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PHENOMENA AND MECHANISM OF SLAGGING AND CORROSION
IN ENERGY USE OF COAL WITH A HIGH CONTENT OF SALTS

Purpose. Determination of the main mechanisms of slagging and corrosion of heating surfaces when using coal or other raw
materials with a high content of alkali and alkaline earth metals. Experimental determination of mineral phases of ash residues of
burning composite raw materials with the participation of salty coal and the influence of component composition on the formation
of refractory compounds.

Methodology. Critical analysis and generalization of achievements in the developed theories of slagging and corrosion of sur-
faces during the combustion of problematic carbon raw materials (salty coal, biomass, some wastes, etc.). Determination of the
main approaches to the problem of using coal with a high pollution factor. Selection of objects of experimental study on composite
raw materials, including coal of different degrees of metamorphism and salinity. Identification of minerals of ash residues of indi-
vidual fuels and their blends using X-ray phase analysis (X-ray diffraction). Semi-quantitative phase analysis of diffractograms was
performed using MATCH! software.

Findings. Modern views on the causes of slagging and corrosion processes during the combustion of fuel with a high salt con-
tent are highlighted. It has been determined that the process of intensive slagging is associated with a certain ratio of sodium, cal-
cium and iron compounds. The composition and features of the mineral phases of ash residues of composite fuel with the partici-
pation of salty coal are experimentally established. The influence of the content of components on the formation of certain min-
eral phases of mixed ash was determined.

Originality. For the first time, the prospects of using two-component blended fuel with the participation of Ukrainian salty coal
have been studied. The analysis of minerals in ash residues of salty coal and its blends was carried out. It has been determined that
the main part of Na in ash of salty coal of the Bohdanivske deposit in the Northern Donbas is in the form of sulfates and silicates.
For the first time, the composition and ways of formation of new refractory mineral compounds in the ash formed during the
combustion of composite fuel from coal of different metamorphism and salinity have been established.

Practical value. Based on the analysis of literary sources and conducted studies, the dependence of the ash composition on the
minerals of the initial fuel and on the ratio of various components in the blends was determined. The proposed approach has a
predictive power, as it allows predicting the formation of the main refractory ash minerals. The expediency and prospects of involv-

ing salty coal in the fuel base of Ukraine as a component of blended fuels are shown.
Keywords: salty coal, combustion, slagging, surface corrosion, blends, ash minerals

Introduction. Fossil coal as a component of the world’s
fuel resources for several decades will still play a significant
role in the power engineering both in Ukraine as well as in
other countries of the world.

The situation in the power industry of our country is cur-
rently characterized by two divergent trends. On the one hand,
the role of coal as an energy fuel remains crucial, as far as to-
day more than 30 % [1] of all electricity in the country is pro-
duced by thermal generation. According to the New Energy
Strategy (NES) of Ukraine, in 2035, Thermal Power plants
(TPP) and Combined Heat and Power (CHP) plants will pro-
duce about 63 billion kW - h of electricity, and the role of coal
heat power engineering in regulating peak loads is and will re-
main leading. It is also assumed that the share of electric pow-
er production by the power units of TPPs and CHP plants in
the mentioned period will not be less than 12 % [1].

However, the global trend towards “carbon-free” power
engineering requires a blunt refusal from utilization of coal and
imposes increasingly rigid environmental requirements for
fossil fuels, which will be further combusted in the existing
boiler units for electricity and heat production.

As far as in the nearest years complete refusal from coal as a
fuel will not happen, and taken into account the present-day
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situation around the gas, it is necessary to determine the features
of the fuel base of solid-fuel power engineering in Ukraine. That
is why it is necessary to include relatively cheap and affordable
alternative fuels, as well as to compare the results of studies on
the characteristics of domestic raw materials and those of the
world’s leading countries. In addition, modern approaches to
the preparation of raw materials and their environmentally
friendly use in our country should be developed (or applied).

In this context, the so-called “salty” coal, the deposits of
which are located in the government-controlled territory of
Ukraine in Dnipropetrovsk and Luhansk regions, deserves
some attention. This off-balance coal with explored reserves of
about 10—12 billion tons (estimated reserves amount up to
25 billion tons) is not yet extracted. Coal deposits are charac-
terized by several attractive features: acceptable heat of com-
bustion (about 7,000 kcal/kg per dry ash less mass), small
depths (300—600 m), significant stratum depth (sometimes up
to 3—5 m) and a moderate ash content (10—15 %). In the
grades classification, coal is defined as long-flame (L), long-
flame gas (LG) and brown (B) [2]. Involvement of salty coal in
the country’s fuel balance for electricity and heat production
will reduce the possible shortage of coal from the gas group
(grades G, LG), for combustion of which several modern
TPPs are currently adapted [3].

For several decades, the problem of successful utilization
of salty coal has been attracting the attention of scientists and
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power engineers all over the world, as far as fields of coal with
a high content of salts have been explored in many countries
like Germany, Poland, the USA, Kazakhstan, RF, the Czech
Republic, Great Britain, Australia, China, etc. [2]. Negative
world experience in the use of such coal is associated with the
fact that aggressive combustion products in salty coal have a
strong impact on the state of metal and heating surfaces.
Namely, they cause an increased slagging on the intrafuel sur-
faces and their high-temperature gas corrosion [4, 5].

According to the authors [6], creation of the latest tech-
nologies for combustion of salty coal will allow expanding
Ukraine’s fuel reserves for electricity and heat production by
10 %, as well as reducing the possible shortage of coal of the
gas group, especially in the conditions of its current shortage.

Literature review. Already since the middle of the last cen-
tury, it has been known that during a direct utilization of fuel
with a high content of salts, energy and environmental indices
of a power unit are deteriorated. The rapid sticking of ash de-
posits, slagging and damage to metal surfaces and heat-insu-
lating carborundum materials of a boiler unit occur as a result
of the corrosion activity of volatile products [4, 7].

