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Steam 40

This 40th edition is for the men and women who do the work of the world every day
in power plants, paper mills, oil refineries, factories, and every other institution
that uses a safety water tube boiler.

Steam 40 iii
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re ace/ e ca on

Dear Reader:

One hundred and twenty five years ago, George Babcock and Stephen Wilcox
formed a partnership and patented a product that accelerated worldwide indus-
trial development — the safety water tube boiler.

Today, Babcock & Wilcox continues its commitment to the safe and dependable
generation of power. While B&W has added new products and services over the
years, few companies have remained as dedicated to their original products and
services for so long a period of time. And few products and services have provided
such a steady increase in their usefulness, efficiency and economy over the years.

The common forces throughout these 125 years have been our employees, our
customers and our partners. Without their support and ingenuity, we would not
be celebrating this historic event. Babcock & Wilcox has been able to continue its
commitment to excellence through technology and through the values of quality,
service and integrity held by its people, and we will continue to do so in the future.

I would like to dedicate this 40th edition of Steam /its generation and use to the
creativity and technical strength of all Babcock & Wilcox employees, and to our
customers and partners who recognize these talents and support our commitment
to excellence. For more than a century we have worked together, pursuing all op-
portunities to further advance the art and science of steam generation with effec-
tive control of environmental emissions.

We look forward to working together in the future to apply energy conversion
technologies to do the work of the world in an environmentally safe and depend-

able manner §r

Joe J. Stewart
Executive Vice President and Group Executive

Power Generation Group
Babcock & Wilcox
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System of Units:
English and Systeme International

To recognize the globalization of the power industry, the 40th edition of Steam
has been extensively revised to incorporate the Systéme International d’Unités
(SI) along with the continued use of English or customary U.S. units. Upon rec-
ommendation of the Technical Advisory Committee for Steam, English units
continue to be the primary system of units with SI provided as secondary units
in parentheses. In some instances, SI units alone have been provided where these
units are common usage. In selected figures and tables where dual units could
detract from clarity (logarithmic scales, for example) SI conversions are pro-
vided within the figure titles or as a table footnote.

Extensive English-SI conversion tables are provided in Appendix I. This ap-
pendix also contains a complete SI set of the Steam Tables, Mollier diagram,
pressure-enthalpy diagram and psychrometric chart.

The decision was made to provide exact conversions rounded to an appropri-
atenumber of figures. This was done to avoid confusion about the original source
values.

Two exceptions to these conversion practices have been adopted. As is gen-
eral practice in the power industry worldwide, bar has been used as the unit for
steam pressure above atmospheric, in place of the pure ST unit of megapascal or
MPq (1 MPa = 10 bar). Absolute pressure is denoted by psi or bar and gauge
pressure by psig or bar gauge. The difference between absolute pressure and
pressure difference is identified by the context. Finally, in Chapters 9 and 21, as
well as selected other areas of Steam which provide extensive numerical ex-
amples, only English units have been provided for clarity.

For reference and clarity, power in British thermal units per hour (Btu/h)
has typically been converted to megawatts-thermal and is denoted by MW, while
megawatts-electric in both systems of units has been denoted by MW.

It is hoped that these conversion practices will make Steam easily usable by
the broadest possible audience.

X Steam 40
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Editors' Foreword

“While making known the character and quality of our manufactures, we have
endeavored at the same time to present to our friends and customers a variety of
useful information, not readily accessible to them in other ways.”

So began the first edition of Steam / its generation and use more than a century
ago. The text has been revised and updated often, and some editions have been
more extensively modified than others. We, as editors of the 40th edition, feel a
particular affiliation with those who undertook the project after the first ten
editions, at least in their overview: “In preparing the new edition of Steam, we
have revised the whole, and added much new and valuable material.” This new
40th edition has been such a task, and only through the dedicated efforts of many
B&W employees has this complete revision been possible.

Steam /its generation and useis accepted worldwide as an authoritative hand-
book on steam generation. Its principal purpose is to help professionals design,
procure, construct and maintain B&W equipment in a way that will provide de-
cades of reliable performance.

The focus of the 40th edition of Steam has been to analyze and incorporate
industry developments since the last edition, while looking well into the 21st cen-
tury and continuing the 115 year tradition of this publication.

Steam 40 xi
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Steam 40 / Introduction to Steam
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Selected Color Plates — 40th Edition
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Large coal- and oil-fired two-drum Stirling® power boiler for industry, 885,000 Ib/h (112 kg/s) steam flow.
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Refuse-to-energy boiler for mass burning, 1000 tons per day.
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55 MW circulating fluidized-bed combustion unit for low volatile bituminous coal.
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Electrostatic precipitator for particulate control
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Wet flue gas desulfurization scrubber module for sulfur dioxide control.
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Steam
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Modern 860 MW coal-fired utility boiler system with environmental control equipment.
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This section applies the fundamentals of steam generation to the design of boil-
ers, superheaters, economizers and air heaters for steam generation from chemi-
cal or fossil fuels (coal, oil and natural gas). As discussed in Chapter 1, the fuel and
method of combustion have a dramatic impact on the size and configuration of the
steam producing system. Therefore, Chapters 8 and 9 begin the section by explor-
ing the variety and characteristics of chemical and fossil fuels, and summarize the
combustion calculations which are the basis for system design.

The variety of combustion systems available to handle these fuels and the sup-
porting fuel handling and preparation equipment are then described in Chapters
10 through 17. These range from the venerable stoker in its newest configurations
to circular burners used for pulverized coal, oil and gas, to fluidized-bed combus-
tion and coal gasification. A key element in all of these systems is the control of
atmospheric emissions, in particular oxides of nitrogen (NO,) which are byprod-
ucts of the combustion process. Combustion NO, control is discussed as an inte-
gral part of each system. It is also discussed in Section IV, Chapter 34.

Based upon these combustion systems, Chapters 18 through 21 address the de-
sign and performance evaluation of the major steam generator heat transfer com-
ponents: boiler, superheater, reheater, economizer and air heater. These are con-
figured around the combustion system selected with special attention to properly
handling the high temperature, often particle laden flue gas. The fundamentals of
heat transfer, fluid dynamics, materials science and structural analysis are com-
bined to provide the tradeoffs necessary for an economical steam generating sys-
tem design. The boiler setting and auxiliary equipment, such as sootblowers and
fans, which are key elements in completing the overall steam system conclude this
section in Chapters 22 and 23.
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Coal remains the dominant fuel source for electric power generation worldwide.
|
Steam 40 / Sources of Chemical Energy J
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Chapter 8

Sources of Chemical Energy

World energy consumption continues to grow with the
primary resources being the fossil fuels. World produc-
tionin 1989 was approximately 339 x 105 Btu (358 x 1018
J). The trend in energy production by source from 1977
to 1989 is shown in Fig. 1. World energy production and
fossil fuel reserves by region are shown in Figs. 2 and 3.

Approximately 50% of this energy was used by the in-
dustrialized countries of the Organization for Economic
Cooperation and Development (OECD), which includes
the United States (U.S.). The remainder was consumed
by the former Soviet Union [now the Confederation of
Independent States (C.I.S.)], the People’s Republic of
China (China) and developing countries. Projected en-
ergy consumption through the year 2000in the industri-
alized OECD countries is shown in Fig. 4.

Annual energy production in the U.S. rose to 65.7 x 101
Btu (69.3 x 108 J) by 1989, which is about 20% of world
production. Approximately 88% of this energy is in the form of
fossil fuels. U.S. energy production by source is given in Fig. 5.

The relative U.S. production of coal compared to other
fossil fuels has increased since 1976 when 26% was coal,
29% was crude oil and 33% was natural gas. In 1989, coal
production accounted for 32%, crude oil was 25% and
natural gas was 27%. This increased use of coal is ex-
pected to continue.

Overall energy consumption in the U.S. was approxi-
mately 81 x 101> Btu (85 x 108 J) in 1989. About 36% of
this energy was consumed by electric utilities in the form
of fossil fuels.

132133

- 1977 77711989

World Production, Quadritlion Btu

0 )
Crude Oil Natural Coal
and NGL Gas (Dry) Power Power

Fig. 1 Trends in world energy production by source (NGL = natural gas
liquids).

Steam 40 / Sources of Chemical Energy

Eastern Europe
24%

Middle East
3%
Central/South

America
4%

Far East and
Oceania
20%

Western Europe
18%

Fig. 2 World energy production by region, 1989.

Although overall U.S. fossil fuel consumption has in-
creased, the average cost decreased almost 40% from 1982
to 1989. Although the cost of crude oil decreased steadily
after 1981, it remains the most costly fuel. The trends in
coal, oil and natural gas prices are given in Fig. 6.

World availability

Coal is the second leading source of fuel, supplying 32%
of the world’s energy. It is also the most common fossil
fuel for utility and industrial power generation. Major
reserves by coal type and location are: lignite — the U.S.
and the C.I.S.; subbituminous — China, the C.I.S., Aus-
tralia and Germany; and bituminous — China, the U.S.
and the C.L.S.

Reserves of coal by regions of the world are given in
Fig. 3. Of those regions China consumed the most (21%)
in 1989, followed by the U.S. (20%) and the C.1.S. (15%).
Because of its worldwide availability and low price, the
demand for coal has grown and world coal trade has ex-
panded by about 40% since 1980. The largest coal export-
ers are Australia, the U.S., South Africa, the C.1.S., Po-
land and Canada.!

U.S. availability

The coal reserves of the U.S. constitute a vast energy
resource, accounting for about 14% of the world’s total
recoverable coal.2 According to a 1989 U.S. geological sur-

81
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Western East and Oceania
Europe
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Natural Gas
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Africa Far East

Western
Europe Oceania
Eastern
North,
South and
Central
Coal America
End of Year 1989 East
1791.6 Billion Short Tons
Europe
South
America
Europe
andC.1.S.
Middle
Far East
and Oceania

Fig. 3 Fossil fuel reserves by world region

vey, and based on data from the Energy Information Ad-
ministration, total coal resources, known and estimated,
are about4 x 10'2t(3.6 x 10'%t,,)). Reserves that are likely
to be mined range between 237 and 300 x 10°t (215 and
272 x10°t,,).3 The U.S. produced 975 x 10° t (885 x 10°
t.) of coalin 1989, which surpassed the 1988 record high
by 2%.* Fig. 7 summarizes U.S. production from 1978 to
1989. The states with the largest coal reserves are shown
in Table 1. States with large reserves, such as Montana
and Illinois, do not necessarily rank as high in produc-
tion as Wyoming, Kentucky and West Virginia.

Because of the resulting sulfur dioxide (SO,) emis-
sions, coal sulfur levels are important production crite-
ria. Table 2 shows the distribution of coal reserves by
state at various sulfur levels.

300

Petroleum Natural Gas
250

Coal P, A Nuclear/Other

200 -

150 -

Exajou es

100
50

0 1985 1990 1995 2000

Fig. 4 OECD energy consumption, projected

8-2

1989 Production

Coa

Natural Gas
27%
ydroelectric
Crude Oil Power
5% 4%
NGPL
4%
Nuclear
Power

9%

Fig.5 U.S.energy production by source, 1989 (NGPL = natural gas plant
liquids).

Coal fields in the U.S. are shown in Fig. 8. The two
largest producing regions are the Appalachian region,
including Pennsylvania, West Virginia, Ohio, Western
Maryland, Eastern Kentucky, Virginia, Tennessee and
Alabama; and the Central states region, including Illi-
nois, Indiana, Western Kentucky, Iowa, Missouri, Kan-
sas, Oklahoma and Arkansas. However, two thirds of the
reserves lie in the Great Plains, the Rocky Mountains
and the Western states. These coals are mostly subbitu-
minous and lignitic, which have low sulfur content.
Therefore, these fields have been rapidly developed to
meet the increasing demands of electric utilities. The low
sulfur coal permits more economical conformance to the
Federal Clean Air Act and acid rain legislation. (See
Chapter 32.)

U.S. electric utilities used coal to generate 57% of the
net electrical power in 1989 and remain the largest coal
consumers. Since 1982, electric utility coal averaged
about $34/t ($38/t,,) which has remained fairly constant.

Environmental concerns about SO,, nitrogen oxides
(NO,) and carbon dioxide (CO,) emissions could limit the
growth of coal consumption. However, the U.S., as well
as Japan and several European countries, is research-
ing clean coal technologies to reduce these emissions
while boosting power production efficiency. These tech-
nologies are rapidly approaching commercialization in
the U.S. They are expected to be integrated into current
and future power plants.
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How coal is formed

Coalis formed from plants by chemical and geological
processes which occur over millions of years. Layers of
plant debris are deposited in wet or swampy regions
under conditions which prevent exposure to air and com-
plete decay as the debris accumulates. Bacterial action,
pressure and temperature act on the organic matter over
time to form coal. The geochemical process that trans-
forms plant debris to coal is called coalification. The first
product of this process, peat, often contains partially
decomposed stems, twigs, and bark and is not classified
as coal. However, peat is progressively transformed to
lignite which eventually can become anthracite given the
proper progression of geological changes.

Various physical and chemical processes occur during
coalification. The heat and pressure to which the organic
material is exposed cause chemical and structural
changes. These changes include an increase in carbon
content; loss of water, oxygen and hydrogen; and resis-
tance to solvents. The coalification process is shown sche-
matically in Fig. 9.

Coal is very heterogeneous and can vary in chemical
composition by location. In addition to the major organic

Table 1
U.S. Energy Information Administration States with
Largest Demonstrated Coal Reserves (x 10° t)*
Total Underground Surface % Total
State Reserves Reserves Reserves U.S.
t (ty) t () ot (tm)
Montana 120 109 71 64 49 44 25.3
Hlinois 79 72 63 57 16 15 16.5
Wyoming 69 63 43 39 26 24 145
West Virginia 38 34 33 30 5 45 8.0
Kentucky 30 27 25 23 6 54 6.5
Pennsylvania 30 27 28 25 1 09 6.2
Ohio 19 17 183 12 6 5.4 3.9
Colorado 17 15 12 11 5 4.5 3.6
Texas 14 13 0 0 14 13 2.8
Indiana 10 9 9 8 1 09 2.2
All others 50 45 24 22 25 23 104
Total U.S. 476 431 321 291 154 140.6 100.0
* Figures are rounded and include anthracite.,

Babcock & Wilcox

ingredients ( carbon, hydrogen and oxygen) coal also con-
tains impurities. The impurities that are of major con-
cern are ash and sulfur. The ash results from mineral or
inorganic material introduced during coalification. Ash
sources include inorganic substances, such as silica,
which are part of the chemical structure of the plants.
Dissolved inorganic ions and mineral grains found in
swampy water are also captured by the organic matter
during early coalification. Mud, shale and pyrite are
deposited in pores and cracks of the coal seams.

Sulfur occurs in coal in three forms: 1) organic sulfur,
which is part of the coal’s molecular structure, 2) pyritic
sulfur, which occurs as the mineral pyrite, and 3) sulfate
sulfur, primarily from iron sulfate. The principal sulfur
source is sulfate ion, which is found in water. Fresh wa-
ter has a low sulfate concentration while salt water has
a high sulfate content. Therefore, bituminous coal, de-
posited in the interior of the U.S. when seas covered this
region, are high in sulfur. Some Iowa coals contain as
much as 8% sulfur.

Although coal is a complex, heterogeneous mixture and
not a polymer or biological molecule, it is sometimes use-
ful for chemists to draw an idealized structural formula.
These formulas can serve as models that illustrate coal re-
actions. This can aid the further development of coal pro-
cesses such as gasification, combustion and liquefaction.

Table 2
Sulfur Content and Demonstrated Total Underground
and Surface Coal Reserve Base of the U.S (Million tons)

Sulfur Range, %
State <1.0 1.1t03.0 >3.0 Unknown  Total*
Alabama 624.7 1,099.9 164 1,239.4 2,981.8
Alaska 11,458.4 184.2 0.0 0.0 11,645.4
Arizona 173.3 176.7 0.0 0.0 350.0
Arkansas 812  463.1 46.3 74.3 665.7
Colorado 74755  786.2 473 6,5647.3 14,869.2
Georgia 0.3 0.0 0.0 0.2 0.5
Illinois 1,095.1 17,3414 42.968.9 14,256.2 65,664.8
Indiana 548.8 3,305.8 5,262.4 1,504.1 10,622.6
Towa 1.5  226.7 2,105.9 549.2 12,8849
Kansas 0.0 309.2 695.6 383.2 1,388.1

Kentucky-East 6,558.4 3,321.8 299.5 2,729.3 12,916.7
Kentucky-West 0.2 5644 92439 28159 12,6239

1974.

Maryland 135.1 6905 187.4 346 1,048.2
Michigan 4.6 85.4 20.9 7.0 118.2
Missouri 0.0 182.0 5,226.0 4,080.5 9,487.3
Montana 101,646.6 4,115.0 502.6 2,116.7 108,396.2
New Mexico 3,675.3  793.4 0.9 27.5 4,394.8
North Carolina 0.0 0.0 0.0 31.7 31.7
North Dakota  5,389.0 10,325.4 268.7 15.0 16,003.0
Ohio 1344 6,440.9 12,534.3 1,872.0 21,077.2
Oklahoma 275.0 326.6 2414 450.5 1,294.2
Oregon 1.5 0.3 0.0 0.0 1.8
Pennsylvania  7,318.3 16,913.6 3,799.6 2,954.2 31,000.6
South Dakota 103.1 2879 35.9 1.0 428.0
Tennessee 204.8 533.2 156.6 88.0 986.7
Texas 659.8 1,884.6 284.1 4440 3,271.9
Utah 1,968.5 1,546.7 49.4 478.3 4,042.5
Virginia 2,140.1 1,163.5 14.1 330.0 3,649.9
Washington 603.5 1,265.5 39.0 45.1  1,954.0
West Virginia 14,092.1 14,006.2 6,823.3 4,652.5 39,589.8
Wyoming 33.912.3 14.6567.4 1.701.1 3,060.3 53.336.1
Total* 200,181.4 92,997.5 92,571.5 50,788.0 436,725.7

* Data may not add to totals shown due to independent rounding.
Source, Bureau of Mines Bulletin, Coal—Bituminous and Lignite,
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Classitying coal
A coal classification system is needed because coal is
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on pr lignite to subbituminous, bi-
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coal’s geological history and broad characteristics.

ASTM classification by rank
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Anthracite 94 3 3

Inous

Anthracite

Fig. 9 The coalification process (DAF = dry ash-free)
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Materials (ASTM).> ASTM classification is a system
which uses the volatile matter and fixed carbon (FC) re-
sults from the proximate analysis and the heating value
of the coal as ranking criteria. This system aids in iden-
tifying commercial uses of coals and provides basic in-
formation regarding combustion characteristics.

The classification system is given in Table 3 and de-
scribed in section D 388 of the ASTM standards. Proxi-
mate analysis is based on the laboratory procedure de-
scribed in ASTM D 271. In this procedure moisture con-
tent, ash remaining after complete burning, amount of
gases released when heated t rature,
and fixed carbon remaining are de-
termined.

Table 4 gives a typical as-received proximate analy-
sis of a West Virginia coal. An as-received analysis in-
cludes the total moisture content of the coal as it is re-
ceived ower plant.

For higher rank coals, fixed carbon and vola-
tile matter are used as the classifying criteria. These cri-
teria are determined on a dry, mineral-matter-free ba-

described in ASTM D 388, are used to differentiate adja-
cent groups.
Parr Formulas

Dry, mineral-free FC =
x 100, % €))
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Classiflcation of

Table 3
Coals by Ranka (ASTM D 388)

Fixed Carbon Volatile Matter Calorific Value
Limits, % Limits, % Limits, Btu/lb
(Dry, Mineral- (Dry, Mineral- (Moist,b

Matter-Free = Matter-Free Mineral-Matter-
Basis) Basis) Free Basis)
Equal or Equal Equal or
Greater Less Greater or Less Greater Less Agglomerating
Class Group Than Than Than Than Than Than Character
1. Meta-anthracite 98 - - 2 — —
I. Anthracitic 2. Anthracite 92 98 2 8 B - } Nonagglomerating
3. Semianthracitec 86 92 8 14 - -
1. Low volatile bituminous coal 78 86 14 22 — =
2. Medium volatile bituminous coal 69 78 22 31 - —
I Bituminous 3. High volatile A bituminouscoal — 69 31 — 14,0006 — % Commonly
4. High volatile B bituminous coal —  —  — — 13,0004 14,000 | agglomeratinge
5. High volatile C bituminous coal —  —  — — { 11,500 13,000 )
10,500° 11,500 Agglomerating

1. Subbituminous A coal — — — — 10,500 11,500

II1. Subbituminous 2. Subbituminous B coal — — — — 9,500 10,500
3. Subbituminous C coal — — - - 8,300 9,500 ) Nonagglomerating

o 1. Lignite A — — — - 6,300 8,300

IV. Lignitic 2. Lignite B - — 6,300

than 48% dry, mineral-matter-free Btu/lb.

“This classification does not include a few coals, principally
nonbanded varieties, which have unusual physical and chemi-
cal properties and which come within the limits of fixed car-
bon or calorific value of the high volatile bituminous and
subbituminous ranks. All of these coals either contain less

bMoist refers to coal containing its natural inherent moisture
but not including visible water on the surface of the coal.

cIf agglomerating, classify in low volatile group of the bitumi-
nous class.

dCoals having 69% or more fixed carbon on the dry, mineral-
matter-free basis shall be classified according to fixed carbon,
regardless of calorific value.

eIt is recognized that there may be nonagglomerating vari-
eties in these groups of the bituminous class, and there are
notable exceptions in high volatile C bituminous group.

