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ABSTRACT

Studies of furnace-bottom deposits produced in a pilot-
scale research boiler by the burning of fifteen beneficiated
western Canadian coals show that the higher the tenor in
volatile elements, the higher also is the basicity determined
in analyses of coal-ash and furnace-bottom deposits, as well
as the degree of ash-slagging in the boiler. The microstruc-
ture observed in a furnace-bottom deposit is a function of
the basicity of this deposit.
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SOMMAIRE

L’étude des dépdts de la sole de four produits dans une
chaudiére expérimentale, 3 échelle pilote, par quinze char-
bons bitumineux enrichis de ’Ouest canadien, montre que
plus forte est la teneur en matiéres volatiles examinées, plus
grande est la basicité décelée par I’analyse du cendre-
charbon et des dépdts de la sole, et plus grande aussi est
la formation de scories cendreuses dans la chaudiére. La
microstructure d’un dépdt de la sole de four est fonction
de la basicité de ce dépét.

Mots-clés: charbon, cendre, laitier, composition chimique,
microstructures.

INTRODUCTION

Slagging and fouling of the heat-transfer surface
can be serious problems for utility boilers. The effects
include: retardation of heat transfer due to ash depo-
sition on the heat-absorbing surface, increased shut-
down of the operation caused by rapid deposition
of ash and formation of hard-bonded deposits on
the convection surface, and corrosion of boilers due
to deposition of alkali sulfate, chlorides, efc. Studies
of the chemical and physical characteristics of the
furnace ash and slag deposits are of primary impor-
tance for the understanding of coal-ash fouling and
slagging in boilers and, consequently, are importédnt
for the design of boilers. Substantial work has been
done on ash-fusion temperatures, ash compositions
and viscosity (Winegartner 1974, Winegartner &
Rhodes 1975, Bryers & Taylor 1976, Huffman et al.
1981, Huggins ef al. 1981, Raask 1982, Streeter et
al. 1983). The compositions and microstructures of
fly ash from coal-burning power plants have been
studied extensively (Hulett & Weinberger 1980,

Hulett ef al. 1980). However, relatively less work has
been done on the composition and microstructures
of the furnace-bottom deposits (Kiss ef al. 1972, Fess-
ler et al. 1980, Bengtsson 1984), and each study deals
with a specific aspect of coal-ash slagging. The study
of Hazard (1980) gives a detailed description of the
composition and microstructures of the furnace-ash
deposits, which consist mainly of coalesced glassy,
globular particles. The current study was undertaken
as part of CANMET efforts to evaluate the coal-ash
slagging process in utility boilers burning low-grade
coals and to correlate viscosity measurements, com-
position and microstructures of furnace-bottom
deposits with coal-ash slagging. Viscosity measure-
ments of the slag deposits from these low-grade coals
have been reported elsewhere (Quon ef al. 1984,
1985). This paper is concerned with the microstruc-
tures and composition of furnace-bottom (slag)
deposits produced by melting of the ash of western
Canadian coals.

EXPERIMENTAL

The furnace-bottom deposits were provided by the
Canadian Combustion Research Laboratory of
CANMET, and were produced by a research boiler
under conditions simulating those of utility boilers
during evaluation of combustion performance of
coals.

The research boiler has been described by Friedrich
et al. (1972): the boiler is a pilot-scale, pulverized-
coal-fired boiler that incorporates two tangentially
opposed burners. The furnace is of membrane-wall
construction and operates at a pressure of up to 2.5
kPa. At the full-load firing rate of 2500 MJ/h (0.7
MW), the boiler generates 730 kg/h of steam at 690
kPa (6.8 atm.), which is dissipated in an air con-
denser. Crushed coal is supplied from a 5-ton hop-
per through a variable-speed worm feeder to a ring-
and-roller type of pulverizer, which is normally swept
and pressurized by air at any temperature up to
230°C. The pulverizer contains a motor-driven clas-
sifier for controlling coal fineness, and a splitter at
the pulverizer outlet proportions the coal to each
burner. Secondary air can be supplied to the burners
at any temperature up to 260°C. Combustion gases
leave the furnace between 900° and 1100°C and then
pass through a transition section, a test-air heater
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and a conventional three-pass air heater before enter-
ing the stack. A forced-draft fan supplies air to the
air heater at 7 kPa. On leaving the heater, the air
is divided into three streams: primary air to the pul-
verizer, secondary air to the burner, and cooling air
to the test-air heater. The last stream, after leaving
the test-air heater, can be either exhausted to the
atmosphere or blended with the primary air-supply
to the pulverizer.