For efficient use of such raw materials, it is necessary not
only to know the detailed composition of fuel minerals, but
also to understand the mechanism and all stages of sticking,
slagging and corrosion that arise during its combustion. That is
why many original and review studies are devoted to complex
mechanisms for the formation of slag deposits during utiliza-
tion of different types of problem raw materials [8—10].

During many year experiments of scientists from the All-
Union Thermal Engineering Institute (VTI, Moscow, 1980—
90s), on the example of coal from the Novomoskovsk field
(Western Donbas, Ukraine), it was established that the highest
tendency to slag formation is inherent to that coal, whose
composition has a large amount of halite (NaCl). Which,
during combustion of coal by first precipitates on cold surfaces
in the form of a sticky solid film [11].

The generalization and critical analysis of mechanisms of
slagging during combustion of raw materials of different origin
with a high content of alkaline and alkali-earth metals were
performed in the review [12]. The phenomenon of slag forma-
tion was determined as accumulation of molten ash on walls of
a furnace unit, a gasifier or a boiler, which is very detrimental,
as far as it reduces the rate of heat transfer, the combustion/
gasification rate of carbon which did not manage to react,
leads to emergency situations, high-temperature corrosion
and, in some cases, explosion of superheaters.

In the review, the classification of fuels from the world
fields was made according to groups (for coal of a low stage of
metamorphism according to the main indices) and in com-
parison with other types of carbon raw materials (different
types of biomass, anthracites). The phenomenological model
of slagging and agglomeration of ash deposits in the process of
combustion and gasification of fuels with an increased content
of alkaline salts was proposed. An example of the mechanism
of slagging is shown in Fig. 1.

The mentioned study (literature review) [12] is distin-
guished by a broad coverage of world contemporary literature,
determination of general factors of fuels which are currently
used in the world and are promising in the future because of
environmental requirements. This concerns the limited avail-
able resources and the need in divergence of a raw material
base. Much attention was paid to the study on the viscosity of
the molten ash and the impact of the features of mineral com-
ponents in the fuels.

Despite a rich experimental material gathered by the au-
thors, the main conclusion indicates that we still do not have
enough knowledge on the laws of slagging and need new ex-
perimental data on different fields of energy coal. In view of
these conclusions, the studies on the features of the mineral
composition of Ukrainian salty coal and their influence on
slagging of heating surfaces and corrosion are quite relevant.
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Fig. 1. Formation of slag and deposits inside the gasifier [12]

Domestic research works [13] showed that despite the close in-
dex of salinity (elevated (=2 %) content of Na,O in the ash),
salty coal significantly differs from each other by natural (na-
tive) mineral composition (even within one field). It was found
out that halite is not always a prevalent compound among wa-
ter-soluble components in coal minerals and a significant place
belongs to sodium and calcium sulphate, as well as iron salts.

In the case of combustion of such coal, this fact will be es-
sential, since the predicted formation of certain low-melting
eutectics of mineral compounds will require special approach-
es to the preparation and organization of the process.

During the first attempts of combustion of natural salty
coal at domestic coal fired TPPs without changing the condi-
tions and power equipment, on heat exchange surfaces a thick
layer of sticky and solid deposits was formed, which dramati-
cally deteriorated heat exchange properties of working surfaces,
and it was impossible to remove these deposits by conventional
methods for cleaning. The same deposits were observed during
combustion of solid and liquid fuels with a relatively high con-
tent of impurities having low melting and sublimation tempera-
tures (some types of biomass, agro-industrial waste, etc.) [14].

At high temperatures developing in the boiler chamber, al-
kaline chlorides and some sulfates transfer into vapour phase
with the following condensation on the walls of tubes in the
region of reduced gas temperatures. On the formed sticky (or
liquid) deposits, fly ash is mechanically precipitated. As a re-
sult of interaction of these substances with solid ash particles
and some components of fuel combustion products (SO,, O,),
various chemical transformations occur, which lead to sinter-
ing and formation of a dense layer of contaminations. In addi-
tion, after a short-term operation, under the slag, corrosion
damage of the metal occurs [4].

Complex and multi-stage corrosion mechanism during
combustion of raw materials with a high content of low-melt-
ing salts will be considered in more detail in a separate publi-
cation. Here it should be emphasized that the difficulties aris-
ing during combustion of ash fuels, are not associated directly
with the absolute amount of ash in fuel. Thus, during combus-
tion of fuel oil, in which the amount of mineral impurities does
not exceed tenth fractions of one percent, the formation of
dense deposits is also possible, which greatly complicates the
normal operation of a boiler unit.

In the composition of mineral impurities of problem fuel, as
a rule, low-melting substances may be contained [4]. They in-
clude alkaline metal oxides — Na,O, K,O (z,, = 700 °C), chlo-
rides — FeCl; (¢,, ~ 670 °C), MgCl, (¢, ~ 700 °C), CaCl,, KCIl
(t, = 770 °C), NaCl (#,, ~ 800 °C) and some sulfates — Na,SO,
(t,= 880 °C), K,SO, (#,,~ 1070 °C). Refractory mineral impuri-
ties of fuel are calcium sulfate CaSO, (1,, = 1,400 °C), oxides —
SiO, (t,,~ 1,470 °C), Fe, 05 (£,,~ 1,570 °C), A1,05 (¢,,~ 2,015°C),
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CaO (t,, = 2,570 °C), MgO (t,, = 2,800 °C), silicates — CaSiO;
(t,,~ 1,540 °C), etc. The characteristic of ash in the boiler cham-
ber depends on the ratio of basic and acidic (according to chem-
ical properties) components included in the melt.

Many modern studies found out that not only salts of al-
kali metals predetermine slagging of surfaces during combus-
tion of coal and biomass. Calcium and iron compounds play a
similar role [15—17].