Dry, mineral-free VM =

Approximation Formulas

100 - Dry, mineral-free FC, % (2) Dry, mineral-free FC
Moist, mineral-free Btu = FC
, 100-(M+1.1A7019 ~ 100 % @)
Btu=£08 x 100, perlb  (3)
100 (1.084 +0.55 8) 43 Dry, mineral-free VM =
100 - Dry, mineral-free FC, % 5
Table 4 Moist, mineral-free Btu =
Coal Analyses on As-Received Basis Biu
(Pittsburgh Seam Coal, West Virginia) T00-TIAT01S X 100, per 1b (6)
Proximate Analysis Ultimate Analysis where
C t % by wt C t  %bywt
smpenenr WA SHROTERY eayw Btu = heating value per Ib (kJ/kg = 2.326 x Btu/Ib)
Moisture 2.5 Moisture 2.5 FC =fixed carbon, %
Volatile matter  37.6 Carbon 75.0 VM =volatile matter, %
Fixed carbon 52.9 Hydrogen 5.0 M  =Dbed moisture, %
Ash 7.0 Sulfur 2.3 A —ash. %
Total 100.0 Nitrogen 15 S —sulfur. %
Oxygen 6.7 T )
Heating value, Ash 7.0 all for coal on a moist basis.
Btwlb 13,000 Total 100 Table 5 lists 17 selected U.S. coals, arranged in order
(kd/kg) (30,238) of ASTM classification. The following descriptions briefly
summarize the characteristics of each coal rank.

Steam 40 / Sources of Chemical Energy
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Table §
Seventeen Selected U.S. Coals Arranged in Order of ASTM Classification

Coal Rank Coal Analysis, Bed Moisture Basis Rank  Rank

No Class Group State County M VM FC A S Btu FC Btu
1 I 1 Pa. Schuylkill 4.5 1.7 84.1 9.7 077 12,745 99.2 14,280
2 I 2 Pa. Lackawanna 2.5 6.2 79.4 11.9 0.60 12,925 94.1 14,880
3 I 3 Va. Montgomery 20 106 67.2 202 0.62 11,925 88.7 15,340
4 II 1 W.Va. McDowell 1.0 166 773 51 0.74 14,715 82.8 15,600
5 I 1 Pa. Cambria 1.3 1756 709 103 1.68 13,800 81.3 15,595
6 II 2 Pa. Somerset 1.5 208 675 102 168 13,720 775 15,485
7 II 2 Pa. Indiana 1.5 234 649 102 220 13,800 74.5 15,580
8 II 3 Pa. Westmoreland 15 307 566 112 1.82 13,325 65.8 15,230
9 I1 3 Ky. Pike 25 367 575 33 070 14,480 61.3 15,040
10 IT 3 Ohi Belmont 3.6 40.0 47.3 9.1 4.00 12,8560 55.4 14,380
11 II 4 IIL Williamson 58 362 463 11.7 270 11,910 57.3 13,710
12 1I 4 Utah Emery 52 38.2 50.2 64 090 12,600 57.3 13,560
13 I1 5 10 Vermilion 12.2 38.8 40.0 9.0 320 11,340 51.8 12,630
14 111 1 Mont. Musselshell 141 322  46.7 7.0 0.43 11,140 59.0 12,075
15 II1 2 Wyo. Sheridan 25.0 30.5 40.8 3.7 0.30 9,345 57.5 9,745
16 111 3 Wyo. Campbell 31.0 314 328 48 0.55 8,320 51.5 8,790
17 v 1 N.D. Mercer 37.0 26.6 32.2 4.2  0.40 7,255  55.2 7,610

Notes: For definition of Rank Classification according to ASTM requirements, see Table 3.

Data on Coal (Bed Moisture Basis)

Rank FC = dry, mineral-matter-free fixed carbon, %;
Rank Btu = moist, mineral-matter-free Btu/lb.
Calculations by Parr formulas.

M = equilibrium moisture, %; VM = volatile matter, %;
FC = fixed carbon, %; A = ash, %; S = sulfur, %;
Btu = Btu/lb, high heating value.

and are cleaner burning than lignite coals. Subbitumi-
nous coals in the U.S. in general have a very low sulfur
content, often less than 1%. Because they have reason-
ably ting values 11,5 (19,306
to 26 glandlows tent gtosub-
bituminous coalhas become an attractive option for many

Peat Peat, the first product in the formation of coal, is

value as low as 3000 Btu/lb (6978 kJ/kg).

rank co power plants to limit SO, emission.
ck in col Bituminous Bituminous coal is the rank most com-
(19,306

bon content of 69 to 86%. The heating value is higher,
but moisture and volatile content are lower than the sub-
bituminous and lignite coals. Bituminous coals rarely ex-

perience combustion Further-

more, the value and fa latile con-

positi ads over the regions of Northand  tent enable bituminous coals to burn easily when pul-
South ng, and Montana in the U.S. and  verized to a fine powder. Some types of bituminous coal,
parts ewan anada. when heated in the absence of air, soften and release
Su Subb black,having  volatiles to form the porous, hard, black product known as

little of the plant like texture an
associated with the lower rank
nous coals are noncoking (undergo little swelling upon

8-6

coke. Coke is used as fuel in blast furnaces to make iron.
Anthracite Anthracite, the highest rank of coal, is shiny
nce
to9
bur
re ¢
about 3%; heating values of 15,000 Btw/1b (34,890 kJ/kg)
are slightly lower than the best quality bituminous coals.
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Anthracite is low in sulfur and volatiles and burns with
a hot, clean flame. These qualities make it a premium
fuel used mostly for domestic heating.

Other classification systems

There are other classifications of coal which are cur-
rently in limited use in Europe. These are the Interna-
tional Classification of Hard Coals by Type and the In-
ternational Classification of Brown Coals. These systems
were developed in 1949 by the Coal Committee of the
Economic Commission for Europe.

Coal characterization

As previously described, the criteria for ranking coal
are based on its proximate analysis. In addition to pro-
viding classifications, coal analysis provides other use-
ful information. This includes assistance in selecting coal
for steam generation, evaluation of existing handling and
combustion equipment, and input for design. The analy-
ses consist of standard ASTM procedures and special
tests developed by Babcock & Wilcox (B&W). The follow-
ing briefly summarizes some of these tests.

Standard ASTM analyses®®

Bases for analyses Because of the variability of mois-
ture and ash content in coals, the composition determined
by proximate analysis can be reported on several bases.
The most common include as-received, moisture-free or
dry, and mineral-matter-free. The as-received analysis
reports the percentage by weight of each constituent in
the coal as it is received at the laboratory. As-received
samples contain varying levels of moisture. For analysis
on a dry basis, the moisture of the sample is determined
and then used to correct each constituent to a common
dry level. As previously mentioned, the ash in coal as
determined by proximate analysis is different than the
mineral matter in coal. This can cause problems when
ranking coals by the ASTM method. Formulas used to
correct for the mineral matter and to determine volatile
matter, fixed carbon and heating value on a mineral-mat-
ter-free basis are provided in Equations 1 to 6 above.

Moisture determination Coal received at an electric
power plant contains varying amounts of moisture in sev-
eral forms. Thereis inherent and surface moisture in coal.
Inherent moisture is that which is a naturally combined
part of the coal deposit. It is held tightly within the coal
structure and can not be removed easily when the coal is
dried in air. The surface moisture is not part of the coal
deposit and has been added externally. Surface moisture
is more easily removed from coal when exposed to air. It
is not possible to distinguish, by analysis, inherent and
surface moisture.

There are many other moistures which arise when
characterizing coal including equilibrium, free and air
dry moisture. Their definitions and use depend on the
application. Equilibrium moisture is sometimes used as
an estimate of bed moisture. The ASTM standard proce-
dure for moisture determination, D 121, defines the to-
tal coal moisture as the loss in weight of a sample under
controlled conditions of temperature, time and air flow.
Using ASTM D 3302, the total moisture is calculated from
the moisture lost or gained in air drying and the residual

Steam 40 / Sources of Chemical Energy

Babcock & Wilcox

moisture. The residual moisture is determined by oven
drying the air dried sample. Because subsequent ASTM
analyses (such as proximate and ultimate) are performed
on an air dried sample, the residual moisture value is
required to convert these results to a dry basis. In addi-
tion, the moisture lost on air drying provides an indica-
tion of the drying required in the handling and pulveri-
zation portions of the boiler coal feed system.

Proximate analysis Proximate analysis, ASTM D 3172,
includes the determination of volatile matter, fixed car-
bon and ash. Volatile matter and fixed carbon, exclusive
of the ash, are two indicators of coal rank. The amount of
volatile matter in a coal indicates ease of ignition and
indicates whether supplemental flame stabilizing fuel is
required. The ash content indicates the load under which
the collection system must operate. It also permits as-
sessing related shipping and handling costs.

Ultimate analysis Ultimate analysis, described in
ASTM D 3176, includes measurements of carbon, hydro-
gen, nitrogen, and sulfur content and the calculation of
oxygen content. Used with the heating value of the coal,
combustion calculations can be performed to determine
coal feed rates, combustion air requirements, heat release
rates, boiler performance and sulfur emissions from the
power plant. (See Table 4.)

Heating value The gross calorific value of coal, deter-
mined using an adiabatic bomb calorimeter as described
in ASTM D 2015, is expressed in Btu/lb (kJ/kg) on vari-
ous bases (dry, moisture and ash free, etc.).

This value determines the maximum theoretical fuel
energy available for the production of steam. Conse-
quently, itis used to determine the quantity of fuel which
must be handled, pulverized and fired.

Gross (higher) heating value (HHV)is defined asthe heat
released from combustion of a unit fuel quantity (mass),
with the products in the form of ash, gaseous CO,, SO,,
nitrogen and liquid water, exclusive of any water added as
vapor. The net (lower) heating value (LHV) is calculated
from the HHV. It is the heat produced by a unit quantity of
fuel when all water in the products remains as vapor. This
LHYV calculation (ASTM Standard D 407) is made by de-
ducting 1030 Btw/lb (2396 kd/kg) of water derived from the
fuel, including the water originally present as moisture and
that formed by combustion. In the U.S., the gross calorific
valueis commonly used in heat balance calculations, while
in Europe the net value is generally used.

Grindability The Hardgrove Grindability Test, devel-
oped by B&W, is an empirical measure of the relative ease
with which coal can be pulverized. The ASTM D 409
method has been used for the past 30 years to evaluate
the grindability of coals. The method involves grinding
50 g of air-dried 16 x 30 mesh (1.18 mm x 600 um) test
coal in a small ball-and-race mill. The mill is operated
for 60 revolutions and the quantity of material that
passes a 200 mesh (75 micron) screen is measured. From
a calibration curve relating —200 mesh (—75 micron)
material to the grindability of standard samples supplied
by the U.S. Department of Energy, the Hardgrove Grind-
ability Index (HGI) is determined for the test coal. Pul-
verizer manufacturers have developed correlations relat-
ing HGI to pulverizer capacity at desired levels of fineness.

Sulfurforms The sulfur forms test, ASTM D 2492, mea-
sures the amounts of sulfate sulfur, pyritic sulfur and or-
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ritic sulfur is an indicator of potential coal abrasiveness.
Free swelling index The free swelling index can be used
toindicate caking characteristics. The index is determined

tend to have lower indices. The free swelling index can be
used as a relative measurement of a coal’s caking proper-
ties and extent of oxidation.

Ash fusion temperatures Coal ash fusion temperatures
are determined from cones of ash prepared and heated in
accordance with ASTM method D 1857. The temperatures
at which the cones deform to specific shapes are determined
in oxidizing and reducing atmospheres. Fusion tempera-

sed for
ashes.

(See al 20.)
Ash n Elemental ash analysis is conducted

(Fey03), calcium oxide (Na,0) and potassium oxide (K,0)
are measured using atomic absorption. The results of the
ash indi-
ces . The
nature, composition and properties of coal ash and their effects
on boiler performance are described further in Chapter 20.

Special B&W tests®

Burning profiles The burning profile technique was origi-
nated by B&W for pre nchar-
acteristics of fuels. Th results
were described by Wagoner and Duzy,” and are routinely

with a pa less than (250 microns) is
heated at 15C/min) m of air. Weight
change is measured and the burning profile
is the resulting plot ght loss versus furnace
temperature.

Coals with similar burning profiles would be expected
to behave similarly in large furnaces. By comparing the

information is provided by the start and completion tem-

useful for evaluati boiler fuels such
as chars, fuels an d refuse. Fig. 10
sh ing profiles of various

ness index The abra coal affects
pulveriz esinthe
coalcan s. A pro-
8-8

cedure for determining a coal’s quartz count has been de-
veloped at B&W. This procedure consists of burning the
coal, collecting and washing the ash to remove acid soluble
constituents, and screening to separate size fractions. In
each size fraction, 1000 particles are counted and the num-
ber of quartz particles is determined by a microscopic tech-
nique. From these data, the relative quartz value, an indi-
cator of the coal’s relative abrasiveness, is calculated.

Another abrasionindexis determined using the Yancey-
Geer Price apparatus. In this test, a sample of coal, sized
0.25 in. x0 (6.35 mm x0), is placed in contact with four
metal test samples or coupons attached to a rotating shaft.
The shaft is rotated at 1440 rpm (150.8 rad/s) for a total of
12,000 revolutions (75,400 rad). The weight loss of the metal
coupons is then determined, from which a relative abra-
sion index is calculated. Indices from the test coals can be
compared to those for other fuels. B&W has used the
Yancey-Geer Price Index to determine wear in full scale
P . (See Chapter 12.)

ess index Erosion occurs in boilers due to the
impact of pulverized particles on burner lines and other
components between the pulverizers and burners. The
erosiveness test, developed by B&W, subjects a steel cou-
pon to a stream of pulverized coal under controlled condi-
tions. The measured weight loss of the coupon indicates
the erosiveness of the coal.

Slag viscosity The viscosity of a coal ash slag is mea-
sured at various temperatures under oxidizing and reduc-
ing conditions using a high tempera e rotational bob
viscometer. This viscometer and its application are de-
scribed in more detail in Chapter 20. The data obtained
from slag viscosity measurements are used to predict a
coal’s slagging behavior in pulverized coal-fired boiler ap-
plications. The results also indicate the suitability ofa coal
for use in B&W’s slagging and Cyclone furnaces.

Properties of selected coals

Table 6 gives basic fuel characteristics of typical U.S.
coals. The coals are identified by state and rank, and the

analytical data inc te lyses
and HHVs. Table 7 la coals
20
Code Coal
s=ee==ee= Anthracite
=—-=— Anthracite
—0O~— Low Volatile Bituminous
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Fig. 10 Coal burning profiles.
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Table 6
Properties of U.S. Coals
Upper
Pittsburgh #8  Illinois #6 Freeport  Spring Creek  Decker
HV HV MV Subbitu- Subbitu- Lignite Lignite Lignite
Anthracite Bituminous Bituminous Bituminous minous minous Lignite (S, Hallsville) (Bryan) (San Miguel)
State — Ohio or Pa. Illinois  Pennsylvania Wyoming Montana North Dakota  Texas Texas Texas
Proximate:
Moisture 1.7 5.2 17.6 2.2 24.1 23.4 33.3 37.7 34.1 14.2
Volatile matter, dry 6.4 40.2 44.2 28.1 43.1 40.8 43.6 45.2 31.5 21.2
Fixed carbon, dry 83.1 50.7 45.0 58.5 51.2 54.0 45.3 44.4 18.1 10.0
Ash, dry 10.5 9.1 10.8 13.4 5.7 5.2 111 10.4 50.4 68.8
Heating value, Btu/lb:
As-received 11,890 12,540 10,300 12,970 9,190 9,640 7,090 7,080 3,930 2,740
Dry 12,880 13,230 12,5600 13,260 12,110 12,450 10,630 11,360 5,960 3,200
MAF 14,390 14,550 14,010 15,320 12,840 13,130 11,960 12,680 12,020 10,260
Ultimate:
Carbon 83.7 74.0 69.0 74.9 70.3 72.0 63.3 66.3 33.8 18.4
Hydrogen 1.9 5.1 4.9 4.7 5.0 5.0 4.5 4.9 3.3 2.3
Nitrogen 0.9 1.6 1.0 1.27 0.96 0.95 1.0 1.0 04 0.29
Sulfur 0.7 2.3 4.3 0.76 0.35 0.44 1.1 1.2 1.0 1.2
Ash 10.5 9.1 10.8 13.4 5.7 5.2 11.1 10.4 50.4 68.8
Oxygen 2.3 7.9 10.0 4.97 17.69 16.41 19.0 16.2 11.1 9.01
Ash fusion temps, F
Reducing/Oxidizing: Red Oxid Red Oxid Red Oxid Red Oxid Red Ozid Red Oxid Red Oxid Red Oxid Red Oxid Red Oxid
ID — — 2220 25660 1930 2140 2750+ 2750+ 2100 2180 2120 2420 2030 2160 2000 2210 2370 2470 2730 2750+
ST Sp. — — 2440 2640 2040 2330 i " 2160 2300 2250 2470 2130 2190 2060 2250 2580 2670 2750+
ST Hsp. — — 2470 2650 2080 2400 N " 2170 2320 2270 2490 2170 2220 2090 2280 2690 2760 " "
FT 0.0625 in. - — 2570 2670 2420 2600 = " 2190 2360 2310 2510 2210 2280 2220 2350 2900+ 2900+ "
FT Flat — — 2750+ 2750+ 2490 2700 " " 2370 2700 2380 2750+ 2300 2300 2330 2400 2900+ 2900+ "
Ash analysis: '
Si0, 51.0 50.58 41.68 59.60 32,61 23.77 29.80 23.32 62.4 66.86
AlLO, 34.0 24.62 20.0 27.42 13.38 15.79 10.0 13.0 21.56 23.62
Fe,0, 3.5 17.16 19.0 4.87 7.63 6.41 9.0 22,0 3.0 1.18
TiO, 2.4 1.10 0.8 1.34 1.57 1.08 0.4 0.8 0.5 1.46
CaO 0.6 1.13 8.0 0.62 15.12 21.85 19.0 22.0 3.0 1.76
MgO 0.3 0.62 0.8 0.76 4.26 3.11 5.0 5.0 1.2 0.42
Na,0 0.74 0.39 1.62 0.42 7.41 6.20 5.80 1.05 0.59 1.67
K,0 2.65 1.99 1.63 2.47 0.87 0.567 0.49 0.27 0.92 1.57
PO, - 0.39 = 0.42 0.44 0.99 — - - -
SO, 1.38 111 4.41 0.99 14.56 18.85 20.85 9.08 3.50 1.32
Note: HV = high welatile; MV = medium volatile; ID == initial deformation temp; ST = softening temp; FT = fluid temp; Sp. = spherical; Hsp. = hemispherical.

mined outside the U.S. The source of this information,
B&W’s Fuels Catalogue, contains more than 10,000 fuel
analyses performed and compiled since the 1950s.

Fuels derived from coal

Because of abundant supplies and low prices, the de-
mand for coal as the prime or substitute fuel for utility
boilers will most likely continue to increase. In addition,
the future use of coal-derived fuels, such as coal refined
liquids and gases, coal slurries, and chars, as inexpensive
substitutes for oil and natural gas is also possible. There-
fore, methods to obtain clean and efficiently burning fuels de-
rived from coal are continually being investigated. A few of these
fuels, which apply to steam generation, are discussed below.

Coke

When coal is heated in the absence of air or with a large
deficiency of air, the lighter constituents are volatilized
and the heavier hydrocarbons crack, liberating gases and

Steam 40 / Sources of Chemical Energy

tars and leaving a residue of carbon. Some of the volatil-
ized portions crack on contact with the hot carbon, leav-
ing an additional quantity of carbon. The carbonaceous
residue containing the ash and some of the original coal
sulfuris called coke. The amount of sulfur and ash in the
coke mainly depends on the coal from which it is produced
and the coking process used. The principal uses for coke
are the production of pig iron in blast furnaces and the
charging of iron foundry cupolas. Because it is smoke-
less when burned, considerable quantities have been used
for space heating.

Undersized coke, called coke breeze, usually passing a
0.625 in. (15.875 mm) screen, is unsuitable for charging
blast furnaces and is often used for steam generation. A
typical analysis of coke breeze appears in Table 8. Ap-
proximately 4.5% of the coal supplied to slot type coke
ovens is recovered as coke breeze. A portion of the coal
tars produced as byproducts of the various coking pro-
cesses may be burned in equipment similar to that used
for heavy petroleum oil.
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Table 7
Properties of Selected International Coals
France S. Africa Indonesia Korea Spain
74.60 69.70 56.53 68.46 37.02
4.86 4.50 4.13 0.90 2.75
1.39 1.60 0.88 0.20 0.88
0.79 0.70 0.21 2.09 7.46
8.13 10.10 1.77 23.48 38.69
9.42 9.10 12.58 4.38 11.39
0.80 4.30 23.90 0.50 1.80
36.11 35.30 45.57 7.46 45.27
54.96 50.30 28.76 68.56 14,24
8.13 10.10 1.77 23.48 38.69
13,144 12,170 9,840 9,443 6,098
44.60 44.00 71.37 55.00 14.50
29.90 32.70 13.32 17.00 8.20
13.10 4.60 7.00 12.50 2.70
0.60 1.20 0.57 1.40 0.30
5.70 2.88 0.10 45.00
3.50 1.30 0.53 0.10 1.20
3.10 0.10 0.34 0.10 0.10
0.30 0.25 3.10 0.40
2.20 0.16
2.80 4.60 3.90
Red Oxid Red Oxid Red Oxid Red Oxid Red Oxid
2190 2300 2620 2670 2140 2410 2350 2600 2530 2520
2310 2500 2750 2750+ 2400 2490 2630 2730 2700 2670
— 2750+ 2750+ 2450 2540
2670 2820 2750+ 2750+ 2630 2680 2900 2900 2730 2740
2750+ 2750+ 2750 2750+ —

Source Australia China

Ultimate:
Carbon 56.60 62.67
Hydrogen 3.50 3.86
Nitrogen 1.22 0.83
Sulfur 0.35 0.46
Ash 24.00 4,71
Oxygen 7.43 10.34

Proximate:
Moisture 6.90 17.13
Volatile matter, dry 24.80 30.92
Fixed carbon, dry 44.30 47.24
Ash, dry 24.00 4.71
Higher heating

value, Btu/lb 9,660 10,740

Ash analysis:
Si0, 57.90 22.70
AlLO, 32.80 9.00
Fe, 0, 6.20 15.68
TiO, 1.00 0.43
CaO 0.60 28.88
MgO 0.80 2.00
Na,0 0.10 0.70
K,0 0.50 0.46
P,0, 0.09
SO, 0.80 20.23

Ash fusion temps, F

Reducing/Oxidizing: Red Oxid Red Oxid
1D 2740 2750+ 2200 2220
ST Sp. 2750+ 2750+ 2240 2270
ST Hsp. 2750+ 2750+ 2250 2280
FT 0.0625 in. 2750+ 2750+ 2280 2290
FT Flat 2750+ 2750+ 2340 2320

Table 8

Analyses — Bagasse and Coke Breeze

Analyses (as-fired),
% by wt

Proximate
Moisture
Volatile matter
Fixed carbon
Ash

Ultimate
Hydrogen, H,
Carbon, C
Sulfur, S
Nitrogen, N,
Oxygen, O,
Moisture, H,O
Ash, A

Heating value, Btwlb

(kJ/kg)

Bagasse

52.0
40.2
6.1
1.7

2.8

23.4
trace 0.6
0.1

20.0
52.0

1.7

4000
(9304)

Coke

Breeze

7.3
2.3
79.4
11.0

0.3
80.0

Coal char and liquids

Another carbonization process being developed for coal
in the transportation, light industrial and commercial
markets is mild gasification. Thisis a modification of the
standard gasification process whereby coal is heated in
the absence of oxygen and at relatively low temperature
[less than 1300F (704C)] and atmospheric pressure.
These conditions are mild compared to conventional gas-
ification which takes place in air or oxygen at tempera-

fuel ®
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Although the char product has a lower volatile content and
is slightly more difficult to ignite than the coal feedstock,
its combustion behavior in general is similar to that of the
parent coal. Mild gasification enriches the char in ash and
reduces its heating value by 5 to 10% compared to the par-
ent coal. Table 9 gives fuel analyses of several chars pro-
duced by mild gasification from Illinois coal.