The combustion tests were carried out at full load.
Although operating conditions in the boiler had been
adjusted slightly to fit the properties of each coal,
in general, they simulated those of utility boilers. The
operating procedures were maintained the same for
all the tests: the boiler was preheated, excess air
adjusted, and the boiler was allowed to stabilize at
full steaming rate and pressure prior to feeding the
pulverized coal to the boiler. The feed rate, coal fine-
ness, and excess-air level were maintained stable dur-
ing the 7-hour testing period. Upon completion, the
boiler was shut down, and the furnace was allowed
to cool overnight prior to the collection of the
furnace-bottom deposit. The exact sample positions
in the furnace are not known; however, in general,
the samples are representative of the products of
these combustion tests.

The coals have been beneficiated and blended by
commercial testing laboratories prior to combustion
tests. The beneficiated coals have ranks ranging from
high-volatile to low-volatile bituminous, and contain
approximately 3 to 19% ash (dry), 18 to 37% vola-
tile matter (dry), 2 to 13% moisture, and have
calorific values from 24 to 35 MJ/kg. Partial com-
positions of these beneficiated coals using the ASTM
standard method are given in Table 1. Standard
ASTM methods and terminology (ASTM 1983), with
conversion to metric units where possible, are used
throughout this study.
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With the exception of sample No. 15, the coal
ashes have a base/acid ratio between 0.07 and 0.26
(base: Fe,0; + CaO + MgO + K;0O + Na,0;
acid: Si0, + ALO; + TiO, in wt.%; Winegartner
1974), base contents from 6 to 19%, alumina from
16 to 30%, silica from 55 to 63%, alkali (N2,0 +
K,0) less than 3%, SO, less than 6%, and a (CaO
+ Mg0)/Fe,0, ratio from 0.4 to 2.3 (Table 2).
Except for samples 2, 6, 9 and 15, all the ash sam-
ples are of western type (i.e., have CaO + MgO >
Fe,0,). The potential slagging-temperatures (Gray
& Moore 1974) were calculated from the ash-fusion
parameters (ASTM 1983) using the expression (4lxqq
+ Hg,)/5, where Iy, is the initial ash-deformation
temperature in a reducing atmosphere, and H, is
the hemispherical temperature in an oxidizing
atmosphere. The potential slagging-temperatures
have values ranging from 1151 to above 1480°C, and
show the familiar relationship that they increase with
decreasing base contents and values of the base/acid
ratio of the ash. Table 1 gives the ranks and volatile
contents of the beneficiated coals and a characteris-
tic grouping according to the potential slagging-
temperatures.

In general, the slagged furnace-bottom deposits
contain from 6 to 25% of base, a base/acid ratio
varying from 0.07 to 0.35, alumina from 18 to 30%,
silica from 44 to 68%, Fe,0, from 1 to 21%, CaO
from 1 to 7%, a (CaO + MgO)/Fe,0; ratio from
0.1to 1.7, alkali <3% and SO; < 0.2% (Table 3).
An increase of potential slagging-temperature of the
coals with decreasing base content or base/acid ratio
in furnace-bottom deposit is apparent in Tables 2 and
3. Microstructural and compositional variations in
these samples were studied using an optical micros-
cope, scanning-electron microscope equipped with
energy-dispersion X-ray analyzer, electron
microprobe and X-ray powder diffractometer.

TABLE 1. CHEMICAL COMPOSITION OF BENEFICIATED COALS
Sample ASTM Proximate, wt%, dry Ultimate, wt¥, dry Calorific Ash slagging Megascopic characteristics of
No. Classification* values, observed in furnace-bottom deposit
Beneficiated Volatile Ash [+ H S N MJ/kg pilot-scale
coal . boiler

1 LVB 18.0 10.9 79.9 4.0 0.4 0.9 31.8 Low Friable, sintered-Tike

2 LVB 20.2 19,0 69.1 3.4 0.2 0.7 27.1 Low powdery, friable

3 LVB 18.2 16.3 74.5 3.8 0.4 0.9 29.6 Low Friable, powdery to sintered-1like

4 MVB 25.6 14,0 73.1 3.7 0.3 0.9 28.9 Low to Moderate Glassy, porous to sintered-like

5 MvB 27.5 14.1 71.3 3.7 0.3 0.8 28.1 Moderate Glassy, porous

6 MVB 25,8 13.5 74,6 4,2 0.5 L1 30.4 Moderate Glassy, porous

7 MVB 25,2 13.9 73.5 4.2 0.3 0.7 29.6 Moderate Glassy, porous

8 MVB 23.7 9.3 78,5 3.7 0.3 0.8 30.1 Moderate Glassy, porous

9 MVB 24,2 12.6 77.0 4.0 0.3 1.3 30.7 Moderate Glassy to metallic-1ike, porous
10 HVBB 34,3 9.9 70.6 4.4 0.3 1.1 28.5 Moderate Glassy, porous '
11 HVBB 34.8 10.9 68.3 4.4 0.2 0.7 27.0 Moderate to high Glassy, porous

