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CHAPTER 1

INTRODUCTION

A program for developing a coal-fueled Modular Integrated Utility
System (MIUS) is being jointly sponsored by the Department of Housing and
Urban Development (HUD), Office of Policy Development and Research; and
the Energy Research and Development Administration (ERDA), Fossil Energy
(formerly Office of Coal Research of the Interior Department); at the Oak
Ridge National Laboratory (ORNL). This prdgram had its inception some
years ago when HUD foresaw the impending energy shortage and initiated work
on small total energy systems for use with new housing complexes. In these
systems the waste heat from the thermodynamic cycle used to generate elec-
tricity is used to heat both domestic hot water and buildings in the winter
and for absorption air conditioning systems in the summer. ORNL has been
assisting HUD in this work, first by looking at the problems of supplying
heat to building complexes from district heating systems tied to central
stations,1 and subsequently by examining various small total energy systems.
Hundreds of such systems are in use currently in the U.S. making use of
diesel or gas engines or small gas turbines.

A good notion of the Modular Integrated Utility System (MIUS) envi-
sioned by HUD is given by the artist's concept in Fig. 1.1 which shows a
small power plant adjacent to a new housing development. The solid waste
from the building complex would be transported pneumatically to the power
plant where it would be burned and thus provide 5 to 10% of the fuel. The
sewage treatment plant adjacent to the power plant could make use of waste
heat to accelerate digestion of the sewage as well as supply methane to the
power plant for use as fuel. The air and gas discharges vented from com-
ponents of the sewage plant could be used as part of the combustion air for
the power plant, thus avoiding emission of odors. The treated water dis-
charged from the sewage plant would be held up in a small pond or lake
which would be part of the landscaping, and would also serve as a supply of

cooling water for the power plant and air conditioning equipment.

1.1
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Fig. 1.1. Artist's concept of a modular integrated utility systemn.
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The majority of the housing complexes sponsored by HUD have involved
500 to 1000 residential units for which the electrical power requirements
have run 1 to 2 MW(e). Extensive experience with power plants for instal-
lations of this sort indicates that to obtain good reliability from diesel
or gas engines or conventional gas turbines it is essential to employ four
or more units. Because of seasonal and diurnal variations in the load, the
load factor is normally only 60 to 70%. Thus, for an installation designed
for a full load of 1.5 MW(e), the usual practice is to employ four engine-
generator units of about 600 kW(e) of which two would normally be in opera-
tion, one would be on standby for load peaks in unfavorable weather, and
the fourth could be down for maintenance. Thus, the design power output
range of interest for MIUS applications is 500 kW(e) to 1000 kW(e) per
uit. This is an important factor in choosing a power conversion system
because some systems (e.g., steam turbines) do not perform well in small
sizes.

The critical shortages of gas and fuel oil that began to develop
early in 1973 coupled with the lack of near-term supplies of fuel from
coal gasification and liquefaction led to an examination of the possi-
bilities of employing coal on-site as the fuel, particularly moderately
high sulfur coal because of its ready availability. A review of the prob-
lems of sulfur removal led to the conclusion that it would be well to
consider a fluidized bed coal combustion system. This combustion system
makes it possible to remove about 90% of the sulfur in the coal by com~—
bining it with crushed limestone in the bed to give calcium sulfate. To
do this a tube bank in the bed must be employed to keep the bed temperature
to the range of 1500 to 1700°F, the region required for good conversion
of the sulfur to calcium sulfate. Operation of the bed at this tempera-
ture also serves to avoid NOX formation from nitrogen in the combustion
air and fusion of the ash.

In selecting a power conversion system, the poor efficiency of steam
turbines in small sizes makes a gas turbine a logical candidate for the
thermodynamic cycle. Inasmuch as the air fed to the turbine will be heated
by the tube bank in the bed and will not contain fly ash from the coal,
turbine bucket erosion will not be a problem. Good heat transfer coef-

ficients will prevail both in the high pressure air inside the tubes in
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the fluidized bed and between the fluidized bed and the tube walls. The
fluidized bed combustion system will operate well with liquid or gaseous
fuel, char, a low sulfur coal, or solid organic waste, hence it could also
be used as an incinerator.

A preliminary study indicated that with this system around 807% of
the energy in the fuel would be available for use, about one-third as
electricity and the balance as heat in the form of 250°F hot water obtained
from a waste heat recovery heat exchanger.

This appeared sufficiently attractive that ORNL proposed to HUD that
a thorough study of the concept be initiated,? and, if this proved favor-
able, that a program be launched to design, develop, and construct a
demonstration unit. HUD then approached OCR, and this led to an agreement
between them to sponsor such a program.S Arrangements were then made with
the USAEC for ORNL to undertake this work. The objectives of Phase I
of the program, "Concept Preliminary Evaluation,'" were stated in the
Memorandum of Understanding3 to be the investigation and evaluation of
various ways in which coal and coal-derived fuels might be employed in
MIUS systems. The fuels to be considered include high and low sulfur
bituminous coals, lignite, anthracite, the products of various coal gasifi-
cation, liquefaction, and solvent refining processes, coal loaded with
sewage sludge after being used as a filtering medium, and coal mixed with
residential and industrial solid wastes. The potential performance of
all types of power conversion system that might be used with these fuels
should be evaluated together with the problems foreseen in the development
effort for each system. The following report has been prepared to summar-

ize the results of this Phase I study.
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CHAPTER 2

AVATLABILITY AND COSTS OF COAL AND COAL-DERIVED FUELS

Coal

The Resource Base. Coal deposits are widely distributed throughout

the United States as shown in Fig. 2.1. The coal resource base is esti-
mated to be 3.21 trillion tons,1 equivalent in energy content to over 1000
years at the total energy consumption rate of the U.S. in 1970. Approxi--
mately one-half or 1.56 trillion tons, lies in beds more than 14 in. thick
at depths of 3000 ft or less in mapped and explored areas. The distribu-
tion of the 1.56 trillion tons by rank (type of coal) and by state is
shown in Fig. 2.2 and Table 2.1. Of the total bituminous resource, two-
thirds is located east of the Mississippi with Illinois containing the
largest quantity of any state. Sub-bituminous coal is predominantly con-
tained in the Rocky Mountain States of Montana, Wyoming, and Colorado and
in Alaska. New Mexico also has substantial reserves. About 987% of the
nation's lignite is located in North Dakota and Montana.

Recoverable Resources. The coal resource base described above does not

constitute a usable resource because of both technical and economic con-
straints. Coal considered to be available at present prices with present
technology are the measured and indicated reserves with 1000 ft or less of
overburden, and in beds of thicknesses (1) 28 in. or more for bituminous
and anthracite, and (2) 5 ft or more for sub-bituminous and lignite. On
this basis, available reserves total 394.1 billion tons! (about one-eighth
of the total resource base) distributed by rank as follows: (1) bituminous
- 66%, (2) sub-bituminous - 18%, (3) lignite - 13%, and (4) anthracite ~ 3%.
A breakdown of available reserves by rank and state is given in Table 2.2.
Of the 394.1 billion tons considered to be available, 45 billion tons
are strippable and most of this would be recoverable, since the recovery
factor for strip-mined coal exceeds 90%. For deep-mined coal, however, the
recovery factor with present mining practices is about 50% so that of the
349.1 billion tons of deep-minable reserves, only about 175 billion tons
are recoverable. The recoverable underground and strippable reserves are

summarized as follows:

2.1
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Table

2.1.

2.4

by Rank, Sulfur Content, and State, on January 1, 1965

Estimated Remaining Coal Reserves of the United States,

Sulfur content, percent
Goal Rank and State 0.7 Of |4 g3.0 | 1.1-1.5 [1.6-2.0 | 2.1-2.5 [ 2.6-3.0 |3.1-3.5 | 3.6-6.0 | over 4.0 Total
Bituminous coal:
Alabama 889.2 | 1,189.3| 5,421.7 | 5,182.8 458.8 417.4 - - 18.6 13,577.8
Alaska 20,287.4 | 1,100.0 - - - - - - - 21,387.4
Arkansas - - 1,128.4 293.1 154.0 - 40.3 - - 1,615.8
Colorado 25,178.3 137,237.2 - - - - - - - 62,415.5
Georgia - 76.0 - - - - - - - 76.0
I1llinois - 573.7 | 4,942.4] 2,615.1 809.6 | 16,583.8 {33,650.4| 57,652,2| 19,062.0 135,889.2
Indiana 197.5 173.0 | 3,645.2 | 4,248.8} 3,543.4} 4,110.5 |10,872.8 5,105.9 2,944.0 34,841.1
Iowa - - - - - - 117.1 - 6,405.4 6,522.5
.Kansas - - 519.9 519.7| 1,038.7} 2,070.6 | 4,148.0 8,287.3 4,153.8 20,738.0
Kentucky:
West - - 1,119.6 162.0 336.3]| 3,793.6 [12,759.3| 13,643.3 5,081.3 36,895.4
East 13,639.9 | 8,491.9( 2,286.8| 1,658.8| 1,158.3} 2,154.4 24.7 - - 29,414.8
Maryland - - - 124.6 191.8 208.2 378.6 56.4 220.4 1,180.0
Michigan - - - - - - - 205.0 - 205.0
Missouri - - - - - - 6,456.7| 20,669.21 21,634.1 78,760.0
Montana 51.2 218.2 205.0 397.2 400.0 175.0 40.0 27.0 591.0 2,104.6
New Mexico 5,212.0 | 5,474.0 - - - - - - - 10,686.0
North Carolina - - - - - 110.0 - - - 110.0
Ohio - 611.0 369.0} 2,110.2| 2,750.4) 7,810.5 | 9,785.3  10,148.2 8,439.4 41,024.0
Oklahoma 250.6 772.2 825.0 368.1 - - 577.2 19.1 490.6 3,302.8
Oregon - 14.0 - - - - - ! - - 14.0
Pennsylvania 44,0 1,154.4| 7,624.4 |12,424.9|19,689.5| 9,995.6 | 5,287.6 1,150.5 580.6 57,951.5
Tennessee 3.3 160.9 715.9 258.7 178.2 190.5 219.7 43.8 68.5 1,839.5
Texas - - - - 7,978.0 - - - - 7,978.0
Utah 8,551.4 | 13,584.0 - 1,524.9 - - - - 3,997.7 27,658.0
Virginia 1,981.5 6,077.5] 1,637.1 - 123.9 - - - - 9,820.0
Washington 898.9 672.1 - - - - - - - 1,571.0
West Virginia 20,761.0 | 26,710.6 | 21,819.7 | 13,290.6 | 8,496.1 | 2,491.8 | 3,147.4 5,949.2 - 102,666.4
Wyoming 6,222.2 6,596.6 - - - - - - 1.1 12,819.9
Other Statesl - 616.0 - - - - - - - 616.0
Total 104,168.4 {111,502.6 | 52,260.1 | 45,179.5 | 47,307.0 | 50,111.9 [87,505.1] 122,957.1| 103,688.5 724,680.2
Percent of total 14.4 15.4 7.2 6.2 6.5 6.9 12.1 17.0 14.3 100.0
Subbituminous coal:
Alaska 71,115.6 - - - - - - - - 71,115.6
Colorado 13,320.8( 4,908.7 - - - - - - - 18,229.5
Montana 94,084.41 36,728.0 0.5 1,303.7 - - - - - 132,116.6
New Mexico 38,735.0| 12,000.0 - - - - - - - 50,735.0
Oregon 87.0 87.0 - - - - - - - 174.0
Utah - - 150.0 - - - - - - 150.0
Washington 3,693.8 500.0 - - - - - - - 4,193.8
Wyoming 35,579.7| 72,315.6 - - - - - - 8.6 107,903.9
Other States? - _4,047.0 - - - - - ~ - 4,047.0
Total 256,616.3 [130,586.3 150.5 { 1,303.7 - - - - 8.6 388,665.4
Percent of total 66.0 33.6 0.1 0.3 - - — - (3) 100.0
Lignite:
Alabama - - 20.0 - - - - - - 20.0
Arkansas 280.0 ~70.0 - - - - - - - 350.0
Montana 60,214.5| 24,141.6| 2,660.9 - - 464.7 - - - 87,481.7
North Dakota 284,129.11 34,987.3| 31,581.6 - - - - - - 350,698.0
South Dakota - 2,031.0 - - - - - - - 2,031.0
Texas - - 6,902.0 - - - - - - 6,902.0
Washington - 116.6 - - - - - - - 116.6
Other States" - 42.0 - - - - - - - 42.0
Total 344,623.6] 61,388.5| 41,164.5 - - 464.7 - - - 447,641.3
Percent of total 77.0 12.7 9.2 - - 0.1 - - - 100.0
Anthracite:
Alaska 2,101.0 - - - - - - - - 2,101.2
Arkansas - - - 145.5 286.3 - - - - 431.8
Colorado - 90.0 - - - - - - - 90.0
New Mexico - 6.0 - - - - - - - 6.0
Pennsylvania 12,211.0 - - - - - - - - 12,211.0
Virginia 335.0 - - - - - - - - 335.0
Washington 5.0 - - - - - - - - 3.0
Total 14,652.0 96.0 - 145.5 286.3 - - - - 15,179.8
Percent of total 96.5 0.6 - 0.9 2.0 - - - - 100.0
Grand total 720,060.3]303,573.4| 93,575.1] 46,628.7 | 47,593.3 | 50,576.6 15;;505.1 122,957.1;103,697.1 | 1,576,166.7
Percent of total 45.7 19.3 5.9 3.0 3.0 3.2 ¢ 5.5 7.8 6.6 100.0

larizona, California, Idaho, Nebraska, Nevada

2Arizona, California, Idaho

3Less than 0.1 percent
“California, Idaho, Louisiana, Nevada

NOTE:

SOURCE:

than 0.7% sulfur.
than 0.5% sulfur.

Air quality standards for new plants without sulfur dioxide removal equipment require bituminous coal of no more

However, Western coals, because of lower heat content, are limited by these standards to less

U.S. Bureau of Mines.
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Table 2.2. Total Estimated Remaining Measured and Indicated Coal Reserves
of the United States as of January 1, 1970% (In Beds 28 in. and More
Thick, for Bituminous, Anthracite and Semi-Anthracite, and 5 ft or More
Thick for Subbituminous and Lignite Beds - Million Tons)

Remaining Measured and Indicated Reserves

State — Subbitu- . Anthracite

Bituminous minous Lignite Semi-Anthracite Total

Alabama 1,731 0 + 0 1,731
Alaska 667 5,345 ¥ § 6,012
Arkansas 313 0 + 67 380
Colorado 8,811 4,453 0 16 13,280
Georgia 18 0 0 0 18
Tllinois 60,007 0 0 0 60,007
Indiana 11,177 0 0 0 11,177
Towa 2,159 0 0 0 2,159
Kansas 328 0 0 0 328
Kentucky West 20,876 0 0 0 20,876
Kentucky East 11,049 0 0. 0 11,049
Maryland 557 0 0 0 557
Michigan 125 0 0 0 125
Missouri 12,623 0 0 0 12,623
Montana 862 31,228 6,878 0 38,968
New Mexico 1,339 779 0 2 2,120
North Carolina ¥ 0 0 0 +
North Dakota 0 0 36,230 0 36,230
Ohio 17,242 0 0 0 17,242
Oklahoma 1,583 0 0 0 1,583
Oregon *% w%k 0 0 *%
Pennsylvania 24,078 0 0 12,525 36,603
South Dakota 0 0 757 0 757
Tennessee 939 0 0 0 939
Texas *% 0 6,870 0 6,870
Utah 9,155 150 0 0 9,305
Virginia 3,561 0 0 125 3,686
Washington 312 1,188 0 0 1,500
West Virginia 68,023 0 0 0 68,023
Wyoming 3,957 25,937 ¥ 0 29,912
Other States *% *% 46 0 46
Total 261,510 69,080 50,781 12,735 394,106

*Figures are reserves in ground, about half of which may be considered
recoverable. Includes all beds under less than 1,000 ft of overburden and
over 28 in. in bed thickness for bituminous and anthracite and 5 ft or more
for subbituminous and lignite.

+Small reserves of lignite in beds less than 5 ft thick.
?Small reserves of lignite included with subbituminous reserved.

§Small reserves of anthracite in the Bering River Field believed to be
too badly crushed and folded to be economically recoverable.

Y¥Negligible reserves with overburden less than 1,000 ft.

*%Data not available to make estimate.
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Recoverable Reserves
(billions of tons)

Deep Minable 175
Strippable 45
Total 220

The recoverable reserves are eﬁuivalent to about 65 years at a rate of
consumption equivalent to the total national energy use in 1970.

Most of the low sulfur coal is located in the western United States
in the form of strippable sub-bituminous coal and lignite. As shown in
Fig. 2.3 of the 45 billion tons of strippable reserves, about 25 billion
tons are low sulfur located in the Rocky Mountain States.?

Availability. It is evident that the coal reserves are adequate to

meet almost any demand in the foreseeable future. The limiting factors on
the use of coal are (1) environmental constraints on mining and combustion,
(2) coal industry development, and (3) transportation.

Most of the present concern is related to the effects of strip mining
on land and water. It should be noted, however, that underground mining is
not without adverse impacts, including death and injury rates approximately
five times higher than for strip mining.3 The Coal Mine Health and Safety
Act of 1969 set tighter standards to reduce the hazards of underground
mining. A side effect of the Act was to decrease productivity and increase
capital investments required for deep mining. As a consequence, strip
mining accelerated because of the improvement in the relative competitive
position of this form of mining. Strip mining now accounts for approxi-
mately one-half of the total coal production. Because of the trend to more
stripping and the vast devastation of land and water resources that has
been experienced in some areas, many proposals, ranging from improved rec-
lamation practices to outright bans, have been made to reduce the adverse
effects of strip mining. Reclamation of strip-mined areas involves back-
filling, compacting, soil conditioning, regrading, and revegetation to
achieve a natural appearance. Current estimates3~® for reclamation range
from $2000 to $6000 per acre, the latter figure corresponding to 20¢ to
30¢ per ton of coal (for coal yields of 20,000 to 30,000 tons/acre). For
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western coal from thick beds, the surcharge for reclamation might be only
3¢ to 4¢ per ton. It would appear, if these figures are correct, that the
issue in strip mining is not reclamation costs since the contribution to
the cost of coal would be minor. Rather, the issue seems to concern the
question of what constitutes acceptable reclamation. There is no reasonable
way to restore stripped land to its original condition — only to a condi-
tion that some would consider acceptable. Ultimately, society must make the
judgment concerning benefits and costs of surface mining. If, as some have
suggested, surface mining were banned, the ability of coal to satisfy a
larger portion of our nation's energy needs would be seriously impaired.
The National Petroleum Council (NPC)® estimates that the coal production
would decline by over 40% at least until 1985 if stripping were banned.