Gaseous fuels from coal

A number of gaseous fuels are derived from coal as
process byproducts or from gasification processes. (See
Chapter 17.) Table 10 lists selected analyses of these
gases. They have currently been largely supplanted by
natural gas and oil. However, improvements in coal gas-
ification and wider use of coal in the chemical and liquid
fuel industries could reverse this trend.

Coke oven gas A considerable portion of coal is con-
verted to gases in the production of coke. Valuable prod-
ucts recovered from these gaseous portions include am-
monium sulfate, oils and tars. The noncondensable por-
tion is called coke oven gas. Constituents depend on the
nature of the coal and the coking process used (Table 10).

Part of the sulfur from coal may be present in coke oven
gas as hydrogen sulfide and carbon disulfide. These may
be removed by scrubbing. Coke oven gas often contains
other impurities that deposit in pipelines and burners.
The gas burns readily because of its high free hydrogen
content and presents minimal problems when used as
steam generation fuel.

Blast furnace gas The gas discharged from steel mill
blast furnaces is used at the mills in furnaces, in gas en-
gines and for steam generation. Blast furnace gas has
variable quality but generally has a high carbon monox-
ide (CO) content and low heating value (Table 10). This
gas may be burned for steam generation. However, blast
furnace gas deposits adhere firmly and provisions must
be made for cleaning boiler heating surfaces.

Water gas The gas produced by passing steam through
a bed of hot coke is known as water gas. Carbon in the
coke combines with the steam to form H, and CO. Thisis
an endothermic reaction which cools the coke bed. Wa-
ter gas is often enriched with oil by passing the gas
through a checkerwork of hot bricks sprayed with oil. The
oil, in turn, is cracked to a gas by the heat. Refinery gas
is also used for enrichment. It may be mixed with the
steam and passed through the coke bed or may be mixed
directly with the water gas. Such enriched gas is called
carbureted water gas (Table 10). In many areas, carbu-
reted water gas has been replaced by natural gas.

Producer gas When coal or coke is burned with a defi-

Babcock & Wilcox

Table 10
Selected Analyses of Gaseous Fuels Derived from Coal
Blast
Coke Oven Furnace Carbureted Producer
Gas Gas  Water Gas Gas
Analysis No. 1 2 3 4
Analyses, % by volume
Hydrogen, H, 479 24 34.0 14.0
Methane, C{h 33.9 0.1 15.5 3.0
Ethylene, CoH, 52 --- 4.7 —
Carbon monoxide, CO 6.1 23.3 32.0 27.0
Carbon dioxide, CO, 2.6 144 4.3 45
Nitrogen, Ny 3.7 56.4 6.5 50.9
Oxygen, O, 0.6 --- 0.7 0.6
Benzene, CgHg - - 2.3 ---
Water, HyO - 34 - -
Specific gravity 0.413 1015 0.666 0.857
(relative to air)
HHV — Btw/ft? (kJ/m?®)
at 60F (16C) and 590 534 163
301in. Hg (102 kPa) (21,983) (19,896) (6,073)
at 80F (27C) and --- 83.8 - -
30in. Hg (102 kPa) (3,122) (3,122)

ciency of air and a controlled amount of moisture (steam),
aproduct known as producer gasis obtained. This gas, after
removal of entrained ash and sulfur compounds, is used
near its source because of its low heating value (Table 10).

Byproduct gas from gasification

Coal gasification processes are a source of synthetic
natural gas. There are many processes under develop-
ment. The effluent gas from steam-oxygen coal gasifica-
tion consists principally of H,, CO, CH,, CO, and
unreacted steam. The gas will also be diluted with N, if
air is used as the oxygen source. Although the compet-
ing chemical reactions that coal undergoes during gas-
ification are complex, they usually include the reaction
of steam and carbon to produce H, and CO. Some CH, is
produced by the reaction of carbon with H, and by ther-
mal cracking of the heavy hydrocarbons in the coal. CO,
and heat needed for the process are produced by reaction
of carbon with O,. Final gas composition is modified by
reaction between CO and steam to produce H, and CO,.

The products of coal gasification are often classified
as low, intermediate and high Btu gases. Low Btu gas
has a heating value of 100 to 200 Btw/SCF (3.9 to 7.9 MdJ/
Nm?) and is produced by gasification with air rather than
oxygen. Typically, the gas is used as a boiler fuel at the
gasification plant site or as feed to a turbine in combined
cycles. Intermediate Btu gas has a heating value of 300
to 450 Btw/SCF (11.8 to 17.7 MJ/Nm?) and is produced

Table 9
Fuel Analyses of Chars from lllinois Coals, %
Illinois Coal Char #1 Char #2 Char #3
H,O 35 C 72.0 H,0O 24 C 756 H,O 38 C 76.6 H,O 24 C 775
VM 351 H 5.3 VM 216 H 3.7 VM 156 H 3.1 VM 12.1 H 25
FC 531 N 17 FC 657 N 1.8 FC 694 N 1.7 FC 732 N 18
Ash 83 S 22 Ash 102 S 1.8 Ash 111 S 1.8 Ash 12.3 S 18
0 10.5 O 69 O 56 0O 4.2
Btu 12,935 12,662 12,534 12,446
(kdJ) (13,647) (13,359) (13,224) (13,131)
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and isused as a fuel in place of natural gas. High Btu gas
is produced by the same rme-
diate Btu gas and then (See
also Chapter 17.)

Coal-water fuel

Environmental concerns about SO, and particulate
emissions from bituminous coals have led to the rapid
development of several clean burning technologies. One
such technology, coal cleaning or beneficiation, removes
the sulfur and mineral matter from the coal prior to com-
bustion. In order to achieve the cleaning level needed to
meet recent sulfur standards, the form of the solid coal
must be altered. Most advanced cleaning processes, us-

pelletized, or rec in rry, which
can be handled or a boiler.
Coal-water slurries may serve as potential replacements

deep cleaned can contain coal with finer particle sizes and
lower solids loadings (50 to 60%). Table 11 gives some prop-
erties of conventional coal-water slurry fuels.
Coal-water slurries handle like No. 6 fuel oil and have
a room temperature viscosity of about 1000 centipoise.
They are stabl ions (the coal particles do not
settle out) and can be transported and stored
for several weeks without agitation. The fluidity and sta-

largely d coalp dis-
and the es. M low
Table 11
Coal-Water Fuel Properties
A B C D E

Solids, % 75.3 69.3 69.4 69.9 74.9
Viscosity, cP

at 100! sec 1,955 1,575 1,550 510 520
HHYV, Btw/lb, 10,730 9,910 10,180 10,180 11,380
(kd/kg) (24,958) (23,051) (23,679) (23,679) (26,470)

as-received
HHV, Btw/lb, 14,250 14,300 14,670 14,560 15,190
(kJ/kg), dry (33,146) (33,262) (34,122) (33,867) (35,332)
VM, %, as-

received 24.7 26.5 24.8 22.9 28.0
VM, %, dry 32.8 38.2 35.7 32.7 37.4
Ash, %, dry 7.9 6.3 5.9 6.9 1.8
Sulfur, %, dry 0.84 0.87 0.81 0.77 0.91
Particle size distribution:
% <200 mesh

(75 micron) 70 78 63 78 73
Mass mean diameter,

microns 59 44 67 48 53
Sauter mean diameter,

microns 7 9 15 8 11
pH 8.6 7.6 7.3 8.1 6.0
Density, g/cc 1.23 1.22 1.20 1.23 1.23

812

slurry viscosity requires keeping the coal particles sepa-
rated by a lubricating layer of liquid. Achieving stability
requires that a long range network of particle to particle
bonds, sometimes called a gel, forms when the fuel is
placed in undisturbed storage. This gel prevents the par-
ticles from settling. The particle size and the chemistry
of the slurry must be carefully adjusted during prepara-
tion so that the gel forms as needed yet breaks up easily
for pumping, atomization and combustion.

Although coal-water slurries are produced from fine
pulverized coal and are handled and fired like fuel oil, they
burn differently and a specially designed burneris required.
The properties of the slurry can also affect burner perfor-
mance. The parent coal used to produce the coal-water
slurry can affect ignition stability, air preheat require-
ments, turndown through its volatile matter content, and
carbon conversion through several rank-dependent coal
properties. Slurry viscosity and flow characteristics can
affect atomization quality. Furthermore, coal particle size
and the slurry water content can affect carbon burnout due
to combustor residence time constraints.

Fuel oil

One of the most widely accepted theories explaining the
origin of oil is the organic theory. Over millions of years,
rivers carried mud and sand which deposited and ulti-
mately became sedimentary rock formations. Along with
this inorganic material, tiny marine organisms were bur-
ied with the silt. Over time, in an airless and high pres-
sure environment, the organic material containing carbon
and hydrogen was converted to the hydrocarbon molecules
of petroleum (oil). Because of the porosity of sedimentary
rock formations, the oil flowed and collected in traps, or
locations where crude oilis concentrated. This phenomenon
greatly assists the ¢ recovery il.

Fuel oil consum steam gen counts for
a minor share of the domestic petroleum fuel usage. In-
dustrial users, excluding transportation, account for about
25% of all petroleum use; electric utilities consume about
3% of the total.1? The end users of petroleum products for the
years 1980 to 1989 are shown in Fig. 11. Crude oil reserves and
world petroleum consumption are shown in Figs. 12 and 13.
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Fig. 12 Major world crude oil reserves, 1990 (OPEC = Organization of
Petroleum Exporting Countries).

Compared to coal, fuel oils are relatively easy to handle
and burn. There isless bulk ash to dispose of and the ash
discharged is correspondingly small. In most oil burn-
ers, the fuel is atomized and mixed with combustion air.
In the atomized state, the characteristics of 0il approach
those of natural gas.

Because of its relatively low cost, No. 6 fuel oil is the
most widely used for steam generation. It can be consid-
ered a byproduct of the refining process. Its ash content
ranges from 0.01 to 0.5% which is very low compared to
coal. However, despite this low ash content, compounds
of vanadium, sodium and sulfur in the ash can pose op-
erating problems. (See Chapter 20.)

Fuel oil characterization

Fueloilsinclude virtually all petroleum products that
areless volatile than gasoline. They range from light oils,
suitable for use in internal combustion or turbine engines,
to heavy oils requiring heating. The heavier fuels are pri-
marily suited for steam generation boilers. The ASTM
specifications for fuel oil properties are given in Table 12.

Fuel oils can be divided into two classes, distillate and
residual. Distillate fuels are those that are vaporized in
a petroleum refining operation. They are typically clean,
essentially free of sediment and ash, and relatively low
in viscosity. These fuels fall into the No. 1 or No. 2 cat-
egory in ASTM D 396. Although No. 2 o0il is sometimes
used as a premium steam generation fuel, it best lends
itself to applications where cleanliness and ease of han-
dling outweigh its cost. Examples include home heating
and industrial applications where low ash and/or sulfur
areimportant. Steam generating applications are prima-
rily limited to use as a startup or support fuel.

The residual fuel oils are those that are not vaporized
by heating. They contain virtually all the inorganic con-
stituents present in the crude oil. Frequently, residual

Steam 40 / Sources of Chemical Energy
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oils are black, high viscosity fluids that require heating
for proper handling and combustion.

Fuel oils in grades No. 4 and 5 are less viscous and
therefore more easily handled and burned than is No. 6
oil. Depending on the crude oil used, a fuel meeting the
No. 4 specification may be a blend of residual oil and
lighter distillate fractions. This oil does not usually re-
quire heating for pumping and handling.

No. 5 oils may require heating, depending on the firing
equipment and the ambient temperature. No. 6 oils usu-
ally require heating for handling and burning. (See Chap-
ter 10 for oil storage, handling and use requirements.)

Fuel analyses

A typical analysis of a fuel oil or waste liquid contains
the following information:

. ultimate analysis,

. API gravity,

. heating value,

. viscosity,

. pour point,

. flash point, and

. water and sediment.

LU WON =

Ultimate analysis The ultimate analysis for an oil is simi-
lar to that for a coal. The results indicate the quantities of
sulfur, hydrogen, carbon, nitrogen, oxygen and ash. Ulti-
mate analyses for various fuel oils are given in Table 13.

The sulfur content of the oil is an indicator of its corro-
siveness and is oxidized to sulfur oxides during combus-
tion. These oxides can react with water vapor or ash con-
stituents to form corrosive acids, salts, or boiler fouling
potassium sulfate. When molten, these ash deposits are
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Table 12
ASTM Standard Specifications for Fuel Oils?2

No. 1 A distillate oil intended for vaporizing pot-type burners
and other burners requiring this grade of fuel

No. 2 A distillate oil for general purpose domestic heating for
use in burners not requiring No. 1 fuel oil

No. 4 Preheating not usually required for handling or burning

Distillation
Water  Carbon Temperatures,
Grade Flash Pour and Residue F(C)
of Point, Point, Sediment, on10% Ash,
Fuel F F %by Bottoms, %by 10% 90%
Oilb (C) (C) vol % wt Point Point
Min Max Max Max Max Max Min Max
No.1 100or O trace 0.15 420 550
legal (215) (288)
(38)
No.2 100or 20¢ 0.10 0.356 d 540¢ 640
legal (—7) (282) (338)
(38)
No.4 130or 20 0.50 0.10
legal (—=7)
(65)
No.5 130or 1.00 0.10
(Light) legal
{65)
No.5 130or 1.00 0.10
(Heavy) legal
(65)
No.6 150 2.008
(65)
Notes:
a. Recognizing the necessity for low sulfur fuel oils used in connection
with heat non as ces
and other 8, a nt ac-
cordance with the following table:
Grade of
Fuel Oil Sulfur, Max, %
NO. L. i e i e 0.5
NOo. 2ottt 0.7
3 - SN no limit
NO. Bttt et cii e iereaannens no limit
) 0 no limit

Other sulfur limits may be specified only by mutual agreement be-
tween the purchaser and the seller.

b. It is the intent of these classifications that failure to meet any re-
quirement of a given grade does not automatically place an oil in the

corrosive. Furthermore, vanadium can combine with the
sulfur oxides to form a corrosive product. (See Chapter 20.)

tionship between the API gravity and the specific grav-
ity is given by the following formula:

Deg API gravity =

141.5
Specific gravity at 60/ 60F 131.5

Given this relationship, heavier liquid fuels are de-

indi-
on of

of ali
plete
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No. 5 (Light) Preheating may be required depending on cli-
mate and equipment

No. 5 (Heavy) Preheating may be required for burning and, in
cold climates, may be required for handling

No. 6 Preheating required for burning and handling

Kinematic Viscosity,

Saybolt Viscosity, s centistokes Copper
Gravity, Strip
Universal at Furol at At 100F At 122F deg Cor-
100F (38C) 122F (50C} (38C) (50C) API rosion
Min Max Min Mex Min Mex Min Max Min Max
1.4 2.2 36 No. 3
(32.6)! (37.93) 2.0e 3.6 30
45 125 (5.8) (26.4)
150 300 (32) (65)
350 750 (23) (40) (76) (162) (42) (81)
(900) (9,000) 45 300 (92) (638)

next lower grade unless in fact it meets all requirements of the lower
grade.

c. Lower or higher pour points may be specified whenever required by
conditions of storage or use.

d. The ed at 440F
(226C)

e. When pour point less than OF is specified, sity
shall be 1.8 ¢s (32.0 s, Saybolt Universal) and oint

shall be waived.
f. Viscosity values in parentheses are for information only and not
necessarily limiting.
nt
ex
ad
and sediment in excess of 1.0%.
Source, ASTM D 396.

one unit of fuel {1b (kg)]. As for coal, there are two calcu-
lated heating values, HHV and LHV. In computing the
HHYV,itis assumed that any water vapor formed by burn-
ing the hydrogen constituent is condensed and cooled to
its initial temperature. Therefore, the heat of vaporiza-
tion of the water formed is included in the HHV. For the
LHV, it is assumed that none of the water vapor con-
denses. Both heating values are determined by using an
oxyge .

Vis of a liquid is the measure of its
internal resistance to flow. Although there are numerous
viscosity scales, those most commonly used in the U.S. are:

1. Seconds Saybolt Universal (SSU),
2. Seconds Saybolt Furol (SSF),

3. absolute viscosity (centipoise), and
4. kinematic viscosity (centistokes).
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The kinematic viscosity of oil is related to the absolute
viscosity by the following formula:

Kinematic viscosity (centistokes) =

Absolute viscosity (centipoise)
Specific gravity

Pourpoint The pour point is the lowest temperature at
which a liquid fuel flows under standardized conditions.

Flash point The flash point is the temperature to which
aliquid must be heated to produce vapors that flash but do
notburn continuously when ignited. There are two instru-
ments used to determine the flash point: the Pensky-Mar-
tens or closed cup flash tester, and the Cleveland or open
cup tester. The closed cup tester indicates a lower flash
point because it retains light vapors which are lost by the
open cup unit.

Water and sediment The water and sediment level, also
called bottom sediment and water (BSW), is a measure of
the contaminants in a liquid fuel. The sediment normally
consists of calcium, sodium, magnesium and iron compounds.
For heavy fuels, the sediment may also contain carbon.

The basic analyses described are important in design-
ing oil-fired boilers. The HHV determines the quantity of
fuel required to reach a given heat input. The ultimate
analysis determines the theoretical air required for com-

Babcock & Wilcox

Considering the percentages of nitrogen and sulfur in
conjunction with the HHV, an estimate of NO, and SO,
emissions can be made. The ash percentage has a similar
bearing on particulate emissions. The ash constituent
analysis and ash content indicate fouling and corrosion ten-
dencies.

Additional information, which is often required when
designing a boiler, includes:

1. carbon residue,

2. asphaltenes,

3. ash spectrographic analysis,
4, burning profile, and

5. distillation curve.

Properties of fuel oils

Analytical results for various fuel oil properties are given
in Table 13.

Fuel oil heating values are closely related to their spe-
cific gravities. The relationships between the HHV of vari-
ous fuel oils and their API gravities are shown in Fig. 14.

A more accurate estimate of the heating value for an oil
is obtained by correcting the HHV from Fig. 14 as follows:

Apparent heating value =
HHV [100-(A + M +S)]

plete combustion and therefore indicates the size of the 100 +40.58 &)
burner throat. Also available from the ultimate analysis is s
the carbon/hydrogen ratio, which shows the ease with
which a fuel burns. This ratio also indicates the expected A = % weight of ash
level of carbon particulate emissions. A carbon/hydrogen ratio M = % weight of water
in excess of 7.5 is usually indicative of troublesome burning. S = % weight of sulfur
Table 13
Analyses of Fuel Olls

Grade of Fuel Oil No. 1 No. 2 No. 4 No. 5 No. 6

% by weight:

Sulfur 0.01t00.5 0.05t01.0 0.2t02.0 0.5t03.0 0.7t0 3.5

Hydrogen 13.3t014.1 11.8t013.9 (10.6 t0 13.0)* (10.5t012.0)* (9.5 t0 12.0)*

Carbon 85.9 t086.7 86.1t088.2 (86.5 to 89.2)* (86.5 t089.2)* (86.5 t090.2)*

Nitrogen nil to0.1 nilt00.1 — - —

Oxygen — — — — —

Ash — — 0t00.1 0t00.1 0.01t00.5
Gravity:

Deg API 40to 44 28t040 15t0 30 14to22 Tto 22

Specific 0.825 t0 0.806 0.887 t0 0.825 0.966 t0 0.876 0.972t00.922 1.022t00.922

Ib/gal 6.87t06.71 7.39t06.87 8.04t07.30 8.10t07.68 8.561t07.68
Pour point, F 0to-50 0to-40 -10to +50 -10to +80 +15to +85
Viscosity:

Centistokes at 100F 14to2.2 1.9t03.0 10.5t065 65 to 200 260 to 750

SUS at 100F — 32to0 38 60 to 300 - —

SSF at 122F — — — 20to 40 45t0300
Water and sediment, % by vol - 0to0.1 trto1.0 0.05t01.0 0.05t02.0
Heating value, Btu/lb 19,670t019,860 19,170t019,750 18,280t019,400 18,100t019,020 17,410t018,990

gross (calculated)
*Estimated
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Fig. 14 Relationship between HHV of various fuel oils and their API gravities.

The volume percentages of water and sediment can be used

Fuel oils are generally sold on a volume basis using
60F (16C) as the base temperature. Correction factors
are given in Fig. 15 for converting volumes at other tem-
peratures to this standard base. This correction is also
dependent on the API gravity range, asillustrated by the
three lines of Fig. 15.