The authors [18] found a clear correlation between the ra-
tio of sodium and iron content, the sum of silicon and alu-
minium and the level of slagging and fouling during combus-
tion of high-alkaline coal:

1. For Na, at Na/(Si + Al) < 0.05 — negligible fouling;

Na/(Si + Al) > 0.05 — significant or severe fouling.

2. For Fe, at Fe/(Si + Al) < 0.2 — negligible slagging;

Fe/(Si + Al) > 0.2 — increased slagging.

It is noted that is possible to predict the behaviour of fuels
regarding the tendency to slagging only if information on the de-
tailed composition of minerals is available and provided, that a
preliminary simulation of the properties of molten ash was carried
out. A significant contribution to accumulation of experimental
data on complications during combustion of coal with a high con-
tent of salts was made by the developments of Chinese scientists
[15—18, 19]. Visual examples of the formation of ash deposits in
the process of operation of boiler units during utilization of high-
alkaline coal from Chinese fields are presented in Fig. 2 [18, 19],
where the phenomenon of slagging and types of slag formations in
various areas of metal surfaces of a boiler unit is shown.

Usually, during combustion of raw materials with a high
content of calcium and alkali metals (as an example: Estonian
slates, Kansk-Achinsk coal of the Russian Federation [7]) in
the conditions of periodic cleaning, on heating surfaces, three-
layer ash deposits are formed (according to the works by the
Estonian heat engineering school — Epik I. 1., etc., 1961). The
first layer of ash deposits, which is located directly on the sur-
face of tubes, is strongly associated with the metal. Next, a
middle dense layer is located, atop of which a loose layer is
formed. During vibration cleaning, blast cleaning and steam
blowing, deposits on the surface of tubes and the layer under
deposits are not removed, because they have a high strength.

During cleaning of the heating surface, a loose layer, which
is located on the middle layer, is almost completely removed.
In this case, different layers differ from each other by chemical
and mineralogical composition.

Instead, the studies by Finnish scientists [ 10] show that de-
posits are formed by multilayer structures with porous inner
and dense outer layers. In addition, the outer layer is homog-
enized. Compaction and chemical homogenization occurred
by sintering of a liquid phase and migration of a liquid phase,
caused by temperature gradient. It was observed that alkaline
chlorides in a gas phase migrate in the direction towards lower
temperatures. Compaction of deposits occurs mainly due to
sintering of a liquid phase, resulting in the formation of a layer
with almost eutectic composition.

Fig. 3 shows phase diagrams for two typical systems that
form layered deposits and their image in the scanning electron
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Fig. 2. Examples of strong slagging and fouling of heat exchange
surfaces of the boiler [18]

microscope, which reflects the migration of phases in the re-
gion of supersolidus. The dashed line shows the initial compo-
sition of deposits. The eutectic region (A) is located at sub-
solidus temperatures (pre-solid), while the regions B and C are
at supersolidus temperatures (very solid), which consist of a
primary crystallized phase (B) (Na,SO,) and a liquid phase
(C), which follows the line of a liquid state [10].

Modern research methods (X-Ray fluorescence (XRF), X-
ray diffraction (XRD), SEM, etc.) revealed that in a high-alka-
li coal from the Xinjiang field (China) [19], which is very simi-
lar to Ukrainian salty coal from the Novomoskovsk field (Na,O
=4.0—10 % by weight), (CaO =20—40 % by weight) in ash de-
posits rich in iron, prevailed compounds located in the radia-
tion zone are magnetite and wollastonite (CaSiO;). They are
predetermined by low melting temperatures of Fe/Ca — eutec-
tics. In a convective intersection, the main ways of contamina-
tion of water tubes are evaporation of alkali metals, as well as
their further condensation with the formation of Na,SO, and
CaSO, sulfates. Deposition of ash for this coal, as is shown in
[19], has grown rapidly already in the first 1.5 hours. The dom-
inant phases in the growing layer of ash are slags of the compo-
sition Na,SO,, CaSO, and Ca—Al-Si — compounds.

The continuous interaction between a liquid phase and re-
captured particles leads to the formation of new eutectic com-
pounds containing anhydrite (CaSQ,), tenardite (Na,SO,),
gehlenite (Ca,Si,0,) and hematite (Fe,05). In this case, the
rate of decrease in the heat transfer at the initial stage of ash
precipitation is from —0.26 to —0.28 %,/min. The range of tem-
peratures of ash precipitation in the Xinjiang coal varies from
790 to 1,050 °C. It is obvious that these results expand the idea
of the main processes of slagging formed earlier (as for exam-
ple, by Roddatis K. F., Dobrokhotov V. 1., and others “Teplo-
energetika”1981).

Similar mechanisms of eutectic formation processes with
the participation of iron, sodium and calcium compounds are
discussed in [20]. It was necessary to determine the reasons of
slagging ash coolers of the CFB boiler of Starobeshivska TPP at
using anthracite and coal sludge. Several reasons were found,
one of which was the excess of Fe/(Si + Al) critical value of this
parameter, at which increased slagging already occurs. The cal-
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Fig. 3. Phase diagrams of KCI—K,SO,and NaCl—Na,SO, systems and their image in the scanning electron microscope (SEM) of re-

verse scattering [10]
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culation of such a criterion for two samples of coal proved that
the value of this ratio of the mentioned elements is 1.8—2 times
higher than the critical one (it is 0.02 [19]). X-ray phase analy-
sis of coal showed that its mineral part consists of anhydrite
CaSO,, glauberite Na,Ca(SO,), and hematite Fe,0s;, such
compounds that readily form Na—Ca—Fe — eutectics and lead
to slagging at different stages of boiler operation.