12 HVCB 34.8 17.1 60.8 3.6 0.5 1.5 24.0 High Glassy, porous

13 HVBB 36.0 10.5 69.9 4.4 0.2 1.3 27.4 High Glassy to clay-like, porous

14 HVBB 37.1 10.9 70.4 4.2 0.2 1.1 27.8 High Glassy to clay-like, porous

15 HVAB 36.9 2.8 83.5 5.3 1.2 1.8 34.9 High Porous, clay to metaliic-like

*LVB low-volatile bituminous; MVB medium-volatile bituminous; HVBB high-volatile B bituminous; HVCB high-volatile C

bituminous; HVAB high-volatile A bituminous.
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TABLE 2. COMPOSITIONS OF ASH

No, PST*#*% B/A* Base* Al 03 Si0, Fe D3 Ti0, POy Cal Mg0 SO3 NaD K0

1 1480** 0.07 6.4 30.2 55,2 1.9 21 1.4 3.1 0.4 2.0 0.2 0.8

2 1480** 0.07 6.4 29.6 6l.1 2.8 1.5 0.4 13 07 0.4 0.2 1.4

3 1393 0.08 7.7 29.5 56.5 3.0 1.9 0.8 2.8 0.7 21 0.1 1.1

4 1317 0.13 11.1 26.1 57.7 4.0 1.5 0.6 4.9 0.8 3.5 0.4 0.9

5 1311 0.15 12.8 25,0 56.9 5.0 1.5 0.6 5.7 0.8 4.0 0.4 0.9

6 1304 0.13 10.2 25.0 57.2 5.7 1.2 1.8 2.5 0.1 1.2 <0.1 2.0

7 1300 0.14 11.3 24,4 57.7 3.0 1,2 0.6 4.7 1.4 2,5 0.9 1.3

8 1292 0.14 11.5 23.1 57,9 4.4 1.2 0.7 4.4 1.2 3.5 0.4 1.1

9 1281 0.14 12,0 20.1 62,5 8.0 1.2 1.3 2.2 0.8 2.6 0.5 0.5

10 1261 0.16 12.7 20.0 61.5 4.3 0.9 0.4 6.0 1.2 3.7 0.3 0.9

11 1236 0.23 17.8 17.7 55.6 6.1 0.7 0.2 89 1.3 3.6 0.4 0.8

12 1229 0.19 14.8 20.1 57.9 3.8 0.5 0.6 6.4 1.3 4,0 2.3 1.0

13 1198 0.25 18.7 17.4 57,5 6.8 0.6 0.1 8.9 1.2 40 1.1 0.7

14 1178 0.26 18.8 16.7 558 5.1 0.6 0.3 10.6 1.4 6.4 0.9 0.8

15 1151 0.97 47.6 18.4 29.8 42.6 0.9 0.2 1.9 1.2 2.3 0.7 1.2

Results of X-ray fluorescence analyses, in wt. %

* Base = Fe 03+ Ca0 + Mg0 + K0 + Naj0; Acid = Si0, + Al 03 + Ti0,, in wt. %

** Qver 1480°C

***Potential slagging-temperature, (4Ipaq + lHpx)/5 in °C.

TABLE 3. CHEMICAL COMPOSITIONS OF FURNACE-BOTTOM DEPOSITS*

No. B/A%* Base®* M D3 Si0, Fe 0, Ca0 Mg0 SO3 Ti0, Na 0 K0
1 0.08 7.1 30.0 59.4 2.4 2.9 0.8 0.1 1.4 0.1 1.0
2 0.07-0.09 6.2-8.5 27.0 61.8-63.7 3.0-3.9 1,3-2.3 0.6-0.8 0.1 0.9-1.2 0.4-0.7 0.8-0.9
3 0.07-0.08 6.6-7.6 28.7-29.4 58.3-58.8 1.5 2.5-2.7 0.6-0.7 0-0.3 °1.5 0.1 1.0-1.3
4 0.11 9.9 25.8 61.2 4.2 4.0 0.6 €0.1 1.2 0.2 1.0
5 0.14 12.0 24.8 62.1 5.2 4,7 0.9 <0.1 1.0 0.2 1.0
6 0.13-0.14 11.5-12.4 23.1-23.5 61.6-62.7 5.9-6.6 1.7-2.1 1.1-1.2 0-0.2 0.5-1.0 0.1 2.5-2.7
7 0.11-0.12 8.8~ 9.6 20.6-23.3 52,2-61.8 2.,9-3.0 3,0-3.3 1.0-1.3 0-0.1 0.9-1.0 0.7 1.2-1.4
8 0.10-0,11 9.0- 9.5 21.1-22.1 67.6-68.0 3.9-4.6 2.5-2.6 0.9 0.1 0.7 1.1-1.3 0.3
9 0.12-0.15 10.6-13.0 17.8-18.1 64.8-67.2 7.0-8.8 1.8-2.0 0.8-1.1 0.1 1.2 0.5-0.6 0.4-0.6
10 0.12-0.13 11.0-11.6 20.3-20.5 66.4-66.9 4.5-4.8 4.3-4.6 0.9-1.0 <£0.1 0.5 0.2-0.3 0.9
11 0.17 14.8 19.1 2 5.8 6.6 1.0 <0.1 0.7 0.8 0.6
12 0.17-0.18 14.0-15.0 19.7-20.4 63.2-64.1 4.6 5.4-6.2 0.9-1.1 0.1 0.3-0.4 1.9-2.1 1.1