Coal production and coal processing in some western states pose addi-
tional environmental and societal problems. Water use associated with
strip reclamation, slurry pipelines, and, in particular, coal gasification
plants, could be significant. Such use would be in direct competition with
established agricultural and industrial activities. The water question
will be an important issue in the expansion of the coal industry in the

West.’

Coal Costs

Coal Values at Mine. After a long period of stability, the price of

coal started rising significantly after 1969. From 1965 through 1969, the
U.S. average price (f.o.b. mine) of coal sold on the open market was about
25¢/10% Btu (constant 1974 dollar basis).®s 9 By 1972 the average price had
risen to about 35¢/10% Btu. Figure 2.4 shows the price trends through 1972
— the last year on which complete data are available. U.S. average prices
tend to reflect the value of coal mined east of the Mississippi. Also
shown in Fig. 2.4 are prices for sub-bituminous coal and lignite produced
in selected western states; generally, prices for western coal have tended
to decline with time — at least through 1972.

The data of Fig. 2.4 are based on reports by the U.S. Bureau of Mines®>10
and the National Coal Association.%>!! Modifications to the original data
were made to convert from cost per unit weight to cost per unit energy and

to convert to a constant 1974 dollar basis. Although the heating value of

-1
N 4
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coal varies substantially even within a given rank, the following values,

used by the NPC,6 were adopted for this study:

Heating Value

Rank (million Btu/ton)
Bituminous 23
Sub-Bituminous 17
Lignite 13.5
Anthracite 25.4

Price adjustments to January 1974 were made using the wholesale price in-
dex for industrial commodities.

Although there are no compilations of current coal prices, it is evi-
dent from various reports that coal prices, along with those of other fuels,
rose dramatically in late 1973 and early 1974.

The Tennessee Valley Authority (TvA) 12 reports that prices range from
$8 to $30/ton (f.o.b. mine) depending on the type of contract, quality of
coal, and location. A reasonable range for high sulfur (3 to 47%) strip-
mined coal from western Kentucky and southern Illinois is $12 to $18/ton
(f.o.ngmine) or 50 to 75¢/10% Btu. Coal purchases for AEC plants in
Kentucky and Tennessee made in the fall of 1973 were at a price of $9.75/

.13 Recent (January 1974) prices were about $15/ton (3.4% sulfur,

ton
12,500 Btu/1b) or 60¢/106 Btu. The South Carolina Public Service Authority
reportedlL+ a coal price jump of 397 in the last five months of 1973. As

of January 1, 1974, the delivered price was $17.25/ton. After allowing for
transportation, the mine price is inferred to be $12 to $14/ton. Public
Service Electric and Gas Company (New Jersey) (PSE&G) paid an average of
$25.36/ton for low sulfur coal delivered to their plants during January
1974.15 This represented a 44% increase from the average price in October
1973. The range on January 1974 delivered prices paid by PSE&G was from
$22.90/ton for coal under contract to $29.51/ton for spot purchases. These
figures suggest a mine price of 18 — $25/ton for eastern low sulfur coal.

Recent data available on western coal prices are sketchy. Nebraska

Public Power District purchased Colorado and Wyoming low sulfur coal for
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55 to 62.7¢/10% Btu (delivered) during October and November 1973.16s17
Allowing $5.00/ton for delivery to plants at Lincoln and Bellvue, the
derived mine cost would be 30 to 43¢/10° Btu.

November 1973 purchases by Black Hills Power and Lightingl!” of sub-
bituminous low sulfur coal from Wyoming for plants at Osage, Wyoming, and
Lead, South Dakota, ranged in delivered prices from 20.3 to 32.8¢/10° Btu.
Since the power plants are relatively near coal fields, the transportation
cost would presumably be on the order of 5¢/10° Btu. Recent delivered
prices of lignite at plants in North Dakota and Montana ranged from 11.6
to 28.7¢/10% Btu.l’ Since these power plants are near the lignite deposits,
the transportation component of the delivered price should be small. The
general impression is that western coal prices have not increased as sub-
stantially as those for eastern coal.

Representative prices as derived from the sources described above are
shown in Table 2.3 and range from 18¢/10® Btu for western lignite to 128¢/
105 Btu for Pennsylvania anthracite coal. Average coal prices for February
1974 by sulfur content are given for each state in Appendix B. In deter-
mining the future applicability of coal to uses ordinarily satisfied by
other fuels, it is necessary to judge whether the recent large price in-
creases for eastern coal represent a response to a short-term supply—-demand
situation or whether they are permanent. '

Transportation Cost. Long distance movement of coal is by rail, barge,

and in one case, pipeline. Rail is by far the most important form of trans-
portation but barge movement on inland waterways is significant. Coal slurry
pipelines are expected by some to become an important mode of transportation
especially for moving western coals to regions of high energy use.

Rail. The average rail cost for coal shipment is about 10 mills/ton-
mile.® Rates are influenced by a number of factors but the most important
are (1) distance, (2) volume, and (3) whether shipment is by individual cars
or by unit train. TVA datal® for one particular power plant, located ap-
proximately 100 miles from the mine, indicate rates of about 14 mills/ton-
mile for individual cars and 13 mills/ton-mile for unit train. In a study
of coal pipelines, Wash and Thompson18 suggest a rate of 5 to 6 mills/ton~
mile for long haul unit trains. The NPC® indicates a rate of 5 mills for

some unit train hauls. The 1970 National Power Survey19 presented a range
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Table 2.3. Representative Prices (f.o.b. Mine) for Coal as of First
Quarter 1974

Heating Cost/ton (%) Cost/10° Btu(e)

Value Rep. Rep.
(Btu/1b) Value Range Value Range

Bituminous (Eastern)

High Sulfur (>3%) 11,500 14 10-18 60 43-78

Low Sulfur (<1%) 11,500 20 16-25 86 69-108
Sub-Bituminous (Western)

Low Sulfur (~0.5%) 8,500 4.25 3.40-6.80 25 20-40
Lignite (Western)

Low Sulfur (n0.5%) 6,750 2.50 1.60-3.25 18 12-24
Anthracite 12,700 32.50 20-45 128 79-177

Table 2.4. Coal Transportation Costs for Various Modes
of Long-Haul Movement

Cost per 100 Miles (¢/10° Btu)

Unit Train Barge Pipeline

Base Range Base Range Base Range

Bituminous 2.4 2.0-2.8 1.3 1.1-1.5 1.7 1.3-2.8
Sub-Bituminous 3.2 2.6-3.8 1.8 1.5-2.1 2.4 1.8-3.8

Lignite 4.1  3.3-4.8 2.2 1.9-2.6 3.0 2.2-4.8
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of 3.5 to 8 mills per ton-mile for unit train and 1.5 to 4 mills for inte-
gral coal trains. Burlington Northern's estimate, as reported by Oak Ridge
Mational Laboratory (ORNL),2? for unit train transport of western coal from
Gillette, Wyoming, to St. Louis, Missouri, (1,074 miles) is $5.94/ton or
5.5 mills/ton-mile.

For evaluation purposes, it is assumed that short haul (approximately
100 miles) rail transport would cost 13 mills/ton-mile with a range of 10
to 15 mills/ton-mile. Long haul (500 miles) rates were assumed to be 5.5
mills/ton-mile with a range of 4.5 to 6.5.

Barge. U.S average barge rates are reported® to be 3 mills/ton-mile
and with large volume contracts as low as 2.5 mills. An ORNL study?0 in-
dicated a rate of 3.5 mills/ton-mile for barge shipment of coal from St.
Louis to Madison, Indiana. In the present study a base rate of 3 mills/
ton-mile, with a range of 2.5 to 3.5, is assumed.

Pipeline. Wash and Thompson18 derived slurry pipeline costs for various
transport distances and capacities. For a 1000-mile pipeline, estimated
costs ranged from 3 mills/ton-mile for a capacity of 18 million tons/yr to
6.5 mills per ton-mile for a capacity of 6 million tons per year. A repre-

sentative value of 4 mills, with a range of 3 to 6.5, was selected for the

‘present study.

Basic unit transportation cost data for long hauls assumed for the
present study are summarized in Table 2.4. The cost per million Btu for
100 miles of movement for three ranks of coal were derived using assumed
heating values discussed previously.

Trucking. Coal transport by truck seldom exceeds a distance of 60
miles. The cost of coal delivery by truck varies with distance, terrain
and local labor rates. Typical rates in the Tennessee Valley are $18/hr
for a tandem or semitrailer truck carrying 24 tons of coal. Thus over a
distance range of 10 to 50 miles the cost varies between $1.50 to $2.50/T

of coal.

Coal-Derived Fuels

Coal Gasification. One of the possible ways to use coal and meet

emission standards is through a two~stage combustion process in which coal

is partially oxidized in a gasifier, the particulates and sulfur compounds
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are scrubbed from the gas stream and the gas is then burned in a boiler or
furnace. Depending upon the process employed the product gas may range in
higher heating value from 130 to 1000 Btu/scf. When air and steam are used,
a low Btu gas is produced which has a heating value of 130 to 300 Btu/scf.
If the air is enriched in oxygen or if oxygen is substituted for air, an
intermediate Btu gas having a heating value of 300 to 500 Btu/scf can be
produced. Alternately pipeline quality gas (1000 Btu/scf) may be produced

by employing an additional catalytic methanation step after the gas has

been purified. The principal coal gasification processes which are available

commercially are:

1. The Lurgi process offered by American Lurgi Company, Hew
York, N. Y.

2. The Koppers-Totzek process offered by Koppers Company,
Pittsburgh, Pennsylvania.

3. The Wellman-Galusha process supplied by the McDowell Wellman
Company, Cleveland, Ohio.

4. The Winkler process offered by Davy Powergas, Inc., Lakeland,
Florida.

A summary of the characteristics and status of the processes is pre-
sented in Table 2.5. As noted in Table 2.5, some processes are not capable
of utilizing all ranks of coal. Consequently it is necessary to match the
equipment with the particular coal feed.

A number of other coal gasification processes are currently under
active development in the U.S. These are concerned largely with the coal
gasification and coal hydrogenation reactions and with the method of heat
supply. A development program between the Office of Coal Research (OCR)
and the American Gas Association (AGA) is now underway and funded at the
level of $30 million per year. The major emphasis of this program is on
three processes: Hygas, C0, Acceptor, and Bigas.21 Independently, the
Bureau of Mines is actively involved in work on two processes. The most
advanced of these, with respect to stage of development, is the Synthane
process.

Other processes which are being investigated include Atgas, Molten

21

Carbonate, and Hydrane. It should also be noted that some development



Table 2.5.

Characteristics of Commercial Processes for the Production

of Low and Intermediate Btu Gas from Coal

e Gasifier U
Process Gasifier Pressure 0x1d%z1ng Comment s
Type (psig) Medium
Lurgi Downward moving stirred 300-450 Air or oxygen Process is in commercial operation on
bed, nonslagging sized, noncaking coal. Plans are under
way to test operation on caking bitu-
minous coal.
Koppers-Totzek Concurrent solid-gas 1-5 Oxygen or Process is in commercial operation
combustion, slagging oxygen—enriched using oxygen. Offered in sizes to 35
air tons of coal per hr. Tests are planned
using enriched air. Can handle any type
of coal.
Wellman-Galusha Downward moving stirred 1-300 Air or oxygen Process is in commercial operation using
bed, nonslagging coke or noncaking coals, mostly in the
steel and ceramics industries. 1Is com—
mercially offered in sizes to 7000 1b
per hour of bituminous coal. Bureau of
Mines has a pilot plant operating omn
caking coal at pressures up to 125 psig,
capacity about 20 tons/day. Tests are
planned at 300 psig to increase through-
put.
Winkler Fluidized bed 15 Air or oxygen Sixteen installations were built outside

the U.S. from 1926-1960 with generator
capacities of 100-300 x 10° Btu/hr.
Three installations are presently in
operation. Process description states
it will operate on all coals. Tests are
planned at 15 atm.

ST°C
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work is needed for the catalytic methanation of intermediate Btu gas to
produce pipeline quality gas. This work is under way and it is not antici-
pated that the methanation step will delay the commercial development of
pipeline quality gas via coal gasification.

Coal Liquids. Heavy fuel oils can also be produced from coal. Since

a great deal of the sulfur in coal is tied up as inorganic constituents of
the ash, it is possible, by liquefaction and removal of the ash, to produce
a heavy fuel oil (or deashed coal) from which a portion of the sulfur has
been removed. This material has a high melting point above 93°C (200°F).
The sulfur content of the deashed coal depends on the coal feed. The usual
type of processing consists of contacting coal (in a slurry oil vehicle)
with hydrogen at 1000 to 5000 psia and 399 to 454°C (750 to 850°F). Under
these conditions, the coal depolymerizes sufficiently so that the total
mixture can be filtered to recover the heavy o0il product and a solid residue.

Coal liquefaction is not as close to commercialization as coal gasifica-
tion. However, there are some definite advantages to liquefaction as com-
pared to high-Btu gasification which merit consideration. Less hydrogen is
required to convert coal (CHg, 7-g,9) to a liquid fuel (about CEj, ;) than is
needed for production of pipeline gas (CHy), and synthetic fuel oil is easy
to store. Transportation of oil costs only about half as much as pipeline
gas transmission. The energy conversion efficiency of coal liquefaction is
considerably better than that for high-Btu gas production with present tech-
nology.

Four major processes offer merit in coal liquefaction and are being
funded by the OCR (over $20 million each). These processes are H-Coal,?8,29
Consol,?? COED,23,2% and Solvent Refined Coal.25727

Solvent-Refined Coal. If the only objective of coal treating is the
production of a clean fuel, then hydrogenation to produce solution can be
minimized and be followed by ash separation and conversion of sulfur to a
removable form. Solvent refining was initiated with the limited objective
of producing a low-cost antipollution alternative to residual oil and
natural gas for use under boilers.

At present none of these processes is commercial but each has reached

a pilot plant stage. Commercial production is projected to be about 1983.
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Methanol. The technology for making methanol or "methyl fuel" via
coal gasification is available. Several types of suitable coal gasifiers
are available and at least two methanol synthesis processes are in commer-
cial use. However, no integration of this technology has been attempted
on a currently commercial scale of production. Because of its high cost,
methanol holds no promise as a base fuel for large boilers. However, since
it can readily be transported and stored iﬁ conventional equipment it might
be of interest as a standby fuel for a MIUS. It is a clean, nonpolluting
fuel and it has been demonstrated to be suitable for firing boilers.30

Cost of Coal-Derived Fuels. Production of high Btu gas, liquid fuels

and solvent refined coal will undoubtly be carried out at or near the mine
mouth to obviate the cost of coal transport. Because of the lower heating
values of low or intermediate Btu gas, it is not economical to transport
them except for short distances. Consequently, they must be produced at
or near the point of use.

Cost projection for the various fuels were prepared using plant equip-
ment and operating costs which have been published or cost data which was
provided by equipment vendors. The reference case assumed a mine mouth
coal cost of 50¢/10° Btu based on eastern coal. For low and intermediate
Btu gas it was assumed that coal would be shipped by train for a distance
of 100 miles with a subsequent haul by truck of 25 to 50 miles. This
transport cost would add an additional 25¢/10°% Btu to the cost of delivered
cqal (75¢/10° Btu total). All calculations were based on a 22.2% fixed
charge rate on capital. The projected costs (in 1974 dollars) based on
these ground rules are presented in Table 2.6 along with the projected
year of proven demonstration. Commercial plants would be expected to be
in operation about two years after successful completion of the demonstra-
tion plant program.

The projected cost of high Btu gas is based on economic data for El
Paso Gas Company's proposed Burnham Coal Gasification Project which re~-
cently received tentative approval from the Federal Power Commission.
Essentially all coal gasification projects to produce pipeline quality gas
have been proposed by gas transmission companies. This synthesis gas will

be mixed with natural gas from various sources for delivery throughout the
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Table 2.6. Status and Projected Cost of Coal-Derived Fuels

Projected Year of

Projected X
Technology Status Price, $/105 Btu Proven Demonétratlon
: Operation

Low or Intermediate Pilot 1.86 - 2.37 1978
Gas from Coal Plant

High Btu Coal Pilot 2.39% 1981
Gasification Plant

Coal Liquefaction Small 1.58 - 1.92% 1982
Pilot
Plant

Solvent Refined Pilot 1.07 - 1.30% 1981
Coal Plant

Methanol from Coal Demo 2.91% 1981

*Cost at mine mouth exclusive of transportation costs.

pipeline network. Consequently the selling price of the gas will be the
prevailing rate at the point of use.
A major consideration in assessing the economics of an on-site coal

gasification or liquefaction plant for a MIUS installation is the effect

of the size of coal gasification or liquefaction plants on both the capital

cost and the size of the crew required for their operation. The latter is
important because it represents a major factor in the operating costs of
the system. Fortunately, data are available in an OCR publication?! for
the OCR projected capital cost of such plants as a function of the coal
feed rate in tons per day. A long dashed line for this projection is pre-
sented in Fig. 2.5. Data given in the same report for the construction
cost and operating crew size are also plotted in Fig. 2.5, and a line has
been drawn through the lower portion of the scatter band of points for the
operating crew size. These data will be used in the next section for ap-
praising the relative merits of on-site coal gasification and liquefaction

plants with respect to fluidized bed coal combustion systems. It should
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be mentioned that an independent comprehensive study at ORNL has yielded

substantially the same values as OCR projections in Fig. 2.5.31

Coal and Limestone Preparation for Fluidized Bed System

In an effort to assess the cost of coal for a fluidized bed system as
a function of the particle size a reference design for a coal and limestone
preparation plant was prepared. This plant would process run-of-the-mine
coal and limestone to the desired particle size and serve as a distributor
to supply a complex of MIUS systems. The handling and preparation process
illustrated in Fig. 2.6 includes receiving, storage, crushing, and conveying
of the coal and limestone to carriers for distribution to various systems
located remotely from the preparation site.

Coal or limestone arrives at the plant by unit train or truck, is dis-
charged into the receiving hoppers, and is transferred over magnetic head
pulleys (to remove tramp iron) to an open pit dead storage system. The
dead storage system includes sufficient capacity to accommodate interrup-
tions in the limestone or coal delivery of up to four weeks duration.

The coal or limestone is conveyed from the stockpile to the transfer
house and from there to the hammer mills where it is ground to minus 1/8
+ 0 in size. The product from the hammer mills is classified to insure that
particles larger than 1/8 in. are separated from the finished product and
are recycled to the hammer mills for further processing. The finished
product is conveyed to covered storage bins to await distribution to ulti-
mate consumers.