Based on the methods of chemical thermodynamics of
multicomponent reacting systems [21], the distribution of the
most low-melting components (potassium and sodium) in the
combustion products of 15 types of coal was investigated. It
was shown that accumulation of potassium and sodium in the
products of coal combustion depends on the content and
shape of location of these elements in the coal, the total com-
position of mineral components, ash content, as well as sul-
phur content in the initial coal. The results of thermodynamic
studies are confirmed by the works by Chinese scientists [17],
in which during combustion of salty coal, the probable mecha-
nism of precipitation of alkali metals compounds in ash depos-
its is described (Fig. 4).

Analyzing the proposed mechanism of slagging, it should be
noted that it does not take into account some compounds of iron
and sulphur, widespread in fuel, as well as ignores the reactions
with their participation. As was already shown, they are consid-
ered to be involved in the formation of multicomponent slag de-
posits [16—18, 22]. For example, during utilization of biomass
and a blend of coal with biomass, slagging and fouling of heating
surfaces tend to increase as a result of a growth in the ratio alkali/
acids, alkali metal content and ratio Fe,05/CaO [23].

A particular interest is paid to corrosion, which occurs in
the contact zone of metal and slag deposits. Mostly, their com-
position is determined by mineral components in fuel, sulphur
content and combustion conditions. A high-temperature cor-
rosion of surfaces by compounds of such elements as sulphur,
sodium, potassium and vanadium not only deteriorates the
ecological indices of the boiler, but also causes destruction of
tube walls. The mechanism of corrosion for coal, oil-fired
boilers and boilers, where vegetable waste is combusted is sim-
ilar: iron in a bound state is removed from the upper layer of
the tube wall. The differences are predetermined by the con-
tent of low-melting components characteristic for each type of
fuel. As a result, in different types of boilers chemical reactions
with iron are different [24].

In coal boilers, the highest intensity of corrosion is ob-
served in the range of temperatures 580—675 °C, where sulfates
of alkali metals Na,SO,/K,SO, in the presence of sulphur
compounds, for example, SOs, interact with iron oxide, which
covers the tube surface. As a result of reactions, liquid dual
sulfates Na;Fe(SO,); or K;Fe(SO,); are formed, which leads
to a gradual destruction of metal surfaces.

Numerous cases and stages of damage to heating surfaces
during combustion of salty coal are discussed, where chlorides
of alkali metals are considered to be the main cause of corro-
sion, although the mechanism of corrosion here is somewhat
different (see below). Thus, during combustion of British coal
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Fig. 4. Possible mechanism of ash deposition during combustion
of coal with a high content of sodium and calcium [17]

with the content C1¢=0.36 %, Q' = 23.3 MJ/kg, on the boiler
of the 500 MW unit, within 20,000 hours, the corrosion rate of
the primary stage of the secondary superheater (of austenitic
steel) was 0.4 mm/year. According to the data of observations
conducted by CEGB (Central Electricity Generating Board,
England), corrosion of furnace walls was observed on coal fired
boilers of all types, since the content of chlorine in coal in some
cases exceeded 0.5 % and in average amounted to 0.25 % [25].

Based on the experience of units operating with the vapour
parameters of 10 MPa with a reduced temperature of metal
surface being about 370 °C, a linear dependence of corrosion
on the content of chlorine in coal was established. In areas
with an increased content of hydrogen chloride in flue gases,
the corrosion rate of furnace tubes reached several millimetres
per year. According to the data published in [9], at the content
of chlorine in coal being 0.65 %, the corrosion rate of furnace
tubes can reach the value of up to 8.0 mm/year.

In this case, the restoration of one damaged tube of the
500—600 MW unit costs 200 thousand pounds. The rate of
corrosion of metal surfaces of the superheater depends on the
temperature of gases and tubes. An important role in the cor-
rosion process belongs to such factors as the appearance of
zones with a restorative environment and high heat fluxes. In
the 500 MW boiler of the Rateliff-on-Sour power plant [9],
coal with a high calorific capacity Q7 =23.3 MJ/kg and a rela-
tively low chlorine content of 0.36 % was combusted. At a cal-
culation vapour temperature of 568 °C, the maximum tem-
perature of metal wall reached 650 °C. After 20,000 hours of
operation, it became noticeable that the outlet tube (of austen-
ite) corrodes at a rate of 0.4 mm/year, which can lead to an
accident already after 30,000 hours at estimated 100,000 hours
for design operation of the boiler.

Due to many years of investigations, British scientists ob-
tained integral dependences of corrosion rate of heating sur-
faces of boilers on the content of chlorine in coal, temperature
of metal and gases, as well as the class of used steels [24]. The
summarized results (Fig. 5) are of great practical value and are
able to predict the course of the corrosion process during utili-
zation of coal with different chlorine content.

From the data in the table (Fig. 5), it follows that at a tem-
perature of gases above 1,000 °C and at a content of chlorine
above 0.35 %, even for austenitic steels, corrosion becomes
noticeable already at the temperature of walls being >540 °C.
In the case of low-alloy ferritic steels, corrosion under similar
conditions is noticeable at the content of chlorine being
>0.15 %. Under the conditions of a high temperature of gases
and a wall temperature of >650 °C, catastrophic corrosion oc-
curs even at a low chlorine concentration being <0.3 %.

Production studies on the combustion of Australian brown
coal with a higher chlorine content (this coal is much “saltier”
than British) (Q%= 10 MJ/kg, C1¢=0.7 %) provided even more
specific results. It was found that with an increase in tempera-

High-alloy ferritic steels | Austenitic steels (type 347,

Tempe{Average wall
(up to 12 % Cr) 321, 316, E1250)

raturo | temperature Low-alloy ferritic steels

more | 0,35- less | more | 0,35- less | more | 0,35- less
°C °C 0,35% | 0,15% | 0,15% | 0,35% | 0,15% | 0,15%| 0,35% | 0,15% | 0,15%
Cl Cl Cl Cl Cl Cl Cl Cl Cl
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Fig. 5. Corrosion rate of boiler steels [24]
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ture of the tube wall (#,) (steel Kh10CrNiNb189) from 550 to
600 °C, the corrosion rate 2.5 times increases at a given tem-
perature of flue gases. However, at #,,= 600 °C, an increase in
the temperature of flue gases from 825 to 1,025 °C led to
2.25 times increase in the corrosion rate. Thus, for example, if
att,=550and 7,= 825 °C, the corrosion rate is 0.16 mm/year,
then at £, =600 and 7,= 1,025 °C, it will be close to 1 mm/year.
As the temperature of gases grows, the corrosion rate increases
according to the law close to parabolic [26].