Handling and burning equipment is usually designed
for a maximum oil viscosity. If the viscosities of heavy oils
are known at two temperatures, their viscosities at other
temperatures can be closely predicted by a linear interpo-
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Fig. 15 Oil volume-temperature correction factors.
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lation between these two values on the standard ASTM
chart (Fig. 16). Viscosity-temperature variations for cer-
tain light oils can also be found using the ASTM chart. In
this case, however, the designer only needs to know the
viscosity at one temperature. For example, the viscosity of
a light oil at a given temperature within the No. 2 fuel oil
range can be found by drawing a line parallel to the No. 2
boundary lines through the point of known temperature.

Natural gas

Past consumption and availability

Natural gas is found in porous rock in the earth’s crust.
World natural gas production for 1988 is shown in Fig. 17.

Electric utilities consume a relatively small amount
of natural gas. U.S. consumption as a function of year
and use is shown in Table 14. However, natural gas is a
widely used fuel for industrial steam generation.

Natural gas characteristics

Natural gas can be found with petroleum reserves or
in separate reservoirs. Methane is the principal compo-
nent of natural gas; smaller components include ethane,
propane and butane. Other hydrocarbons, such as pen-
tane through decane, can also be found in natural gas.
Furthermore, other gases, such as CO,, nitrogen, helium
and hydrogen sulfide (H,S) may be present.

Gas containing mostly methane is referred to as lean
gas. Wet gas contains appreciable amounts of the higher

50,000
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10,000

5000

N
(=3
Q
o

Viscosity (Saybolt Universal Seconds)
=)
S

35

33
1502 & o oy im b0 69
- - 7) 104,
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(49) (71) 93)  (116) (138)
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Note: Onthe scale at the left, find the SUS viscosity at 100F (standard test
temperature) for the given oil; move horizontally to the vertical line for100F.
From this intersection move parallel to the diagonal lines to the viscosity
required for atomization; the temperature necessary to achieve this viscos-
ity can be read on the bottom scale. The chart, based on U.S. Commercial
Standard 12-48, has been developed from data for many fuels and should
be sufficiently accurate for most applications.

Fig. 16 Approximate viscosity of fuel oil at various temperatures (cour-
tesy of ASTM).
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Fig. 17 1988 World natural gas production.

hydrocarbons (5 to 10% C). Gas containing H,S is sour
gas; conversely, sweet gas contains little or no HyS.

Of all chemical fuels, natural gas is considered to be
the most desirable for steam generation. It is piped di-
rectly to the consumer, eliminating the need for storage.
It is substantially free of ash and mixes easily with air,
providing complete combustion without smoke. Although
the total hydrogen content of natural gas is high, its free
hydrogen content is low. Because of this, natural gas
burns less easily than some manufactured gases with
high free hydrogen content.

Table 14
U.S. Natural Gas Consumption (Trillion ft%)

Resi- Com- Indus- Elec. Transpor-
Year dential mercial trial  Util. tation Total
1980 4.75 2.61 8.20 3.68 0.63 19.88
1981 4.55 2.52 8.06 3.64 064 19.40
1982 4.63 2.61 6.94 3.23 0.60 18.00
1983 4.38 2.43 6.62 291 049 16.83
1984 4.56 2.562 7.23 3.11 0.53 17.95
1985 4.43 2.43 6.87 3.04 0.50 17.28
1986 4.31 2.32 6.50 2.60 0.49 16.22
1987 4.31 2.43 7.10 2.84 0.52 17.21
1988 4.63 2.687 7.48 2.64 0.61 18.03
1989F 4.84 2.73 8.02 2.77  0.59 18.95

P = Preliminary data.

Note: Total may not equal sum of components due to inde-
pendent rounding. Source: Energy Information Administra-
tion, Annual Energy Review, 1989.

Babcock & Wilcox

The high hydrogen content of natural gas compared to
that of oil or coal results in more water vapor being pro-
duced in the combustion gases. A correspondingly lower
efficiency of the steam generating equipment results. (See
Chapter 9.) This can readily be taken into account when
designing the equipment.

Properties of natural gas

Analyses of natural gas from several U.S. fields are given
in Table 15.

Other fuels

While coal, 0il and gas are the dominant fuel sources,
other carbonaceous fuels being used for boiler applications
include petroleum byproducts; wood, its byproducts and wastes
from wood processing industries; and certain types of vegeta-
tion, particularly bagasse and municipal solid waste.

Coke from petroleum

The heavy residuals from petroleum cracking processes
are presently used to produce a higher yield of lighter hy-
drocarbons and a solid residue suitable for fuel. Charac-
teristics of these residues vary widely and depend on the
process used. Solid fuels from oil include delayed coke, fluid
coke and petroleum pitch. Some selected analyses are given
in Table 16.

The delayed coking process uses residual oil that is
heated and pumped to a reactor. Coke is deposited in the
reactor as a solid mass and is subsequently stripped, me-
chanically or hydraulically, in the form of lumps and granu-
lar material. Some cokes are easy to pulverize and burn
while others are difficult.

Table 15
Selected Samples of Natural Gas from U.S. Fields
Sample No. 1 2 3 4 5
Source: Pa. S.C. Ohio La. Ok.
Analyses:
Constituents, % by vol
H,, Hydrogen - - 1.82 - -
CH,, Methane 83.40 84.00 93.33 90.00 84.10
C,H,,Ethylene - 0.25 - - -
C,Hg, Ethane  15.80 14.80 - 5.00 6.70
CO, Carbon
monoxide - -- 0.45
CO,, Carbon
dioxide - 0.70 0.22 - 0.80
N,, Nitrogen 0.80 0.50 3.40 5.00 8.40
0,3, Oxygen - -- 0.35 - -
H,S, Hydrogen
sulfide -- -- 0.18
Ultimate, % by wt
S, Sulfur - -- 0.34 - -
H,, Hydrogen 23.53 23.30 23.20 22.68 20.85
C, Carbon 75.25 74.72 69.12 69.26 64.84
Nj, Nitrogen 1.22 0.76 5.76 8.06 12.90
O,, Oxygen -- 1.22 1.58 - 141
Specific gravity
(rel to air) 0.636 0.636 0.567 0.600 0.630
HHV
Btw/ft® at 60F
and 30in. Hg 1,129 1,116 964 1,022 974
(kJ/m?® at 16C
and 102 kPa) (42,065) (41,581) (35,918) (38,079) (36,290)
Btu/lb(kd/kg) 23,170 22,904 22,077 21,824 20,160
of fuel (53,893) (53,275) (51,351) (50,763) (46,892)
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Table 16
Selected Analyses of Solid Fuel Derived from Qil
Analyses (dry basis)
% by wt Delayed Coke Fluid Coke

Proximate:

VM 10.8 9.0 6.0 6.7

FC 88.5 90.0 93.7 93.2

Ash 0.7 0.1 0.3 0.1
Ultimate:

Sulfur 9.9 1.5 4.7 5.7
Heating value,

Btuw/lb 14,700 15,700 14,160 14,290

(kJ/kg) (34,192) (36,518) (32,936) (33,239)

Fluid coke is produced by spraying hot residual feed
onto externally heated seed coke in a fluidized bed. The
fluid coke is removed as small particles, which are built
up in layers. This coke can be pulverized and burned, or
it can be burned in a Cyclone furnace or in a fluidized
bed. All three types of firing require supplemental fuel
to aid ignition.

The petroleum pitch process is an alternate to the
coking process and yields fuels of various characteristics.
Melting points vary considerably, and the physical prop-
erties vary from soft and gummy to hard and friable. The
low melting point pitches may be heated and burned like
he  oil, while those with higher melting points may be
pulverized or crushed and burned.

Oil emulsions

As previously discussed, coal-water slurries have po-
tential as fuel oil substitutes in many combustion sys-
tems. In recent years applications for these fuels have
ranged from utility boilers to diesel engines. With the
discove heavy and bitumen re-
servesi a, consi has been devoted
to developing these sources as commercial fuels. This has
led to the development of a bitumen oil emulsion.

Oil emulsions are liquid fuels composed of micron size
oil droplets dispersed in water. Droplet coalescence is pre-
vented by adding a small amount of a proprietary chemi-
cal. The fuel is characterized by relatively high levels of
sulfur, asphaltenes and metals. The heating value, ash
content and viscosity of the emulsion are similar to re-
sidual fuel oil. Emulsion handling and combustion per-
formance are also similar to those of residual fuel oil. One
of the concerns with burning these bitumen emulsions
is the formation of corrosive vanadium compounds. This
occurs by oxidation of the metallic compounds in the fuel.

Wood

Selected analyses and heating values of wood and wood
ash are given in Table 17. Wood is composed primarily of
carbohydrates. Consequently, it has arelatively low heat-
ing value compared with bituminous coal and oil.

Wood bark may pick up impurities during transpor-
tation. It is common practice to drag the rough logs to
central loading points and sand is often picked up. Where
the logs are immersed in salt water the bark can absorb
the salt. Combustion temperatures from burning dry
bark may be high enough for these impurities to cause

8-18

fluxing of refractory furnace walls and fouling of boiler
heating surfaces, unless sufficient furnace cooling sur-
face is provided. Sand passing through the boiler banks
can cause erosion of the tubes, particularly if the flue gas
sand loading is increased by returning collected mate-
rial to the furnace. Such collectors may be required with
some bark burning equipment to reduce the stack dis-
charge of incompletely burned bark.

Wood or bark with a moisture content of 50% or less
burns quite well; however, as the moisture increases
above this amount, combustion becomes more difficult.
With a moisture content above 65%, a large part of the
heat is required to evaporate the inherent moisture and
little remains for steam generation. Burning this wet
bark becomes a means of disposal rather than a source
of energy.

Hogged wood and bark are very bulky and require rela-
tively large handling and storage equipment. Uninter-
rupted flow from bunkers or bins through chutes is diffi-
cult to maintain.

Table 17
Analyses of Wood and Wood Ash

Wood analyses (dry Pine Oak  Spruce Redwood
basis), % by wt Bark Bark - Bark* Bark*
Proximate analysis, %

Volatile matter 72.9 76.0 69.6 72.6
Fixed carbon 24.2 18.7 26.6 27.0
Ash 29 5.3 3.8 0.4
Ultimate analysis, %
Hydrogen 5.6 5.4 5.7 5.1
Carbon 53.4 49.7 51.8 51.9
Sulfur 0.1 0.1 0.1 0.1
Nitrogen 0.1 0.2 0.2 0.1
Oxygen 379 393 384 424
Ash 2.9 5.3 3.8 04
Heating value, Btw/l1b 9030 8370 8740 8350

(kJ/kg) (21,004) (19,469) (20,329) (19,442)
Ash analysis, % by wt

Si0, 39.0 11.1 32.0 14.3
Fe,04 3.0 3.3 6.4 3.5
TiO, 0.2 0.1 0.8 0.3
Al,O4 14.0 0.1 11.0 4.0
MnzO, Trace Trace 1.5 0.1
CaO 25,5 645 25.3 6.0
MgO 6.5 1.2 4.1 6.6
Na,0 1.3 8.9 8.0 18.0
K,0 6.0 0.2 2.4 10.6
SO, 0.3 2.0 2.1 7.4
Cl Trace Trace Trace 184
Ash fusibility temp, F
Reducing
Initial deformation 2180 2690
Softening 2240 2720
Fluid 2310 2740
Oxidizing
Initial deformation 2210 2680
Softening 2280 2730
Fluid 2350 2750

* Salt water stored.
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Wood wastes There are several industries using wood
as a raw material where combustible byproducts or
wastes are available as fuels. The most important of these
are the pulp and turpentine industries. The nature and
methods of utilization of the combustible byproducts from
the pulp industry are discussed in Chapter 26.

The residue remaining after the steam distillation of
coniferous woods for the production of turpentine is us-
able as a fuel. Some of the more easily burned constitu-
ents are removed in the distillation process with the re-
sult that the residue is somewhat more difficult to burn.
Other than this, fuel properties are much the same as
those of the raw wood and the problems involved in uti-
lization are similar.

Bagasse

Mills grinding sugar cane commonly use bagasse for
steam production. Bagasse is the dry pulp remaining
after the juice has been extracted from sugar cane. The
mills normally operate 24 hours per day during the grind-
ing season. The supply of bagasse will easily meet the
plant steam demands in mills where the sugar is not
refined. Consequently, where there is no other market
for the bagasse, no particular effort is made to burn it
efficiently, and burning equipment is provided that will
burn the bagasse as-received from the grinders. In re-
fining plants, supplemental fuels are required to provide
the increased steam demands. Greater efforts to obtain
higher efficiency are justified in these plants. A selected
analysis of bagasse is given in Table 8.

Other vegetation wastes

Food and related industries produce numerous veg-
etable wastes that are usable as fuels. They include such
materials as grain hulls, the residue from the produc-
tion of furfural from corn cobs and grain hulls, coffee
grounds from the production of instant coffee, and tobacco

Babcock & Wilcox

Table 18
Analyses of MSW and RDF Compared to Bituminous Coal
Analyses, % by wt
Constituent MSW RDF Bituminous Coal
Carbon 27.9 36.1 72.8
Hydrogen 3.7 51 4.8
Oxygen 20.7 31.6 6.2
Nitrogen 0.2 0.8 1.5
Sulfur 0.1 0.1 2.2
Chlorine 0.1 0.1 0
Water 31. 20.2 3.5
Ash 16.0 6.0 9.0
HHV (wet), Btwlb 5,100 6,200 13,000
(kd/kg) (11,836) (14,421) (30,238)

stems. Fuels of this type are available in such small quan-
tities that they are relatively insignificant in total en-
ergy production.

Municipal solid waste

One of the fastest growing energy sources in the U.S.,
Europe and Japan is municipal solid waste (MSW), or
refuse. MSW is the combined residential and commer-
cial waste generated in a given municipality. Formerly
landfilled, MSW now fires numerous waste-to-energy
boilers. It is burned as-received, called mass burning, or
processed using size reduction and material recovery
techniques to produce refuse-derived fuel (RDF).

Table 18 shows a typical analysis of raw refuse and
RDF compared to bituminous coal. The relatively low
calorific value and high heterogeneous nature of MSW
provide a challenge to the combustion system design en-
gineer. The design of MSW handling and combustion sys-
tems is discussed in Chapter 27.
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450 MW midwest power station firing pulverized subbituminous coal.
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carbon in the coal. However, the ignition temperature of coal
may be considered as the ignition temperature of its fixed car-
bon content, because the gaseous constituents are usually dis-
tilled off, but not ignited, before this temperature is attained.

Adiabatic flame temperature

The adiabatic flame temperature is the maximum theo-
retical temperature that can be reached by the products of
combustion of a specific fuel and air (or oxygen) combina-
tion, assuming no loss of heat to the surroundings and no
dissociation. The fuel’s heat of combustion is the major fac-
tor in the flame temperature, but increasing the tempera-
ture of the air or the fuel also raises the flame tempera-
ture. This adiabatic temperature is a maximum with zero
excess air (only enough air chemically required to combine
with the fuel). Excess air is not involved in the combustion
process; it only acts as a dilutant and reduces the average
temperature of the products of combustion.

The adiabatic temperatureis determined from the adia-
batic enthalpy of the flue gas:

H =

g

HHYV - Latent heat H20 + Sensible heat in air

Wet gas weight 10)

where
H ;= adiabatic enthalpy, Btuw/lb

Knowing the moisture content and enthalpy of the prod-
ucts of combustion, the theoretical flame or gas tempera-
ture can be obtained from Fig. 3 (see pages 12 and 13).

The adiabatic temperature is a fictitiously high value
that can not exist. Actual flame temperatures are lower
for two main reasons:

1. Combustion is not instantaneous. Some heat is lost to
the surroundings as combustion takes place. Faster com-
bustion reduces heatloss. However, if combustion is slow
enough, the gases may be cooled sufficiently and incom-
plete combustion may occur, i.e., some of the fuel may
remain unburned.

2. Attemperatures above 3000F, some of the CO, and H,O
in the flue gases dissociates, absorbing heat in the pro-
cess. At 3500F, about 10% of the CO, in a typical flue
gas dissociates to CO and O,. Heat absorption occurs at
4345 Btu/lb of CO formed, and about 3% of the H,O dis-
sociates to H, and O,, with a heat absorption of 61,100
Btw/lb of H, formed. As the gas cools, the dissociated CO
and H, recombine with the O, and liberate the heat
absorbed in dissociation, so the heat is not lost. How-
ever, the overall effect is to lower the maximum actual
flame temperature.

The term heat available (Btuwh) is used throughout this
text to define the heat available to the is term
is analogous to the energy term in the ensible
heat equation above except that one half of the radiation
heat loss and manufacturer’s margin are not considered
available to the furnace.

Commercial combustion application issues

In addition to the theoretical combustion evaluation
methodologies addressed above, several application is-
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sues are very important in accurate combustion calcula-
tions of commercial applications. These include the im-
pact of injection of SO, sorbents and other chemicalsinto
the combustion process, solid ash or residue, unburned
carbon and excess air.

Sorbents and other chemical additives

In some combustion systems, chemical compounds are
added to the gas side of the steam generator to reduce
emissions. For example, limestone is used universally in
fluidized-bed steam generators to reduce SO, emissions.
(See Chapter 16.)

Limestone impacts the combustion and efficiency cal-
culations by: 1) altering the mass of flue gas by reducing
SO, and increasing CO, levels, 2) increasing the mass of
solid waste material (ash residue), 3) increasing the air
required in forming SOj; to produce calcium sulfate,
CaS0,, 4) absorbing energy (heat) from the fuel to cal-
cine the calcium and magnesium carbonates, and 5) add-
ing energy to the system in the sulfation reaction (SO,
+ Y5 Oy + Ca0 — CaS0y). The impact of sorbent/lime-
stone is shown as a correction to the normal combustion
calculations presented later.

The limestone constituents that are required in the
combustion and efficiency calculations are:

Reactive constituents:
Calcium carbonate (CaCOg)
Magnesium carbonate (MgCOsy)
Water

Inerts

Some processes may use sorbents derived from lime-
stone. These sorbents contain reactive constituents such
as calcium hydroxide [Ca(OH),] and magnesium hydrox-
ide [Mg(OH),].

For design purposes, the amount of sorbent is deter-
mined from the design calcium to sulfur molar ratio,
MOFCAS. The sorbent to fuel ratio, MFSBF, is a conve-
nient equation that converts sorbent products to a mass
of fuel or input from fuel basis.

MFSBF = (11)

and

12)

74.096

Ca(OH)
MOPCA = [ + —2J

where

MFSBF =mass ratio of sorbent to fuel, 1b/1b

MOPCA = calcium in sorbent molar basis, moles/100
1b sorbent

S =mass percent sulfur in fuel, %

CaCO; =mass percent calcium carbonate in sorbent, %

Ca(OH), =mass percent calcium hydroxide in sorbent, %

When calcium carbonate and magnesium carbonate are
heated, they release CO,, which adds to the flue gas prod-
ucts. This is referred to as calcination. Magnesium car-
bonate calcines readily; however, at the operating tem-
peratures typical of atmospheric pressure fluidized beds,
not all of the calcium carbonate is calcined. For design
purposes, 90% calcination is appropriate for atmospheric
fluidized-bed combustion. On an operating unit, the mass
fraction of calcination can be determined by measuring
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Table 14

Combustion Calculations-Sorbent

INPUTS (see also lightly shaded blocks)

FUEL-Bituminous coal, Virginia

Sulfur in fuel, % by weight 1.54 6 Sulfur capture, Ib/lb sulfur 0.90
Ash in fuel, % by weight 6.55 7 Reference temperature, F 80.0
HHV of fuel, Btu/lb 14,100 8 Exit gas temperature (excluding leakage), F B 390.0
Unburned carbon loss, % fuel input 2.5 9 Sorbenttemperature, F 80.0
Calcium to sulfur molar ratio 2.5
SORBENT PRODUCTS
Chemical Molecular Ca Molecular CO, H,0
Analysis Weight  mole/100 Ib sorb Calcination Weight Ib/100 Ib sorb  1b/100 Ib sorb
% Mass Ib/mole [101/{11] Fraction Ib/mole  [0Ix[13]x[14)/[11] [10]x[13]x[14]/[11]
CaCO, 100.089 0.897 i 090 44.010 35.529
MgCO, 84.321 1.00 44.010 2.610
Ca(OH), 74.096 0.000 1.00 18.015 0.000
Mg(OH), 58.328 1.00 18.015 0.000
H,0 18.015 1.00 18.015 1.600
Inert
Total Ca, mole/100 Ib sorbent 0.897 Total 38.139 1.600
SORBENT/GAS CALCULATIONS, Ib/10,000 Btu Except as Noted
Sorbent, 1b/Ib fusl [1] x [6]/[12G] / 32.066 0.1339
Sorbent, 1b/10,000 Btu 10,000 x [17]/[3] 0.0950
CO, from sorbent, 1b/10,000 Btu X 1100 0.0362
from sorben Ib/1 Btu [16G] x [18] / 100 0.0015
Additional theoretical air, Ib/10,000 Btu 216 x [1] x [6] / [3] 0.0212
SO, reduction, Ib/10,000 Btu 200 x [1] x [6]/[3] 0.0197
SO; formed, 1b/10,000 Btu 0.2314 x [21] + [22] 0.0246
Spent sorbent, 1b/10,000 Btu - [19] - + 0.0819
Unburned carbon, 1b/10,000 Btu [4] x 100/ 14,500 0.0172
Residue from fuel, Ib/10,000 Btu x 100/ + 0.0637
Total residue, 1b/10,000 Btu [24] + [26] 0.1456
LOSSES DUE TO SORBENT, % Input from Fuel
H,0 from H of steam at 1 psi, T = [8] Hy = (3.958E—5x[8] + 0.4329) x [8] + 1062.2 1237.1
sorbent, % H of water H, = [9] — 32 48.0
0.01 x [20] x ([28] — [29)) 0.018
Sensible heat sorbent (dry), % [18] x (1.0 — [10E}/100) x (H at T=[9] — H at T =[7])/100
H of limestone (dry) = (0.1128E—3 x T + 0.179)x T — 14.45 0.000
Calcination/Dehydration, %
CaCO;, % X X x 766 / 10,000 0.588
MgCOs;, % [10B] x 1.0 x[18] x 652/ 10,000 0.031
Ca(OH),, % [10C]x 1.0 x [18] x 636 / 10,000 0.000
Mg(OH),, % [10D] x 1.0 x [18] x 625 / 10,000 0.000
Heat gain due to sulfation, % [6]1x [1]1x 6733 /(3] 0.662
Total of losses due to chemical reactions, % + [33] + + —0.043
Sensible Heat Of Residue Loss, %
Temp Mass Flow x [27) x(HatT=[38 — HatT=[7] )/ 10,000 = Loss
Location Residue, F Rate, % Total x Ib/10,000 Btu x ( Btu/lb -  Btu/lb y/ 10,000 = %
Bed drain X 0.1456  x ( 376.3 - 0.5 y/ 10,000 = 0.055
Economizer EX 0.1456  x( 116.2 0.5 )/ 10,000 = 0.017
Flyash X 0.1456  x( 64.3 0.5 y/ 1 = 0.074
H Residue ((—2.843E—-8xT + 1.09E-4)xT + 0.16)x T — 12.95 40 Total 0.146
Summation losses due to sorbent, % [30] — [31] + [37] + [40] 0.121
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Chapter 11

Solid Fuel Processing and Handling

Coal remains the dominant worldwide source of energy
for steam generation. However, additional solid fuelslm}ch
as wood byproducts and municipal wastes are also gaining
widespread use. The large scale continuous supply of such
solid fuels for cost effective and reliable steam power gen-
eration requires the effective integration of recovery (e.g.,
mining), preparation, transportation and storage tec!:mol_a«
gies. The relationships between these are illustrated in Fig.
1. While each fuel offers unique challenges, a discussion of the
processing and handling of the dominant fuel source — coal —
identifies many of the common issues and considerations forall
solid fuels. Selected additional topics about the special aspects
of some other solid fuels are covered in Chapters 26 through 28.