13t 0.31 22.0 25.8 44, 10.8 5.9 4.3 0.2 0.6 0.5 0.5
14 0.20 15,9 22.3 56.3 5.6 8.3 1.1 1.6 0.9 0.3 0.6
15t 0.35 25.3 19.4 52.0 20.6 2.3 0.9 0.2 0.8 1.1 0.4
*The compositions of furnace-bottom deposits produced by different combustion trials from the same coal are given in

ranges; results of X-ray fluorescence analyses, in wt

+Deposit contaminated by furnace lining due to severe ash-slagging

+Blend with high-volatile bituminous coal

wBase = Fe,0; + Cad + Mg0 + K0 + Na; acid = Si0, + Al 04 + Ti0, in wt. %

MICROSTRUCTURES

The extent of ash-slagging observed in the pilot-
scale boiler, the physical properties of the furnace-
bottom deposits (Table 1) and the chemical compo-
sition of the coal-ash and slag deposits (Tables 2 and
3) indicate that the furnace-bottom deposits studied
can be divided into three groups according to their
basicity (base content or base/acid ratio). The ana-
Iytical results of each group are given in Tables 1-3.

v

Base <9%, base/acid ratio <0.1 (mainly produced
Jrom beneficiated low-volatile bituminous coals)

Megascopically, the furnace-bottom deposits of

this group (Nos. 1-3) are friable, powdery or
sintered-like (Fig. 1); in detail, they consist of loosely
bonded globules of fused or semifused mineral grains
(Fig. 2). The deposits have an alumina content
greater than 26%. They consist of cristobalite,
recrystallized mullite, quartz (residual grains), and
minor to trace amounts of iron oxides, (Fe,Al);O,
spinel and Al-Ca silicate bonded by aluminosilicate
glass. A typical texture, shown in Figure 3, consists
of anhedral quartz grains rimmed by mullite,
aggregates of acicular mullite crystals, fine irregu-
lar cristobalite blebs, and subspherical aggregates of
anhedral iron oxide blebs dispersed randomly in the
matrix of aluminosilicate glass. Local concentrations
of iron oxides, mullite, TiO, and Al-Ca-Fe silicate
appear commonly in the matrix phase.
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FiG. 1. Optical photograph of furnace-bottom deposit of  Fic. 4. Optical photograph of furnace-bottom deposit No.

blended low-volatile bituminous coal (No. 2), showing 10, showing porous, glassy texture, typical of furnace-
friable, powdery texture. bottom deposits from medium-volatile bituminous
coals.

F1G. 2. SEM micrograph of furnace-bottom deposit No.
3, showing bonded globular slag resulting from coales-
cence of globular molten mineral matter.

FiG. 5. BSE image of the inner portion (near boiler walf)
of slag sample No. 7, showing the typical vesicular tex-
ture developed in aluminosilicate glass for the furnace-
bottom deposits of medium-volatile bituminous coals.