Shown in Table 2.7 are costs and power requirements as derived from a
study of a coal preparation system proposed by the U. S. Bureau of Mines
for a coal gasification plant.32 The items listed are only those required
for coal and limestone crushing and do not include any of the pulverizing
equipment required for a coal gasification plant. The costs listed were
escalated 207 to allow for price changes from 1970 to 1974.

The limestone preparation was assumed to be a joint operation with the
coal facility. The cost of the limestone portion of the preparation plant
was assumed to be 257 of the cost for the coal, bringing the total cost to
$4,430,000 and the electric power requirements to 1.8 kWhr per ton of coal

processed.

-----
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Table 2.7. Costs and Power Requirement for A Coal Preparation Facility
to Supply 4.7 x 10%® Tons of Minus 1/8 + O-Inch Coal Annually

Power
Cost Requirement
($) (hp)
Track hopper and collecting conveyor 310,000 18
Stockpile feed and reclaim conveyors 87,000 80
Reclaim hopper 11,000 -
Transfer house 8,000 -
Hammer mill feed and product conveyors 138,000 80
Hammer mills 117,000 720
Reclaiming cyclones and dust control 194,000 150
Product storage hopper 117,000 -
Installation and construction 1,380,000 -
Engineering, administrative, and
contingency 1,182,000 -
Total 3,544,000 1,048

The following process assumptions were made in order to obtain the

unit cost of the coal and limestone preparation as a function of produc-

tion:

l.

One operator required per 100 tons of coal and associated

limestone processed per hour.

The operator labor charges would be $5/hr.

The maintenance charge would be 1/5 of the operator labor
charge.

Overhead and administration charge would be 100% of the
operator and maintenance labor charges.

The productivity factor would be 0.9,

The electric power cost would be 30 mils.

The cost of the coal and limestone facility will vary as

the 0.6 power of the processing rate.
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Using these assumptions the unit cost of the coal and associated
limestone production facility for yearly production rates from 1000 to
1,000,000 tons were obtained. The values are given in Fig. 2.7 as func-
tions of the capitalization charge and the number of 8 hr shifts per week
that the plant would be operated.

The total coal requirements for a 2000 kW(e) total energy installa-
tion is estimated to be approximately 6000 ton/yr. Table 2.8 shows the
delivered unit cost of coal and limestone for various numbers of 2000
kW(e) installations using a 15% capitalization charge and the lower omne
of the two curves for 5 and 21 shift/week. A delivery charge of $1 per

tons was made independent of the number of facilities served.

Table 2.8. Unit Cost of Coal and Associated Limestone Delivered
to a 2000 kW(e) Total Energy Installation

Number of Installations Delivered Unit Cost ($/ton)
1 10.25
15 3.00
150 1.47

For comparison, the coal and associated limestone preparation charge
at 157 capitalization and 21 shifts per week operation for a production
rate of 10% ton/yr is 47¢/ton as compared to 81¢/ton for the pulverized
coal prepared for the gasification plant described in Ref. 32. The
balance of the charges of Table 2.8 are middleman's charges for coal
handling and delivery.

On-site preparation of the fuel and limestone for the total energy
system was considered. The problems associated with unloading, storing,
and control of dusting of the Fun—of—mine coal and limestone at the energy
installation site would probably increase the remote single installation
preparation cost by $2 to $3/ton over the cost of prepared coal from a

distributor with a capacity for 20 MIUS installations.
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Use of Coal in Municipal Waste Treatment

Considerable interest has developed in the use of coal as a filter
medium for sewage treatment. It is of special interest in the MIUS system
where the spent coal sewage sludge mixture could be used as fuel in the
fluidized bed furnace.

The Rand Development Corporation (RDC) has investigated the feasi-
bility of a coal-based sewage treatment process under a contract with the
Office of Coal Research.33 Basically, finely ground coal was used as a
filter media for raw sewage and secondary effluent (tertiary treatment).
Good suspended solids removal was observed; however, only partial removal
of dissolved organics was achieved. The detailed report by RDC covers coal
preparation and operation in considerable detail, and estimates costs for

IMGD and larger plants. Also discussed is what to do with the coal used.

Coal Preparation for Filtering Sewage

Coal preparation seems to be a critical step in this process. The
mesh size proposed is 18 x 120, with the following allowable offsize
limits.

1. Oversize - 1 to 2% within one screen size larger.

2. Undersize — 5 to 157 on two screen sizes smaller.

3. Dust - 1.5% smaller than 270 mesh.

The study indicates that a three-step process (grinding, sizing, and
dust removal) is necessary to meet these limits. Conventional coal proc-
essing technology has developed in two areas: breaking coal into large
pieces for shipment from the mines, and crushing coal into dust to fuel
power-generating boilers. The 18 x 120 mesh size required for filtration
falls between the above sizes, and engineering technology for its produc-
tion is limited.

Following the coal preparation step, the coal is slurried and placed
in the filter. The filter operates downflow and at periodic intervals a
scraper removes a thin layer of coal and suspended solids from the top of
the filter and transfers it to waste tanks. This represents the material

available for burning or incineration.
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Preparation of Coal-Sludge Mixtures for Combustion

Limited batch studies on dewatering and incineration were conducted.
It was found that the sludge settles to fifty percent solids in one hour.
Centrifugation and pressure filtration produce a somewhat higher concen-
tration. The solids content was increased to 67% when coal sewage sludge

was dewatered and '"blown' with compressed air in a filter press.

Incineration Tests

Incineration tests were conducted by the Detroit Stoker Company in
their steam boiler and by Pope, Evans, and Robbins in a laboratory-scale
fluidized bed combustor. The Detroit Stoker test was not successful be-
cause the stoker system was not designed to handle sludge with a 487% mois-
ture content. Sludge with a 347 moisture content was burned with 83%
efficiency in the Pope, Evans, and Robbins test. This test shows that coal
sludge can be used as a fuel, although at only 907 of the efficiency of
lower moisture-content coal normally used in power plants. This means that
heat recovery for steam or power production is feasible, but the means of
achieving this are not yet sufficiently developed.

Coal with 50% or higher moisture content can be burned continuously
with usable heat recovery; special equipment for handling wet coal will be
required, however. Where the sludge will be used for power production, the
simplest method might be to mix the sludge with sufficient dry coal to re-
duce the moisture to a level acceptable for standard equipment. Special
design appears necessary if higher moisture contents are to be used and

further experimental work may be required.

Air pollution control requirements must be considered in any incinerator

design. Depending on the type of incineration equipment and coal used, some
amount of particulate matter will have to be removed from the stack gases
prior to discharge. It is expected that this can be accomplished using ex-
isting particulate removal technology. A more serious problem, at the
present time, is the regulations governing the sulfur content of coal and
allowable sulfur dioxide emissions. An efficient and economical sulfur
removal system has yet to be developed although a number of systems are

under study. In lieu of emission control, many regulatory agencies have
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limited the allowable concentration of sulfur in the fuel coal. The maximum
allowable concentration varies throughout the country up to 2.0%Z. The sul-
fur concentrations of both the coal and the filtered solids must be con-

sidered with respect to air pollution requirements.

Coal Feed Rates to the Sewage Plant

Some idea of treatment efficiencies can be obtained from Table 2.9.
It can be seen that suspended solids removal is about the same for raw or
settled sewage; however, more coal is required for raw sewage. In the case
of secondary effluent, 92% of the solids were already removed and the filter
"polished" the effluent to 98% removal. Whether this step is justifiable
will depend on local circumstances.

Comparing the removal efficiencies in Table 2.9 with EPA standards as
defined under the Water Pollution Control Act of l97l,3’L+ it can be seen
that only the filtered or unfiltered secondary effluent will meet currently
defined standards (85% removal of solids and BOD). Thus, although the coal
filter is rather effective in itself, pretreatment by biological or chemical
process, or post-treatment by chemical means will be required.

Coal consumption (amount purchased) is 11.8 tons/million gallons for
raw sewage, and 1.7 tons/million gallons of secondary effluent treated.
For 1000 residential units, the daily volume of waste produced is about
270,000 gal (1000 units x 3.4 people/unit x 80 gas/capita/day). This would
require a coal consumption of 3.19 tons/day for raw sewage and 0.46 tons/day

for treating secondary effluent.

Summary of System Design Considerations

In a report analyzing the RDC study, the following conclusions were

reported: 3°

1. Coal filtration provides excellent suspended solids removal,
but dissolved organics are only partially reduced.

2. Coal filtration by itself will not provide sufficient treat-
ment of domestic sewage to meet present water quality cri-
teria. The process may be applicable for one-step industrial

waste treatment where only suspended organics need be removed.
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Table 2.9. Treatment Efficiencies - Coal Filtration Process

Percent Removals

Suspended

Solids BOD oD
Raw Sewage 92 55 66
Settled Sewage® 92 74 80
Secondary Effluentb 98 96 89

%This is the total removal for both settling and filtra-
tion. Primary settling alone removed 50% of the suspended
solids, 50% of the BOD, and 517 of the COD.

bThis is the total removal for secondary treatment and
filtration. The secondary treatment reduced suspended solids
by 92%, BOD by 88%, and COD by 847%.

3. The most promising application of coal filtration is a pre-
or post-treatment step for suspended solids removal in '
series with a treatment for removing dissolved organics.

Applications may include tertiary domestic sewage treatment

of filtration of industrial wastes high in organic suspended

solids.

4. The coal filtration process will be economically competitive

only when heat is recovered from all of the coal used. This

can be most practically accomplished by borrowing coal from
a pulverized coal user.
5. The concept of deep-bed precoal filtration is applicable to

wastewater treatment. One-step treatment may be possible

if an organic adsorptive medium such as coal char or activated

carbon is used.
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Organic Wastes as a Fuel Source

The quantity of raw organic wastes produced each year in the United
States is well in excess of 2 billion tons. In many cases these waste
materials pose serious problems in proper disposal. Turning the wastes to
usable energy could, in principle, alleviate the disposal problem as well
as reduce the demand for depletable energy resources., There are two general
methods for converting organic wastes to useful energy: (1) direct burning
with the production of steam for space conditioning, industrial uses, or
power generation and (2) chemical processing to convert wastes to higher
value liquid, gaseous, or solid fuels.

The production of steam and electric power by direct burning of urban
solid wastes has been practiced to a limited extent in the United States
but the major experience is in Europe, especially in Germany.36 The lack
of application in the U.S. has been influenced by the low cost of fossil
fuels and low population density relative to Europe. Continued urbaniza-
tion with attendant waste disposal problems and the impending shortage of
some fossil fuels have served to stimulate interest in the potential for
energy recovery from waste products. Recently a number of demonstration
projects involving heat recovery from urban waste incineration have been
undertaken. For example, in Nashville, Tennessee, a waste incinerator-
boiler providing energy for heating and cooling of mid-city buildings will
go into operation in 1974.37 The city of St. Louis, in a cooperative
venture with the Union Electric Company, is providing municipal solid
waste for use in power plant boilers.38,39

Chemical processing of solid wastes into high quality fuels, although
technically feasible, is not practiced on a commercial scale since processes
have not been fully developed. Research and development is currently being
conducted on several processes.%’L+0

The quantities of Wasfes from various sources, as estimated by
Anderson,Ho are shown in Table 2.10. The listed data are for dry, ash-free,
organic matter. The first column of Table 2.10 gives the quantity generated
and the second column shows the quantity that might be available for energy
production. Wastes in the second category are those that are presently

concentrated by feedlot operation, municipal collection, etc., to such an
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Table 2.10. Dry, Ash-Free, Organic Wastes Generated and
Potentially Collectable for 1971

Quantity (million tons/year)

Source Total Generated Total Available

Animal Wastes 200 26.0
Urban Refuse 129 71.0 B
Logging and Other Wood Refuse 55 5.0 :
Agricultural and Food Wastes 390 22.6
Industrial Wastes 44 5.2
Sewage Solids 12 1.5
Miscellaneous 50 - 5.0

Total 880 136.3

(Source: Larry L. Anderson, Energy Potential from Organic Wastes: A
Review of the Quantities and Sources, Bureau of Mines Information Cir-
cular IC-8549, 1972.) —

Table 2.11. Potential Electricity and 0il Production from
Collectable Organic Wastes for 1971

Annual Annual ‘
Potential Poger Potential 0il k
Source Production Production —
Billion % of Million % of
kWhr Demand Barrels Demand -
{
Animal Wastes 39.0 2.4 32.5 0.6 L
Urban Refuse 107.0 6.6 88.8 1.5 -
Logging and Wood Wastes 7.5 0.5 6.3 0.1 —
Agricultural and Food Wastes 33.9 2.1 28.3 0.5
Industrial Wastes 7.8 0.5 6.5 0.1
Sewage Solids 2.3 0.1 1.9 nil
Miscellaneous 7.5 0.5 6.3 0.1 o
Total 205.0 12.7 170.6 2.9 -

®Based on 8000 Btu/lb of dry, ash-free wastes and conversion to elec-
tricity at 32% efficiency. o

b
Based on net production of 1.25 barrels per ton of waste.
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extent that recovery may be feasible. As will be noted, animal and farm
wastes constitute a major portion of organic materials generated but re-
covery of these wastes is difficult. Urban refuse represents the most
abundant recoverable source of organic wastes. Since all raw wastes are
rather low in energy content per unit weight and volume, their conversion

to either electricity or other forms of energy would need to be accomplished
locally; otherwise transportation costs would be prohibitive.

The energy production potential of organic wastes, reasonably collect-
able in 1971, is illustrated in Table 2.11. If all collectable wastes were
converted to electricity at the national average conversion efficiency of
32%, the power production for 1971 would have been 205 billion kWhr or
nearly 137% of the national demand. If all collectable wastes were converted
to oil at a net production of 1.25 barrels per ton of waste,'+0 the oil
production for 1971 would have been about 171 million barrels or 2.9% of
the national consumption for that year.

The best candidates for electricity production are the wastes generated
in urban areas since there exists a system for collection, and waste gener-
ation corresponds geographically to the need for electricity. The urban
related wastes (urban refuse, industrial wastes, and sewage solids) would
have accounted for about 7% of the national electricity demand for 1971.
Looking to the future, the usable urban wastes will increase but not at the

38 indicate that

rate of electricity demand. For example, EPA estimates
urban waste collection will increase by about 3.4% per year to 1980 whereas
electricity demand will increase at a rate roughly twice this amount. Thus,
it appears that the potential electricity production from wastes will de-
cline in relation to the total electrical demand.

As indicated earlier, heat recovery and power generation from wastes
have not been practiced extensively in the United States primarily because
fossil fuel costs have been sufficiently low to make energy recovery from
wastes uneconomical. However, with fossil fuel prices increasing very
rapidly, it seems reasonable to assume that energy recovery from wastes
will become competitive. In addition to providing an important supplement
to energy supplies for urban areas, the use of organic wastes for energy
could help resolve the disposal problem. Nevertheless, energy from organic
wastes will never have a large impact simply because the quantity of energy

contained in collectable wastes is small in relation to the energy demand.
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For MIUS systems probably the most sensible approach would be to burn
the solid wastes from the building complex. These could be reduced to the
required particle size, mixed with the coal, and fed with the coal to the
fluidized bed combustion chamber. This would not only serve to dispose of
the solid wastes, but it would also provide from 5 to 8% of the fuel re-
quirements. Experience with solid waste incinerator systems has shown
problems with clogging of the fuel feed system with unusual forms of scrap
material. These problems would probably make it necessary to have an op-
erator in attendance during periods when solid waste was in use as a fuel.
The burning of the solid waste could be taken care of in a few hours during

the day shift to minimize personnel costs.
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CHAPTER 3

COMPARISON OF TYPES OF COMBUSTION SYSTEM

Many types of combustion system have been evolved. Usually each type
has been developed because it showed special advantage for burning a par-
f ticular type of fuel, or because it was found to be particularly suited to
a particular type of power conversion system. This chapter summarizes the
characteristics of those systems developed primarily to burn coal or coal
derived fuels with special attention to the features, problems, and merits
peculiar to the fluidized bed coal combustion system. These include the
efficiency of combustion heat release rates obtainable, stack gas emissions,
heat transfer surface design, and the problems peculiar to particular types

of power conversion system.

Basic Combustion Considerations

i Combustion Efficiency

lid An important consideration in evaluating the performance of a combus-

tion system'is the combustion efficiency, i.e., the fraction of the chemical

energy available in the fuel that is actually released in the combustion

process. The combustion efficiency may be reduced, for example, by in-

| complete combustion as evidenced by the presence of substantial amounts of

CO in the stack gas. There may be other losses in the form of partially
oxidized hydrocarbons or particles of unburned carbon leaving with the
stack gas. To reduce these losses to a minimum the usual practice is to

. operate with a small amount of excess air and provide sufficient time in

L the combustion zone to give ample opportunity for all of the fuel present

to react with the oxygen.

Effects of Excess Air on Stack Losses

A number of practical considerations to be discussed later make it
essential to reject the products of combustion to the stack at a tempera-
= ture in the range of 200 to 300°F. The heat required to raise these gases
b from ambient air temperature to the stack gas temperature commonly repre-
sents 10 to 207 of the heat available from the fuel. As the amount of

excess air is increased beyond the ideal stoichiometric amount required
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for reaction of the fuel, the amount of heat lost in the stack gases is
increased. That is, going from 0% to 100% excess air will double the stack
losses. Thus, there is a strong incentive to make use of a combustion
system that will give complete combustion with a minimum amount of excess

air, hopefully no more than 10Z.

NOX Emissions

An important consideration in choosing a combustion system is the
amount of NOX to be expected in the stack gases. Power plants are generally
having difficulty meeting the new air quality standards. Some insight into
the problem is given by Fig. 3.1 which shows the equilibrium NOX concentra-
tion as a function of flame temperature for a range of excess air flow
rates.! 1In point of fact, the NOx content of the combustion gases often
will be less than indicated by Fig. 3.1 because it was calculated for equi-
librium conditions. Depending on the flame temperature, the time required
for the formation of NOX is ordinarily of roughly the same order as the
transit time for the gases through the hot portion of a short flame, hence
equilibrium conditions are not reached. As indicated in Fig. 3.1 the NOX
concentration in the stack gas can be reduced by reducing the flame tem-
perature, or reducing the amount of excess air. The latter approach has
been found effective for certain special types of burner fueled with
natural gas, but for the fuels of prime interest in this study the most
effective approach is to reduce both the excess air and the flame temper~-
ature. For open flame burners the latter can be accomplished by recircu-
lating some cooled exhaust gas, and this approach is being used in some

2

steam power plants. Under any circumstances it is important to minimize

the excess air.