Mining is the first step in producing coal. Raw coal can
be treated to remove impurities and to provide a more
uniform feed to the boiler. The resulting reduction in ash
and sulfur can significantly improve overall boiler perfor-
mance and reduce pollution emissions. The transporta-
tion of coal to the plant may represent a major portion of
the plant’s total fuel cost although mine mouth generat-
ing stations can minimize these transportation costs. Stt_nu
age and handling of large coal quantities at the plant site
require careful planning to prevent service interruptions.

Coal mining

As diseussed in Chapter 8, electric utility coal consump-
tion for power generation dominates the market for coal
produced in the United States (U.S.) and the rest of the
world. U.S. coal production reached more than 1billion tons
per year in 1990 with 77% being used for electric U‘.tlllily
power generation. Corresponding worldwide productionin
1990 was approximately 5.2 billion tons. o

In the U.S,, coal production is split between surface mining
(59%) and underground mining (41%). Because of the gwao_loglc
locations of coal deposits, or seams, and cost considerations,
surface mining dominates coal production west of the Missis-
sippi River and underground mining dominates in the East.
Theemergence of Targe, high volume surface mines pmduf:mg
low sulfur coal in the West has resulted in a continuing shiftof
coal production from the Eastern U.S. to the West.

Surface mining

Coal may be recovered from relatively shallow seams
by removing the overlying earth, or overburden, to expose
the coal seam. Typically, topsoil is first removed and stored
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Fig. 1 Fuel supply chains for coal-fired power generation.

for later use in reclamation of the site. The remaining
overburden is drilled and blasted to loosen the rock for
removal with a dragline or excavating shovel. The
overburden is then methodically stripped away and stored
for restoration of the land to the original contour following
removal of the coal. A dragline is commonly used to expose
the coal seam (Fig. 2). The coal may then be removed using
a bulldozer and front-end loader or a shovel. Amobile crusher
and screen may be set up in the mine for initial sizing of the
raw coal. The coal is then loaded into haulage trucks for deliv-
ery to a cléaning facility or steam generating plant.

The stripping ratio is defined as the unit amount of
overburden which must be removed to access a unit
amount of coal. In general, surface mines in the Western
U.S. have lower stripping ratios than mines in the East.

Strict environmental regulations limit thie amount of
land surface area which may be exposed at any one time,
control water runoffand establish land reclamation pro-
cedures.

Underground mining

Approximately 68% of the total U.S. coal reserves are
accessible only by underground mining. (See Chapter 8.)
Underground coal mine production is dominated by the
use of continuous mining machines (Fig. 3) which pres-
ently account for approximately 70% of the total under-
ground production. -
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Fig. 2 Large coal drglin in operation (courtesy of National Coal Asso-
ciation).

Room and piltar mining Most U.S. coal is produced us-
ing an underground technique known as room and pil-
lar mining. A series of headings or parallel entries are
cutinto the coal seam to provide passages for the mining
machinery, uncontaminated ventilation air and convey-
ing equipment. These headings are typically 18 to 20 ft
(5.5 to 6.1 m) wide and may be several miles (km) long.
Rooms are driven off of the main headings to the prop-
erty limits of the mine, Typically, only about 50% of the
coal is removed when the rooms are first mined. The re-
maining coal is left in place to support the roof. Roof bolts
are installed where the coal has been removed for addi-
tional roof support. At the completion of the development
cycle, the remaining coal may be removed by retreat
mining, and the unsupported roof is allowed to collapse.

Longwall mining Inlongwall mining, shearers or plows
are pulled back and forth across a panel of coal to break
it loose from the seam. The coal falls onto a flight con-
veyor and is transported to the main haulage line. Be-
cause essentially all of the coalis removed, artificial roof
supports, known as shields or chocks, are used to cover
the plow and conveyor. The plow, conveyor and roof sup-
ports are advanced using hydraulic jacks as the coal is
removed from the mining face. The unsupported roof is
allowed to cave in behind the supports. In 1990, there
were 96 longwall sections operating in the U.S. The av-
erage panel width exceeded 700 ft (213.4 m) and panels

Fig.3 Continuous mining machine in operation (courtesy of National Coal
Assaociation).
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as wide as 1000 £t (304.8 m) were in operation. Longwall
panel lengths may reach 10,000 ft (3048 m) or more.

Longwall mining can be a very high capacity produc-
tion system provided that the geologic conditions are suit-
able and the longwall has been carefully integrated with
the existing panel development scheme and coal haulage
infrastructure. Production capacities exceeding 6000 t of
raw coal per shift have been reported. The annual produe-
tion capacity for a longwall isa function of the seam height,
panel width and length, and the time required to move the
equipment between operating panels.

Raw coal size reduction and classification

Sizing requirements

Size reduction operations at steam power plants are
usually confined to crushing and pulverizing although it
is sometimes more economical to purchase pre-crushed
coal for smaller plants, especially stoker-fired units.
Screening at the plant is generally not required, except
to remove large impurities and trash using simple grids
(or grizzlies) and rotary breakers. Techniques for deter-
mining coal particle size distribution are discussed in
Chapter 8 while the American Society for Testing and
Materials (ASTM) Standard D 431 details the commonly
accepted screen size designations.

Coal particle size degradation, which occurs in trans-
portation and handling, must be considered when estab-
lishing supply size specifications. This may be critical
where the maximum quantity of coal fines is set by fir-
ing equipment limitations.

For stoker-fired installations, it is customary to specify
purchased coal sized to suit the stoker (see Chapter 15),
so that no additional sizing is required at the plant [typi-
cally 1.5 in. x 0 (38.1 mm x 0)].

For pulverized coal-fired boilers, a maximum delivered
top size is usually specified with no limitation on the per-
centage of fines, so that the delivered coal is suitable for
crushing and pulverizing in the available equipment. The
coal is crushed to reduce particle size and then ground to
a very fine size in the pulverizer. (See Chapter 12.)

Crushers alone may be used to provide the relatively
coarser sizes required for Cyclone furnaces. (See Chap-
ter 14.) A properly sized crusher efficiently reduces par-
ticle size while producing minimal fines.

Size reduction equipment selection

Size reduction equipment is generally characterized
by the maximum acceptable feed size and the desired
product top size. The reduction ratio is defined as follows:

p feed (1)

p product
where

Pred = feed particle size in which 80% of the parti-
cles pass a given screen size or mesh
Ppraduct = Product particle size in which 80% of the par-
ticles pass a given screen size or mesh
Once-through crushing devices, which discharge the
fines without significant re-crushing, are used to mini-
mize the production of fines. Rotary breakers and roll
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crushers are commonly used to reduce the coal top size
without producing a significant amount of fines.

The rotary breaker,illustrated in Fig. 4, reduces the coal
to a predetermined maximum size and rejects larger
refuse, mine timbers, trash and some tramp metal. It con-
sists of alarge cylinder of steel screen plates which rotates
at approximately 20 rpm. The size of the screen openings
determines the top size of the coal. The coal fed at one end
of the cylinder is picked up by lifting shelves and is car-
ried up until the angle of the shelf permits the coal to drop
onto the screen plate. It shatters and is discharged through
the screen openings. The harder rock does not break as
readily; it travels along the screen and is rejected at the
discharge end. Wood, large rocks and other trash which
donot pass through the screen are separated from the coal.
Rotary breakers may be installed at the mine, prepara-
tion plant, or steam generating plant.

The elements of a single-roll crusher are illustrated
in Fig. 5. This crusher consists of a single toothed roll
which forces the coal against a plate to produce the crush-
ing action. The maximum product particle size is deter-
mined by the gap between the roll and the plate. To pre-
vent jamming by large impurities such as tramp metal,
the roll is permitted to rise or the plate can swing away,
allowing the impurities to pass through. This is an old
type of crusher which is commonly used for reducing run-
of-mine bituminous coal to a maximum product of 1.25
to 6 in. (31.8 to 152 mm). The abrasive action between
the coal and the plate produces some fines; however, they
are discharged with minimal re-breakage.

In adouble-roll crusher the coal is forced between two
counter-rotating toothed rolls (Fig. 6). The mating faces
of both rolls move in a downward direction, pulling the
coal through the crusher. The size of the roll teeth and
the spacing between rolls determine the product top size.
One of the rolls may be spring loaded to provide a means
for passing large, hard impurities. Double-roll crushers
are used for reducing run-of-mine coal to smaller sizes
at preparation and steam generating plants.

In retention crushers such as hammer mills and ring
crushers, coal is retained in the breakage zone until it is
sufficiently fine to pass through a screen to the discharge.
The re-breakage action produces considerable fines, con-
sequently these mills are not used in applications where
fines are objectionable. They are often used to reduce run-
of-mine coal to an acceptable size for feed to a stoker or
pulverizer, e.g., 0.75 in. x 0 (19 mm x 0).

A hammer millis depicted in Fig. 7. In this mill, the coal
is broken by impact with the hammers, which are mounted
on a central shaft and permitted to swing freely as the shaft
isrotated. The coal is fed at the top of the mill and is forced
g?ncgelvmg @ﬁ
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Fig. 5 Single-roll crusher — diagrammatic section.

down and outward to the grate bars as it is struck by the
hammers. The spacing of the bars determines the maxi-
mum size of the finished product. The coal remains in the
mill, and breakage continues until the particles are fine
enough to pass through the grate. A trap is usually pro-
vided for collection and removal of tramp metal.

Screen selection

Screening is usually performed at the mine or prepa-
ration plant to remove unwanted material and size coal
for various uses prior to shipment to the steam generat-
ing plant. The run-of-mine coal is usually passed over a
grid of steel bars, or grizzly, to remove mine timbers and
trash. The raw coal may be separated into various size
fractions to meet contract specifications or for further
processing in a preparation plant by passing the coal
through various screens. Common screen types include
gravity bar screens, trommels or revolving screens,
shaker screens and vibrating screens.

A gravity bar screen consists of a number of sloped par-
allel bars. The gaps between bars, the slope, and the
length of the bars determine the separating size. The bars

Coal Feed

L)
One Roll
Spring Loaded

14 ft (4.3 m)——
Fig. 4 Rotary breaker for use at the mine and power plant.
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have tapered cross sections; the gaps between the bars
are smaller on the top side than on the bottom. This de-
sign reduces plugging.

A revolving screen consistg of a slowly rotating cylin-
der with a slight downward slope parallel to the axis of
coal flow. The cylinder is comprised of a perforated plate
or a wire cloth, and the size of the openings determines
the separating size. Because of the repeated tumbling
as the coal travels along the cylinder, considerable break-
age can occur. For this reason, revolving screens are not
used for sizes larger than about 3 in. (76.2 mm). Because
only a small portion of the screen surface is covered with
coal, the capacity per area of screen surface is low.

A shaker sereen consists of a woven wire mesh mounted
in arectangular frame which is oscillated back and forth.
This screen may be horizontal or sloped slightly down-
ward from the feed end to the discharge end. Ifthe screen
ishorizontal, it is given a differential motion to help move
the coal along its surface.

Bituminous coal generally fractures into roughly cu-
bicle shapes, while commonly associated slate and shale
impurities fracture to form relatively thin slabs. This
shape difference enables the impurities to be separated
with a slotted shaker.

Vibrating screens are similar to shaker screens except
that an electric vibratoris used to apply a high frequency,
low magnitude vibration to the screen. The screen sur-
face is sloped downward from the feed to the discharge
end. The vibration helps to keep the mesh openings clear
of wedged particles and helps to stratify the coal so that
fine particles come in contact with the screen surface. For
screening fine, wet. coal, water sprays are used to wash
fine particles through the coal bed and the screen sur-
face. Vibrating screens are the most widely used types
for gizing and preliminary dewatering.

It is common practice to separate the fines from the
coarse coal to improve the efficiency of subsequent clean-
ing and dewatering processes. The fines may be dis-
carded, cleaned separately, or bypassed around the clean-
ing process and then blended back into the coarse clean
coal product.

Coal Feed
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Fig. 7 Ring hammer mill crusher — diagramrmatic section (couriesy of
Pennsylvania Crusher Corporation).
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Coal cleaning and preparation

The demand for coal cleaning has increased in re-
sponse to environmental regulations restricting sulfur
dioxide (SO,) emissions from coal-fired boilers. The de-
mand is also due to a gradual reduction in run-of-mine
coal quality as higher quality seams are depleted and con-
tinuous mining machines are used to increase produc-
tion. Approximately 70% of coal mined for electrie util-
ity use is cleaned in some way.

Coal cleaning and preparation cover a broad range of
intensity, from a combination of initial size reduction,
screening to remove foreign material, and sizing dis-
cussed previously, to more extensive processing to remove
additional ash, sulfur and moisture more intimately as-
sociated with the coal.

The potential benefits of coal cleaning must be bal-
anced against the associated costs. The major costs to
consider, in addition to the cleaning plant capital and
operating costs, include the value of the coal lost to the
refuse product through process related inefficiencies and
the cost of disposing of the refuse product. Generally, the
quantity of coal lost increases with the degree of desired
ash and sulfur reduction. An economic optimum level of
ash and sulfur reduction can be established by balanc-
ing shipping and postcombustion cleanup costs against
precombustion coal cleaning costs.

Coal characterization

Coal is a heterogeneous mixture of organic and inor-
ganic materials as deseribed in detail in Chapter 8. Coal
properties vary widely between seams and within a given
seam at different elevations and locations. The impuri-
ties associated with coal can generally be classified as
inherent or extraneous. Inherent impurities such as or-
ganie sulfur can not be separated from the coal by physi-
cal processes. Extraneous impurilies can be partly seg-
regated from the coal and removed by physical coal clean-
ing processes. The extent to which these impurities can
be economically removed is determined by the degree of
material dissemination throughout the coal matrix, the
degree of liberation possible at the selected procesgsing
particle size distribution, and physical limitations of the
processing equipment.,

Mineral matter associated with the raw coal forms ash
when the coal is burned. Ash forming mineral matter may
also be classified as inherent or extraneous. Inherent
mineral matter consists of chemical elements from plant
material organically combined with coal during its for-
mation. This mineral matter generally accounts for less
than 2% of the total ash. Extraneous mineral matter
consists of material which was introduced into the de-
posit during or after the coalification process, or is ex-
tracted with the coal in the mining process.

Sulfur is always present in coal and forms SO, when
the coal is burned. If the sulfur is not removed before com-
bustion, the SO, that forms is exhausted through the
stack or removed by posteombustion {lue gas treatment,
discussed in Chapters 32 and 35. Sulfur is generally
present in coal in three forms: pyritic, organic or sulfate.

Pyritic sulfur refers to sulfur combined with iron m
the minerals pyrite (FeS,) or marcasite. Pyrite may be
present as lenses, bands, balls or as finely diggeminated
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particles. Organic sulfur is chemically combined with
molecules in the coal structure. Sulfate sulfuris present
as calcium or iron sulfates. The sulfate sulfur content of
coal is generally less than 0.1%.

The total sulfurin U.S. coals can vary from a few tenths
of a percent to more than 8% by weight. The pyritic por-
tion may vary from 10 to 80% of the total sulfur and is
usually less than 2% of the coal by weight (Table 1).

The larger pyritic sulfur particles can generally be re-
moved by physical cleaning, but finely disseminated py-
ritic sulfur and organic sulfur can not. Advanced physi-
cal and chemical cleaning technologies under develop-
ment to remove these sulfur forms have not yet proven
economical.

Moisture can also be considered an impurity because
it reduces the heating value of raw coal. Inherent mois-
ture varies with coal rank, increasing from 1 to 2% in
anthracite to 45% or more in lignite. Surface moisture
can generally be removed by mechanical or thermal de-
watering. This drying requires an energy expense at the
cleaning plant or the steam generating plant (in pre-dry-
ing or during combustion). Drying before shipment re-
duces transportation costs on a per-Btu basis. When pre-
drying is used, atmospheric oxidation will tend to be in-
creased for low rank coals because of the exposure of
additional oxidation sites in the particles.

The distribution of ash and sulfur in a coal sample can
be characterized by performing a washability analysis.
This analysis consists of separating the raw coal into
relatively narrow size fractions and then dividing each
fraction into several specific gravity fractions. The coal
in each size/specific gravity fraction is then analyzed for
ash, sulfur and heating value content. The hardness and
distribution of the impurities relative to the coal deter-
mines if the impurities are concentrated in the larger or
smaller size fractions. Relatively soft impurities are gen-
erally found in the finer size fractions. In general, the
lowest specific gravity fractions have the lowest ash con-
tent, as indicated in Table 2.

The information generated by these float/sink char-
acterization tests can be used to predict the degree of ash
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Table 2
Typical Ash Contents of Various
Bituminous Coal Specific Gravity Fractions

Specific Gravity Ash Content
Fraction % by wt
1.3to 1.4 1to5
14to 1.5 51010
1.5t01.6 10 to 35
161t01.8 35 to 60
1.8t01.9 60 to 75
Above 1.9 75 to 90

ity based cleaning technologies discussed below. In gen-
eral, the more material that is present near the desired
specific gravity of separation, the more difficult it is to
make an efficient separation.

Coal cleaning and preparation operations

The initial steps in the coal cleaning process include
removal of trash, crushing the run-of-mine coal and
screening for size segregation. These preliminary opera-
tions and associated hardware were discussed previously.
The following operations are then used to produce and
dewater a reduced ash and sulfur product. Fig. 8 provides
a general layout of coal cleaning unit operations.

Gravity concentration Concentration by specific grav-
ity and the subsequent separation into multiple products
is the most common means of mechanical coal cleaning.
Concentration is achieved because heavier particles
settle farther and faster than lighter particles of the same
size in a fluid medium. Coal and impurities may be seg-
regated by their inherent differences in specific gravity,
as indicated in Table 3.

Coal
Handling

and sulfur reduction possible using various specific grav- Coarse Coal Fine Coal
Refuse Cleaning Clean Coal Cleaning Refuse
 Jigging » Cycloning
Table 1 « Cycloning » Froth Flotation
Distribution of Sulfur Forms in Various Coals (%) l'nleéfg%(gate 1 %gg?l
y
Mine Location Total Pyritic Organic Crushing Dewatering Dewatering
County, State Coal Seam Sulfur Sulfur Sulfur « Screening . '\I}hickening
" : y ® Vacuum
Henry, MO Bevier 820 639 122 v S e
Henry, MO Tebo 5.40 3.61 1.80 Cleaning I
Muhlenburg, KY Kentucky #11 5.20 320 2.00 « Cycloning
Coshocton, OH  Ohio #6 469 263 2.06 * Tabling Clean
Clay, IN Indiana #3 392 213 1.79 Soel Clean Coal
Clearfield, PA'  Upper Freeport 3.56  2.82 0.74 : Siohe
Franklin, IL Tllinois #6 2.52 150 1.02 Refuse
1]\3/Ieigs, OH Ohio #8A 2.51 1.61 0.86
oone, WV Eagle 2.48 147 101 Dewater| Dewateri
Walker, AL Pratt 162 081 081 4imoniia . « Thickening |
Washington, PA Pittsburgh 1.13 035 0.78 * Centrifuging * Centrifuging
Mercer, ND Lignite 1.00 0.38 0.62
McDowell, WV  Pocahontas#3  0.55  0.08 0.46 e
Pl'ke., Ky Freeburn 0.46 0.13 0.33 | Storage
Kittitas, WA Big Dirty 0.40 0.09 0.31 ] ) )
; Fig. 8 General layout of coal cleaning operations.
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Table 3
Typical Specific Gravities of Coal
and Related Impurities
Material Specific Gravity
Bituminous coal 1.10 to 1.35
Bone coal 1.35to0 1.70
Carbonaceous shale 1.60 to 2.20
Shale 2.00 to 2.60
Clay 1.80 to 2.20
Pyrite 4.80 t0 5.20
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The fluid separating medium may consist of a suspen-
sion of the raw coal in water or air, a mixture of sand and
water, a slurry of finely ground magnetite or an organic
liquid with an intermediate specific gravity. Aqueous slur-
ries of raw coal and magnetite are currently the most com-
mon separating media.

If the effective separating specific gravity of the media
is 1.5, particles with a lower specific gravity are concen-
trated in the clean coal product and heavier particles are
in the reject or refuse product. Several factors preventideal
separation in practice.