Fic. 3. BSE (backscattered electron) image (composite
photo) showing the general texture of furnace-bottom
deposit No. 3 from low-volatile bituminous coal. The
average composition of the glass matrix, determined by
electron-microprobe analysis, is: Al,O4 27.4, SiO, 60.4,
FeO 2.7, MgO 1.0, BaO 0.7, TiO, 1.6, P,05 0.7, K,0  FiG. 6. BSE image of furnace-bottom deposit No. 6, show-
2.4, Ca0 2.9%. The grey inclusions are quartz rimmed ing irregular variation in glass composition, a typical
by mullite, the bright blebs are Fe oxide, and the dark texture developed from medium-volatile bituminous
acicular clusters are mullite. coals. The darker areas contain more alumina.
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FiG. 7. Subangular quartz (grey) grains rimmed by mull- FiG. 10. Furnace-bottom deposit of high-volatile

ite (dark) in a matrix of aluminosilicate glass, with bituminous coal, No. 12, portion near boiler wall, show-
quartz grains showing fractures; common textures for ing recrystallized lath-like anorthite and dendritic Fe
furnace-bottom deposits of medium- and high-volatile oxide (bright) in aluminosilicate glass matrix. BSE
bituminous coals. BSE image, sample No. 10. image.

FiG. 8. Furnace-bottom deposit No. 9 (containing more Fe
than Ca and Mg), showing mullite (dark) as rims and
as leaf-like clusters closely associated with SiO, (frac-
tures, dark grey) grains, dendritic and irregular struc-
tures of Fe spinel surrounding mullite. BSE image.

Fic. 11. BSE image of furnace-bottom deposit No. 13,
portion near boiler wall, showing recrystallized anor-
thite crystals (lath), Fe oxide (bright) and cristobalite
(dark) in a matrix of aluminosilicate glass.

Fig. 9. Furnace-bottom deposit of high-volatile
bituminous coal, No. 11, showing moderate porosity;
a typical texture of the deposit from high-volatile Fic. 12. BSE image of furnace-bottom deposit No. 15,.0f
bituminous coals. Bright areas Fe oxide, dark areas eastern type, containing 20.6% Fe,O3. (Fe,Al);0, is
quartz with mullite rim. BSE image. dendritic and bright, mullite is euhedral and grey.

e
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FiG. 13. SEM micrograph of furnace-bottom deposit No.
15, showing (Fe,Al);0, spinel (bright, dendritic) and
euhedral mullite crystals (grey).

Fic. 14. BSE image of furnace-bottom deposit No. 15,
showing SiO, (dark), iron oxide (bright), and the
coarser-grained iron oxide in vesicles.

Base 9 to 14%, base/acid ratio 0.1-0.17 (mainly
produced from beneficiated medium-volatile
bituminous coals)

The furnace-bottom deposits of this group (Nos.
4~10; No. 10 from high-volatile bituminous coal) are
glassy and porous (Figs. 4,5). The alumina-rich
deposits (Nos. 4,5) are'more sintered in appearance,
whereas the iron-rich deposit (No. 9) is less vesicu-
lar and more metallic in appearance. Generally, the
near-surface portion (i.e., away from the boiler wall)
of the slag is less porous than the inner portion (i.e.,
near boiler wall), possibly as a consequence of the
surface tension of the liquid during cooling. The alu-
mina contents range from 18 to 26%, and Fe,O,
contents range from 4 to 9%. The slags consist of
aluminosilicate glass with minor to trace amounts
of residual quartz, recrystallized cristobalite, mull-
ite, and local trace amounts of anorthite and iron
oxide. The glass is composed mainly of Si, Al, minor

Ca, Fe, K, Na and traces of P, Ti, Mg and Ba. Local- .
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ized variations in silica and alumina are present (Fig.
6). No systematic variation in the glass composition
can be established from the inner to the outer por-
tion of the slag deposit apart from an irregular
increase of alumina, compensated by a decrease of
silica, and a gradual decrease of K,O content
toward the slag surface (found in three of the four
samples examined). These results are similar to those
reported by Quon et al. (1984). Quartz occurs as
subangular grains and is commonly rimmed by mull-
ite, which apparently has crystallized,. from the sili-
cate melt and deposited on the surfaces of the grains
of residual quartz (Fig. 7). Fractures commonly
occur in the quartz grains and along the interface
between quartz and the aluminosilicate glass matrix,
possibly resulting from the volume changes in quartz
and glass matrix on cooling in the furnace. Spheri-
cal fly-ash particles comprised of iron oxide, mull-
ite and SiO, are present on the slag surface.

In contrast to low-iron slag (No. 4-8,10) the high-
iron slag (No. 9; CaO + MgO < Fe,0,, or eastern
type) contains major amounts of cristobalite, mull-
ite and (Fe,AD;O, clusters dispersed randomly in
the glass matrix (Fig. 8). A trace amount of quartz
occurs as cores rimmed with mullite, or as grains sur-
rounded by leaf-like clusters of mullite. Cristobalite
occurs as fine blebs associated with mullite. Fine-
grained (Fe,Al);O, is present either as irregular
structures or as dendrites surrounding mullite. Frac-
tures are also observed in association with quartz
grains.