Stack Gas Temperature Limitations

A major factor in limiting the amount of heat that can be removed
from the stack gases before rejecting them from a practical system is the
tendency of SOy to react with the Ho0 from combustion te form sulfurous
acid whose dew point is much higher than that of water vapor so that it
will condense on the walls of the stack where it will attack either metal

or ceramic surfaces. As a consequence, one of the key considerations in
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the design of a system is the expected maximum SO, content of the stack
gas and hence the lower stack gas temperature limit that can be employed
in the design. It is interesting to note that if a fluidized bed coal
combustion system is employed to remove the bulk of the sulfur in a fluid-
ized bed so that the S0 content of the stack gases is markedly reduced,
this will permit a lower stack gas temperature and hence a higher plant

thermal efficiency. Figure 3.2 shows this effect.3

Types of Burner

Stationary Grates

The earliest steam power plants made use of a stationary grate over
which coal was spread, air was admitted from below through openings in
the grate, and the coal was burned in large open flat beds. This system
functions best if coal is added to the bed in the form of lumps of an
appropriate size — usually 1 to 3 in. — because fines are inclined to
fuse into a tarry cake to give a non-uniform air flow distribution through
the bed and uneven combustion. The system is commonly hand-fired to
maintain a uniform bed thickness and ashes are periodically scraped off
to the side. Automatic firing systems have been devised; they usually
involve pushing fresh coal out onto the stationary grate. The stationary
grate systems do not lend themselves well to close control of the fuel-
air ratio (an important factor to be discussed later) and work well only
with selected grades of lump coal. The excess air is commonly 60% or
more, and the combustion efficiency is often only about 807 because many
of the fines in the coal fall out with the ash and some of the volatiles

escape up the stack unburned.

Traveling Grates

Efforts to automate coal firing of boilers and permit the use of a
wider range of grades ofvcoal led to the development of traveling grate
stokers. In these a bed of coal 6 to 12 in. thick is fed with an auto-
matic stoker from one end of the traveling grate and ashes are dumped off
the other end. Movement of the grate agitates the bed a bit, tending to

break up regions in which caking occurs. The system is currently used
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not only for burning coal but also for burning mixtures of coal and solid
waste. A disadvantage is that the high operating temperature of the
traveling grate leads to a substantial amount of maintenance. Control

of the fuel-air ratio is better than for a stationary grate system but

it still leaves much to be desired because of variations in the air flow
resistance of the bed from one local region to another. The excess air

usually runs 40% or more."

Open Flame Burners

Relatively simple and compact burner geometries can be used to mix
liquid or gaseous fuels with air to give large open flames. Similarly,
finely powdered coal can be blown through an open flame burner to give an
essentially similar flame. This makes it possible to design and build a
large steam boiler so that it can operate with whatever fuel is most
economical or available at any particular time simply by changing out the
burners and the fuel-air ratio can be controlled closely to give 99%
combustion efficiency with only 107 to 20% excess air. The plant effici-
ency can be improved further by using a regenerator to preheat the com-
bustion air. Thus, a large fraction of modern steam plants, particularly
on the east coast, have been designed and built so that they can burn
either residual fuel oil or powdered coal almost equally well, and can
be converted to use natural gas with only a small loss in performance.
The loss in performance stems from the fact that in these furnaces much
of the heat is transmitted from the hot gases to the furnace walls by
thermal radiation from hot glowing carbon particles if residual fuel oil
or powdered coal are employed. However, if natural gas is used, it burns
with a pale blue flame from which relatively little energy is emitted by
thermal radiation. In furnaces designed primarily for operation on coal
or residual fuel oil with the water-cooled walls of the furnace serving
at the boiler portion of the steam generator, the capacity of the unit

is reduced when gas is employed as the fuel.

Fluidized Bed Combustion of Coal

The development of fluidized bed catalytic cracking and reforming

processes based on fluidized beds made up of particles of clay catalyst
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began in the 1930's and has led to the extensive development of fluidized

5 The system

beds for processes requiring the reaction of solids and gases.
depends on the fact that when air is blown up through a bed of small parti-
cles at an appropriate velocity, the particles begin to float and the bed
behaves as if it were a turbulent liquid. The bed ordinarily does not

have a sharply defined free upper surface, but, as the solid fraction de-
creases in the upper regions of the bed, the air velocity also decreases
and the air dynamic forces tending to lift the particles are reduced. Gas
circulation upward through the bed is not perfectly uniform but tends to

be somewhat irregular with large bubbles forming here and there. These
tend to move upward at a higher than average velocity and blow some parti~
cles out of the bed at sufficient velocity so that they tend to arc through
trajectories well above the nominal upper surface of the bed. The large
surface area and continuous agitation of the bed gives a high reaction rate
and a uniform distribution of both the reaction rate and the temperature
throughout the bed. This work on fluidized beds for chemical process system
led to the discovery that the heat transfer coefficient in fluidized beds
is high — of the order of 50 to 100 Btu/hr+ft?:°F. This in turn suggested
the possibility of designing a fluidized bed coal combustion system for a
steam boiler, the idea being that the boiler size and cost could be much
reduced by taking advantage of the high heat transfer coefficient charac-
teristic of fluidized beds. When public pressure to reduce sulfur emis-
sions became a major consideration, the notion of employing a fluidized

bed of limestone to remove the sulfur as calcium sulfate was investigated
with highly encouraging results. Concurrently with this fluidized beds
were developed for burning both industrial and residential solid wastes.®>7
Other work demonstrated that the fluidized bed combustion system could be
used to burn char, high sulfur residual fuel o0il, or any of a number of

gaseous fuels with a combustion efficiency of over 997 with the excess

air running less than 107%.

Summary

The major consideration in the choice of a burner or combustion system
for any application is its suitability for use with a wide range of fuels

to give a high combustion efficiency with relatively little excess air.
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tem that will burn high sulfur coal and yet reduce the sulfur emissions in

the stack gases to a level consistent with both present and probably future

EPA standards. As will be discussed later in this chapter, there is no

process currently available that would be effective in removing sulfur from

stack gases following combustion of high sulfur coal and yet would be

economically acceptable for MIUS applications, particularly when operational
and maintenance requirements are considered.
In attempting to give perspective to the many problems associated with

a choice of combustion system for MIUS applications, Table 3.1 was prepared

to indicate the suitability of the typical combustion systems described

Table 3.1. Suitability of Typical Combustion Systems for Use with

Different Types of Fuel for Installations Designed to Meet
EPA Standards Without Equipment for Removing Sulfur
from the Stack Gases

Stationary Moving Open Fluidized

Type of Fuel Grate Grate Burner Bed
High sulfur bituminous coal X
Low sulfur bituminous coal X X X X
Lignite X X X X
Anthracite X X X X
Char (from coal conversion ? X

plants)

Natural and high Btu gas b 4 X
Medium Btu gas p:d X
Low Btu gas X p:S
No. 2 fuel oil X X
Residual fuel oil-low sulfur X ?
Residual fuel oil-high sulfur ?
Liquid fuel from coal b4 ?
Domestic solid waste + coal X X
Sewage sludge + coal X X
Wood waste + coal X

above for use with the different types of fuel that might be used in a MIUS

applicaticn. Note that only the fluidized bed combustion system appears to

show promise for handling the full range of fuel types specified for this
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study, i.e., high and low sulfur bituminous coal, lignite, anthracite,

gaseous and liquid fuel derived from coal, mixtures of residential or

industrial waste with coal, or mixtures of sewage sludge and coal derived

from filter beds in small sewage plants.

Question marks have been placed in the column for the fluidized bed

combustion system for residual fuel oil and liquid fuel from coal. This

has been done because there has been some difficulty with coking of the

fuel nozzles in the course of efforts to burn high sulfur fuel oil in a

fluidized bed coal combustion system. There is insufficient experience in

this area to draw a firm conclusion with respect to feasibility.

Developmental Status of Fluidized Bed Combustion Systems

Inasmuch as this report is especially concerned with fluidized bed

coal combustion systems, it seems in order at this point to include a

special section to review the developmental background of the system.

Coal Combustion System Development Efforts

Work on fluidized bed combustion of coal began in the 1950's.

In some

instances the objective was to burn fuels such as anthracite fines, lignite,

and washery tailings that did not burn well in other types of combustion

systems. The bulk of the work was directed at trying to get lower cost

steam boilers by taking advantage of the high heat transfer coefficient

in a fluidized bed. The most significant effort was started about 10 years

ago in the U.K. by the Central Electricity Generating Board,®

continued at the British Coal Utilization Research Association Laboratory.

and has been

5,9

Most of the work at BCURA has been with beds having a cross—-sectional area

of about 8 ft2. Some of the British effort was supported by EPA, and

BCURA's program is continuing under a recent OCR contract.

In the U.S.

Pope, Evans, and Robbins in Alexandria, Virginia, under both OCR and EPA

funding, has operated several beds at atmospheric pressure,

including a

bed having a cross-sectional area of 10 ft2 and fitted with a carbon-burnup

cell.10511 The objective in work on the latter has been to develop a small

fluidized bed combustion chamber and boiler of about 100 MW(t) output that

would lend itself to shop fabrication and shipment by rail.

The work has
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emphasized the solution of practical design and operating problems. Basic g
heat transfer, flow, and performance data accumulated by the British have P
more recently been supplemented with EPA funding by small-scale studies

(using beds 6 in. to 12 in. in diameter) at the Argonne National Laboratory!?

and Esso Research!?

on the basic problems of fluidized beds with the prime
emphasis on optimizing the pollution control capabilities and developing
a method for reconstituting the lime so that one would not be confronted
with a waste disposal problem for the large amounts of calcium sulfate that
will be produced. Pope, Evans, and Robbins has also worked on’the lime re-

generation problem.10

Both Westinghouse and Foster Wheeler have carried
out plant design studies, and at the time of writing Foster Wheeler is
working with Pope, Evans, and Robbins on the fluidized bed steam generator

mentioned above.lls1"

Fluidized beds have been used extensively for roasting sulfide ores.!®
Over 200 units are currently in operation, sometimes primarily to make sul-
furic acid or sodium sulfite (for paper mills) and sometimes primarily to
obtain metal oxides for reduction to the metal, but usually for both pur-
poses. The heat released in the roasting operation often requires heat re-
moval from the bed; this is accomplished with boiler tubes in the bed. -
Work on fluidized bed combustion in the U.S. has also included the L
incineration of solid wastes, both industrial and domestic. Copeland Sys-
tems Incorporated has about 30 units in service for disposal of industrial
wastes including not only obvious fuel materials such as sawdust but also
slurries such as paper pulp mill waste liquor with as little aé 35% solids.”’
The latter are sprayed downward into a fluidized bed of red hot sand,
and the heat of combustion of the solids is sufficient to sustain the re-
action. Dorr-Oliver has about 80 incinerator units in service, burning
mostly industrial and domestic sewage sludge in aqueous suspension.l!® Con- r
centration of the material to give about 357 organic content is achieved [
by settling. A fluidized bed for burning municipal solid waste has been
under development at Combustion Power Inc., under EPA contracts for about

8 years.17

In this system the compressor of a gas turbine feeds air to a
fluidized bed of sand into which shredded solid waste (mostly paper) is
injected. The hot gases leaving the bed drive the turbine to produce a net
electrical power output. The system has also been operated with coal as

the fuel under a contract with OCR.l7
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Some notion of the amount of operating experience that has been gained

Table 3.2.

with fluidized bed coal combustion systems is given by Table 3.2.

Summary of Operating Experience with
Fluidized Bed Combustion Systems

. . R Sum Total
Organ}zatlon Responslb%e for Fuel Objective Operating
Design and Construction Time-hour
Copeland Systems, Inc. Wood waste, pulp Incineration, in some ~108
mill waste, misc. cases heat recovery
organic wastes
Dorr-Qliver, Inc. Sewage sludge Incineration ~10P
Pyrites Roasting to yield 8Os ~3 x 1P
for acid or sulfite
and/or metal oxide
for reduction
BCURA Coal R&D on fluidized bed ~10*
combustion of coal
and high sulfur resid-
ual fuel oil
Pope, Evans, and Robbins, Inc. Coal R&D on fluidized bed ~9000
combustion of coal
Argonne National laboratory Coal R&D on fluidized bed 700

Combustion Power, Inc.

Esso Research

Municipal solid
waste, wood waste
and coal

Coal

combustion of coal and
lime regeneration

Incineration with
electrical energy as a
by-product

R&D on coal combustion
and lime regeperation

471 (total on bed)
271 (with turbine)

~100

Sulfur Removal

The effectiveness with which SO, emissions can be reduced by removing
sulfur as CaSO, in a fluidized bed combustion system depends on many factors.
The two most important are the calcium~sulfur feed ratio and the fluid
bed operating temperature. The effects of these two parameters on SO,
emissions are shown in Figs. 3.3 and 3.4. The matter is complicated by
the fact that limestone from different strata vary substantially in their

characteristics including their effectiveness in removing sulfur.l®

Regeneration of the Lime

It would be advantageous to regenerate the lime in the bed and thus

reduce both the consumption of limestone and the quantity of ash that must
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be hauled away. Processes have been investigated that would yield ele-
ment sulfur, a saleable product. While somewhat different processes have
been contemplated in the lime regeneration work carried out by ANL, Esso,
and Pope, Evans, and Robbins as mentioned above, they all depend on roasting
calcium sulfate under mildly reducing conditions to evolve a gas rich in
sulfur dioxide. Because of the high temperature necessary for the roast,
about 1950°F, the regenerated lime has sharply less reactivity than fresh
lime. Fresh stone must be supplied at a rate amounting to an appreciable
fraction of the sulfur to be captured, on a stoichiometric basis, and a
comparable amount of lime must be withdrawn for sale or disposal. To avoid
this disadvantage, workers at The City College of New York have proposed a
regeneration scheme which would depend on reduction of the calcium sulfate
by a gas containing hydrogen or carbon monoxide to yield calcium sulfide,
and on subsequent reaction of the calcium sulfide with steam and CO, to
produce CaCOj3 and H,S, from which sulfur may be produced in elemental form

19

more readily than from SO,. Westinghouse has carried out plant design

studies that have included a favorable economic assessment of The City

College scheme. 1*

NOx Formation

The low combustion temperature characteristic of fluidized bed combus-
tion tends to keep the formation of NOX to a low level, but the gas transit
time through the high temperature region is sufficiently long that the
equilibrium concentration of NOX can be reached. As shown in Fig. 3.5 this
makes the NOX concentration in the stack gas quite sensitive to the amount

9

of excess air,” and this in turn places a premium on the use of a control

scheme that will hold the amount of excess air to a low level.

Control of Fluidized Bed Combustion Systems

Fluidized bed combustion systems can be operated over a wide range of
bed temperatures and amounts of excess air, but Figs. 3.3, 3.4, and 3.5
indicate that there is a strong incentive to keep the excess air to less
than 10%Z and the bed temperature to around 1600°F. These conditions pose
control problems if steam boiler tubes are used to remove heat from the

bed because the heat transfer coefficient between the bed and the tubes
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is high and is essentially independent of the combustion air flow rate,
while at the same time the heat transfer coefficient for water boiling
in tubes is very high and essentially independent of the water flow rate.
As a consequence, the output will not be reduced from the full power de-
sign condition by reducing either the combustion air flow rate or the
feed water flow rate. The temperature difference between the bed and
the boiler could be reduced by reducing the bed temperature, but this
would have an adverse effect on sulfur removal. (See Fig. 3.3.) The
only courses that can be followed are to reduce the output by reducing
the coal feed rate and providing a large amount of excess air (thus re-
ducing the boiler thermal efficiency) or by the more awkward step of
reducing the amount of bed material by removing some to an auxiliary
storage hopper. This may be accomplished by changing the bed depth or
by compartmentalizing the bed. Either approach reduces the effective
heat transfer surface area in the bed, and thus reduces the heat removal
rate. However, either approach poses serious problems 'in controlling
the water flow distribution through the boiler tubes.

The control problem is vastly eased if a fluidized bed coal combus-
tion chamber is cooled with a tube bank that serves as the heater in a
gas turbine system. The heat transfer coefficient for the gas inside the
tubes is roughly proportional to the gas mass flow rate, hence the power
output of the system can be varied continuously over a wide range. This
is particularly important under startup, idle, and shutdown conditions
where quenching of combustion presents a problem if there are boiler
tubes present in the bed that will tend to reduce the bed temperature
below the ignition point. These are such vital problems that the con-
trol concept envisioned for the gas turbine system is discussed later in

a separate chapter.

Effects of Bed Operating Pressure

Most of the work on fluidized bed combustion has been carried out at
atmospheric pressure. However, work at BCURA has shown that higher heat

release rates can be obtained if the bed is pressurized. Further, the



3.17

depth of the bed can be increased essentially in direct proportion to the
bed operating pressure while holding the pumping power losses constant.
This type of system is particularly advantageous if the bed is used in a
combined gas turbine-steam cycle with heat removed from the bed for the
steam system and the hot gases from the bed allowed to expand through a
gas turbine. The principal question associated with this approach is the
extent to which corrosion and erosion of the turbine buckets may prove to

be a problem.

Combustion Gas-Side Corrosion

The rate of corrosive attack on the combustion gas side of iron-chrome-
nickel alloy tubes in a fluidized bed coal combustion chamber has received
little attention. Viewed from the standpoint of basic considerations the
situation looks very promising because the bulk of the corrosion in steam
generators, gas turbines, and petroleum refinery equipment stems from the
vaporization of sulfates and vanadates in high temperature flames (2500 to
3000°F) and their subsequent deposition as liquids on heat exchanger sur-
faces that operate in the temperature range from 1200 to 1500°F. At the
relatively low operating temperature of the fluidized bed (v1600°F) the
vapor pressure of sulfates and vanadates is so low that this mode of attack
should not occur.

There are some experimental data from British tests carried out at
1550°F with a variety of iron-chrome-nickel alloys. These tests showed
that the 300 series stainless steels gave a weight loss in a 500 hr test
equivalent to 1 mil/year. This is surprisingly low because one would
expect that agitation of the bed would act to abrade the protective oxide
film from the stainless steel. The British also found evidence of sulfur
penetration in some of the stainless steei specimens but the data are

insufficient for evaluation.

Development Problems

The major problems that have been experienced in the development work
outlined above have been with the feed of the coal and limestone into the
bed, blowthrough of fines and separation of these fines from the gases

leaving the bed, and either the regeneration of the calcium sulfate to
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calcium oxide or finding some commercial use for the calcium sulfate-ash
mixture produced from the process. Relatively little difficulty has been
experienced in getting good combustion in the bed, the ptrincipal problem
being the avoidance of excessive burning rates and hot spots at the points
where the coal is introduced into the bed. Note that the bulk of the work
carried out to date has been with beds having areas of 1 to 10 ft? where
agitation of the bed is reasonably effective in distributing the coal.
However, the beds envisioned in this study will have areas of 30 to 50
ft?, hence scale-up uncertainties include problems associated with devising
provisions for a large number of coal feed points across the bed, the dis-
tribution of coal and limestone across the bed, the upper limits of gas
velocity and bed depth, the size and spacing of heat transfer tubes, the
control of power level, and the decrepitation rates and reactivities of

various limestones and dolomites after recycling.