As is known, chlorine is present in coal in two main forms:
in the form of alkali metal chlorides or in the form of organo-
chlorine compounds, which are destroyed by high-tempera-
ture fuel conversion. It is generally considered that the pre-
dominant compounds are salts — chlorides [27]. In the process
of combustion, the transformation of fuel chlorine into highly-
corrosive chlorine-containing components occurs, the main
of which, as studies have shown, is hydrogen chloride.

Since the early 70-s, Krause H. H. from the Bettle Institute
(USA) has studied the problem of corrosion of heating sur-
faces in incineration plants. As is known, a significant share of
garbage is waste of PVC materials. In [28], he summarized the
gathered material. In particular, he proposed a mechanism of
corrosion under the influence of chlorine-containing com-
pounds. A visual scheme of the process and probable chemical
reactions leading to the formation of chlorides and oxides of
iron in the deposits are shown in Fig. 6.

A part of chlorides, such as NaCl, CaCl,, evaporates dur-
ing combustion of raw materials and forms deposits directly
from the torch. Corrosion begins in the process of conversion
of chlorides in the deposits into sulfates under the influence of
S0O,, SO;, oxygen and water vapor.

In this case, near the metal surface hydrogen chloride HCI
is formed

2NaCl + SO, + H,0 = Na,SO, + 2HCI

Hydrogen chloride can react with metal to form FeCl, or
oxidize to molecular chlorine

Fe+2HCl =FeCl, + H,0
2ﬁc1+%o2 =Cl,+H,0

In the article by Krause H. H. [28], it is noted that molecu-
lar chlorine unlike hydrogen chloride, was not detected in flue
gases, but laboratory studies showed that a small amount of
chlorine may be in the form of Cl, (obviously, under somewhat
different conditions of the gaseous environment). It should be
noted that molecular chlorine is much less reactive than hy-

Deposition

S0:+0:+H:0

0:

Tube Corrosion
products

Fig. 6. Schematic representation of successive chemical reac-
tions in chloride corrosion of tubes, according to [28]

drogen chloride, which reacts rapidly with metals at high tem-
peratures, forming the corresponding chlorides and promoting
the formation of oxides.

Based on the abovementioned, it can be concluded that
hydrogen chloride has a leading role in a high-temperature
corrosion during combustion of salty coal. As a result of subli-
mation of iron chlorides, on the surface of tubes, a porous ox-
ide film is formed, which no longer has protective properties,
which opens an access of new portions of aggressive compo-
nents of flue gases to the metal.

An analysis of world scientific and practical sources indi-
cates that the mechanisms of slagging and corrosion during
the combustion of raw materials with a high salt content are
basically clarified. But a general theory that would have pre-
dictive power does not yet exist. Each experimental work to
determine the characteristics of a particular fuel source adds
its contribution to the overall picture of the process and helps
to solve practical problems.

Original studies of the authors. Taken into account the en-
ergy prospects of domestic salty coal, in order to determine the
effect of chlorides of alkali and alkaline-earth metals on the
formation of ash deposits and signs of corrosion in the pro-
cesses of a high-temperature conversion, a series of experi-
mental laboratory studies was conducted, involving core sam-
ples of coal from the Northern Donbas [29].

Quantitative weight analysis experimentally proved a sig-
nificant excess in the mass of ash deposits on the metal surface
during combustion (ashing) of native (initial) coal unlike dur-
ing the same process for desalinated coal or some varieties of
plant biomass [29].

The propagation of corrosion processes during combus-
tion of salty coal from the Bohdanivske and Starobilske fields
of the Northern Donbas was investigated experimentally.
Thus, during combustion of the initial salty coal, exfoliated
layers on the surface of the metal plate were visually detected,
which was in contact with volatile products. Desalinated coal
did not occur exfoliated layers during combustion. It turned
out that the main compounds of separated exfoliated layers
were iron oxides (75—85 % in total). The content of other
compounds — iron sulfide (13—25 %) and NaCl (from 0 to
2 %) is associated with quantitative differences in the compo-
sition of samples of initial salty coal [29]. Probably, a simple
aqueous extraction of salty coal according to the previously
developed procedure significantly reduces slagging and cor-
rosion of metal surfaces during combustion of such a coal.

Purpose. The goal of the experimental part of the new re-
search is to determine the influence of components ratio on
the composition of mineral compounds in ash residues,
formed at the combustion of the blends from coals of different
metamorphism and salinity.

Methodology for research. Considering the high energy
(fuel) characteristics and the presence of a natural catalytic
complex, one of the promising directions for the use of salted
coal is its co-combustion with other coal, which has lower re-
activity, a higher ash melting point and does not cause exces-
sive slagging of the heating surfaces.

Two samples of coal with different salt content were se-
lected for the experiment (Table 1). The first sample is salty
coal (SC) of the Bohdanivske deposit with a high content of
Na,O in ash ~7 % and chlorine in coal ~0.8 %. The second
sample is lean unsalted coal (LC) (Na,O in ash ~0.7 %) from
Kuzbass (RF) which is currently burned at TPPs of Ukraine
and according to DSTU 4083-2002 is similar to Ukrainian
coal of this brand by classification indicators.