Base >14%, base/acid ratio >0.17 (mainly
produced from beneficiated high-volatile bituminous
coals)

The furnace-bottom deposits of this group (Nos.
11-15) are usually dark and moderately porous (Fig.
9), and vary from glassy to somewhat metallic or
clay-like owing to increased Fe and Ca contents.
Most deposits have Fe,O; and CaO greater than
5%, and have variable alumina and silica contents.

The microstructures of these furnace-bottom
deposits vary widely with their chemical composi-
tions. The high-silica type (Nos. 11,12) is glassy,
porous, and consists mainly of aluminosilicate glass
with minor amounts of quartz, cristobalite and mull-
ite, variable amounts of anorthite, and trace amounts
of iron oxide and (Fe,Al);O, spinel uniformly dis-
persed in the glass (Fig. 9). Quartz occurs as
subrounded grains rimmed with mullite; iron oxide
and spinel occur as blebs and dendrites. Localized
occurrences of lath-shaped anorthite were observed;
its amount increases toward the boiler wall (Fig. 10).

Megascopically, the highly basic (>20%),
medium- to high-Fe slag (No. 13) is porous, glassy
near the slag surface but becomes somewhat clay-
like in appearance near the boiler wall. Near the slag
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surface it consists mainly of aluminosilicate glass
with trace amounts of subspherical quartz grains and
iron oxide aggregates, and grades into predominantly
lath-like anorthite, fine-grained cristobalite and iron
oxide clusters in the portion near the boiler wall (Fig.
11). The variation in texture is primarily the result
of differential rate of cooling.

The texture of the high-Fe slag (No. 15; eastern
type) is porous and metallic (Fig. 12). The micro-
structures vary within the same sample, from
predominately dendritic (Fe,Al);O, spinel and
euhedral mullite in a matrix of aluminosilicate glass
(Fig. 13) to predominantly anhedral silica (mostly
cristobalite) grains and iron oxide in a matrix of
aluminosilicate glass (Fig. 14). Trace amounts of
anorthite and Fe-Al silicate occur locally. Iron oxide
crystallizes either as dendritic spinel or as oxide blebs
in the slag, but also occurs as coarse acicular or
irregular Fe,O; on the surface of the slag and
vesicles.

DiscussIiON

The composition of slagged furnace-bottom
deposits is inherited from the mineral matter of the
parent coals and influenced by many factors, such
as thermal history of combustion, cooling condition
after slag deposition, and operating conditions in the
boiler. In the present study, the beneficiated coals
are mainly of western type, with a base content less
than 25%. The beneficiated high-volatile bituminous
coals have coal-ash compositions and furnace-
bottom deposits with higher contents of base and
values of the base/acid ratio than the beneficiated
low-volatile bituminous coals; the beneficiated low-
volatile bituminous coals have higher alumina con-
tent in coal-ash compositions and furnace-bottom
deposits than the high-volatile bituminous coals
(Tables 2, 3). The potential slagging-temperatures
decrease with increasing contents of base (<25%);
thus, the beneficiated high-volatile bituminous coals
show higher extent of ash-slagging in the pilot-scale
boiler than the low-volatile bituminous coals (Table
1). The results are consistent with those reported by
Winegartner (1974), that the higher the basicity of
coal ash, the higher is the extent of boiler slagging.
The effect of sulfur on ash-slagging is not observed,
possibly because of its low concentration in the ash.
Since there is some overlap in compositions of both
ashes and furnace-bottom deposits of different
groups of coals (e.g., No. 10), the compositional
ranges used to divide the groups, such as base con-
tent and base/acid ratio, are only symbolic.

There has been much discussion on the transfor-
mation of angular mineral grains to spherical parti-
cles in fly ash and slag (Raask 1982). In general, the
mineral matter is fused or semi-fused, and particles
become spherical owing to surface tension of the
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liquid, then coalesce to form sintered or vitreous
(slagged) deposits. At constant temperature, the rate
of coalescence (or deposit buildup) is proportional
to the surface tension and inversely proportional to
the viscosity of the aluminosilicate melt and the par-
ticle size of fused ash landing on the boiler wall. The
development of slag in the boiler can also be per-
ceived from the microstructures displayed by the
furnace-bottom deposits. The powdery or sintered
texture (Figs. 1,2) represents the smallest extent of
coalescence of globular, molten (or semi-molten)
mineral matter due to the high liquidus-temperature
of the base-poor ash, the high viscosity of the
aluminosilicate melt and the longer time required for
bulk flow to develop under gravity. As the basicity
of the ash increases, the liquidus temperature and
viscosity of the liquid decrease, and the time required
for bulk flow under gravity decreases, resulting in
the formation of extensive deposits of slag (Figs.
4,5,9). Where coalescence of molten aluminosilicates
takes place rapidly, some of the gas becomes
entrapped but eventually escapes from the melt. The
lower the viscosity (i.e., the higher the basicity) of
the liquid, the faster the gas escapes. Thus, high-
porosity slag deposits result from base-poor compo-
sitions (Figs. 5,9). Consequently, the furnace-bottom
slags of medium basicity, mainly produced from
medium-volatile bituminous coals, are more porous
than those of high basicity mainly produced from
high-volatile bituminous coals.