Gravity separation processes concentrate particles by
mass. The mass of a particle is determined by its specific
gravity and particle size. Raw coal consists of particles rep-
resenting a continuous distribution of specific gravities and
sizes. It is quite possible for a larger, less dense particle to
behave similarly to a smaller particle with a higher spe-
cific gravity. For example, a relatively smaller pyrite par-
ticle may settle at a similar rate as a larger coal particle.
The existence of equal settling particles can lead to sepa-
rating process inefficiency. Fine pyrite in the clean coal
product and coarse coal in the refuse are commonly referred
to as misplaced material. The amount of misplaced mate-
rial is determined by the quantity and distribution of the
raw coal impurities, the specific gravity of separation, and
the physical separation efficiency of the segregated mate-
rial.

A significant amount of material with a specific gravity
close to the desired specific gravity of separation results in
a more inefficient separation. If the amount of near gravity
material exceeds approximately 15 to 20% of the total raw
coal, efficient gravity separation is difficult.

The most common wet gravity concentration techniques
include jigging, tabling and dense media processes. Each
technique offers technical and economic advantages.

Jigging In a coal jig, a pulsating current of water is
pushed upward in a regular, periodic cycle through a bed
of raw coal supported on a screen plate. This upward or
pulsion stroke of the cycle causes the bed to expand into a
suspension of individual coal and refuse particles. The par-
ticles are free to move and generally separate by specific
gravity and size, with the lighter and smaller pieces of-coal
moving to the upper region of the expanded bed. In the
downward or suction stroke of the cycle, the bed collapses,
and the separation is enhanced as the larger and heavier
pieces of rock settle faster than the coal. The pulsion/suc-
tion cycleis repeated continuously. The separatedlayersare
split at the discharge end of the jig to form a clean coal and a
refuse product. The bed depth at which the cut is made deter-
mines the effective specific gravity of separation.
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The upward water pulsation can be induced by using
a diaphragm or by the controlled release of compressed
air in an adjacent compartment. Operation of a Baum
jigisillustrated in Fig. 9. This type of jig may be used to
process a wide feed size range. Typically, the specific
gravity of separation ranges from 1.4 to 1.8. The separa-
tion efficiency may be enhanced by pre-screening the feed
to remove the fines for separate processing.

Tabling A concentrating, pitched table is mounted so
that it may be oscillated at a variable frequency and
amplitude. A slurry of coal and water is continuously fed
to the top of the table and is washed across it by the on-
coming feed. Diagonal bars, or riffles, are spaced perpen-
dicular to the flow of particles. The coal-water mixture
and oscillating motion of the table create a hindered set-
tling environment in which the lower gravity particles
rise to the surface. Higher specific gravity particles are
caught behind the riffles and transported to the edge of
the table, away from the clean coal discharge.

Tables are generally used to treat 0.375 in. x 0 (9.53
mm x 0) coal. Three or four tables may be stacked verti-
cally to increase throughput while minimizing plant floor
space requirements.

Dense media separation In dense or heavy media sepa-
ration processes, the raw coal isimmersed in a fluid with
a specific gravity between that of the coal and the refuse.
The specific gravity differences cause the coal and refuse
to migrate to opposite regions in the separation vessel.
In coal preparation, the heavy media fluid is usually an
aqueous suspension of fine magnetite in water.

Flotation Coal and refuse separation by froth flotation
is accomplished by exploiting differences in coal and min-
eral matter surface properties rather than specific gravi-
ties. Air bubbles are passed through a suspension of coal
and mineral matter in water, which is agitated to pre-
vent particles from settling out. Air bubbles preferentially
attach to the coal surfaces which are generally more hy-
drophobic, or difficult to wet. The coal then rises to the
surface where it is concentrated in a froth on top of the
water. The mineral matter remains dispersed (Fig. 10).
Chemical reagents, referred to as collectors and frothers,
are added to enhance the selective attachment of the air
bubbles to the coal and to permit a stable froth to form.

Flotation is generally used for cleaning coal finer than
48 mesh (300 microns). The efficiency of the process can
be enhanced by carefully selecting the type and quan-
tity of reagents, fine grinding to generate discrete coal
and refuse particles, and generating fine air bubbles.

Dry processing Dry coal preparation processes account for
a small percentage of the total coal cleaned in the U.S. In gen-
eral, pneumatic processing is only applied to coal less than 0.5
in. (12.7 mm) in size with low surface moisture.

Dewatering Dewatering is a key step in the prepara-
tion of coal. Reducing the fuel’s moisture content in-
creases its heating value per unit weight. Because coal
shipping charges are based on tonnage shipped, areduc-
tion in moisture content results in lower shipping costs
per unit heating value.

Coarse coal, greater than 0.375 in. (9.53 mm) particle
size, can be sufficiently dewatered using vibrating
screens. Intermediate size coal, 0.375 in. (9.563 mm) by
approximately 28 mesh (600 microns), is normally de-
watered on vibrating screens followed by centrifuges.
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Fig. 9 Baum jig for coal preparation (courtesy of McNally Pittsburg Mfg. Corp.).

Fine coal dewatering often involves the use of a thick-
ener to increase the solids content of the feed to a vacuum
drum, vacuum disc filter or high gravity centrifuge. The
filter cake may be mixed with the coarser size fractions
to produce a composite product satisfying the specifica-
tions. Fine coal dewatering also serves to clarify the wa-
ter for reuse in the coal preparation plant. Fines must be
separated from the recycled water to maximize the effi-
ciency of the separation processes.

Thermal dewatering may be necessary to meet prod-
uct moisture specifications when the raw coal is cleaned
at a fine size to maximize ash and sulfur rejection. The
various types of thermal dryers include rotary, cascade,
reciprocating screen, suspension and fluidized-bed dry-
ers. Cyclones or bag filters are used to prevent fine dust
emissions from the dryer. The collected fine coal may be
recycled to support dryer operation. Thermal drying rep-
resents an economic tradeoff of reduced product mois-
ture content versus heat required to fire the dryer.

Impact on steam generator system operations

The principal benefit of coal cleaning is the reduction in
ash and sulfur content. Reduced ash content results in
lower shipping costs and reduced storage handling require-
ments at the plant on a cost per unit heating value basis.
Boiler heat transfer effectiveness may increase as a result

Steam 40 / Solid Fuel Processing and Handling

of reduced ash deposition on tube surfaces. A reduction in
sulfur content leads directly to reduced SO, emissions.
Lower sulfur feed coal may preclude the need for or reduce
the performance requirements of postcombustion SO,
emission control systems. A reduction in sulfur content may
also reduce spontaneous combustion during storage and
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corrosion in coal handling and storage equipment. Reduced
ash content can result in reduced maintenance through
removal of abrasive pyrite and quartz from the coal. Re-
duction of clay in the coal can improve handling but this
may be offset by the effects of higher fines content and
higher surface moisture on cleaned coal.

Coal transportation

The means of transportation and the shipping distance
significantly influence the total fuel cost, reliability of sup-
ply, and fuel uniformity at the power plant. In some cases
where Western U.S. coal is shipped over an extended dis-
tance, freight costs may represent 75 to 80% of the total
delivered fuel cost. At the other extreme, transportation
costs may be negligible for mine mouth generating stations.
In transit, the coal’s handling characteristics may be
changed by freezing, increased moisture content or size deg-
radation. When open rail car or barge transport is used,
the moisture content of the delivered coal depends on the
weather conditions in transit, the initial moisture level and
the particle size distribution. Size degradation during ship-
ping is dependent on the coal friability (ease of crumbling)
and the techniques and number of transfers. As previously
stated, for pulverized coal applications, size degradation
is generally not a concern.

Coal is primarily shipped by rail, barge, truck and con-
veyor. The volume and distribution of coal transported by
various means is summarized in Table 4. Combinations of
these methods are often used to obtain the lowest delivery
cost. Available transportation infrastructure, haulage dis-
tance, required flexibility, capital cost and operating cost
are important factors in selection of a system for deliver-
ing coal to the power plant.

In general, barge transport represents the lowest unit
cost per ton per mile followed by rail, truck and conveyor
in terms of increasing cost. Combinations of these four
transportation gystems may be used to move coal to load-
ing docks for overseas shipment. The major coal export
portsin the U.S. are Hampton Roads, Virginia; Baltimore,
Maryland and Philadelphia, Pennsylvania.

Transportation systems are generally designed to mini-
mize intermediate storage of coal to controlinventory costs,
reduce insurance costs and minimize the effects of changes
which can reduce the commercial value of coal. Potentially
harmful changesinclude a reduction of heating value, par-
ticle size degradation, and loss due to self-ignition or wind
and water erosion.

Rail
Approximately 57% of the coal delivered to power plants

in the U.S. is shipped by rail. About half of this total is
shipped in unit trains. Unit trains are dedicated rail ship-

Table 4
Distribution of Coal Transportation Methods (1988)2
108 t/yr 108 t,/yr % of Total
Rail 550 499 57.4
Barge 155 141 16.2
Truck 128 116 13.3
Conveyor/pipeline 126 114 13.1
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ments of coal normally consisting of 100 or more cars with
a total of 10,000 t of coal or more. Bottom dump rail cars
(100 t capacity) are typically used. The high capacity rail
cars are generally not uncoupled from the time they are
loaded at the mine until they arrive at the plant. In 1989
coal accounted for 40% of the rail industry's total freight
tonnage and 22% of the revenues.

Rail transport provides for the movement, of large quanti-
ties of coal over distances ranging from 10 to 1500 mi (16 to
2414km).! Dedicated service between one mine and the steam
generating plant simplifies management of coal deliveries.

The advantages of rail transport are somewhat offset
by the restricted rail access. Generally only one rail line is
available to transport coal from a mine or to a specific steam
generating plant, The installation of dedicated rail lines

must be factored in to the cost of the coal handling and -

storage system. Rail spurs to a specific mine location are
useful only for the life of the mining activity. Transit time
is typically on the order of 4 to 20 days.! The rail car un-
loading system and intermediate storage facilities must be
designed to quickly process the cars to avoid demurrage
(delay) charges at the plant.

Barge

Barge transport of coal is the most cost effective alter-
native to rail. Approximately 16% of all coal shipped to
steam generating plants in the U.S. is delivered by barge
as illustrated in Fig. 11. Coal is the second largest single
barge commodity and coal traffic accounts for a large frac-
tion (23% in 1985) of annual barge tonnage.

Two standard sizes of open top coal barges are commonly
applied to coal transport. The 1000t (907 t,) capacity Pitts-
burgh standard barge measures 175 ft (53 m) long x 26 ft
(8 m) wide with a draft of 9 ft (2.7 m). The jumbo barge has
a nominal capacity of 1500 1 (1361 t;) and is 195 ft x 35 ft
(59 x 11 m) with a 12 £(3.6 m) draft.2 A single tow, or group of
20 barges, can carry 20,000 to 30,000 t (18,144 to 27,216 t,,,).

The major waterways for coal traffic in the U.S. are the
Ohio, Mississippi and Black Warrior-Tombighee Rivers.?
The quantity of coal shipped in a single tow or string of
barges is determined by the lock requirements of the river
system being navigated. For example, on the Ohio River
system, a tow of three barges wide by five barges long is
commonly used because of the River's lock requirements.*

Fig. 11 Typical barge transport for large quantities of coal.
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However, on the relatively unobstructed lower Mississippi,
tows of 30 barges are not uncommon.

There is a significant degree of competition and trans-
port prices are generally stable. Some cost differences be-
tween upstream and downstream travel are common.

Barge transportation of coal to steam generating plants
is constrained by the location and characteristics of the
available river systems. Close proximity to waterways for
direct loading and unloading is needed for efficient barge
transportation. Barge delivery must be supported by truck,
rail or belt conveyor trans-loading at the mine location or
the steam generating plant. The natural river network is
not always thé most direct route and may result in in-
creased delivery time. The channel width and seasonal
variability in water level are nafural limitations for barge
traffic. Riverlock sizes and condition of repair may restrict
the maximum permitted tow size. Delays due to deterio-
ratinglocks and congestion may be significant on some river
systems. In some areas lock repair costs are recovered
through a surcharge on tonnage shipped through the lock.
Barges are not self-unloading. The capital investment re-
quired for the unloading facilities may restrict barge de-
liveries to plants using more than 50,000 t/yr.!

Truck

For power plants located near mines, trucks loaded at
the mine deliver coal directly to the power plant storage
site. Trucking accounts for about 13% of the total tonnage
of coal delivered to steam generating plants. Usually, a
small receiving stockpile for truck deliveries is set up sepa-
rate from the main storage pile to permit isolation until it
is determined that the coal satisfies the required quality
specifications.

Trucking also pays a key role in both rail and barge trans-
port. Approximately 70% of the coal transported by rail or
barge is first trucked to the loading dock or involves truck
transfer at some point.® Highway trucks typically carry 15
to 30t (14 to 27 t,,,) of coal over distances ranging up to 70
mi (113 km), Off-road vehicles can handle 100 to 200 t (91
to 181 t,,) over a range of 5 to 20 mi (8 to 32 km) at mine
mouth generating stations.

Trucking is the most flexible mode of coal transporta-
tion. It is relatively easy to adjust to changes in demand to
meet the generating plants' variable supply requirements.
The short haulage distances, and therefore short delivery
times, can be used to minimize storage requirements at
the generating plant. Trucks are simple to unload and a
minimum of on-site handling and distribution is needed.
Use of the existing highway infrastructure provides for flex-
ible delivery routes and reduces travel restrictions associ-
ated with rail and river transport. Trucks are very efficient
for short haulage distances and for smaller generating
plants. Trucking is the least capital intensive mode of trans-
porting coal and a high degree of competition exists.

Truck transportation is characterized by a high operat-
ing cost per fon mile relative to barge or rail transport.
Practical haulage distances are usually limited to 50 mi
(80 km). State and local transportation regulations often
limit loads to 25 £ (23 ) or less. A large generating plant
would require a significant amount of truck tratfic and
congestion at the delivery site may be severe. Truck deliv-
eries require the highest degree of monitoring at the plant.
Frequently, every truck must be weighed. :
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Continuous transport

Coal may be transported from the mine to the generat-
ing plant by continuous belt conveyors or slurty pipelines.
In 1988 continuous transport systems accounted for ap-
proximately 13% of the total coal deliveries. Belt convey-
ors are normally limited to lengths of 5 to 15 mi (8 to 24
km). The coal delivery rate is a function of the belt width,
operating speed and the number of transfer points. Only
one major coal slurry pipeline is in operation. The 273 mi
(439 km) long Black Mesa pipeline runs from a mine in Ari-
zona to a generating plant in Nevada, The coal transport
rate is determined by the pipe diameter, slurry velocity and
solids loading.%

Continuous systems can move large amounts of coal cost-
effectively over short distances. Often, continuous systems
can be used where the terrain limits the use of other modes
of transport. Social and environmental impacts are mini-
mal. ‘

The application of continuous transportation systems
is limited by the proximity to the generating plant, a low
degree of operating flexibility due to the fixed carrying
capacity, the inflexibility of the loading and discharge lo-
cations, high capital cost and a relatively high energy con-
sumption per ton mile of coal delivered. Pipeline builders
must overcome significant opposition in obtaining rights
of way and water resource allocation. The added costs as-
sociated with dewatering the coal at the generating plant
must also be considered.

Coal handling and storage at the power plant

Bulk storage of coal af the power plant is necessary to
provide an assured continuous supply of fuel, The tonnage
of coal stored at the site is generally proportional to the
size of the boiler. A 100 MW plant burns approximately
950 t/d (862 t,,/d), while a 1300 MW plant requires approxi-
mately 12,000 t/d (10,887 t,,/d). For some public utilities, a
minimum of 60 to 90 day supply must be stored at the plant
by law. However, stored coal represents substantial work-
ing capital and requires land which may be otherwise pro-
ductive. Economic considerations are a key factor in deter-
mining when to purchase coal and how much coal to store
at the plant. Additional considerations, such as the changes
to coal characteristics due to weathering, restrict the maxi-
mum amount of coal stored on site.

For smaller, industrial boiler applications, bin or silo
storage may be preferred over stockpile storage. The ad-
vantages of bin storage include shelter from weather and
ease of reclamation. Prefabricated bins with capacities up to
94,500 R* (2674 m*) holding approximately 2400 t (2177 t,,)
are commercially available.”

The complexity of the coal storage and handling opera-
tions increases in proportion to the gize of the steam gen-
erating plant. Efficient techniques have been developed for
large and small plants. The components of a sophisticated
coal storage and handling system for a large, 1000 MW elec-
tric generating plant are illustrated in Fig. 12. Coal is de-
livered in self-unloading, bottom dump railcars and is
transferred to a large stockpile. An automatic reclaim sys-
tem recovers coal from the stockpile for crushing and dis-
tribution to in-plant storage silos. The system is automated
and a two man crew can handle 7000 t/d (6350 t,/d) of coal.
All the equipment from the reclaim feeders to the in-plant
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silos and boiler is unmanned and controlled by the central
control room operator.

The storage and handling operations of a utility boiler
are depicted in the chapter frontispiece.

Raw coal handling

An extensive array of equipment is available for un-
loading coal at the plant site and distributing it to stock-
pile and bin storage locations. Equipment selection is
generally based on the method of coal delivery to the
plant, the boiler type, and the required coal capacity. For
gmall plants, portable conveyors may be used to unload
rail cars, to reclaim coal from yard storage piles and to
fill bunkers. Larger plants require dedicated, installed
handling facilities to meet the demand for a continuous

Babcock & Wilcox

fuel supply. However, even relatively small plants may
benefit from the improved plant appearance, cleanliness
and reduced coal handling labor requirements associated
with mechanical handling systems.

The coal handling system components are determined
by the design and requirements of the boiler. A crusher
is normally integrated into the system to generate a uni-
form top size coal feed to the pulverizer or boiler. The
system normally includes a magnetic separator to remove
misplaced mining tools and roof support bolts which could
damage the pulverizer. Crushing and tramp metal re-
moval needs are generally less critical for stoker-fired
boilers than for pulverized coal units.

The coal handling system capacity is determined by
the boiler’s rate of coal use, the frequency of coal deliver-
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Fig. 12 Typical coal handling system and subsystems for a 1000 MW coal-fired power generation plant.
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ies to the plant, and the time allowed for unloading. In
most large plants, only four to six hours per day are dedi-
cated to unloading coal deliveries.

Rail car unloading

In automatic rotary car dumping systems, the rail cars
are hydraulically or mechanically clamped in a cradle,
and the cradle is rotated so the coal falls into a hopper
below the tracks. The dumping is completed without un-
coupling the cars. The rotary dump system advantages
of short cycle time and high capacity are offset by a rela-
tively high capital cost.

With bottom dump cars, unloading is relatively simple
when the coal is dry and free flowing. However, high sur-
face moisture can cause the coal to hang up in the car
and, in cold weather, freeze into a solid mass. In hot, dry
weather, high winds can create severe dust clouds at the
unloading station unless special precautions are taken.
The coal supplier frequently sprays the coal with oil or
an anti-freezing chemical such as ethylene glycol as the
car is loaded to settle the fines and to ease handling in
freezing weather. The treatment does not appreciably af-
fect combustion or cause problems in the pulverizers.
There is also some evidence that the treatment may re-
duce hangups in bunkers and chutes.

A rail car unloading system which includes a crusher
and magnetic separator is illustrated in Fig. 13. A screw
conveyor is used to distribute coal along the length of the
bunker. The capacity of the bucket elevator generally lim-
its this system to relatively small plants.

Arail carunloading and handling system for alarge plant
using atleast 3000 t/d (2722 t,/d) of coal is shown in Fig. 14.
Coal from the car dump hopper is fed to a rotary breaker, in
which the coal breaks into smaller pieces as it is tumbled
and passes through a screen shell. The broken coal is then
conveyed to the storage bunker, where a tripper belt con-
veyor distributes it over the length of the bunker.

Barge unloading

The simplest barge unloader consists of a clamshell
bucket mounted on a fixed tower. The barge is positioned
under the bucket and is moved as necessary to allow emp-
tying. With this type of unloader, the effective grab ca-
pacity of the buckets is only 40 to 50% of the nominal
bucket capacity. A shore mounted bucket wheel or eleva-
tor unloader can increase the efficiency and capacity of
this unloading operation. Modern ocean-going vessels are
often equipped with a bucket wheel for self-unloading.

Truck unloading

Trucks may dump coal through a grid into a storage
hopper. This grid separates large pieces of wood and other
trash from the coal. At some plants, the trucks are di-
rected to a temporary storage area, where coal from vari-
ous mines can be blended prior to crushing or feeding to
the boiler.

An effective truck delivery and coal handling system
for a small to medium size (30 to 300 t/d) stoker coal-fired
boiler is illustrated in Fig. 15. The elevator and storage
bunker are located outside and no provisions are made
for erushing or tramp metal removal. Transfer chutes
:4hlou1ci be angled at least 60 deg from horizontal to mini-
mize coal hangups.
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Stockpile storage

Careful consideration should be given to storage pile
location. The site must be conveniently accessible by
barge, rail or truck. Frequently, provisions must be made
for more than one method of coal delivery. The site should
be free of underground power lines. Other underground
utilities that would not be accessible after the storage
pile is constructed must also be avoided. A thorough
evaluation and environmental survey of the proposed site
topography should include analysis of the soil character-
istics, bedrock structure, local drainage patterns and the
potential for flooding. Climatic data, such as precipita-
tion records and prevailing wind patterns, should also
be evaluated. Protection from tidal action or salt water

Magnetic Belt
Separator

Concrete
Bunker

Continuous
Bucket Elevator

Fig. 13 Rail car dumping system for a small power plant.
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Fig.14 Rail carunloading and coal handling system for a large power plant.

spray may be needed in coastal areas. The potential ef-
fects of water runoff and dust emissions from the pile
must be considered. Site preparation includes removing
foreign material, grading for drainage, compacting the
soil and providing for collection of site drainage.

The shape of a stockpile is generally dependent on the
type ofequipment used for pile construction and for reclaim-
ing coal from the pile. Conical piles are generally associ-
ated with a fixed stacker while a radial stacker generates
akidney shaped pile. A rail mounted traveling stacker can
be used to form arectangular pile. Regardless of the shape
of the pile, the sides should have a shallow slope.