Salty coal belongs to bituminous coal, has an average ash
content, acceptable heat of combustion ~30.6 MJ/kg and high
volatiles (more than 40 %). The main ash-forming compo-
nents are oxides: silicon (~37 %), aluminium (~8 %), iron
(~12 %), calcium (~15 %) and sodium (~6.8 %). Lean coal
ash is characterized by a low content of oxides of alkali and
alkaline earth metals (in the total amount of 7.3 %) and iron,
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Table 1
Characteristics of salty and lean coal

Technical Na,O in
Sample Coal types analysis, % ash, C;’
Wa Vdaf Aa’ % 0
Salty Bituminous 12.7 | 42.8 | 5.07 | 6.62—7.22 | 0.8
Coal coal
Unsalted | Semi-anthracite | 1.1 | 17.9 | 12.2 0.7 0.04
Coal (lean coal)

at the same time high content of aluminium and silicon oxides
(26.7 and 54.0 % respectively).

The coal samples were separately crushed to a fraction of
0—0.2 mm. These samples of salty and lean coal separately, as
well as their blends weighing 3 g in rectangular vessels were
subjected to heat treatment. Heating mode — temperature rise
for 1 hour from 20 to 850 °C, then two hours of isothermal
holding at 850 °C until complete ashing.

The ash samples were analysed using DRON-4M diffrac-
tometer (in the radiation of cobalt or copper anode). The re-
cord of powder diffractograms was made in the range of angles
20 from 15 to 60° with a step of 0.04°. Determination of inter-
layer distances of minerals was made with an accuracy of
0.002 nm. Semi-quantitative phase analysis of diffractograms
was performed using MATCH* software.

Results. With the participation of salty coal from the North-
ern Donbas and lean unsalted coal from Kuzbass (Russia), arti-
ficial blends of different component composition (50 : 50,
40: 60, 60 : 40) were created and combusted in a muffle furnace.

It was found that the mineral composition of ash residues of
separately lean and salty bituminous coal has some common
features. Namely, oxides of'silicon (Si0O,), oxides of iron (Fe,0s3,
Fe;0,) and aluminosilicate (Al,Si,Os) are determined by clear
reflexes in the ashes of both samples, but in different ratios.

Considered separately, in the composition of salty coal ash
were found a significant amount of simple oxides, anhydrite
(CaS0O,) and aluminosilicate (Al,Si,05) and much smaller
amount of silicates (CaSiO;, Mg,SiO,) and sulfate (Fe,(SO,)s).
Regarding the phases that include Na, two main groups — sili-
cates (Na,Si,Os, Na,SiO;, Na,SiO¢) and sodium aluminate
(Na,Al,O,) can be distinguished. Na in a small amount is includ-
ed in sodium aluminosilicate (NaAlSiO,) and sodium sulfate
(Na,SO,). A total of 12 main mineral phases have been identified.

The composition of lean coal ash (chosen to create a
promising safe fuel) is characterized by traditional silicon and
aluminum oxides (reflexes of the latter have the highest inten-
sity), moderate volume of iron oxide (Fe,05), simple (Al,SiOs,
MgSiO;) and complex silicates (KAI;Si;04;, CazAly(SiOy)3).
A total of 9 main mineral phases have been identified. Sodium
compounds under the experimental conditions and recording
diffractograms in the ash of lean coal were not detected.

Depending on the ratio of blended fuels in the ash, the ap-
pearance of new mineral phases is observed, which are not in-
herent in the ashes of the initial samples.

For ash residues of blends SC : LC = 50 : 50, it was found
that in addition to the main intense reflexes being characteristic
of any ash which correspond to the mineral phases belonging to
the group of oxides — Si0O,, Fe,0;, Fe;0, and Al,O;, simple cal-
cium (CaSiO;, Ca,Si0,4) and aluminium (Al,SiOs) silicates, as
well as complex alumosilicates — KAISi;Og, Ca;Al,Si;0,, were
detected in significant quantities. And sulfates Ca and Mg were
detected in a small amount. A feature of the ash from the blends
were new mineral phases with the participation of iron —
Fe,Si0,, Ca;Fe,(SiO), have been established. Based on the in-
tensity of characteristic reflexes, in comparison with individual
salty coals, in the ash residue of the blend, a much lower volume
of silicate (Na,Si0O,) and sodium sulfate (Na,SO,) is observed.
Instead, reflexes of more complex and refractory minerals (Ta-

ble 2) —nephelines (NaAlSiO,, bertollids of type KNas(AlSiO,),,
Ky 36Nay 16A1S1,04) and ultramarines (Na;AlsSis0,4S5), as well
as other new compounds — combeite (NaCaSiO,) and sodium
aluminates (NaAlO, and its dimer Na,Al,O,) were found.

In the blend, where salty coal predominates (SC : LC =
= 60 : 40), along with a significant amount of minerals Al and
Si, quite significant reflexes are noticeable, corresponding to
the minerals, which include Fe and Ca — Fe,SiO,, Fe,0;,
Fe;0,, CaFeSiO,, CaFe,0,4, CaO, CaSiO;, CaSi,Os (Fig. 7, a,
main reflexes — 2.91 A; 2.75A; 2.56 A; 2.35 A% 1.71 A; 1.46 A).

At the same time, in the blend where lean coal predominates
(SC: LC=40:60), the main reflexes correspond to silicates and
aluminosilicates — Si0,, AL,SiOs (Fig. 7, b — 3.54 A 3.4 A; 2.23
A; 1.84 A; 1.5 A; 1.39 A), and those reflexes, that determine the
compounds Fe and Ca, have a much lower intensity.