The compositions and microstructures of the
furnace-bottom deposits and precursor ashes are
summarized according to their parent coals as fol-
lows: the beneficiated western Canadian low-volatile
bituminous coals containing less than 22% volatile
matter, in general, have ash compositions with an
alumina content greater than 29%, a base/acid ratio
less than 0.1, a base content less than 9%, and a
potential slagging-temperature in excess of 1393°C.
The furnace-bottom deposits generally have high alu-
mina and low base content and are usually light-
weight and light in color; they are either powdery
or sintered in appearance, and consist of loosely
bonded globules of fused mineral-matter. The de-
posits contain large amounts of quartz, cristobalite,
mullite, and minor to trace amounts of iron oxide
and Al-Ca-Fe silicate, bonded by an aluminosilicate
glass. A very low degree of ash-slagging was encoun-
tered in the present pilot-scale boiler.

The beneficiated western Canadian medium-
volatile bituminous coals, containing between 22 to
31% volatile matter, usually have ash compositions
with an alumina content between 20 and 27%, a base
content between 9 and 14% and a base/acid ratio
from 0.1 to 0.2. The furnace-bottom deposits are
glassy and very porous, and contain medium
amounts of base and alumina. Characteristically, the
deposits are solidified aluminosilicate melts, with
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minor to trace amounts of quartz, cristobalite and
mullite as crystalline phases. A moderate degree of
ash-slagging took place in the present pilot-scale
boiler with these coals.

The beneficiated high-volatile bituminous coals,
containing more than 31% volatile matter, usually
have ash compositions with a base content greater
than 14%, a base/acid ratio greater than 0.2, an alu-
mina content less than 20%, and a potential slagging-
temperature less than 1260°C. The furnace-bottom
deposits usually contain a high percentage of base
and relatively low alumina, are usually dense, dark
in color, and moderately porous. They vary from
glassy to somewhat metallic in appearance. The con-
stituents of the furnace-bottom deposits vary widely
with chemical composition, but generally consist of
an aluminosilicate glass matrix with major amounts
of anorthite or iron oxide or iron spinel, cristoba-
lite and mullite crystallizing from the aluminosilicate
melt. Of the five samples studied, the western-type
(Ca-rich) furnace-bottom deposits are rich in anor-
thite, whereas the eastern-type deposits are rich in
iron spinel. Since the cooling rate of the aluminosili-
cate melt affects the degree of crystallization, the
constituents and microstructures vary also with cool-
ing rate. High to severe ash-slagging took place in
the present pilot-scale boiler.

It is worth noting that the only residual mineral
observed in these furnace-bottom deposits is quartz;
all the other phases crystallized from the silicate melts
after boiler shutdown.

CONCLUSIONS

The results-(Table 1) appear to indicate that under
similar conditions of combustion, the extent of ash-
slagging in the pilot-scale boiler may be correlated
with the rank of coals. However, it should be noted
that: 1) the coals studied came from different areas,
i.e., they did not necessarily originate from the same
depositional environment, 2) the combustion tests
that produced these slag deposits were conducted for
the purpose of evaluating the feasibility of coal as
boiler fuel, not for the purpose of comparing the ash-
slagging extent among different ranks of coal, i.e.,
no preselection of coal sources had been done to
ensure that proper coal samples were chosen to
represent the coal ranks, 3) the mineral constituents
in the beneficiated coals are affected by the methods
of beneficiation, because different methods tend to
remove different mineral impurities from the raw
coals, and 4) the industrial utility-boilers are gener-
ally designed to accommodate the slagging problem
of a specific coal; consequently, the extent of ash-
slagging may change with the design of the boiler.
However, the apparent correlation between coal rank
and extent of ash-slagging observed in this study
should also not be overlooked, because as the coal
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gradually changes from low rank to high rank, some
trace-element constituents and mineral species that
are initially stable in the low-rank environment may
become unstable and either disappear or change to
other compounds in the new environment. This will
change the mineralogy of the mineral matter and
affect the extent of ash-slagging. Further studies are
needed to look into this correlation. Moreover, it has
been commonly accepted that during coal combus-
tion, each individual mineral particle in the pulver-
ized coal is fused in isolation without interaction with
other mineral particles (Hazard 1980). This implies
that the greater the amount of the low-melting
minerals in the coal, the more severe is the extent
of ash-slagging in the boiler. Further studies should
be carried out to explore this possibility.

