples were taken from various locations within boilers No.6

and No.5, which operated with and without on-line injection of Lycal 93HS
respectively, over a period of two years. The sampling positions are denoted in the
schematic diagram shown in Figure 3-3, for the boiler system under study. Table 3-3
summarises the various positions sampled in each batch of deposits collected over the

period of the investigation.

All the deposit sample batches, except the fifth which was collected by the author in

person during a ten day trial period, were collected by Steetley representatives, while

the boiler was "down" for inspection and/or maintenance.

Batch Number 1 - Samples of deposits taken from boiler No.6 before the
commencement of Lycal 93HS treatment, were received in February 1986. The origin
of the coal from which these deposits had been derived was rather uncertain since
at the time, the power station was burning a variety of Chinese, Au;c,tralian as well as
other coals. Four samples were received, taken from the rear wall, the furnace corner,

the bottom screen tubes and the passage between the screen tubes and superheater tubes.

Batch Number 2 - Samples of deposits were received from boiler No.6, after three

months of continuous operation with Lycal 93HS injection, in September 1986. Regular
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Table 3-2: Analysis of Ayrshire coal characteristics as received at West Belfast power
station.

PROXIMATE ANALYSIS (%) ULTIMATE ANALYSIS (% ADDITIONAL, DATA

Fixed Carbon 47.46 Carbon 71.7  Swelling index No. 1-2
Total Moisture  12.14 Hydrogen 4.7 Volatile Matter  29.10
Nitrogen 1.7 Sulphur (ave.) 0.6 B.S.Sieve-size All <1"
Ash 11.30 Oxygen (diff.) 9.7 30%<1/8"
Net C.V (kj’kg) 24,900 Chlorine (max.) 0.37 N.C.B.Rank 702

_ Phosphorous (max.) 0.02

ASH COMPOSITION (%) ASH SOFTENING DATA (Oxidising) / (°C)

Si0o, 48.90 High Temperature Ash

AlLO, 29.65 ‘

TiO, 1.22 Initial deformation temperature 1432

Fe,0; 9.65 Hemisphere temperature 1450+

CaO 6.20 Flow temperature 1450+

MgO 1.62

K,0 1.89 " Low Temperature Ash

Na,0 0.50

P,0;s 0.20 Initial deformation temperature 1450+

SO, n.d Hemisphere temperature 1450+
Flow temperature 1450+

SPECIFICATIONS FOR UNTREATED SMALLS

Datum Range
Moisture 11% 9-13%
Ash 10.5% 9-12%
Volatile Matter 28.5% 25-32%
Fixed Carbon 48.5% 40-57%
Net C.V (kj/kg) 25,900  25,000-27,800
Sulphur not more than 1.2% with an average of < 1%.
Chloridne not more than 0.1%.
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Figure 3-3: Schematic diagram of boiler no.6 - section view denoting deposit locations.
(See Table 3-3 for key to abbreviations).
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Table 3-3: Summary of deposits received / collected for examination with and
without on-line injection of Lycal 93HS.

Batch | Date Deposit Sampling Boiler | Period of Continuous
No. | Received Position No. | Lycal 93HS Injection
(hour)

1 20-6-86 | RW, Cor., Btm. Sc. T., 6 0
Pass. Sc.T & Sup. T.

2 59-86 | FA, FW, RW,Btm.Sc.T.,| 6 2100
Pass.Sc.T & Sup. T.

3 10-3-87 FW,, FW;, RW,, RW;, 6 2800
SW,, SW;, Btm. Sc. T,, _
Btm. Sc. T

4 31-8-87 | FW,, FW;, RW,, RW,, 6 4100
SW,, SW;, Btm. Sc.T,,
Btm. Sc.T;, Ec.H,,
Ec.H;, Btm. Clk.

5 24-11-87 | FAs, FW,, FW;, RA;, h) -
RW,, SW,, Btm. Sc. T,,
Stm. Gen. T,, Sup. T,
Ec.H,, Ec.H; Ec.H,,
Ec.H,, GA,, GA,; 6 12

6 10-12-87 | GA,,GA; 5 -
GA,,GA; / GA,,GA,; 6 4/ -

Key to abbreviation:

FA: Front Arch, FW: Front Wall, RA: Rear Arch, RW: Rear Wall,

SW: Side Wall, Btm. Sc. T.: Bottom Screen Tubes, Stm. Gen. T.: Steam Generating

Tubes, Pass. Sc. T. & Sup.T.: Passage between Screen Tubes and Superheater Tubes

Sup. T.: Superheater Tubes, Ec. H.: Economiser Ash Hoppers, GA: Grit Arrestors,

Btm. CIk.: Bottom Grate Clinker, A / B: Side A or B
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supplies of coal from the Ayrshire coal-field had been restored since March 1986. Five
deposit samples were received, taken from the front arch near the secondary air ports,
the front wall tubes above the secondary air ports, the rear wall arch near the
secondary air ports, the bottom screen tubes, and ﬁhally the passage between the

screen tubes and the superheater section.

Batch Number 3 - Samples of deposits were received from boiler No.6 after nearly
four months of continuous operation with Lycal 93HS injection, in March 1987. As a
result of earlier observations made by Steetley, it had become apparent that due to the
uneven injection of Lycal 93HS into the furnace region in boiler No.6, deposits
formed on the left hand side of the boiler, referred to as side A, were lighter and
more friable than deposits formed on the right hand side of the boiler, referred to as
side B, which also exhibited some bridging. Hence the samples were taken from both
sides, of the front wall tubes above the secondary‘ air-ports, the rear wall tubes

above the secondary air-ports, the side walls and the screen tubes.

Batch Number 4 - Samples of deposits were received from boiler No.6 after almost
six months of continuous operation with Lycal 93HS injection, in September 1987.

The deposit samples were taken from the front wall above the secondary air-ports, the
rear wall above the secondary air-ports, the side walls, the screen tubes, the
economiser ash hoppers, the soot hopper and a sample of the bottom grate clinker was

also received.

Batch Number 5 - Samples of deposits were collected.by the author from boiler No.5
after one month of continuous operation in November 1987. These deposit samples

were collected principally for comparative purposes, since boiler No.5 had never been
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