Sulfur Removal

The Clean Air Act, as amended in 1970, provides that the Environmental
Protection Agency (EPA) shall establish, for new stationary sources, na-
tional performance standards that reflect the best system of emission re-~
duction that has been adequately demonstrated. These standards2? have
been issued for the emission of sulfur dioxide for fessil-fired steam plants
that have a rating of 250,000,000 Btu/hr or greater. The emission standard
for coal-fired plants of this size was set at 1.2 1lb/million Btu of heat
input. Further, under the provisions of the 1970 amendments to the Clean
Air Act, each state is required to develop and submit an implementation
plan for approval by thebEPA. The implementation plan must include emis-
sion control regulations designed to achieve and maintain national ambient
air quality standards. To meet this requirement, many states have adopted
standards covering the emission of sulfur dioxide from fossil-fuel burning

plants. A review?!

of the regulation in 25 states reveals that most of

the states have set standards for the emission of sulfur dioxide from coal-
fired plants at about the EPA standard, 1.2 lb/million Btu. A few states
allow a higher level of emission. Only six states have set lower limits

for such emission, and in three of these states the lower limits apply only
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in very large cities. One of the strictest standards has been adopted in
New Jersey, that has a statewide limit of 0.27%7 sulfur in the coal burned,
which is equivalent to a sulfur dioxide emission rate of about 0.3 1b/mil
Btu.

The resulting situation is that in most states only coal with a sulfur
content of from 0.2 to 1%, or 2% in a few states, may be burned for fuel
without removal of some part of the sulfur either from the coal or as sul-
fur dioxide from the flue gases. The required retention of the sulfur
dioxide to meet emission limits of 0.3 and 1.2 1b/million Btu as a function
of the weight percent of sulfur in the coal is shown fof coal with a heating
value of 12,500 Btu/lb in Fig. 3.6. For example, the higher limit requires
a 75% retention of SO, and the lower limit requires a 947 retention for 3%

sulfur in the coal.

Conventional Furnaces

Several methods for removal of sulfur or sulfur dioxide from coal and
0il burned in conventional furnaces have been investigated. The major part
of this work has been devoted to two processes: limestone injection into
the furnace followed by wet scrubbing of the flue gases, and wet-limestone
scrubbing of the flue gases.?!

In the first process, ground limestone is mixed with the coal and in-
jected along with the coal into the burning zone of the furnace. Part of
the sulfur in the coal is absorbed by calcium in the limestone in the same
manner as is done in the fluidized bed furnace. There is one very important
difference in the process in the conventional furnace and the fluidized
bed, and that is the temperature of the coal-limestone mixture in the com-
bustion zone. The temperature is in excess of 2000°F in the conventional
furnace. Experience with the fluidized bed has shown that for the most
effective sulfur removal, the bed must be maintained at between 1400 and
1700°F. 18 This is accomplished by placing the boiler or heat transfer
tubes in the bed where combustion occurs. Results?1522 of pilot-plant
tests of limestone injection in conventional furnaces have shown that
only about 40 to 50% sulfur removal can be achieved. The remaining sul-
fur must be removed as SO, by wet scrubbing of the flue gases. Also,

problems with ash buildup on boiler surfaces were encountered. These
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results have led to a reduced interest in limestone injection and to a
greater emphasis on wet-limestone scrubbing of the flue gases as the method
of S0, removal in conventional furnaces.

22 employs a slurry of ground lime-

The wet-limestone scrubbing process
stone to react with the S0; in the flue gases. The slurry and flue gas
are usually first contacted in a venturi scrubber for fly ash removal and
then in two or more stages of packed contacters. The gas from the final
scrubber passes through a demister, a reheater and induced-draft booster
fans. The used limestone is removed as sludge and the water is recycled
to eliminate any liquid discharge. A flow diagram is shown in Fig. 3.7.

Almost all of the scrubbing processes remove SO, (an acidic gas) with
an aqueous solution or slurry of alkaline material. These processes re-
quire a scrubber with liquid recirculation and mist elimination, gas fans,
duct-work and dampers, and gas reheat to restore plume buoyancy. If fly
ash particulate are not removed by an electrostatic precipitator, the
scrubber system generally must be expanded to allow for particulate as
well as SO, removal, especially with regenerable scrubbing, because par-
ticulates are usually unacceptable in the regenergtion system.

The scrubbing processes all require alkali‘handling systems to pro-
vide for alkali makeup and for product recovery or disposal. The throw-
away processes generally dispose of removed sulfur as a waste sludge of
calcium salts and require greater than stoichiometric input of alkali.

The regenerable processes convert product solutions or solids to sulfur
or sulfuric acid and recycle alkali, so very little alkali makeup is

required.

Throwaway Scrubbing

The lime and limestone slurry scrubbings processes have the greatest
commercial appeal to the U.S. utilities. The flue gas is scrubbed with a
5-15% slurry of calcium sulfite/sulfate containing small amounts of con-
tinuously added lime (Ca0) or limestome (CaCO3z). The solids are contin-
uously separated from the slurry and usually disposed of in a settling
pond. The processes are complicated by simultaneous dissolution and
crystallization of the solids in the scrubber. Calcium scaling and plug-

ging can occur in the scrubber and demister, and sufficient residence
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time and liquid recirculation must be provided for reaction of the solids
with SO5. 1In addition the high solids concentration tends to cause equip-
ment erosion and corrosion. Not the least of the problems is disposal

of the "solid" waste, usually a sludge "mud" composed of tiny crystals

and containing about 50% water with dissolved calcium and trace metéls
from the fly ash.

The lime/limestone scrubbing processes are being offered by a number
of developers, and systems are being planned and constructed for over 20
plants.

A number of developers are working on double alkali systems that re-
generate the scrubbing solution by reacting it with lime or limestone to
form waste calcium sulfite/sulfate sludge and recycle alkaline solution.
The waste solids should be washed to remove dissolved sodium salts but
otherwise present the same waste disposal problem as slurry scrubbing.

The highly efficient sodium alkali solution permits use of very simple
scrubbers such as single-stage venturii to remove both SO, and particu-
lates. General Motors Corporation and Caterpillar Tractor Company are
designing and constructing industrial boiler applications of double alkali
systems using lime regeneration. Major development of limestone regenera-
tion has been carried on by Showa Denko and Kureha in Japan. A 200-MW
Japanese application was scheduled to start up in 1973. EPA is supporting
pilot plant work by A. D. Little to generate design date on alternate
double alkali processing schemes.

Chiyoda of Japan has developed a throwaway scrubbing process with a
different mode of SOy removal. The SOy is absorbed in dilute sulfuric
acid containing ferric ion which complexes with it. In a separate vessel
the retained SO, is air-oxidized to sulfuric acid. The product stream of
dilute acid is neutralized with lime or limestone to form a high quality,
large crystal size gypsum product that is easily disposed of and may even
be marketable. The system has been tested on an oil-fired boiler and
with simulated coal fly ash impurities. One commercial system is oper-

ating in Japan and several more are under construction.
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Regenerable Scrubbing

There are three basic techniques for regeneration of a spent alkali
scrubbing solution or slurry.

1. Direct thermal treatment to produce S0,.

2. Acid decomposition of the alkali to SO, and sulfates followed

by secondary conversion of the sulfates to acid and alkali.
3. Direct reaction of the scrubbing solution with hydrogen sulfide
(H,S) or CO to produce sulfur or H,S.
Thermal treatment is the most direct approach and is also better developed.
Reaction with HpS or CO will probably be the most cost effective approach
since it can directly produce sulfur rather than SO,.

Many of the regenerable processes produce concentrated gaseous SO,
as an intermediate product. Conversion of the SO, to sulfuric acid is
straightforward via reaction with air in a contact acid process. Con-
version to sulfur is more difficult. Allied Chemical Company has success-
fully operated a very large plant (500 LT/day) producing sulfur by reaction
of methane with a smelter gas containing 157 SO, at temperatures greater
than 816°C (1500°F). The primary reactor is followed by a secondary clean-
up Claus system reacting residual HyS and SO, to sulfur. The process
should work equally well on gases containing 95% SO,. Another approach to
sulfur involves reacting S0, with Hp at 371°C (700°F) to form H,S, followed
by reaction of the remaining SO0, with H5S in a Claus system. Sulfur can
also be produced by reaction with CO at 371°C (700°F). Regenerable pro-
cesses that produce HpS can use the conventional Claus technology to make
sulfur.

The Wellman-Lord process uses direct thermal regeneration of sodium
sulfite/bisulfite scrubbing solution. The solution is completely evaporated
to crystallize sodium sulfite for alkali makeup and generate water vapor
containing the removed SO,. The SO, is concentrated to 95% by condensation
of the water. Heat at 121°C (250°F) for the evaporator can be supplied by
low pressure turbine steam or a heat pump. Residual sulfate formed by
SO3 pickup or oxidation in the scrubber cannot be regenerated and is
usually purged as sodium sulfate solids containing 5-10% of the sulfur

removed from the stack gas.
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Wellman-Lord systems have been treating stack gas from a sulfuric acid
plant since 1970 and a Claus plant (sulfur recovery) and oil-fired boiler
since 1971 (in Japan). Two new units treating sulfuric acid and Claus tail
gas are being started up in the U.S. EPA is co-funding a 100-MW utility
demonstration with Northern Indiana Public Service that is due to start up
in late 1974. The demonstration will incorporate production of sulfur by
the Allied Chemical process.

The magnesium oxide (MgO) scrubbing process, developed in the U.S. by
the Chemico Corporation differs from the lime scrubbing system in that a
Mg0O slurry is used as the absorbent. The spent slurry is treated to recover
the MgO for reuse, and by-product sulfuric acid is produced. As described
by Chemico, the spent slurry from a number of plants would be processed at
a central location, and the regenerated Mg0 would be returned to the user.
They believe that the sale of sulfuric acid would pay for the reduction
step and still give a satisfactory return on investment to the user.

With EPA co-funding, Chemico has constructed a MgO scrubbing system
for a 150-MW oil-fired boiler at Boston Edison Company. The calciner and
acid plant are located at Runford, R.I. A similar system has been con-
structed for Potomac Electric Company for a coal-fired boiler. It too will
use the calcining facilities at Rumford. Operation of the system at Boston
has demonstrated utilization of the recycled MgO and better than 90% SO,
removal, although numerous minor problems have been encountered with
handling of solids.

The Stone & Webster/Ionics and the NH3~bisulfate processes use acid
decomposition. The spent alkaline solution (mostly bisulfite salts) is re-
acted with strong bisulfate acid to produce concentrated SO, gas and sul-
fate salts. The Stone & Webster/Ionics process uses electrolysis to convert
sodium sulfate solution to sodium hydroxide and sulfuric acid (or sodium
bisulfate). The NH3-bisulfate process uses thermal decomposition of molten
ammonium sulfate to ammonium bisulfate and NH3. Sulfates produced in the
scrubbers cannot be regenerated by acid decomposition, but can be removed
by neutralizing a portion of the bisulfate acid with limestone to produce
gypsum waste. If sulfuric acid is produced from the S0;, the Stone &
Webster/Ionics process can purge sulfates as dilute sulfuric acid for acid

plant water makeup. EPA and Wisconsin Electric Company are currently



3.26

co-funding a pilot plant demonstration of the Stone & Webster/Ionics pro-
cess. Tennessee Valley Authority (TVA) has piloted ammonia scrubbing and

acid decomposition. NHg4 scrubbing has a problem with the formation of an
ammonium salt particulate fume that escapes from the scrubber. Table 3.3

summarizes the various processes and their state of commercial development.

Table 3.3. Comparative Levels of Development-Commercial Systems

Representative Commercial
Process

Applications

Technology Gaps

Lime Scrubbing

25 MW 0il - 1970
150 MW Coal - 1972

Scaling and plugging
Erosion

430 MW Coal - 19712 Waste disposal

150 MW 0il - 19722
125 M{ Coal - 1973

MgO Scrubbing Demo sulfur production

Solids handling
Wellman-Lord Acid and sulfur plants
70 MW 0il1 - 1971

100 MW Coal - 1973

Na,S0, purge reduction
Demo sulfur production

Double Alkali BaSO Kiln - 1971
40 MW Coal - 1973

200 MW 0il - 1973

Waste disposal
Solids handling

YThese systems have not yet successfully started up.

Environmental Impact

Generally, all of the systems can achieve 90-95% SO, control, so this
is not a valid consideration for ranking. Table 3.4 ranks the systems pri-
marily on the basis of the form of the sulfur product. In order of increas—
ing environmental insult the products are elemental sulfur, sulfuric acid,
gypsum (CaS0,), and calcium sulfite/sulfate sludge. Sulfuric acid is less
desirable than sulfur because it is more difficult to ship and market and
is not a disposable waste. Calcium sulfite/sulfate sludge is least desir-
able because of its chemical oxygen demand and large volume per ton of sul-
fur. Other considerations of environmental impact include the quantity and
quality of waste materials from sorbent degradation.

MgO is the cleanest process; no waste products are expected from its

operation. Limestone scrubbing would have the largest quantity of waste
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material with 8-13 tons of wet sludge per ton of sulfur. The fluidized
bed would be much superior in that it would not only give a much reduced
tonnage but also it would | give dry calcium sulfate rather than gelatinous

calcium sulfite.

Table 3.4. Comparative Environmental Impact

Products and Waste

Process Per Ton Sulfur Abated
1. Mgo 3 tons H,S0, (100%)
or 1 ton sulfur
2. Regenerable sodium alkali scrubbing 0.95 tons sulfur
0.25 tons Na,yS0, or CaSO,
3. Regenerable ammonia scrubbing 0.95-1.0 tons sulfur
0.0-0.15 tons (N-Hq)z SOL}
4. Acid neutralization 5.5 tons dry CaSOy

(Chiyoda or Hitachi| carbon)

5. Lime throwaway scrubbing 6-9 tons CaS03/SO,
(Slurry or double alkali) wet sludge
6. Limestone throwaway scrubbing 8-13 tons CaS03/S0y

wet sludge

The quality and quantity of calcium sludge product vary with the type
of throwaway process. The Chiyoda and Hitachi processes directly produce
a high quality marketable gypsum by neutralization of dilute sulfuric acid.

Throwaway processes using lime make less sludge than one using limestone

because of greater utilization (lower stoichiometry) of the calcium value.
Improvements are under development in the sludge volume and quality from
lime/limestone scrubbing systems. In disposal ponds, settled sludge from
limestone scrubbing is 40-50% water and occupies 300 ft3 per ton of con-
tained sulfur.

The regenerable scrubbing processes using sodium or ammonium élkali
produce some sulfate that cannot be regenerated. Sodium sulfate can be
marketed as such or converted to calcium sulfate for solid waste disposal.

Ammonium sulfate can be marketed or decomposed to N, and SO,.
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Ammonia scrubbing processes may suffer from sulfite/sulfate fume for-
mation. There appear to be solutions to this problem but their costs are
not included in current cost estimates and their feasibility has not been
tested. In addition, ammonia scrubbing will emit 25-100 ppm of gaseous
NHj.

Almost all of the systems have potential for particulate emissions as
entrained solids, slurry, or solution, but such entrainment is easily elim-

inated with solution scrubbing and can be eliminated for slurry scrubbing

and solids contacting by the proper design of mist eliminators and cyclenes.

Most of the commercial applications of stack gas cleaning are being
designed for 80-90% SO, removal, but potentially most processes could
achieve up to 90% removal. The Stone & Webster/Ionics and Suifoxel pro-
cesses are immediately capable of 99% SO, removal. If a stage of sodium
hydroxide scrubbing were added, Wellman-Lord and double alkali could
achieve up to 997 removal. Such effective S0, removal may be necessary

for future abatement of sulfur pollutants.

Economic Analysis

The cost of stack gas cleaning is an important criterion in process
evaluation because it will ultimately determine the process to be used if
other considerations are equal. At the same time, process economics is
the most difficult criterion to generalize on a comparative basis. On the
basis of cost information from contractors and other sources, the Control
Systems Laboratory, EPA, prepared and presented information representing
the costs of the major wet scrubbing processes.23 This information base
has been expanded to include the double alkali and citrate processes.2%

Essentially all economic comparisons published to date have been aimed
at utility systems based on 500 MW generating capacity (or larger), 3.5%

S coal, a retrofit system and 60% load factor. On this basis EPA® esti-
mates installed capital costs of $24-36/kW for throwaway systems and $39-55
per kW for recovery systems. These costs include particulate waste removal
at $1/ton, no credit for sulfur product and no costs for waste disposal
facilities which are usually $5-10/kW. These published costs are consider-
ably lower than recent estimates prepared by the TVA for throwaway lime or

limestone slurry systems.2® The TVA estimates are shown in Table 3.5.
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Table 3.5. TVA Cost Estimates of Lime/Limestone
Stack Gas Cleaning Systems®*

Size, Type Installed Cost
$/kW
500 MW - Retrofit 60
500 MW — New Installation 50

100 MW - Retrofit 70-90

%1975 dollars, assumes developed technology. TVA
estimates total operating cost for a 500-MW retrofit
system, at 14.9% fixed charge rate, to be 2.7 mils/kWhr,
about half of which is operating cost.

The variation of costs with source parameters (size, sulfur content,
load factor, etc.) is much greater than the variation of costs between
processes. Depending on source conditions, the annualized cost of lime-~
stone scrubbing may conceivably vary from 40-99¢/10° Btu. The annualized
costs include operating costs and 22.27% capital charges for depreciation
and return on investment.

Throwaway processes are favored by simultaneous particulate scrubbing
and S0, removal, low costs of waste disposal, and lack of a sulfur prod-
uct market; regenerable processes are favored by high waste disposal costs,
and a major impact on costs. The throwaway processes cost about the same
as the regenerable processes because the added complexities of calcium
slurry scrubbing balance the requirement for sorbent regeneration and
product recovery.

As viewed by EPA, the least costly processes are those newer systems
under development represented by the double alkali process. However these
new systems are only expected to reduce annualized costs 15-207.

The annualized costs are primarily composed of capital charges for
depreciation, return on investment, and maintenance, but utilities and
materials costs are significant. The energy requirements of the processes
are represented in Table 3.6. The throwaway processes have the lowest
energy requirements but the greaﬁest material requirements., The lime
scrubbing process would require a total increase in fuel consumption at

the power plant of about 3.5%; Stone & Webster/Ionics, 10.7%.
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Table 3.6. Process Energy Requirements?