ACKNOWLEDGEMENTS

The authors thank R. Prokopuk (the Canadian
Combustion Research Laboratory, CANMET) for
supplying samples and chemical data, the referees,
M. Bengtsson (Studsvik Energiteknik, Sweden), spe-
cial associate editor, J. Levine (University of
Alabama), and the editor, R.F. Martin, for making
valuable suggestions to improve the text.

REFERENCES

ASTM (1983): 1983 Annual Book of ASTM Standards;
Volume 05.05: Gaseous Fuels, Coal and Coke.
Philadelphia, Pa.

BeNGTSSON, M. (1984): Slagging and fouling behaviour
of two different coals in a 10 MW pulverized coal-
fired boiler. In Proc. Int. VGB Conf. on Slagging,
Fouling and Corrosion in Thermal Power Plants,
VGB Tech. Assoc. Large Power Plant Operators
(Essen, West Germany), 248-256.

BryEers, R.W. & TavLor, T.E. (1976): An examination
of the relationship between ash chemistry and ash
fusion temperatures in various coal size and gravity
fractions using polynomial regression analysis. J.
Eng. Power (Trans. ASME) 98, 528-539.

FEssLER, R.R., SKIDMORE, A.J., Hazarp, H.R. & Div-
MER, J.P. (1980): Composition and microstructure
of a furnace ash deposit from a coal-fired utility
boiler. J. Eng. Power 102, 692-697.

FriepricH, F.D., Leg, G.K. & MircueLyL, E.R. (1972);
Combustion and fouling characteristics of two Cana-
dian lignites. J. Eng. Power 94, 127-132,

Gray, R.J. & Moorg, G.F. (1974): Burning the sub-
bituminous coals of Montana and Wyoming in large
utility boilers. ASME Paper 74-WA/FU-1 (preprint;
see Mechan. Eng. 97, 61, April 1975).



FURNACE-BOTTOM DEPOSITS FROM BITUMINOUS COALS

Hazarp, H.R. (1980): Influence of Coal Mineral Mat-
ter on Slagging of Utility Boilers. Final report. Elec-
trical Power Research Institute (Palo Alto, Califor-
nia), EPRI-CS-1418.

Hurrman, G.P., Huccins, F.E. & Dunmyrg, G.R.
(1981): Investigation of the high-temperature
behaviour of coal ash in reducing and oxidizing
atmospheres. Fuel 60, 585-597.

Hucains, F.E., Kosmack, D.A. & Hurrman, G.P.
(1981): Correlation between ash-fusion temperatures
and ternary equilibrium phase diagrams. Fuel 60,
577-584.

HurerT, L.D. & WEINBERGER, A.J. (1980): Some etch-
ing studies of the microstructure and composition
of large aluminosilicate particles in fly ash from coal-
burning power plants. Environ. Sci. Technology'14,
965-970.

NortHcutT, K.J. & FERGUSON, M.
(1980) Chemlcal species in fly ash from coal-burning
power plants. Science 210(4476), 1356-1358.

Kiss, L.T., LLoyp, B. & Raask, E. (1972): The use of
copper oxychloride to alleviate boiler slagging. J.
Inst. Fuel 45, 213-223.

237

QuoN, D.H.H., Wang, S.S.B. & Cuen, T.T. (1984):
Viscosity measurements of slags from pulverized
western Canadian coals in a pilot-scale research
boiler. Fuel 63, 939-942.

& (1985): Viscosity measure-
ments of slags from western Canadian coals. J. Eng.
Gas Turbines Power 107, 803-806.

Raask, E. (1982): Flame imprinted characteristics of
ash relevant to boiler slagging, corrosion, and ero-
sion. J. Eng. Power 104, 858-866.

STREETER, R.C., DienL, E.K. & ScHoserT, H.H. (1983):
Measurement and prediction of low-rank coal slag
viscosity. Amer. Chem. Soc., Fuels Div. 28(4),
174-191 (Annual meeting, Washington, D.C.,
August 1983).

WINEGARTNER, E.C., ed. (1974): Coal fouling and slag-
ging parameters Amer. Soc. Mechan. Eng., Book
H-86.

& RuopEes; B.T. (1975): An empirical study of
the relation of chemical properties to ash fusion tem-
peratures. J. Eng. Power 97, 395-406.

Received June 27, 1985, revised manuscript accepted
November 14, 1985.