Bituminous coal, subbituminous coal and lignite
should be stockpiled in multiple horizontal layers. To
reduce the potential for spontaneous combustion, coal
piles are frequently compacted to minimize air channels.
These channels can function as chimmeys which promote
increased air flow through the pile as the coal heats. For
bituminous coal, an initial layer, 1 to 2 £t (0.3 to 0.6 m)
thick, is spread and thoroughly packed to eliminate air
spaces. A thinner layer is required for subbituminous coal
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Fig. 15 Coal handling equipment for truck delivery.
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and lignite to assure good compaction. Care should be
taken to avoid coal pile size segregation by blending coal
during pile preparation.

For long term storage (see Fig. 16), the top of the pile
may be slightly crowned to permit even rain runoff. All
exposed sides and the top may be covered with a 1 ft(0.3
m) thick compacted layer of fines and then capped with
a 1ft(0.3 m) layer of screened lump coal. It is not practi-
cal to seal subbituminous and lignite piles with coarse
coal because the coarse coal would weather and break
apart to a smaller size in a short period of time. At smaller
industrial plants, where heavy equipment for compac-
tion can not be justified, a light coating of diesel oil can
help to seal off the outer surface of the pile.

The quantity of coal stored in a stockpile can be esti-

mated using geometry and some assumptions about the -

characteristics of coal. The volume of the pile can be es-
timated based on its shape. Approximate values for the
material’s bulk density and its angle of repose are re-
quired to complete tonnage calculations. Both of these
parameters are particle size dependent. For typical util-
ity storage pile applications, a loose coal bulk density of
50 Ib/ft? (801 kg/m®) and a 40 deg angle of repose may be
used. For well compacted piles, a bulk density of 65 to 72
Ib/ft? (1041 to 1153 kg/m?¥) is more appropriate.

Storage pile inspection and maintenance Visual inspec-
tions for hot spots should be made daily. In wet weather,
ahot area can beidentified by the lighter color of the sur-
face coal dried by escaping heat. On cold or humid days,
streams of water vapor and the odor of burning coal are

Fig. 16 Long term coal storage — typical example of thomugh packind
with minimum size segregaton. This pile contains about 200,000t of coal.
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signs of heating or air flowing through the pile. Hot spots
may also be located by probing the pile with a metal rod.
If the portion of the rod in contact with the coal is too hot
{o be held as it is withdrawn, the coal temperature is dan-
gerously high.

It is also important to rotate areas of the storage pile
from long to short term storage on a planned schedule.
This minimizes harmful degradation of the coal.

Bulk storage reclaim and transfer The specific system
for reclaiming the stored coal depends upon plant size
and economic tradeoffs between operating and capital
costs. For higher capacity systems [150 to 4000 t/h (136
to 3629 t./h)], underground conveyors (FFig. 12) and
bucketwheel reclaimers are used. As discussed earlier
and shown in Fig. 12, coal is transferred to the in-plant
silos or bunkers by inclined conveyors and, where needed,
bucket elevators. Appropriate coal sizing and monitor-
ing steps can be incorporated: crushing, magnetic tramp
iron removal, sereening, weighing and sampling, Bucket
elevators (see Figs, 13, 15 and 17) are primarily used at
small installations because of their limited capacity.

Silo storage

Fig. 17 illustrates a common silo design with an ap-
proximate storage capacity of 600 t (544 t,,). An internal
shelf permits maximum use of the storage space. As coal
is used from above the shelf, reserve storage can be re-
claimed from the lower part of the silo. Silo storage re-
quires less building volume and structural steel for a
given capacity than bunker storage.

Bunker storage

Coal bunkers provide intermediate, short term stor-
age ahead of the pulverizers or other combustion zone
coal feed equipment. The complexity of bunker and chute
design has increased as the size of individual boilers and
consequently the rate of coal consumption have in-
creased.

When the bunkers and transfer chutes have been prop-
erly selected and sized, the condition of the coal becomes
the dominant factor in determining the effectiveness of
the fuel supply system. Steady flow of fine coal can be
difficult to maintain when the surface moisture is 5 to
10%. Rat holes or pipes can form in the bunker, resulting
in intermittent flow or complete flow stoppage.

To assure a continuous flow of coal from the bunker,
the design and construction must be integrated with the
upstream bulk storage and handling technigues and the
anticipated coal properties at the bunker inlet.

Bunker design Once constructed, coal bunkers are an
integral part of the boiler house structure and are usually
not modified significantly over the life of the plant. The
required capacity, construction material, shape and loca-
tion are important considerations in designing a bunker.

The capacity of a bunker or series of bunkers should
normally be sufficient to provide 30 hours of fuel supply
at maximum boiler operating load. The storage eapacity
must also be adequate to cover weekend or holiday peri-
ods during which coal handling labor or equipment may
not be available. Storage bunkers provide flexibility to
optimize plant operating labor requirements and to per-
mit maintenance and repair of coal handling equipment
independent of steam generator operation.
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Fig. 17 Silo system for live and reserve storage.

Coal bunkers have been built of tile, reinforced con-
crete, carbon steel plate, stainless steel clad plate, steel
plate lined with acid resistant concrete and steel plate
lined with rubber. When unlined carhon steel plate is
used, a periodic inspection program is required to moni-
tor corrosion and to assure the safety of the structure.

The final shape of a bunker usually represents a com-
promige between space limitations and the optimum
design for coal flow. Dead pockets, in which coal flow is
restricted, should be avoided because of possible sponta-
neous combustion. Several common bunker shapes are
shown in Fig. 18. The silo bunker is less susceptible to
rat holing and hangups than other shapes. This design
is equally suitable for small and large plants.

The bunker should be located so that coal flow to the
pulverizer or furnace is nearly vertical. Generally, bun-
kers are located in the upper levels of the plant to permit
gravity flow to pulverizer or furnace feeders underneath.
Storage bunkers should be as far as possible from fur-
nace exit gas flues, hot air ducts, steam pipes, or other
external sources of heat which could contribute to spon-
taneous coal ignition. It may be necessary toinsulate the
bunker and provide ventilation to reduce heat transfer
from nearby steam lines or breachings. Bunkers should
also be designed to provide a means of emptying the coal
for an extended forced outage.

Chute design Modeling of coal flow in transfer chutes
has identified several design features which can mini-
mize flow interruptions. Chutes should generally be cir-
cular, short and as steep as possible. Reductions in cross-
sectional area and sudden changes in direction should
be avoided. When two streams merge, a minimum angle
of convergence should be used. Finally, except in pres-
surized systems discussed below, a breakaway (a vented
sudden enlargement in diameter) should be used when
significant changes in angle can not be avoided in order
to relieve lateral pressure and pipe friction.
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Fig. 18 Four commonly used shapes in coal bunker design.

In pressurized pulverizer feed applications, special
consideration must be given to chute design because the
coal inside the chute also serves as the seal to minimize
air loss from the pressurized pulverizer to the bunker. A
minimum required height (seal height) and a sealed
chute/feeder system are required. Breakaways can not
be used. A typical bunker to pulverizer system is shown
in Fig, 19. Vertical, constant-diameter chutes connect the
bunker to the feeder and the feeder to the pulverizer. Ap-
propriate couplings and valves complete the system.

Feeder design

Feeders are used to control coal flow from the storage
bunker at a uniform rate. Feeder selection should be
based on an analysis of the material properties (maxi-
mum particle size, particle size distribution, bulk den-
sity, moisture content and abrasiveness), the desired flow
rate and the degree of flow control required. A variety of
feeder designs have been used for coal-fired applications
with increasing sophistication over time as more accu-
rate control of coal flow has become necessary. Feeders
for modern pulverized coal applications can generally be
classified as volumetric or gravimetric.

Volumetric feeders, as the name implies, are designed
to provide a controlled volume rate of coal to the pulver-
izer. Typical examples include drag, table, pocket, apron
and belt feeders. Belt feeders, perhaps the most accurate
type, have a level bar to maintain the flow of coal at a con-
stant height and width while the belt speed sets the veloe-
ity of the coal through the opening. As with all volumetric
designs, however, the belt feeder does not compensate for
changes in coal bulk density. This results in variations in the
energy input to the pulverizer and ultimately to the burners.
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Gravimetric feeders (see Fig. 20) compensate for varia-
tions in bulk density due to moisture, coal size and other
factors. They provide a more precise weight flow rate of
coal to the pulverizer and therefore more accurate heat
input to the burners and boiler. Even variations in coal
moisture have a larger relative impact on coal bulk den-
sity than on heating value, Therefore, modern gravimet-
ric feeders offer an accurate, commercially accepted tech-
nology to control fuel and heat input to the hurners and
boiler. This can be a very significant issue where more
accurate control of fuel/air ratios is needed to; 1) mini-
mize the formation of nitrogen oxides (NO,), 2) control
furnace slagging, and 3) maximize boiler thermal effi-
ciency by reducing excess air levels. (See Chapter 13.)

In the most common gravimetric feeder system, coal
is carried on a belt over a load cell which monitors the
coal weight on the belt. The feedback signal is used to
maintain the weight flow by either: 1) adjusting the
height of a leveling bar to control the cross-sectional coal
flow area while the belt speed remains constant, or 2)
fine tuning the belt speed while the cross-sectional area
remains constant. The overall set point flow rate is ad-
justed by varying the base belt speed.

Coal blending

When coals from two or more sources fuel a single
boiler, effective coal blending or mixing is required to
provide a uniform feed to the boiler. The use of multiple
coals can be driven by economics, coal sulfur content to

=
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Fig. 18 Arrangement of bunker discharge to pulverizer showing typical
feed system.
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meet emission requirements and/or the effects of differ-
ent coals on boiler operation. The goal of effective blend-
ing is to provide a coal supply with reasonably uniform
properties which meet the blend specification typically
including sulfur content, heating value, moisture content
and grindability.

Coal blending may occur at a remote location or at the
steam generating plant. Off-site blending eliminates the
need for separate coal storage and additional fuel blend-
ing facilities. Steam plant on-site blending may be ac-
complished through a variety of techniques. It may be
gufficient to provide separate stockpiles for each coal
source and use front-end loaders to transfer the appro-
priate quantities to a common pile or hopper for blend-
ing prior to crushing. Coal may also be reclaimed from
the various stockpiles using a boom or bridge-type
reclaimer. Coal from the various sources may be stored
in separate bins with a feeder from each bin used to meter
the desired quantities onto a common transfer belt. On-
site blending provides more flexibility in coal sourcing
and in adjusting to actual on-site coal variations.

Particular care must be maintained to ensure proper
and complete blending. Significant variations in the
blended coal can have a major impact on operation of the
pulverizers, burners, sootblowers and postcombustion
cleanup equipment. If uniform blending does not occur,
pulverizer performance can deteriorate (see Chapter 12),
the boiler may experience excessive slagging and foul-
ing, and electrostatic precipitator particulate collection
efficiency may decline, among others.

Resolution of common coal handling
problems

Dust suppression

Water, oil and calcium chloride (CaCl,) are common
agents used to suppress dust emissions at coal handling
and transportation transfer points. A water or oil mist
may be sprayed onto a stream of coal falling from a chute
or loading boom. The oil reduces dust emissions by caus-
ing the dust to adhere to larger pieces of coal and by form-
ing agglomerates which are less easily airborne. Use of
CaCl, should be limited because of its harmful side ef-
fects on boiler operation.

Oxidation

Coal constituents begin to oxidize when exposed to air.
This oxidation may be considered as a very slow, low
temperature combustion process, because the end prod-
uetg, carbon dioxide (CO,), carbon monoxide, water and
heat, are the same as those from furnace coal combus-
tion. Furnace combustion of coal may be viewed as a very
rapid oxidation process. Although there is evidence that
bacterial action causes coal heating, the heating prima-
rily occurs through a chemical reaction process. If spon-
taneous combustion is to be avoided, heat from the oxi-
dation should be minimized by retarding oxidation or re-
moving the generated heat.

Coal oxidation is primarily a surface action. Finer coal
particles have more surface area for a given volume and,
therefore, oxidize more rapidly. Freshly crushed coal also
has a high oxidation rate. Coal’s oxygen absorption rate
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Fig. 20 Typical gravimetric feeder.

at constant temperature decreases with time. Once a safe
storage pile has been established, the rate of oxidation
hasbeen slowed considerably. Coal should be keptin dead
storage undisturbed until an emergency requiresits use.

The rate of oxidation also increases with moisture
content. High moisture, western coals are particularly
susceptible to self-heating.

Frozen coal

The difficulties associated with handling frozen coal
may be avoided by thermally or mechanically drying the
fines following coal preparation or by spraying the coal
with an oil or anti-freezing solution mist. The cost of this
oil spray treatment can be reduced by using waste oil. A
heavy coat of oil may also be sprayed on the rail car hop-
pers to prevent the coal from freezing to the sides. The
use of salt or CaCl, may result in accelerated ash depo-
sition or boiler heating surface corrosion and therefore
is generally not recommended.

Permanentinstallations for thawing frozen coal in rail
carsinclude steam heated thawing sheds, oil-fired thaw-
ing pits, and radiant electric thawing systems. Steam
heated systems are reliable and efficient, but are rela-
tively expensive. Oil-fired systems, which prevent direct
flame impingement on the cars, provide reliable opera-
tion and rapid thawing. Electric thawing systems are
used at many plants that handle unit train coal ship-
ments.

Coal pile fires

A primary concern in coal storage is the potential for
spontaneous combustion in the pile as a result of self-
heating properties.

A coal pile fire may be handled in several ways depend-
ing on its extent. The hot region should be isolated from
the remainder of the pile. This may be accomplished by
trenching and sealing the sides and top of the hot area
with an airtight coating of road tar or asphalt. Caution
should be used in working the hot area with heavy equip-
ment as subsurface coal combustion can affect the sta-
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bility and load bearing characteristics of the pile. Water
should not be used unless it is necessary to control flames.
Pouring water on a smoldering pile induces more pro-
nounced channeling and promotes greater air flow
through the pile. The use of asphalt or road tar for air-
tight sealing of the entire pile is not recommended.

Bunker flow problems

Hangups of fine coal are liable to begin when surface
moisture reaches 5 to 10% by weight. Improved bulk stor-
age techniques and careful coal reclaiming are the best
preventive measures for reducing bunker flow problems.

Fine, wet coal feeding from a bottom outlet bunker
tends to rat hole or pipe all the way to the top surface.
When this occurs, coal flow to the feeders is intermittent
and may be completely interrupted.

Bunkers may be equipped with ports located near the
outlet. These ports permit the use of air lances for restor-
ingflow. Air lances may also be effectively used from above.
Small boring machines can be mounted above the bunker
to loosen coal jams at the outlet. Service companies can be
contracted to remove flow obstructions using boring tools.
Air blasters or air cannons have been successfully used to
promote flow of coal in bunker hoppers. If there is any pos-
sibility of fire, these devices must be charged with nitrogen or
carbon dioxide to prevent triggering a dust explosion.

Castable polyurethane can be used for lining bunkers
and chutes toimprove abrasion resistance and reduce flow
resistance. Bunker hoppers or silo cones are frequently
lined with stainless steel sheet. The sheetis typically speci-
fied as cold-finished and all welds are ground and polished
to an equivalent finish. This smooth and corrosion-resis-
tant surface resists the formation of deposits which pro-
vide anchors for arches or stagnant coal masses.

Bunker fires

A fire in a coal bunker is a serious danger to person-
nel and equipment and must be dealt with promptly. The
coal feed to the bunker should be stopped. An attempt
should be made to smother the fire while quickly dis-
charging the coal. Continuity and uniformity of the hot
or burning coal discharge from the bunker is especially
important; interruption of coal flow aggravates the dan-
ger. The bunker should be emptied completely; no fresh
coal should be added until the bunker has cooled and the
cause of the fire determined.

The fire may be smothered using steam or CO,. CO,
settles through the coal and displaces oxygen from the
fire zone because it is heavier than air. Permanent pip-
ing connections to the bottom of the bunker may be made
to supply CO, on demand. The CO, should fill the bun-
ker, displace the air and smother the fire.

Itis highly desirable to completely extinguish the fire
before emptying the bunker. This is rarely possible be-
cause of boiler load demands and the difficulty of elimi-
nating air flow to the fire. However, the use of steam or
CO, to smother the fire can minimize the danger.

Bunker flow problems which result in dead zones may
contribute to fires. Thermocouples installed in the bun-
ker can monitor the temperature of the stored coal. The
coal feed to the bunkers may also be monitored to pre-
vent loading the bunker with hot coal.
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Additional remarks on dealing with bunker fires in
pulverized coal plants are provided in Chapter 12.

Environmental concerns

Water which percolates through the coal storage pile
can become a source of acidic drainage which may con-
taminate local streams. Runoff water must be isolated
by directing the drainage to a holding pond where the
pH may be adjusted. (See also Chapter 32.)

Airborne dust from stockpiles creates a public nui-
sance, has potentially harmful effects on surrounding veg-
etation and may violate regulated dust emission stan-
dards. The potential for dust emissions is determined by
the surface layer coal characteristics (particle size distri-
bution, moisture), stockpile design (exposed area, height),
and local climatic conditions (wind velocity, rainfall).}

Alternate solid fuel handling

Economic and environmental concerns have led to in-
creasing steam generation from solid fuels derived from
residential, commercial and industrial byproducts and
wastes. Key among these are municipal solid waste (MSW),
wood and biomass as discussed in Chapters 27 and 28. The
properties of these solid fuels require storage, handling and
separation considerations different from those applied to coal.

MSW can either be burned with little pre-combustion
processing (mass burn) or as a refuse-derived fuel (RDF).
As-received refuse for mass-burn units is delivered to the
tipping area and stored in an open concrete storage pit.
The refuse pit is usually enclosed and kept under a
slightly negative pressure to control odors and dust emis-
sions. The tipping bay is designed to facilitate traffic flow
based upon the frequency of deliveries and the size of the
delivery trucks or trailers. The pit is usually equipped
with a water spray system to suppress fires which may
arise in part due to heat generated from decomposition
of the refuse. An overhead crane is used to mix the raw
MSW in the storage pit, to remove bulky items and to
transfer material to the boiler feed charging hoppers.
Large objects and potentially explosive containers are
located and removed prior to combustion. (See Chapter
27.) A full capacity spare crane is recommended. Stor-
age capacity is typically three to five days in order to ac-
commodate weekends, holidays and other periods when
refuse delivery may not be available. Longer term stor-
age of refuse is not normally recommended.

MSW may be processed to yield a higher Btu, lower ash
RDF. The degree of processing required is determined by
economics and by the fuel properties necessary for efficient
boiler operation. MSW is usually delivered to an enclosed
receiving floor. Front-end loaders can be used to spread the
refuse, remove oversized and potentially dangerous items
and feed the MSW to the RDF processing system as needed.
RDF processing includes an integrated system of convey-
ing, size reduction, separation, ferrous metal recovery, siz-
ing and other equipment discussed in depth in Chapter 27.
MSW may be processed into RDF at the power plant site
or at a remote location. The selection is based upon a num-
ber of economic factors, but operation of the RDF process-
ing system at the boiler site typically will enhance avail-
ability to support uninterrupted steam generation.
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Wood waste generally consists of bark, sawdust, saw mill
shavings and lumber rejects. Material is generally shipped
by truck to the steam generator site near the source. Ma-
terial can be dumped directly on the storage pile or an
unloading facility can be used. The unloading and handling
equipment must be designed to handle extremely dusty
conditions with a very abrasive material. Wood products
can be stored in large outdoor piles or inside bins or silos.
Wood is not typically stored in piles for more than six
months or in silos or bins for more than three to five days.
This fuel is typically screened to remove oversized mate-
rial for further size reduction. Oversized material is reduced
by a shredding machine, or hog, and either returned to
storage or sent directly to the combustor. Mechanical belt
conveyors are the most popular method of transporting the
fuel on site, although pneumatic systems can be effective
with a finely ground, clean fuel such as sawdust. Tramp
iron is usually removed by a magnetic separator. While

Babcock & Wilcox

most modern wood-fired boilers can burn materials with a
moisture content of up to 65% as-received (see Chapter 28),
pre-drying may be required. Mechanical hydraulic presses
and hot gas drying, or both, are used.

Economics

The selection of the fuel source, degree of cleaning, and
transportation system are closely tied to providing the
lowest plant fuel cost. The selections must not be made
in isolation, but in concert with evaluating the impact of
the specific fuel on the boiler and bypass system opera-
tion. For example, use of a new less expensive fuel may
result in significant deterioration in boiler performance
and availability due to more severe slagging and fouling
tendencies of the flyash. (See Chapter 20.) The relative
contributions of coal cleaning, transportation and base
fuel price vary widely.
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Coal pulverizers at a modem power station
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The development and growth of coal pulverization closely
parallels the development of pulverized coal-firing technol-
ogy. Early systems used ball-and-tube mills to grind coal
and holding bins to temporarily store the coal before firing.
Tivolution of the technology to eliminate the bins and direct
fire the coal pneumatically transported from the pulveriz-
ers required more responsive and reliable grinding equip-
ment. Vertical air-swept pulverizers met this need.

The first Babcock & Wilcox (B&W) vertical air-swept
pulverizing mills were the E type design introduced in
1929 at Commonwealth Edison’s Powerton Station in the

Raw Coal Pipe

Outlet Valve Assembly

Seal Air Inlet

Roll Assembly (3}

Air Inlet

Fig. 1 Babcock & Wilcox MPS pulverizer.
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United States (U.S.). Today, B&W offers a broad line of
proven MPS pulverizer mills (see Fig. 1) to meet utility
needs and EL type mills to meet lower load industrial re-
quirements. Both use rolling elements on rotating tahles
to finely grind the coal which is swept from the mill by air
for pneumatic transport directly to the burners.
Reliable coal pulverizer performance is essential for
sustained full load operation of modern coal-fired electric
generating stations. Also, an effective pulverizer must be
capable of handling a wide variety of coals and accommao-
dating load swings, The MPS pulverizer, through conser-
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vative design, reserve capacity and long grinding element
life, has set the standard for high availability, reliability and
low maintenance, contributing to stable boiler performance.
Akey difference between much of the boiler system and
the pulverizer is that the pulverizeris sized and operated
as a mass flow machine while the boiler is a thermal
driven machine. Therefore, the heating value of the fuel
plays a key role in integrating these two components.