Representative Energy as % of Power Plant Output
Process

Power Fuel

Throwaway Scrubbing

Limestone Scrubbing 2.2 1.6
Lime Scrubbing 1.9 1.6
Chiyoda 2.2 1.6

Regenerable Scrubbing (to S)

Wellman-Lord 4.5b 3.1
Mg0 2.2 5.6
Stone & Webster/Ionics 7.6 3.1
NH3-Bisulfate 1.9 5.1
Citrate, Sulfoxel 2.0 3.1

aBased on coal with 3.5% sulfur.

bIncludes 2.5% derating of power output for steam consumption (57
at 15 psig).

Thus it may be concluded that for industrial boilers:

1. Reasonably waste-free flue gas cleaning processes are or will soon
be available at annualized costs of = 50¢/106 Btu.

2. Lime scrubbing and the Wellman-Lord system are in commercial prac-
tice. Other processes have specific development problems.

3. Cost differences between processes are rarely greater than 15%.
Throwaway processes are significantly less costly only where waste disposal
is cheap.

4. Regenerable processes offer less potential for environmental deg-
radation by waste products, although sale of the by-product could be a
problem.

Fluidized-Bed Furnaces

The motion of the particles in a fluidized bed provides an ideal en-
vironment for contacting limestone with sulfur oxides in the bed. The

movement of the particles provides uniform contact with the sulfur oxides
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Table 3.7. Estimated Annual Operating Cost of a Limestone
Slurry System for Sulfur Dioxide Removal

Basis: 830,000 1b steam/hr, 49 tons/hr coal (23.8 x 10°® Btu/tomn), 3.5%
sulfur, 80% plant factor (292 days/yr) 75% scrubbing efficiency,
equipment capital cost $6,210,000. 49 x 24 x 292 x 0.035 x 0.75 =
9014 tons/yr of sulfur removed.

Capital charges @ 22.2% fixed chérge rate $1,378,620
Limestone (5 T/T sulfur) @ $8/T 360,560
Grinding and slurry preparation (100 kWhr/T limestone)

@ 15 mils/kWhr 1,352
Water (3000 Gal/T sulfur removed) @ 15¢/1000 gal 4,056
Repairs and maintenance materials (3% of capital) 186,300
Disposal (15 T of 50% solids per T of sulfur) @ $4/T 540,840
Labor ($14,520/yr per man) 2.5 men/shift 108,900
Fringes @ 40% of labor 43,560
Total annual operating cost §E?€§ZTI§§

Cost per T of sulfur removed - $291

Cost per million Btu - 32¢

and creates erosion of the sulfated shell and exposes unreacted surfaces.
The bed operating temperature range is favorable for this chemical reaction.
A considerable amount of experimental work has been done with fluid-
ized beds during the past few years and this has shown that this system has
very good potential as a method of sulfur removal from fossil fuels. Re-
sults obtained by Pope, Evans and Robbins,!l Argonne National Laboratory, 28
and the National Coal Board!® of England demonstrate that up to 97% of the
sulfur content of the coal burned in a fluidized bed can be reacted with
limestone and thus be removed as an air pollutant in the form of SO;. Each
of these investigators has found that the degree of sulfur removal varies
quite widely depending upon a rather large number of variables. There ap-
pears to be good agreement as to which are the more important variables and
most of the results agree on the effect of a particular factor. A compre-

hensive analysis of these variables and their effects is given in Ref. 18.
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The effects of nine of the more important variables are considered in
the following discussion in order to point up their importance in arriving
at a system that can achieve the desired rate of sulfur removal. These

variables include:

-

Ca/S ratio

Coal type

Additive type
Combustion temperature
Fluidizing velocity
Additive particle size
Fines recycle

Bed height

O o ~N O U &~ W N

Operating pressure

Ca/S Ratio

The Ca/S mole ratio is the most significant variable determining the
reduction in S0, emission. The SO» emission is reduced and approaches zero
as the ratio of calcium to sulfur is increased. The sulfur retention is
almost independent of the sulfur content of the coal at a given value of
the Ca/S mole ratio. The % sulfur retention as a function of Ca/S ratio
is illustrated in Fig. 3.8. The percent sulfur retention is defined as:

Sulfur in coal - Sulfur in gas
Sulfur in coal

x 100

This includes the benefit of the natural tendency of the coal to retain
some of its sulfur even without any limestone addition, which may often
amount to about 10%. The sulfur retention increases from 61 to 93% as the
Ca/S ratio is increased from 1.3 to 3.3. These data are from Ref. 18 for
Pittsburgh coal and Limestone 18 with a particle size of 1680 um or less
at a bed temperature of 1560°F, a fluidizing velocity of 4 fps, a bed
height of 2.2 ft. and without fines recycle.

The sulfur retention at a given Ca/S mole ratio is dependent upon the
other variables. For a given coal and type of calcium-bearing additive,
the sulfur retention is improved with lower fluidizing velocities, a bed
temperature of around 1500°F, smaller additive particle size, increased

bed height and with recycle of the fines larger than about 10 um.
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Type of Coal

The most important coal property is the sulfur content, since the quan-
tity of additive required for a given percentage of sulfur retention is
approximately proportional to this and the percentage SO, reduction that
must be achieved in order to obtain a particular S0, emission is lower with
a low-~sulfur coal. A direct comparison of coals with different sulfur
content may be made by plotting the percentage SO; reduction against the
Ca/S mole ratio. All the coal types should fall on the same curve if the
S0, removal is a function of the Ca/S ratio only and independent of the
sulfur content itself. Data from the National Coal Board!® for four types
of coal are shown in Fig. 3.9. The results for three of the coals fall
together generally but the results for the Welbeck coal are up to 15%
higher. The other three coals had sulfur contents ranging from 2 to 4.47,
but the Welbeck coal had only 1.3%Z S. The investigators state that the
probable explanation of the higher S0, reduction with Welbeck coal is its
low sulfur content, which had the consequence that there was a low additive
feed rate. The low feed rate led to a longer residence time and could have
resulted in a higher degree of sulfation, particularly if particle attri-
tion was an important effect.

Another possible explanation for variation in SO, reduction among dif-
ferent types of coal has been proposed by workers at I/Jestinghouse.ll+ They
analyzed data from the National Coal Board tests and felt that the results
showed a trend with the swelling index of the coal rather than the sulfur
content. Their smoothed curves of 7 S retention against Ca/S ratio are
shown in Fig. 3.10. They show a distinct curve for each of four types of
coal with the sulfur retention increasing with a decrease in the swelling
index, The Welbeck coal gave the best results of the four types, but
the results of the other three did not correlate with sulfur content. The
effect of swelling index is explained by the faster release of volatiles
from the coals with low swelling indices. Both the National Coal Board
and Westinghouse indicate the sulfur removal may be influenced by the ratio
of inorganic to organic sulfur in the coal.

Another coal property that is thought to probably be of importance is
the composition of the ash material in the coal. Westinghousel" workers

make reference to results obtained by the Bureau of Mines where they found
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that with a high—ash coal containing silicate materials the formation of a
glassy coating from the reaction of the lime and silicates occurred. This
glassy coating reduced the sulfur removal to about 15%. When the same coal
was washed, reducing the amount of ash material, sulfur removals of 89 to

94% were obtained.

Type of Additive

Limestones and dolomites from several sources have been used as addi-
tives to provide the calcium for tests in coal-burning fluidized beds. The
National Coal Boardl® ran tests with Dolomite 1337 (28.9% Ca0), Limestone
18 (45.7% CaQ), Limestone 1359 (55.7% Ca0) and U.K. Limestone (55.4% Ca0).
It was found that on a molar basis the four additives can be placed in
descending order of effectiveness as follows:

Limestone 18
U.K. Limestone and Dolomite 1337
Limestone 1359

A plot of percent sulfur retention against Ca/S ratio is given in
Fig. 3.11 for Limestone 18 and Dolomite 1337 with Pittsburgh coal at a tem-—
perature of 1470°F and a velocity of 4 fps. Since the calcium content of
dolomites is lower than that of limestones the effectiveness of dolomite
on a weight basis is lower than limestone of the same effectiveness on a
molar basis. Thus, on a weight basis, the above order of effectiveness is
changed to:

Limestone 18
U.K. Limestone
Limestone 1359
Dolomite 1337

Pope, Evans, and Robbins!! ran a number of experiments with Dolomite
1337 and Limestone 1359 in a fluidized bed burning Ohio No. 8 seam Pitts-
burgh coal. They found that the dolomite was more effective on a molar
basis, but the limestone was more effective on a weight basis, which agrees

with the National Coal Board's results.
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Combustion Temperature

Studies of the effect of the combustion temperature of the fluidized
bed on sulfur retention by the National Coal Board!® indicate that for most
operating conditions there is an optimum temperature between 1400°F and
1600°F at which the percent sulfur retention is a maximum, decreasing from
that value at both lower and higher temperatures. The influence of bed
temperature appears to be related to findings from laboratory studies of
Limestone 18 that the reaction rate constant varies with temperature in a
manner that depends on the fraction of the lime utilized. With less than
207 of the lime converted, the reaction rate constant continues to rise
with temperature up to at least 1650°F, but as the fraction of lime reacted
increases, a peak develops in the curve, and becomes more pronounced as the
percent lime utilized is increased as shown in Fig. 3.12. The percent sul-
fur retention vs temperature is shown for Limestone 18 and Dolomite 1337
for a fluidizing velocity of 4 fps in Fig. 3.13. It may be observed that
the curve peaks much more sharply for limestone than for dolomite.

It was found that the decrease in sulfur retention above the optimum
temperature is somewhat less for lower fluidizing velocities and for higher
values of Ca/S ratio. The latter effect is probably due to the decrease

in lime utilization with higher values of Ca/S ratio.

Fluidizing Velocity

The sulfur retention was found to decrease as the fluidizing velocity
was increased in the experiments performed by the National Coal Board.l8
Some of the data that show this trend are presented in Fig. 3.14 for Pitts-
burgh Coal and Limestone 18 for three combinations of additive particle
size and Ca/S ratio. While the velocity was not varied over the full range
of 2-11 fps for a constant set of conditions, the results indicate that
the sulfur retention would decrease continuously as the velocity is in-
creased over that range with all the other variables being held constant.

The effect of the fluidizing velocity is attributed to the decrease
in gas residence time and a reduction in solids residence time due to

higher bed voidage with increased gas velocity.
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Additive Particle Size

Reduction in additive particle size could be expected to improve sul-
fur retention in fluidized beds from the increase in surface area. However,
smaller particle size may result in increased carryover from the bed and
hence reduce the additive residence time, leading to reduced SO; removal.
Further reduction in particle size below that where rapid carryover occurs
will not greatly affect the residence time in the bed and would be expected
to increase sulfur retention. Thus, there may be a critical particle size
for a given velocity where the sulfur retention reaches a minimum value,
and then increases for finer particle sizes.

The results found in tests by the National Coal Board!® indicate that
such a minimum value may exist. The reduction in SO, emission is shown
for Limestone 18 with particle sizes of 150 and 3175 um at a gas velocity
of 8 fps in Fig. 3.15. 1In this case the smaller particle size led to a
reduction in sulfur retention. In Fig. 3.16 the results for Limestone 1359
with particle sizes of 125 and 1680 uym at a gas velocity of 3 fps are
shown. At this velocity the reduced particle size led to an improvement
in sulfur retention. The results for Limestone 18 for particle sizes of
1680 and 3175 um and 8 fps are shown in Fig. 3.17. The smaller particles
gave improved performance, indicating a benefit from increased surface
area, with no loss due to more carryover for this size change. No effect
from particle size was found for Dolomite 1337.

Pope, Evans and Robbins!! found an increase in sulfur retention when
the particle size of Limestone 1359 was reduced from 74 ym to 44 uym at a
velocity of 12 fps. This further indicates the possibility of a particle
size giving minimum sulfur retention.

It appears from the data available thus far that one could expect to
find the highest values of sulfur retention by using limestone particles

ground at least as fine as 44 ym in size.

Fines Recycle

Fine particles that are carried over from the coal-burning fluidized
bed contain unburned carbon resulting in a loss in combustion efficiency.
This loss of carbon can be reduced by passing the discharge stream through

a mechanical separator and recycling the particles back to the bed. The
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fines carried out of the bed also contain incompletely utilized lime so
that it might be expected that fines recycling will improve the sulfur
retention for a given value of Ca/S ratio of the fresh feed material.

An improvement in sulfur retention with fines recycle was found by the
National Coal Board.l!® For Pittsburgh coal and Dolomite 1337 with a bed
height of 3.8 ft, velocity of 2 fps, Ca/S ratio of 1.6 and bed tempera-
ture of 1470°F the percent sulfur retention was increased from 76 to 99%
- when the discharge particles above 10 um were recycled. ¥For Pittsburgh
LJ coal and Limestone 18 with a bed height of 2 ft, velocity of 8 fps, Ca/S
ratio of 2.45 and bed temperature of 1560°F of fines is probably less

L effective at higher temperatures, since the reaction rate constant decreases

for temperatures above 1500°F as the percent of lime utilized is increased.

Bed Height
Increase in the height of the fluidized bed increases the residence

time of both gas and solids and would be expected to improve the sulfur
e retention. The National Coal Board!® investigated the effects of bed
i height in a few tests and found a small increase in sulfur retention as

the bed height is increased. With Pittsburgh coal and Dolomite 1337 at

F
L; a velocity of 8 fps, Ca/S ratio of 5.4 and a bed temperature of 1560°F
the sulfur retention increased from 88 to 907 when the bed height was
Tj increased from 2.7 to 4 ft. With Il1linois coal and Limestone 1359 at a
- velocity of 3 fps, Ca/S ratio of 2.2 and a bed temperature of 1470°F a
o change in bed height from 2 to 3 ft resulted in an increase in the sulfur
= retention from 64 to 73%.
e Bed heights of about 2 ft are recommended at atmospheric pressure to
LJ insure good mixing of the coal and a low fluidizing velocity of about 2 fps
- will give good sulfur retention at reasonable values of Ca/S ratio. If it
LJ is desired to increase the power density by increasing the velocity, the
bed height should be increased in proportion to the velocity to avoid the
N requirement of high values of Ca/S ratio. However, the pressure drop may
- become excessive at atmospheric pressure if the bed height is increased
o greatly. If the system pressure is increased in proportion to the bed
L height, the pressure drop may be kept at an acceptable fraction of the
r inlet pressure.

L

£
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Operating Pressure

Increase in operating pressure at the same gas velocity and bed height
reduces the solids residence time in the bed in proportion Eb the increase
in pressure. This might be expected to reduce sulfur retention below that
for atmospheric pressure.

Increase in pressure can also be expected to inhibit calcination. This
is because at atmospheric pressure the partial pressure of CO; is below the
equilibrium value with CaCOj at temperatures above about 1380°F. At pres-
sures greater than 2 atm, the partial pressure of C0; is above equilibrium
at 1470°F and calcination cannot occur. This would prevent pore formation
in limestone and reduce sulfur retention. The equilibrium partial pressure
of C0, with MgCO3 is very high, so that the MgCO03 in dolomite can be ex-
pected to calcine at increased pressure giving access to internal surfaces
and give better sulfur retention for dolomite than for limestone.

Results from tests reported by the National Coal Board!® on the effects
of pressure showed a reduction in sulfur retention for Pittsburgh coal with
Limestone 18 from 77 to 667 when the pressure was increased from 1 to 5 atm.
For the same increase in pressure, the sulfur retention increased from 80
to 987 with Dolomite 1337 without recycle of carryover fines. With recycle,
the sulfur retention was reduced from 99 to 94% with Dolomite 1337 going
from 1 to 5 atm pressure. Dolomite 1337 was more effective on both a molar

and total weight basis than Limestone 18 when operating at 5 atm pressure.

Other Operating Variables

In addition to the nine variables above there are other factors that
may affect the sulfur retention of a fluidized-bed furnace. These include
the spacing of the coal feed points, the diameter and spacing of the heat
transfer tubes, and the height of the freeboard above the tube-filled bed.

If the coal feed points are spaced much more widely apart than those
used in the tests, a variation in local temperature might lead to a radial
variation of sulfur retention resulting in an overall higher SO, emission
for a given Ca/S ratio of the feed material.

The diameter and spacing of the heat transfer tubes in the bed may
affect both the degree of mixing in the bed and the size of gas bubbles
that form in the bed. The size of the gas bubbles in turn affect the con-

tact between gas and solids.

=3
f
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The height of the freeboard above the bed proper may affect the sul-
fur retention since partially reacted calcium can continue to absorb S0»
in the freeboard and contribute to the effective residence time of the

particles.

Estimated Sulfur Retention in Fluidized
Bed for Gas Turbine Plant

In order to achieve good thermal efficiency, the plant must operate
with a fairly high air temperature at the gas turbine inlet. A tempera-
ture of 1500°F was selected as a good compromise between considerations of
efficiency and reliability. This in turn requires that in order to heat
the air in the tubes the fluidized bed must operate at about 1650°F. The
bed will operate at atmospheric pressure and a bed height of about 1 1/2
ft and fluidizing velocity of 2 fps were selected. Using Limestone 18
ground to a size of 44 um or less with the carryover particles recycled
back to the bed will probably give the best sulfur retention. Based on
the experimental results previously discussed, it is estimated that for
this system a 75% sulfur retention can be achieved at a Ca/S ratio of 2,
and about 907 at a Ca/S ratio of 3. Further increase in the Ca/S ratio

should yield sulfur retention approaching 1007%.

Particulate Emission Control

Particulate Emission Regulations

The Environmental Protection Agency (EPA) on December 23, 1971, pub-
lished Standards of Performance for New Stationary Sources.20 These
regulations imposed certain restrictions on emissions from fossil-fired
steam generators scheduled to be constructed or modified after August 17,
1971. 1In addition, the individual states are to enact legislation spelling
out rules and regulations that would implement the national program of
achieving the air quality standards established by EPA.

Each state may adopt the new EPA emission standards as written or
impose higher standards of control. For presently operating sources of
emission, the individual states may apply more relaxed standards. Even-
tually the standards for all sources will probably have to be brought up
to the new EPA level.
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The EPA standard for the discharge of particulate matter into the
atmosphere was set at a maximum of 0.1 1b per million Btu heat input per
hr and the emissions are not to exceed 207 capacity. However, these stan-
dards apply only to fossil-fuel fired steam generating units of >250 million
Btu/hr heat input.

Table 3.8 summarizes data for individual states on particulate emis-
sion. Note that the average value for the permissible emission of solids
from smaller power plants (<10 million Btu/hr) is approximately 0.6 1b/Btu
input.

Continued research?’ on the effect of particles under 2 um has shown
that these particles are the most damaging to human health. The trend is
toward more stringent regulations regarding the removal of fine particles
from stack emissions. Heretofore most emission control has restricted the
total mass of particulate discharge with no regard to the fine particles.