In our opinion, it is important to note the results regarding
mineral phases of the blended ash to which sodium is included.
As compared to the composition of the ash of the initial salty
coal, in the ash residue of its blend with lean coal, a signifi-
cantly lower content of sodium silicate (Na,SiOs) and sodium
sulfate (Na,SQO,) is observed. Instead, more varieties of com-
plex and refractory minerals like nepheline group (NaAlSiO,,
KNa;(AISiO,),), ultramarine (Na;Al¢Sic0,4S;), as well as oth-
er new complex compounds: combeite (NaCaSiO,4) and sodi-
um aluminate (NaAlO,, Na,Al,O,) are formed. It should be
noted that depending on the ratio of salty and lean coal, the
composition and structure of formed compounds is changed.
Thus, in the blend, where lean coal predominates, in addition
to the abovementioned minerals, varieties of nephelines
(Ko 56Nag sAISHOg;  (Siy Al g)Na  g0pp;  NaAlSi,Oq) were
found, whose composition includes a lower percentage of Na
than the blend, where salty coal predominates. In the case of
higher salt content, the situation is reversed, because in the ash
enriched with salty coal, minerals with a higher percentage of
Na (compounds Na,AlSiO; and NagAlSis0,,SO,4) were found.
Such formations are called bertollids. They represent non-stoi-
chiometric compounds, which exist not in the form of a mol-
ecule, but as a phase (i. e. chemically bound huge aggregate of
atoms) [30]. As was shown by our experiment, the composition
of such a phase depends on the mineral composition of initial
components and their ratio. The main factor that determines
the formation of these compounds is a sufficient amount of Al
and Si in the composition of lean coal.

The results of the literature review [31, 32] and our initial
studies [29] evidence, that namely aluminium and silicon ox-
ides reveal Na-capturing capability (capable to “capture” alkali
metal). In our case, they are supplied namely by a large amount
of aluminium oxide and by a sufficient amount of silicon oxide
of the initial blend — additionally due to lean coal. A similar
mechanism of “absorption”, “capture” can be imagined in the
case of alkaline earth metal — calcium and iron. These elements
in the blends also form simple and complex silicates CaFeSiO,,
CaFe,0,, CaSiO;, CaSi,0s) during ashing.

The results obtained on the formation of nephelines, ultra-
marines and other complex minerals are confirmed by the stud-

Table 2
Melting point of minerals which contain Na
Mineral Formula T 'C
Sodium sulphate (Thenardite) Na,SO, 883
Sodium silicate Naj,Si,05 874—1120
Na,SiO3, Na,SiO,,
Na,Si,Oq
Ultramarine Na;AlsSig04S; 1000—1200
Nepheline NaAlSiO,4 1526
KNa;(AlISiO,),
Sodium aluminate Na,Al,0,, NaAlO, 1650
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Fig. 7. Diffraction patterns of mixtures ash of salty and lean coal:
a— blend SC: LC=40:60; b — blend SC: LC=60:40

ies by scientists from other countries. Thus, in [31, 32] the follow-
ing scheme of formation of similar compounds was described:
1. Nepheline:
1) 2A125105 + Nast4 —> 2NaAISlO4 + A1203 + SO3
2) Nast4 + A1203 + 25102 —> 2NaAISlO4 + SO3
3) Nast4 + A1203 + 48102 —> 2NaA151206 + SO3
4) 3NaCl + KC1 +4Si0, + 2A1,0; + 2H,0 —»
—> KNa3(AlSlO4)4 +4HCI1
2. Ultramarine:
1) 6NaAlSiO, + Na,SO, — NagAlSic0,,SO,
3. Sodium aluminate:
1) A1203 + Na20 —> NazAl204
2) 2NaCl + Al,0; + H,0 — 2NaAlO, + 2HCl
3) Nast4 + A1203 —> 2NaA102 + SO3
Similar reactions can be imagined for other important ele-
ments in the slagging process:
1) 2CaSO, + Fe, 05 + 2810, — 2CaFeSiO, + 2SO,
2) CaSO, + 2Si0O, — CaSi,0; + SO,
3) 3CaSO4 + A1203 + 35102 —> Ca3Al2(SiO4)3 + 3SO3
4) 3Ca0 + A1203 + 35102 —> Ca3A12(SiO4)3
An approximate evaluation of technological and power in-
dices of coal blends (50 : 50) demonstrates that the ash content
of fuel will amount to 8—11 % when the content of chlorine in
the blend will be up to 0.32 % and sodium oxide in the ash will
be less than 1.3 %. The Na/(Si + Al) ratio will not exceed the
critical value of 0.05, and the value of Fe/(Si + Al) will be less
than the critical 0.2. This content of impurities is acceptable, as

far as it does not interfere with a stable combustion of the blend.
The volatile substances will amount to about 28—30 %, indicat-
ing a sufficient reactive capacity of the formed composite fuel.

The mentioned experimental data and our previous devel-
opments [29, 33] indicate the real ways for utilization of alter-
native fuels and expanding the fuel base of those countries of
the world which have powerful coal deposits with a significant
content of alkaline and alkali-earth metals.

Conclusions.

1. The review of modern scientific publications shows that
despite a “carbon-free” trend in the global power engineering,
power engineers and scientists have a stable interest to alterna-
tive coal fuels. But such fuels are featured by the mineral com-
position, which at present prevent their accident-free use. The
most intense studies on fuels with a high content of salts are
performed in China.

2. For Ukraine, the problem of diversification of the fuel
base of the power industry remains relevant, this requires a de-
tailed study on domestic power resources, including salty coal
from the Northern Donbas.

3. The results of the experimental determination of pecu-
liarities of minerals composition and their influence on the
process of slagging and corrosion for the fields of SC from the
Northern Donbas indicate the real ways of expanding the fuel
base of both in Ukraine and in those countries of the world
which have powerful coal fields with a significant content of
alkaline, iron and alkali-earth metals.