Vertical air-swept pulverizers

Principles of operation

The elements of a rolling action grinding mechanism
are shown in Fig. 2. The roller passes over alayer of granu-
lar material, compressing it against a moving table. The
movement of the roller causes motion between particles,
while the roller pressure creates compressive loads be-
tween particles. Motion under applied pressure within the
particle layer causes attrition (particle breakup by fric-
tion) which is the dominant size reduction mechanism. The
compressed granular layer has a cushioning influence
which reduces grinding effectiveness but also reduces the
rate of roller wear dramatically. When working surfaces
in a grinding zone are close together, near the dimensions
of single product particles, wearis increased by three body
contact (roller, particle and table). Wear rates can be as
much as much as 100 times those found in normal pulver-
izer field experience. Wear from the three body contact
has also been observed in operating mills when signifi-
cant amounts of quartz bearing rock are present in sizes
equal to or greater than the grinding layer thickness.

As grinding proceeds, fine particles are removed from
the process to prevent excessive grinding, power con-
sumption and wear. Fig. 3 presents a simplified MPS
vertical pulverizer, showing the essential elements of a
vertical air-swept design. A table is turned from below
and rollers, called tires, rotate against the table. Raw coal
is fed into the mill from above and passes between the
rollers and the rotating table. Each passage of the par-
ticles under the rollers reduces the size of the coal. The
combined effects of centrifugal force and displacement
of the coal layer by the rollers spills partly ground coal
off the outside edge of the table. An upward flow of air
fluidizes and entrains this coal.

The point where air is introduced is often called the
air port ring, nozzle ring or throat. Rising air flow, mixed

In Feed
Material
Crushed
Layer g,
e
1
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Fig. 2 Roller mill grinding mechanism.
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Fig. 3 Pulverizer coal recirculation.

with the coal particles, creates a fluidized particle bed
just above the throat. The air velocity is low enough so
thatit entrains only the smaller particles and percolates
with them through the bed. The air-solids flow leaving
the bed forms the initial stage of size separation or clas-
sification. The preheated air stream also dries the coal
to enhance the combustion process.

Vertical pulverizers are effective drying devices. Coals
with moisture content up to 40% have been successfully
handled in vertical mills. Higher moisture levels are pos-
sible, but the primary air temperature needed would re-
quire special structural materials and would increase the
chance of pulverizer fires. A practical moisture limit is
40%, by weight, requiring air temperatures up to 750F
(399C).

As the air-solids mixture flows upward, the flow area
increases and velocity decreases returning larger particles
directly to the grinding zone. The final stage of size sepa-
ration is provided by the classifier located at the top of the
pulverizer. This device is a centrifugal separator. The coal-
air mixture flows through openings angled to impart spin
and induce centrifugal force. The coarser particles impact
the perimeter, come out of suspension and fall back into
the grinding zone. The finer particles remain suspended
in the air mixture and exit to the fuel conduits.

Pulverizer control

There are two input streams into an air-swept pulver-
izer, air and coal. Both must be controlled for satisfac-
tory operation. Many older methods of coal flow control
are still used successfully. Either volumetric or gravimet-
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ric belt feeders are the currently preferred method of coal
flow regulation. Accurate measurement of coal flow has
allowed parallel control of air and coal (Fig. 4).

Pulverizer design requirements

Many different pulverizer designs have been applied
for coal firing. Successful designs have met certain fun-
damental goals and requirements:

1. optimum fineness for design coals over the entire pul-
verizer operating range,

. rapid response to load changes,

. stable and safe operation over the entire load range,

. continuous service over long operating periods,

. acceptable maintenance requirements, particularly
grinding elements, over the pulverizer life,

. ability to handle variations in coal properties,

. ease of maintenance (minimum number of moving
parts and adequate access), and

8. minimum building volume.

(<2 - SRV

-1

Pulverizer designs

Mill development efforts by B&W were, for many years,
based on variations of ball-and-ring (ball-and-race) grind-
ing elements. In the late 1920s, B&W introduced the type
E pulverizer. During the early 1950s, a redesign was in-
stalled and tested at Lancaster, South Carolina. This
design, which uses two vertical axis horizontal rings, was
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Fig. 4 Schematic of parallel cross limited pulverizer control system.
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Fig. 5 B&W type EL ball-and-race mill.

designated E (Lancaster) or EL (Fig. 5). The lower ring
rotates while the upper ring is stationary and is spring
loaded to create grinding pressure. A set of balls is placed
hetween the rings. The force from the upper ring pushes
the balls against the coal layer on the lower ring.

Type E and EL mills have size designations which
indicate the diameter, in inches, of the midline of the
grinding track. Type E mills have been built as large as
the E-70 with a capacity of 17 t/h (15 t,/h). Type EL mills
have been built as large as the EL-76 with a maximum
capacity of 20 t/h (18 t,/h). Approximately 1600 E and
EL mills have been installed, with more than 1000 still
in service, The major wear parts of E and EL pulverizers
are the two rings and the balls which are made of abra-
sion resistant alloys and are easily replaced.

In 1970, B&W introduced the type MPS pulverizer to
the U.S. market. A current MPS pulverizer design is
shown in Fig. 1. The MPS pulverizer is an air-swept, roller
type vertical pulverizer; however, it differs in significant
ways from other roller mills. The rollers (tires) of the MPS
are supported and loaded by a unique system which loads
the three rollers simultaneously. The common loading
system allows independent radial movement of each roller.
This, in turn, allows continuous realignment with the
grinding track as rollers wear. The rollers can also accom-
modate large foreign objects such as tramp iron or rocks
which inadvertently enter the grinding zone. The MPS can
maintain design performance with as much as 40% of its
tires’ weight lost due to wear.

MPS mills operate at speeds which produce centrifu-
gal force at the grinding track midline of about 0.8 times
the force of gravity. This very low speed contributes to
low vibration levels and the ability to handle large for-
eign objects.

This mill also introduced a nonintegral gear drive to
coal pulverizer design. This feature is now popular with
most mill designers in the U.S. These drives allow the
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most complex and difficult to repair component to be
removed in case of failure and exchanged with a standby
unit. Repair can then be undertaken using a variety of
options while the mill is back in service.

The major replaceable wear parts of MPS pulverizers
include the tires and ring segments plus minor items such
as wear guide plates, ceramic linings, and parts for the
throat or air port ring. Wear life of all parts in contact
with the coal is dependent upon the coal abrasiveness,
and ranges from 8000 to more than 100,000 hours.

The B&W MPS mill size designations are also based
upon the grinding track centerline diameter, in inches.
Units have been furnished ranging from the MPS-56 to
the MPS-118 with capacities ranging from 17 to 105 t/h
(15 to 95 t,/h) respectively. More than 1000 MPS mills
have been sold with the MPS-89 being the most popular.
There are more than 700 MPS-89 units currently in use.

Table 1 lists important features and characteristics
of MPS and EL mills for comparison.

Horizontal air-swept pulverizers

High speed pulverizers

Horizontal pulverizers are categorized as either high
speed or low speed. One high speed design which has been
used in the U.S. serves the same applications as the ver-
tical types. This machine operates at about 600 rpm and
grinds by both impact and attrition. Coal enters at the
impact section for initial size reduction then passes be-
tween moving and stationary parts for final size reduc-
tion (Fig. 6). At the final stage, an exhauster fan provides
the air flow for drying and transport. There is no classi-
fier and the design relies upon the action of the rotor and
stator to achieve size control in a single pass of the coal.

Babcock & Wilcox

The coal passes through quickly so there is little storage
in the mill. This pulverizer is limited to coals with mois-
ture content of 20% or less because of the short residence
time for drying.

Fan/beater mills are used outside North America (I'ig.
7). These are similar in some respects to the attrition mills
described above. These mills are used for grinding and

Fan Pulverizing| Crushing
Section | Section Section
Discharge‘
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Feed
-
(—1
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Fig. 6 Horizontal high speed pulverizer.

Type EL Ball-and-Race

Table 1
Characteristics of B&W Type EL and MPS Pulverizers

Type MPS Roll-and-Race

EL-17 to EL-76
1.5 to 20 (1.4 to 18)

Size range
Capacity, t/h (t,/h)

Motor size, hp (kW) 25 to 300 (18 to 224)
Speed Medium

Table, rpm 231 t0 90

Operates under Pressure

Classifier Internal, centrifugal
Classification adjustment Internal

Drying limit 40% H,0 or 700F (371C)

Primary air temperature
Moisture load correction
Maximum exit temperature limit
Effect of wear on performance
Air-coal control system

250F (121C)
None if fill-in balls added

control with belt feeders
Air/coal weight ratio 1.75:1 at full load
Internal inventory
Load response
Specific power, kWh/t (kWh/t,))
Noise level
Vibration

>10%/min

Above 90 dBA
Moderate

None up to temperature limit
Mill level with table feeders, parallel

Medium, 2 to 3 min of output

Low, 14 (15) including primary air fan

Note: Capacities are those for bituminous coal with a 50 HGI and 70% fineness passing through 200 mesh (74 microns). Specific
power is that at full load. Externally driven variable speed rotating classifiers have been applied to EL and MPS pulverizers.

MPS-56 to MPS-118

17 to 105 (15 to 95

200 to 1250 (149 to 933)

Slow

32t021

Pressure

Internal, centrifugal

Internal (standard)

External (special)

40% H,0 or 750F (399C)

Primary air temperature

Load correction above 4% surface moisture
210F (99C)

Power increase up to 15% at fully worn condition
Parallel coal and air flow control

1.75:1 at full load

High, 5 to 6 min of output

>10%/min

Low, 14 (15) including primary air fan
Above 90 dBA, 85 dBA attenuated
Low
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drying the fossil fuels referred to as brown coals. These
are very low grade lignite type coals with high ash and
moisture contents and low heating values. Moisture con-
tent of brown coal often exceeds 50% and combined ash
and moisture contents may exceed 60%.

Beater mills grind by impact and attrition with very
rapid drying. They achieve drying despite short residence
time by replacing primary air with extremely high tem-
perature gas extracted from the upper furnace at tem-
peratures of about 1900F (1038C), Gas from a cooler lo-
cation such as the air heater outlet may be mixed with
the hot gas for mill outlet temperature control. Coal is
mixed with the gas stream ahead of the mill for initial
drying to reduce the inlet temperature. The final stage
is the fan section which maintains a negative pressure
in the mill at all times. Beater mills operate at variable
speed to control grinding performance at varying coal feed
rates. One and two shaft machines are used trading sim-
plicity in the former for more flexibility in the latter.
Because of the low coal quality, beater mills must handle
huge amounts of coal and are made in very large sizes.
There are very few coal deposits in North America which
would require this grinding/drying technology. However
deposits in Germany, Eastern Europe, Turkey and Aus-
tralia make brown coal a very important fuel for power
generation throughout these regions.

Low speed pulverizers

The oldest pulverizer design still in frequent use is the
ball-and-tube mill. This is a horizontal cylinder, partly
filled with small diameter balls (Fig. 8). The cylinder is
lined with wear resistant material contoured to enhance
the action of the tumbling balls and the balls fill 25 to
30% of the cylinder volume. The rotational speed is 80%
of that at which centrifugal force would overcome grav-
ity and cause the balls to cling to the shell wall. Grind-
ingis caused by the tumbling action which traps coal par-
ticles between balls as they impact.

Raw Coal
plus Drying Gas

Ground Coal plus
Water Vapor and Gas

A

Beater Fan

Motor and
Variable-Speed Unit

Section Section

Fig. 7 Single shaft fan beater mill.
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Fig. 8 Typical pressurized ball-and-tube coal pulverizing system.

Ball-and-tube mills may be either single or double
ended, In the former, air and coal enter through one end
and exit the opposite. Double ended mills are fed coal and
air at each end and ground-dried coal is extracted from
each end. In both types, classifiers are external to the
mill and oversize material is injected back to the mill with
the raw feed. Ball-and-tube mills do not develop the flu-
idized bed which is characteristic of vertical mills and
the poor mixing of air and coal limits the drying capabil-
ity. When coals with moisture above 20% must be ground
in ball-and-tube mills, auxiliary equipment, usually
crusher dryers, must be used.

Ball-and-tube mills have largely been supplanted by
vertical air-swept pulverizers for new hoilers. They typi-
cally require larger building volume and higher specific
power consumption than the vertical air-swept pulver-
izers. They are also more difficult to control and have
higher metal wear rates. They are, however, well suited
for grinding extremely abrasive, low moisture, and diffi-
cult materials such as petroleum coke. Their long coal
residence time makes them effective for fine grinding.

Application engineering

The arrangement of coal-fired system components
mustbe determined according to economic factors as well
as the attributes of the coal. The performance in terms
of product fineness, mill outlet temperature, and air-coal
ratio must all be determined as part of overall combus-
tion system design.

Pulverizer systems

Pulverizers are part of larger systems, normally clas-
sified as either direct-fired or storage. In direct firing,
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coal leaving each mill goes directly to the combustion
process. The air, evaporated moisture, and the thermal
energy which entered the mill, along with the ground coal,
all become part of the combustion process. Storage sys-
tems separate the ground coal from the air, evaporated
moisture and the thermal energy prior to the combus-
tion process. Stored ground coal is then injected with new
transport air to the combustion process. Bin storage sys-
tems are seldom used in steam generation today, but are
still used with special technologies such as coal gasifica-
tion and blast furnace coal injection. Of the 1000 or so
MPS pulverizers in service in the U.S. more than 99%
are used in direct-firied systems.
The essential elements of a direct-fired system are:

1. araw coal feeder that regulates the coal flow from a
silo or bunker to the pulverizer,

2. a heat source that preheats the primary air for coal
drying,

3. apulverizer (primary air) fan that is typically located
ahead ofthe mill (pressurized mill) as a blower, or after
the mill (suction mill) as an exhauster.

4. apulverizer, configured as either a pressurized or suc-
tion unit,

5. piping that directs the coal and primary air from the
pulverizer to the burners,

6. burners which mix the coal and balance of combus-
tion air, and

7. controls and regulating devices.

These components can be arranged in several ways
based on project economics. With pressurized pulveriz-
ers, the choice must be made between hot primary air
fans with a dedicated fan for each mill, or cold fans lo-
cated ahead of a dedicated air heater and a hot air sup-
ply system with lateral branches to the individual mills.
Hot fan systems have a lower capital cost because a dedi-
cated primary air heater is not required. Cold fan sys-
tems have lower operating costs which, on larger systems,
may offset the higher initial cost. Figs. 9 and 10 show
these systems.

The terminology for air-swept pulverizers refers to the
air introduced for drying and transport as primary air.
Control of primary air is of vital importance to proper
pulverizer system operation. For direct-fired or storage
systems and for hot fan and cold fan systems, common
control elements are found. Primary air must be con-
trolled for flow rate and pulverizer outlet temperature.
This control is achieved by three interrelated dampers.

Two of these, hot and cold air dampers, regulate air tem-
perature to the mill and these dampers are usually linked
so that as one opens, the other closes. The third damper is
independent and controls air volume. Some manufactur-
ers use only two dampers, but lack of stability or slow load
change response can offset the cost advantages.

Because direct-fired pulverizers are closely linked to
the firing system, system engineering must coordinate the
design performance of the mills and burners. A set of
curves can be used to relate important operating charac-
teristics of volume flow, velocities at critical locations, and
system pressure losses through the load range of the boiler.
The curves consider numbers of mills in service and the
output range of the individual mills. An example set of
curves is shown in Fig. 11. Study of these curves provides
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Fig. 9 Direct-fired, hot fan system for pulverized coal.

information on many aspects of pulverizer and system
operation. The lower curve, labeled A, shows boiler steam
flow versus coal output per pulverizer. The individual lines
show the number of mills in operation. In this example, a
full boiler load of 2.5 x 10 1b/h (315 kg/s) steam flow can
be reached with five mills in service at about 89,000 lb/h
(11.2 kg/s) each. The maximum load also can be reached
with four mills at about 111,000 1b/h (14.0 kg/s) each. The
maximum steam flow with three mills is just over 2.1 x
10° Ib/h (265 kg/s). The minimum load line represents a
typical limit of turndown based on coal properties, igni-
tion stability and the onset of mechanical vibration. This

+——Raw Coal Bunker
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Bin Gate Burner 21 §
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' Air
Seal Air e ) :
Fans [ ,><\ Primary Air
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Fig. 10 Direct-fired, cold fan,fuel-air system for pulverized coal.
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limit varies and the value shown of 30,000 1b/h (3.8 kg/s)
of coal represents a relatively high turndown ratio.

Curve B shows primary air flow at mill exit conditions.
Maximum flow is 55,800 {t*/min (26.34 m*/s) for an MPS-
89N mill, corresponding to 124,000 Ib/h (15.6 kg/s) coal
flow. The minimum equipment design flow is approxi-
mately 55% of this or 30,700 ft%/min (14.49 m%s). How-
ever, the exact minimum flow may need adjustment to
permit stable burner operation. This is illustrated by
37,000 ft*/min (17.46 m?¥/s) minimum shown in Fig. 11,
curve B, plus the minimum in curves D and E.

Curve C is the air/fuel ratio expressed in ft? of air per
Ib of coal. This ratio is critical to stable ignition at low
loads and is influenced by coal rank and fineness. If the
air flow indicated by curve B allows the air-fuel mixture

Babcock & Wilcox

to fall below the stability limit for the fuel being used,
this limit will set the minimum coal flow.

Curve D is an internal velocity in the pulverizer. The
velocity in the throat must be at least 7000 ft/min (35.56
m/s) to prevent spillage of coal into the mill windbox or
air plenum. This velocity is calculated at mill inlet condi-
tions. With high moisture coals, the required high drying
temperature results in high specific volume and velocity
is seldom a problem at low load. With very dry coal, it may
be necessary to raise the minimum air flow or reduce the
throat area and raise the velocity. However, throat restric-
tions can cause excessive pressure loss at high loads.

Curve E shows primary air velocity in the burner pipes
versus pulverizer coal flow. This curve is plotted by di-
viding air volume at mill exit conditions by the total flow
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Fig. 11 MPS-89 pulverizer-burner coordination curves.
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area of the pipes connecting the mill to the burners. The
minimum velocity allowed is 3000 ft/min (15.2 m/s), at
which the pulverized coal can be kept entrained in the
primary air stream. The minimum, or saltation, velocity
is particularly important in long horizontal spans of pipe.
This velocity limit is influenced by air density and vis-
cosity, particle loading and particle size. For the relatively
narrow range of applications in burner pipes, the 3000
ft/min (15.2 m/s) limit is adjusted only for density and
particle loading (air/coal ratio). Fig. 12 is a correction
curve for minimum velocity.

An important pulverizer performance requirement is
particle size leaving the mill. There is a mixture of par-
ticle sizes with any pulverizer because of the statistical
distribution of particle sizes produced by the pulverizing
process. The most frequently referenced size fraction for
coal combustion is that portion smaller than a 200 U.S.
standard sieve opening (mesh), or 74 microns. The por-
tion passing this sieve size has been used as a gauge of
pulverizer capacity as well as for assuring good combus-
tion and good carbon burnout. The required particle size
(fineness) is determined by the combination of coal com-
bustion characteristics and the combustion chamber.
Table 2 shows requirements used for various firing sys-
tems according to coal rank.

For bituminous coals burned in water-cooled enclos-
ures, the required fineness is 70% passing through 200
mesh (74 microns) or better. The capacity rating of pul-
verizers in the U.S. is based also on 70% fineness. This
value for good combustion characteristics has come un-
der close scrutiny with the widespread use of low NO,
burners and the need for lower flame temperatures.
Reduced flame temperature increases the required resi-
dence time in the combustion chamber. Coarse particles,
those larger than 100 mesh (150 microns), contribute to
high unburned carbon loss at traditional particle size dis-
tributions. The proven means to reduce the amount of
plus 100 mesh (150 microns) product is to reduce the over-
all product size by increasing the amount passing through
200 mesh (74 microns) to 80%. Increasing the fineness
from 70 to 80% causes a 20% pulverizer capacity reduc-
tion with stationary classifiers.

Outlet temperature

Coal with low volatile content may require higher air-
coal temperatures to assure stable combustion, especially

Babcock & Wilcox
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at lower burner inputs or low furnace loads. The usual
pulverizer exit temperature is 150F (66C). Higher tem-
peratures, up to 210F (99C) for coal, may be used if
needed. Higher temperatures lead to lubrication prob-
lems in the grinding roller bearings. In addition, high
outlet temperatures require high inlet temperatures
which increase the risk of pulverizer fires. Some pulver-
izer applications, notably bin storage systems, will re-
quire higher temperatures to assure complete drying and
prevent handling problems with fine coal. Usually, 180F
(82C)is adequate to assure drying of coal having raw coal
moisture up to 10%. For direct firing, the outlet tempera-
ture requirements are determined by volatile content and
the need for stable combustion. Table 3 lists mill outlet
temperatures for various coal types.

Effects of coal properties

Grindability When determining pulverizer size, the most
important physical coal characteristic to consideris grind-
ability. This characteristic is indicative of the ease with
which coal can be ground; higher grindabilities indicate
coals which are easier to pulverize. The test procedure to
determine the commonly used Hardgrove Grindability
Index (HGI) is described in The American Society for Test-
ing and Materials (ASTM) D 409. The operative principle
with this procedure is the application of a fixed, predeter-
mined amount of grinding effort or work on a prepared and
sized sample. The apparatus shown in Fig. 13 is used to
determine grindability. By rotating exactly 60 revolutions,
this miniature pulverizer does a fixed amount of work on
each sample. The amount of new, fine material produced
is a measure of the ease of grinding. The index value of
grindability used by B&W is HGI = 50, i.e., at HGI = 50,
the capacity correction factoris 1.0. The index is open ended
with no upper limit on the HGI scale.

Table 2 -
Typical Pulverized Coal Fineness Requirements — Percent Passing 200 U.S. Standard Sieve
High Rank * Low Rank (Fixed Carbon < 69%)
Fixed Carbon,% Heating Value, Btw/lb**
979 859 77.9 13,000

to to to Above to Below
Furnace or process: 86.0 78.0 69.0 13,000 11,000 11,000
Marine boiler — 85 80 80 75 —
Water-cooled 80 75 70 70 65 60
Cement kiln 90 85 80 80 80 —
Blast furnace N/A N/A N/A 80 80 N/A

* ASTM classification
# Btu/lb x 2.326 = kd/kg
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