The State of New Mexico's Environmental Improvement Agency has issued
new regulations governing the emissions on new coal-fired furnaces placed
in service after December 31, 1974. They are limiting total emission to
0.05 1b/10® Btu heat input and further limiting the emission of particles
under 2 um in size to no more than 0.02 1b/10° Btu.26

Particulate Control Methods

The separation of the particulates from the flue gas is made possible
by certain differences in properties: 1) the large size of the fly ash
particles ( 1 micron to over 100 microns) as compared to the flue-gas mole-
cules, 2) the density of the fly ash ( 0.03 lb/ft3), 3) the electrical
properties permitting separation by ionization and migration to charged
plates.

The techniques used in the separation of particulates from flue-gas
rely upon these differences. The collection equipment can be grouped into
the following general categories:

1. Dry inertial collectors.

2. Wet scrubbers.

3. Fabric filters

4. Electrostatic precipitators.

Table 3.9 lists the characteristics of various types of collectors.
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Table 3.8. Regulations in Selected States for Maximum Allowed Solids
Emission from Fuel Burning in Indirect Heat Exchangers

B Heat Input Solids Emission

Million Btu/hr 1b/Million Btu Input

Georgia
Florida
Alabama

Chicago
Illinois

Connecticut
Tdaho

Iowa

Kentucky

Louisiana
Maine

Michigan
Minnesota

Mississippi

Missouri

Montana

Nevada

North Dakota

New Jersey
New Mexico
New York
North Carolina

Ohio

Oklahoma
Oregon
Pennsylvania
Tennessee

Vermont

Virginia

Wyoming

<10
>2,000
<250
>250
<10
250
All
<10
>250
All
<10
>10,000
Below Max
-allowable
Max. urban
Max suburban
<10
>10,000
All
<10
>150
<100,000%
>100,000%
Urban
Suburban
<10 (old)
<10 (new)
>10,000 (old)
>10,000 (new)
<10
>10,000 (old)
>2,000 (new)
<10
>10,000 (old)
>10,000 (new)
<10
>10,000
>100,000
<10 (new)
>10,000 (new)
>100,000 (new)
<10
>1,000
<30
>30
<10
>10
<10
>10,000
<10 (1)
(11)
>1,000 (1)
(11)
<10
>10,000
All (o0ld)
(new)
<50
>600
>10
>10,000
<10
>300
>1,000 (new)
<25
>10,000
<10
>10,000 (old)
(new)

0.7

0.24

Latest technology
0.1

0.5, 0.8
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Table 3.9. Dust Collective Equipment

Pressure Loss

Particle Loading Collection Utilities Gas Size Space
Types of Dust Size Grains/ Efficiency Gas, Liquid Per 1,000 Velocity, Range Limits, Required,
Collecting Equipment Microns Cu, Ft. Weight % In. W.G. Psi. Cfm. Fpm. 1,000 Cfm. (Relative)
Dry inertial collectors
Settling chamber >50 >5 <50 <0,2 - - 300-600 None Large
Baffle chamber >50 >5 <50 0.1-0.5 - - 1,000-2,000 None Medium
Skimming chamber >20 >1 <70 <1 - - 2,000~-4,000 50 Small
Louver >20 >1 <80 0,.5-2 - - 2,000-4,000 30 Medium
Cyclone >10 >1 <85 0,5-3 - - 2,000-4,000 50 Medium
Multiple cyclone >5 >1 <95 2-6 - - 2,000-4,000 200 Small
Impingement >10 >1 <90 1-2 - - 3,000-6,000 None Small
Dynamic >10 >1 <90 Provides - - - 50
head
Wet scrubbers X
Gravity spray >10 >1 <70 <1 20-100 0.5-2 gpm. 100-200 100 Medium ‘:*’
Centrifugal >5 >1 <90 2-6 20-100 1-10 gpm. 2,000-4,000 100 Medium w
Impingement >5 >1 <95 2-8 20-100 1-5 gpm. 3,000-6,000 100 Medium [\
Packed bed >5 >0.1 <90 1-10 5-30 5-15 gpm. 100-300 50 Medium
Dynamic >1 >1 <95 Provides 5-30 1-5 gpm., 3,000-4,000 50 Small
: head 3-20 hp.
Submerged nozzle >2 >0.1 <90 2-6 None No pumping 3,000 50 Medium
Jet 0.5-5 >0.1 <90 Provides 50-100 50~100 gpm. 2,000-20,000 100 Small
head
Venturi >0.5 >0,.1 <99 10-30 5=-30 3-10 gpm. 12,000-42,000 100 Small
Fabric filters >0.2 >0.1 <99 2-6 - - 1-20 200 Large
Electrostatic precipitators <2 >0,1 <99 0.2-1 - 0.1-0.6 kw. 100-600 10-2,000 Large

Note: The terms expressing concentration, or loading, can be defined as light = 3 - 2, moderate = 2 - 5, and heavy = 5+ grains/cu. ft.
Particle size: fine, 50% in 4 - 7 micron size range; medium, 50% in 7 - 15 micron size range; coarse, 50% over 15 microns,

Source: January 27,1989/ Chemical Engineering
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Dry Inertial Collectors

Dry inertial collectors are obtainable in many forms; gravity settling
chambers, baffle chambers, skimming chambers, impingement separators, cy-
clone collectors, etc. Because of their simplicity of design, low cost and
reliability the cyclone collector (Fig. 3.18) is frequently used as a first
stage collector for coal-burning furnaces. In this role it can be classi-
fied as a low cost, low efficiency design capable of eliminating the larger
(>10 micron) particles as a first-cut in the separation process.

The physical arrangement of the cyclone collector forces the inlet gas
into a vortex in which the inertial force (radial component) separates the
dense particles from the flue-gas. In the collector shown, the inlet gas
forms a spiral vortex downward. As it progresses down the narrowing core,
it reverses its downward path and forms a narrow ascending core towards
the exit in the top of the collector.

Cyclone collectors operate in the 80 to 90% overall efficiency range.
The efficiency of separation is generally depicted on a fractional effi-
ciency curve as indicated in Fig. 3.19. In actual practice the curve is
determined by actual performance testing on a known particulate suspension.
Favorable increases in efficiency may be obtained by an increase in parti-
cle size and density, an increase in the tangential velocity, or by a de-
crease in gas viscosity or cyclone diameter. By decreasing the collector
diameter the tangential velocity increases (assuming a constant volume
through-put) and the combination of effects produces an increase in collec-
tion efficiency. This process, of course, is limited by the increase in
pressure drop that is acceptable. It should be noted that the efficiency
drops off rapidly for the removal of particles below 10 microns in size.

For a reasonable increase in cost, increased efficiency in separation
and a decrease in space and head room needed can be achieved by the use of
a multi-cyclone as pictured in Fig. 3.20. Banks of small diameter cyclones
are mounted in parallel and are provided with a common inlet plenum. Units
of this type are able to collect particles down to 5 microms with good

efficiency and if fabricated of high alloy steels, they may be operated up

to 1200°F.
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Multi-cyclone collector.
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Wet Scrubbers

Wet collectors rely on two mechanisms for removing particulate matter.
1. Providing a liquid droplet for wetting of the particle which
increases their effective size, enabling easier separation.
2. Impingement of these particles on collecting surfaces where
they can be flushed off.
Types of wet collectors commonly used are spray chambers, impingement plate
scrubbers, venturi scrubbers, cyclone-type scrubbers, orifice-~type scrub-
bers, and packed bed scrubbers.
Wet collectors maintain a constant AP (at constant air volume). How-
ever, in order to obtain the high degree of efficiency in the separation
of fines (<2 microns), a high-pressure drop is required (40 in. to 100 in.
H,0) which is prohibitive in pumping power required. They are able to
handle corrosive gases or aerosols and space requirements are small. They
have no secondary dust disposal problems but the sludge disposal problem
is formidable. A typical wet-venturi scrubber and associated curve showing
efficiency vs particle removal size in terms of pressure drop required is

shown in Fig. 3. 21.29

The cost of wet scrubbers is in the medium range.
They are seldom used in fly-ash separation from flue-~gas because of the
high cost of operation and the problems of sludge disposal. They are most
useful in applications where the sludge can be returned to the primary pro-

cess and partially recovered.

Fabric Filters

The simplest collector in principle and maintenance and the oldest in
concept is the fabric filter. This filter is also‘inherently efficient,
removing particles over 1 micron in size with efficiencies of 997 or
higher. Filters are also able to separate out particles as small as 0.1
micron in size. They are the easiest of all colléctprs to operate and
maintain and require moderate power to operate. The capital costs are in
the medium price range.

The major disadvantage is the temperature limitation (500° maximum
for currently available fabrics), and the increased cost per yard for high
temperature-rated fabric. A high dew point in the carrier gas also is

disadvantageous in the "caking" of the particulate matter tends to clog

- the filter bag.
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Filter bags are normally

rows in what is known as a ba
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tubular or envelope shaped and are hung in

ghouse. The number of bags varies according

to the baghouse arrangement and/or the capacity required. The baghouse

itself may be a single compar
may be cleaned while the othe
trates a typical baghouse.

The mechanism for separa
ticulate matter by the fibers

of separation may be intercep

tment or sectionalized so that one compartment

té are still in service. Figure 3.22 illus-

tion is the capture and retention of the par-

of the fabric filter. The actual mechanism

tion, diffusion, inertial impaction, electro-

static attraction or settling by gravity. As caking of the dust continues,
|

collection is also helped by

the sieving action of the mat or cake. This

caking, of course, leads to the necessity for periodic cleaning of the bags.

This periodic cycle of cleani
(at a constant flow rate) tha
a function of filter resistan
the gas mass dénsity. The ef
loading and/or the flow rate
in Fig. 3.23.30

Cleaning of the dust-lad
mechanical shaking, or by bag
the dust loose by vibration. |

by reverse air flow. These s

ng results in a variation in pressure drop

t is linear with time. This pressure drop is
ce,‘dust concentration, velocity of flow, and
fect on the pressure drop by varying the dust

in a compartmentalized baghouse is illustrated

en bags may be accomplished by manual shaking,
flexing. Manual or mechanical shakes break
Flexing of the bags is generally accomplished

ystems all require shutdown of the compartment

or compartments being cleaned to eliminate re-entrainment of the dust par-

ticles. This cyclic rotation of compartment cleaning permits continuous

i
|
operation. !

An alternative scheme consists of an automatic isolation and diversion

system that permits cleaning

of the bags in sequence without interruption

of the operation of the entire unit.

The selection of the filter cloth is largely dependent on the process

effluents effect on the cloth

temperature, chemical attack)

. The most important factors to consider are

and humidity. Also to consider are the two

types of cleaning — periodic
tems employ a woven fabric wﬁ
|

and the continuously cleaned
{

and continuous. The periodic cleaning sys-
th filter velocities of 1.5 fpm to 3.0 fpm,

filters use a felted filter and operate in the

3 fpm to 25 fpm filter velocﬁty range.

|
[
\
l
i
!
i
i
0
i
|
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Fig. 3.22. Continuously cleaned fabric filter and Baghouse using
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For the higher temperatures newer type filter bags of glass fibers and
the aromatic polyamides are used. When there is high relative humidity of
the carrier-gas, seal welded baghouses are used with fans located on the
clean gas side.

The cost of installed cloth-filters is in the medium price range, the

controlling factor being the material. Filter fabric characteristics are

tabulated in Table 3.10.

Electrostatic Precipitators

The high-voltage electrostatic precipitator is a highly favored type
of collector because of its high overall efficiency and its ability to
collect particles of less than 1 micron in size. Efficiencies exceeding
997 are attainable. It is a proven, reliable collector for coal-fired
boilers. Because of the higher initial and operating cost most electrical
precipitators are generally employed in larger installations, i.e., 50,000
to 2,000,000 cfm gas volume. Operating pressures range from below atmo-
spheric to 150 1b in.2 guage, and. are capable of operating at temperatures
to 750°F. The pressure drop is low, seldom exceeding 0.5 in. of water.

The principle of operation involves the placing of an electron charge
on the particulate suspended in the flue gas. This is accomplished by
applying high voltage to an electrode suspended in the gas stream. The
intense corona produced between this electrode and the grounded collector
plate furnishes the negative ions that bombard the suspended particles.
The migration of the particles then proceeds to the collector plates where
they are collected and then dislodged by vibration or flushing by liquid to
a receiving hopper. Figure 3.24 shows schematically the principle of opera-
tiomn. |

The high initial cost requires an investment considerably higher than
for other types of collectors; however, they are reliable and require lit-
tle maintenance over long periods of time. Space requirements are compar-
able to that required for a baghouse.

The major disadvantage of the electric precipitator is its inability
to separate particulate matter of high resistivity. The relatively narrow
range of resistivity for the efficient separation of fly ash is about 108

to 10!0 ohm-cm. 1In the “cold" precipitator (one that operates at

I
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Table 3.10. Filter Fabric Characteristics
Operating Supports Air ResistanceP
Fiber Exposure Combustion permea- Abras- Mineral Organic Cost®
°F bility? ion Acids Acids  Alkali Rank
Long Short cfm/ft? Composition
Cotton 180 225 yes 10-20 Cellulose G P G G 1
Wool 200 250 no 20-60 Protein G G ¥ P 7
Nylond 200 250 yes 15-30 Polyamide E P F G 2
Orlon 240 275 yes 20-45 Polyacrylonitrile G G G F 3
Nomex 425 500 no 25-54  Polyamide E F E G 8
Fiberglass 550 600 yes 10-70 Glass P-F E E P 5
Teflond 450 500 no 15-65 Polyfluoroethylene F E E E 9

8 ofm/ft2 at 0.5 in. W.G.

b

P = Poor, F = Fair, G =

Source:

Good, E

¢ Cost rank, 1 = lowest, 9 = highest cost

= Excellent d Dupont registered trademark

Air Pollution Control, Guidebook to U.S. Regulations, Hertzendorf, Martin S.



3.64

HV

UNIT | IR

L4

P+ .
™, \ - < N
N v .

I SRSV |
DIRTY GAS-,__'.';'-'..‘; s
LI .‘: : ) :

e SR e

COLLECTED DUST

ORNL DWG. 75-11741

CLEAN GAS
_—._?

LB

.| __———0biscHARGE ELECTRODE
POWER : /

\r

le——COLLECTING ELECTRODE

Fig. 3.24. Schematic of a high-voltage electric Precipitator.



3.65

approximately 250 to 300°F) coal must have 2 to 37 sulfur content to insure
that the resistivity is low enough for efficient separation.

By operating at 400°F or above the conductivity is no longer dependent
on surface conditions (see Fig. 3.25) but on the volume conduction inherent
in the fly ash itself.3! This enables one to burn low sulfur content coal
and still maintain efficient separation. If desired the electric precipi-

tator may precede the regenerator (Fig. 3.26).

Summary

Table 3.11 is a compilation of the major advantages and disadvantages
of commonly used collection devices. The first step in the selection of a
collector system for the separation of particulate matter requires a care-
ful compilation of information and data on the carrier gas and the suspended
particulate matter. Most important is the correct determination of the
dust concentration in grains/ft3 and the dust particle size in microns as
well as the distribution of each size in percentage by weight.

Knowing what goes into the collector system and what emissions are per-
missible from the stack, one can then take an educated look at collectors
and/or collection systems. Taking into account all of the variables in-
volved (initial cost, operating and maintenance cost, collection efficiency,
pressure loss, etc.) one can then select the optimum system for the partic-
ular application. Due to the recent environmental impact upon industry,
many dust removal systems have been too quickly installed without proper
attention to tailoring the design to the conditionms.

Another important consideration is the selection of equipment that
will adequately do the job at minimum cost. Figure 3.27 shows comparative
installed cost of major types of collectors.3? 1In comparing costs one must
also take into account the annual operating and maintenance costs as well
as the life expectancy.

A look at the total annual cost in percent of installed cost is as

follows:
Dry Inertial Collectors (Cyclones) v19%
Wet Scrubbers V257
Fabric Filters n227%
Electrostatic Precipitators ~v11%



Table 3.11.

Advantages and Disadvantages of Collection Devices

Collector

Advantages

Disadvantages

Gravitational

Cyclone

Wet Collectors

Electrostatic Precipitator

Electrostatic Precipitator

Fabric Filtration

Low pressure loss, simpliclty of design
and maintenance.

Simplicity of design and maintenance.
Little floor space required.

Dry continuous disposal of collected
dusts.

Low to moderate pressure loss. Handles
large particles.

Handles high dust loadings.
Temperature independent.

Simultaneous gas absorption and par-
ticle removal.

Ability to cool and clean high-
temperature, moisture-laden gases.
Corrosive gases and mists can be re-
covered and neutralized.

Reduced dust explosion risk.
Efficiency can be varied.

99+ percent efficiency obtainable.
Very small particles may be collected.

Particles may be collected wet or dry.
Pressure drops and power requirements
are small compared to other high-
efficiency collectors.

Maintenance is nominal unless corrosive
or adhesive materials are handled.

Few moving parts. Can be operated at
high temperatures (550° to 850°F).

Dry collection possible. Decrease of
performance is noticeable. Collection
of small particles possible. High
efficiencies possible.

Much space required. Low collection

efficiency.

Much head room required. Low collec~
tion efficiency of small particles.
Sensitive to variable dust loadings
and flow rates.

Corrosion, erosion problems. Added
cost of wastewater treatment and re-
clamation.

Low efficiency on submicron particles.

Contamination of effluent stream by
liquid entrainment.

Freezing problems in cold weather.
Reduction in buoyancy and plume rise.
Water vapor contributes to visible
plume under some atmospheric conditions.

Relatively high initial cost. Precipi-
tators are sensitive to variable dust
loadings or flow rates.

Resistivity causes some material to be
economically uncollectable. Precautions
are required to safeguard personnel from
high voltage.

Collection efficiencies can deteriorate
gradually and impreceptibly.

Sensitivity to filtering velocity. High
temperature gases must be coolec to 200 to
550°F. Affected by relative humidity (con-
densation). Susceptibility of fabric to
chemical attack.

99°¢



]

RESISTIVITY, ohm-cm

3.67

ORNL DWG. 75-10527

Fig. 3.25.

Resistivity vs. temperature of fly-ash.
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It is evident that the selection of the optimum dust collection system
should be based on a careful study and evaluation of all the variables in-
volved as well as giving possible consideration to changing the overall

system configuration.