4. The next steps are advanced studies on mineral resourc-
es of Ukraine in the directions of finding new promising com-
positions and cheap economically and environmentally ac-
ceptable additives in order to eliminate the problems of com-
bustion of raw materials with an increased content of salts.
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Meta. Bu3HaueHHSI OCHOBHMX MEXaHi3MiB ILIJIaKyBaHHS
1 KOpo3il MOBEpXOHb HATpiBy MPU BUKOPUCTAHHI MaJMBHOI
CHPOBMHU 3 BUCOKUM BMICTOM JIY>KHHUX i JTy>KHO3EMEJTBHUX
MeTaniB. ExciepyMeHTanbHe BUSHAYEHHS MiHepalbHUX (a3
30JIbHUX 3aJIMIIKIB CIajJlOBaHHSI KOMITO3ULIIHOI CUPOBUHU
3a y4acTi COJIOHOTO BYTULIS Ta BIUIMBY KOMITOHEHTHOTO
CKJIaly Ha YTBOPEHHS TYTOIUIABKMX CITOJYK.

Metomuka. KputuuHuii aHasiz Ta y3arajlHeHHsI JOCSIT-
HEHb 1010 PO3POOJIEHUX TEOPill IUTAKyBaHHS i KOPO3ii oBep-
XOHb MPY CHaTIOBaHHI MPOOJIEMHOI BYIJIe1IeBOl CUPOBUHM (CO-
sioHoro Byriuisg (CB), 6iomacu, nesikvx BigxoiB To1o). BusHa-
YEHHST OCHOBHMX ITiIXOMiB 110 TTPOOJIeMY BUKOPYCTAHHST BYTiJI-
Jis, 0 MAa€ BUCOKUIA (hakTop 3a0pynHeHHs. Bubip o0’ekTiB
€KCTMEPUMEHTAJIBHOTO JOCTIMKEHHSI KOMMO3ULIMHOI CUPOBU-
HU, 110 BKJTIOYAE BYTLLIST Pi3HOrO MeTaMop@i3my i COJIOHOCT.
I3 BuKkopucraHHsaM peHTreHodazoBoro aHami3y (PDA) ineHTn-
(ixanist MiHepaJTiB 30JIbHUX 3TUIIKIB OKPEMUX MAJIMB Ta iX Cy-
Mimneit. HamiBKinbKicHMi1 ¢azoBuit aHaiiz mudpakrorpaM i3
BUKOPHMCTaHHSM MporpamHoro 3abe3neyeHHss MATCH.

Pesyabratn. BucsitieHi cyyacHi morisiam Ha MpUYMHU
[UTaKyBaHHSI i KOPO3iiTHi MpoIiecy Mpy CaloBaHHI MajinBa
3 BUCOKMM BMicTOM coJieii. BuzHaueHo, 1110 npoiec iHTeH-
CHBHOTO IIUTAKYBAaHHS ITOB’sI3aHUIA 3 IEBHUM CITiBBiTHOIIIEH-
HSIM CITOJIYK HAaTpil0, KaJbllilo Ta 3ajiza. EKcriepuMeHTaabHO
BCTaHOBJICHO CKJaJ i 0COOJMBOCTI MiHepaJbHUX (a3 30J1b-
HUX 3aJIMILIKIB KOMITO3UIIHOTO MajJiMBa 3a y4acTi COJIOHOTO
ByriJuisi. Bu3HaueHO BIUIMB BMiCTy KOMIIOHEHTIB MajvMBa Ha
(opMyBaHHS IEeBHUX MiHEpaIbHUX (ha3 CyMillleBOI 30J11.

HaykoBa HoBM3HA. YTIepIiie TOCTiKeHi TepCIIeKTHBY BU-
KOPUCTaHHSI ABOKOMIIOHEHTHOTO CYMIIIEBOTO TajuWBa 3a
y4acTi yKpaiHCbKOTO COJIOHOTO BYTi/UIsi. BukoHaHo aHai3
MiHepaJiiB 30JIbHUX 3aJIMIIKiB COJIOHOTO BYTI/UIS Ta MOTO Cy-
Mitieit. BuszHaueHo, 1110 B 3011 cosioHoro Byrijiisgs bornaHis-
cbkoro ponouiia [liBHiuHOro JIoH6acy ocCHOBHa 4acTMHA
Na nepeOyBae y BUMISIAI cyabdaTiB i cuiikaTiB. Ynepiie
BCTaHOBJIEHO CKJIAT i IIJISIXA YTBOPEHHS HOBUX TYTOIJIAaBKUX
MiHepaJbHUX CITOJIYK Y 30J1i, 110 cpopMyBaiacsi Ipu criaaio-
BaHHiI KOMITO3ULiIAHOTO TMaJIMBa 3 BYTiJIJISI Pi3HOTO METaMOp-
(izmy i1 cosoHOCTi.

IIpakTiyna 3naummictb. Ha mincraBi aHamizy Jitepatyp-
HMX JIKepes i MpOBeNeHUX MOCHiIKeHb BU3HAUCHA 3aJleX-
HICTh CKJIaay 30JIM Bil MiHEpaJsliB BHUXiTHOTO IMajuBa Ta Bil
CITiBBiIHOIIEHHS Pi3HUX KOMIIOHEHTIB y CyMillli. 3anpormno-
HOBaHUM MiaXil Ma€ TPOTHO3HY CUITY, OCKIIBKM Ja€ MOKIIM-
BiCTh Tepend6adat (PopMyBaHHS OCHOBHUX TYTOIIaBKUX
30JIbHUX MiHepasiB. ITokazaHa JOLIJIBHICTh i MEPCIEeKTUB-
HiCTb 3aJTy4eHHS COJIOHOTO BYTIJUIS 10 MaJIMBHOI 6a3u YKpa-
iHU SIK KOMITOHEHTA CyMillleBUX TaJIuB.

KiniouoBi ciioBa: cosone 8yeinis, cnaio8ants, waaKyeauts,
KOpO3is N0BEPXOHb, CyMIll, MIHEpanu 304u
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