Particulate Removal from Flue-Gas of a Typical
Fluidized Bed Combustion System

A realistic goal for particulate removal would be the 0.6 1b/million
Btu heat input per hour maximum emission now standard in most states. 1In
addition the concern over the atmospheric and health effects of the smaller
(<2 microns) particles is pertinent and should be considered.?’ This will
influence the design of all particulate removal equipment incorporated in
future total energy systems. Another important controlling factor in the
selection of collectors is the cost and space requirements. Figure 3.28
is a flow study of a typical particulate collection system suitable for use
in a fossil fuel-fired fluidized bed combustion plant. The flow chart
shows four fluidized bed combustion modules integrated into a single power
plant. Each module would have its own first stage cyclone separator and
regenerator. The flue-gas from the bed would first pass through a cyclone
seperator in which 897 of the particulate matter would be collected. A
portion of the collected dust would be reinjected into the bed and the re-
mainder removed. The emission of flue-gas from the cyclone separator then
would pass through a regenerator, heating the ambient air feed to the bed,
thence to a compartmentalized baghouse serving all four modules.

Table 3.12 is a calculation3?® of collector efficiency for a high-
efficiency cycloné'followed by a fabric filter. The assumed dust loading
from the fluidized bed of 10.8 grains/ft3, the fractional efficiencies from
Figs. 3.291% and 3.303%, and the size distribution of particles!* from Fig.
3.31 are the basis for calculating the amount of stack emissions.

These data are fairly representative of data surveyed from several
sources.

If one were to assume a power plant of 2.4 megawatt output and a gas

flow rate of 16,000 cfm, the maximum particulate emission allowed can be

calculated as follows:
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Table 3.12. Summary of Calculations for Collector Efficiency

Particle Particle Fraction of Cyclone Cyclone Cyclone Fabric Filter Fabric
Size Size Total Dust Efficiency Dust Dust Efficiency at Filter Dust
Distribution Midpoint in Range* at Midpoint** Collected Emitted Midpoint* Collected
Microns Microns % % % % % %
<2 1 6 0 0 53.6 99,5 53.3
2-5 23 3 0 0 26.8 100 26.8
5-10 73 3 65 2.0 8.9 8.9
10-20 15 5 88 4.4 5.3 5.3
20-30 25 5 93.5 4.7 2.7 2.7
30-40 35 4 96.1 3.8 1.8 1.8
40-60 50 6 98.4 5.9 .9 .9
60-80 70 6 99.6 6.0 - -
80-100 90 5 99,85 5.0 ~-- -
100-200 150 18 100 18.0 - -
200-300 250 10 10.0 - -
300-400 350 7 7.0 -- -
400-500 450 8 8.0 - -
500-1000 750 13 13.0 - --
1000+ - 1 \ 1.0 -- he —

*Data from Fig. 2.13,
**Data from Fig. 2.12,

¢L e



3.73

ORNL DWG. 75-11731

L 100
, 90 ! J T 1T T 71 71 | T T T 1 T ]
80 -
70 -
60 -
50 -
40 -
| 30 -
- 0
£ & 20 4
[0 4
- o
1 |_|_|’
: N
- v 0 —
i 3 2 —
a -
= —
L < 6 n
5 -
2 4 n
- REFERENCE 14
- 2 | I | I I | 1 1 1 1 1 1 11
2 5 10 20 30405060 70 80 90 95 98 99 998 999 99.99
EFFICIENCY, % BY WEIGHT
1 Fig. 3.29. Typical fractional efficiency curve for a cyclone separator.
,,,.,,‘J
'L_J



3.74

*si103e31dTo9ad O9T1R1S01309T9 pue
SI9ITTI O9Taqey TedTdA]l I0J SSAIND ADUSTOTIJIS TRUOEIO®BIL °0£°'€C °*STJg

SNOYDIW ‘3ZIS 3712118vd

06 0¢ 02 ol G0 ¢0 20 I'0
v€ 3oN3¥343Y 06
\\ 26
\\ 6
HOLV1IdiD34d \

J11v1S0y12313 96
86

r\\\\\\\\\\

\\\ﬁmm:.__.._ 2148V4
\
— _ _ _ 00l

OPLLL-GZ "9Ma INYO

% ‘AIN3ID1443 NOILD3IT110D



PERCENT WEIGHT

ORNL DWG. 75-11734

O.l

1.0

50

25

35

45

55
65

75

85

93

96

98

99

REFERENCE 14

/
U

| 10 100 1000
PARTICLE SIZE, MICRONS

Fig. 3.31. Estimated size distribution of particulates in flue-gas
emitted from a fossil-fuel fired fluidized bed.

t

S/



3.76

1b rains 1 min
6 % =2 pay
8.2 x 10° Btu x 0.6 hr x 7000 5 x 16,000 £t3 x

1

r
60 min

’D“

= 0.03 grains/ft3

Assuming a dust loading into the collection system of 10.8 grains/ft3,
(Ref. 14) and a calculated overall efficiency of 99.97% (Table 3.12), the
emission to the stack would be approximately 0.003 grains/fts.

The choice of a cyclone separator for the first stage is based on the
ability of the cyclone to remove the medium and course particles with good
efficiency at low cost. It is also capable of operation at the high tem-
perature coming from the bed (v1200°F). For the final separation additional
cyclones are unsuitable for the collection of fine particles. Electrostatic
precipitators are a possibility but their efficiency is not so good at the
lower gas flow rate and‘their cost is high, especially below 50,000 cfm.
The electrical resistivity of the dust is also high. Wet scrubbers are a
possibility and are moderate in installed cost but operating expense is
high and the wet dust disposal is a problem.

It appears then that a fabric filter is a good choice for the following
reasons:

1. 1Its installed cost is lower than the electrostatic precipitator

at the gas flow rate and temperature being considered.

2. It has the ability to remove fine (1/2 - 7 micron) particles

very efficiently (>99%).

3. Operating cost is reasonable and competitive with the electro-

static precipitétor.

4. The dust collected is dry and therefore easier to dispose of.

5. Drop in effectiveness is easily detectable.

6. It is easy to maintain because of its simplicity.

Meeting the new emission standards will fequire a much closer scrutiny
of all the. factors involved and would naturally entail a more detailed

study than the above preliminary comparisons.

*Average value obtained from Table 3.8.
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CHAPTER 4

COMPARISON OF THE PERFORMANCE AND COST OF TYPICAL
POWER UNITS WITH DIFFERENT FUELS

The evaluation of various power plant systems for MIUS applications
presented in this chapter took as its point of departure the extensive work
at ORNL carried out for HUD in recent years. This work has included the
use of central stations coupled to district heating systems,! operation of

absorption air conditioning systems coupled to district heating systems,2

3

solid waste collection and disposal problems,® and a critical examination

and evaluation of a wide variety of components and systems for MIUS instal-
lations.*"!! 1In addition, the background gained at ORNL in work on small
portable nuclear power plants for military applications together with an
examination of a wide range of advanced concepts for use with both fossil
and nuclear fuels as well as solar power plants has provided a wealth of
material and local expertise directly applicable to the problem at

hand,12-14

MIUS Requirements

Unit Size

The building complex size that appears to have been of greatest inter-
est to HUD has been in the range of 500 to 1000 residential units. (The
largest complex built to date under HUD auspices has not exceeded 1000
residential units.) However, the range of interest in studies for HUD has
extended to complexes of 2000 to 3000 units. Much of the study work has
centered on a reference design system of 720 units, commonly referred to
as the Model A System.® The peak summer and winter demands for energy for
Various purposes in the Model A reference design complex together with the
annual usage in each case are summarized in Table 4.1. Inasmuch as this
system has been used so extensively in previous studies carried out for

HUD, it has been chosen as the reference design building complex for a com~

'parison of the various systems considered in this chapter. Note that the

electrical demand for this model peaks in the summer because over 500 kW(e)

4.1



4.2

Table 4.1. Summary of Model A Demands and Usage .
(Table from Ref. 5)

Summer Winter Annual

Demand Demand Usage Lo
Apartments (Normal)! r
Electrical, kW, kWhr 756 756 4.91 x 108 i

Cooling, ton, ton-hr 907 1.41 x 10°
Heating, Btu/hr, Btu : 18.9 x 10° 29.1 x 10° L
Domestic hot water, Btu 15.5 x 10° _
Apartments (Auxiliary)!l L

Fan-coils, kW, kWhr 113 113 .99 x 10°
Apartment Building Equipment Room! .
Hot water pumps, kW, kWhr 12 12 .11 x 108 -

Chilled water pumps, kW, kWhr 12 .04 x 10°
Central Equipment Building -
Hot water pumps, kW, kWhr 17 34 .18 x 106 ‘
Chilled water pumps, kW, kWhr 50 .10 x 10° LJ
Cooling tower fans and pumps, kW, o
KW /hr 90 .20 x 106 a
Centrifugal chillers, kW, kWhr 438 .56 x 10° -
Miscellaneous equipment, kW, kWhr 20 15 ™
Total Electrical Demand, kW 1508 930 7
Total Electrical Usage, kWhr 7.09 x 106 :Ll

1Demands and usages in the apartments or apartment building include

a 57 distribution loss.
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are required for the air conditioning system. Over half of this load might
be carried by an absorption air conditioning system.

As indicated in Chapter l,bextensive experience has indicated that, to
obtain good reliability, it is hecessary to make use of a number of power
plant units operating in parallel to provide redundancy. The usual pro-
cedure is to have two units on-stream most of the time with a third unit
on standby to carry peak loads while the fourth unit could be out of ser-
vice for maintenance. On this basis the size of the individual power plant
unit for the Model A building complex would be about 500 kW(e). Thus, for
the purposes of this study the design power output range per turbine-

generator unit in the power plant has been taken as 500 to 1000 kW(e).

Average Load Factor

Both analyses and reviews of operating experience indicate that the
load on individual power plant units will usually run from 50% to 90% of
full load, and will average close to 70Z. This will lead to a loss in
thermal efficiency by an amount that will depend on the type of power

plant. Figure 4.1 shows this effect for some typical cases.

Maintenance

Previous studies have shown that operating costs will be excessive un-
less the power plant units can be operated in a semi-unattended mode -with
relatively little difficulty with outages or requirements for maintenance.
Unfortunately, it is extremely difficult to assess the degree to which a

new system will prove capable of meeting this essential requirement.

Comparison of the Performance and Cost
of Typical Systems

A variety of typical small power plants adapted to MIUS applications
have been evaluated and compared in Table 4.2 with conventional systems
that depend on central stations for their supply of electricity. For
reference purposes five systems based on central stations are given at the
top of Table 4.2. The first of these would be coupled to a housing com-
plex using a gas-fired steam boiler for providing domestic hot water and

building heating. Air conditioning would be provided by individual room
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Table 4.2 Summary of Major Considerations in Choosing a Power Conversion System for Building Complexes

Major conditions: Philadelphia area $400/kW(e) = capital cost of fossil fuel central
station and electrical transmission system. Domestic hot water
consumption = 600 Btu/yr residential unit at 150°F.

Average Estimated Fuel
Load Conversion Consumption Estimated E“é:tegogn“
Syst Efficiency from per year per Ca :tanlncgst Operatin Range of Principal
yaten Fuel to Residential 13 P & Fuels Useable*  Developmental Problems
Electricity Unit $/Residential Unit Personnel
mi 1s/kihr
~1CF Btu
Central station, gas-fired steam boiler 32 185 3,000 7 C,G,0,W S removal
Central station, electrical resistance heat 32 228 4,700 4 C;CsG,0,H S removal
Central station, electric motor driven heat 32 170 4,250 6 C‘,C,G,O,H S removal
pump
Central station, district heating system 32 149 . 3,785 CS,C,G,O,W Installation of huge
district heating system
LWR central station, district heating 28 164 4,100 u Installation of huge
system district heating system
Gas engine-natural gas 29 148 3,260 10 G None
Gas engine-on-site coal gasification 20 211 16,760 160 CB,C,G Reliability, corrosion,
S removal
Diesel engine~fuel oil 32 134 3,260 10 o] None
Diesel engine-on-site coal liquefaction 23 1% 16,760 148 C;4C,0 Reliability, corrosion,
S removal
Conventional gas turbine-natural gas or oil 23 176 3,260 10 G,0 None
Conventional gas turbine-on-site coal gasifi- 16 252 16,760 160 €;5C,G,0 Reliability, corrosion,
cation S removal
Open cycle gas turbine with fluid bed 23 176 4,100 15 Cs,C,G,O,H Reliability, hot corro-
sion in bed
Closed cycle gas turbine with fluid bed 29 1k0 4,000 15 Ce »C,G,0,W Reliability, hot corro-
sion in bed
Steam turbine-conventional furnace 16 254 15 C,0,G New turbine-generator
required reliability
Steam turbine-fluidized bed 16 254 15 CS,C,O,G,W Reliabllity, control,
hot corrosion
Steam engine-conventional furnpace 16 254 15 C,G,0 None
Steam engine-fluidized bed 16 254 15 C,5CsG,0,W Reliability, corrosion,
S removal

*Legend for Fuel Type - Cs High sulfur coal

Low sulfur coal
Gas

No. 2 fuel oil
Solid wastes
Uranium

CEOQOQ

Gy
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air conditioning units. The second system considered would be the same
except that electrical resistance heat would be employed for both building
heating and domestic hot water. The third system considered would make use
of heat pumps with electric motor-driven Freon compressors for both build-
ing heating and air conditioning. The fourth system would make use of a
central station to provide not only electricity but also hot water via a
district heating system. The first four central stations were assumed to
be coal-fired; the fifth is based on a light water fission reactor (LWR).
The first of the small power plants, or MIUS systems, employs gas
engine-generator sets with waste heat recovery from the engine cooling
jackets and exhaust systems. Two versioms of such an installation were
included, the first making use of natural gas and the second making use of
gas from an onsite coal gasification plant. The next two systems consid-
ered were similar but would use diesel rather than gas engines. The next
system is a conventional open cycle gas turbine fueled with gas or oil.
Over 100 such systems are in operation in building complexes in the U.S.
As with the gas and diesel engines, a variation on this system making use
of gas from an on-site coal gasification plant was also included. 1In ad-
dition to these, a small steam turbine-generator unit coupled first to a
conventional furnace and then to a fluidized bed coal combustion system
was considered, and, similarly, a reciprocating steam engine coupled to a
generator, again with first a conventional furnace and then with a fluid-
ized bed coal combustor. Finally, both an open cycle gas turbine and a
closed cycle gas turbine-generator unit coupled to a fluidized bed coal
combustor were considered and compared with the other systems. Table 4.2
summarizes the major considerations of interest in choosing a power con-

version system for a building complex.

Estimation of Electrical and Heat Loads

The electrical and heat loads on a building complex vary with the time
of day, the season of the year, from weekdays to Saturdays or Sundays, with
the outside air temperature, the humidity, and with the location in the
country. Further, in attempting to carry out any set of calculations that
compare the characteristics of different MIUS systems, one needs to make

many arbitrary assumptions. For example, the energy required for heating

______

]
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domestic hot water is commonly taken as from 4000 to 6000 kWhr/yr. It is
usually assumed that the water would be heated to 150°F. This is hot ter
than is necessary for almost all applications, and one obvious way to save
energy is to reduce the temperature of the domestic hot water supply to
1200F; this should cut the heat losses substantially. Similarly, in car-
rying out calculations it is often assumed that the temperature in the
residential units would be held at a constant level of 75°F. A substantial
savings in energy can be realized if a deadband of 5 to 10°F is provided,
e.g., if the air conditioning system is not turned on until the air temper-
ature drops below 70°F. Even greater savings could be effected if a still
lower room temperature were accepted for the winter months. Further, in
view of the rapidly rising cost of energy, it seems likely that much bet-
ter thermal insulation will be provided for buildings, and this in turn
will lead to substantial energy savings for both heating and cooling.
Still another factor for MIUS applications has to do with the use of hot
water storage to permit saving heat from those periods during the day in
winter when the requirements for electricity yield more waste heat than
can be used immediately for building heating, and then the stored heat can
be used at night when the requirements for heat will be greater than the
amount of heat available from the generation of electricity. With the
rising cost of energy, hot water storage during the daytime will make pos-
sible a marked savings in overall energy utilization. Some indication as
to the magnitude of this energy savings is given by the study presented

in Appendix I of this report. The possible annual energy savings that
might be effected in this way appears to be around 10%. It should be men-
tioned that extensive use of thermal energy storage in the form of super-
heated water is employed in the total energy system of the city of Mumich,
where it has been found to be very attractive economically.

A major factor influencing the electrical heat load on the prime mover
is whether or not the air conditioning system makes use of absorption type
air conditioning equipment. However, even if full use of the waste heat
from the prime mover is employed for absorption air conditioning, for
most cities the peak air conditioning loads make it necessary to employ
some electric motor-driven Freon compressors. The degree to which the

absorption air conditioning equipment must be supplemented with electric
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motor-driven compressors is very much a function of the location in the
United States, but the capacity of the two systems is commonly roughly the

same.

Estimation of Efficiencies and Costs

Any effort to compare different MIUS systems from the standpoint of o
the efficiency with which they make use of the energy in the fuel and the -
capital and operating costs for the system of necessity require that one
make a large number of somewhat arbitrary assumptions. Efforts to cérry
out such studies not only at ORNL but at the Bureau of Standards and at
the NASA Johnson Space Center at Houston have entailed substantially dif-
ferent values for many of the input assumptions. In spite of these dif-
ferences, the results generally fall within 10% of a mean where the studies
are for similar plant locations. 1In fact, even shifting the plant location
from say Philadelphia to Dallas, Texas ordinarily does not lead to a dras- o
tic difference in either the efficiency of energy utilization or the capi- L
tal cost.

The detailed procedure followed in carrying out a set of calculations
may differ substantially in the detail in which the input data on outside B
air temperature, electrical loads, etc., are introduced into the calcula-
tions. The study presented in Appendix C indicates that substantial dif-
fererices in the extent to which a detailed treatment is made really have
relatively little effect on the results. In the study of Appendix C, for
example, three different approaches yielded differences in fuel consumption Y
of only plus or minus 4Z%. L

For purposes of this report it seemed that a reasonably representative —
comparison of different systems could be obtained by making use of a set of
comparisons of MIUS systems in the Philadelphia area as presented in Ref.
5. Perturbations were applied to the original study to handle the cases of
Table 4.2 that were not included in the original study. The principal
assumptions made are listed at the top of Table 4.2; for further details
the reader is referred to Ref. 5. The principal new element introduced
in the present analysis was the consideration of on-site coal gasification o
or liquefaction plants. For these plants it was assumed that the effic- [

iency of conversion of the coal into gaseous or liquid fuel would run 70% e
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from the standpoint of the available energy in the fuel. The coal-fired
gas turbine plants considered were the representative open cycle and closed

cycle plants of Chapter 6.

Discussion of Results

In reviewing the results of the calculations presented in Table 4.2,
probably the most important point to note is that on-site coal gasification
or liquefaction lead to estimated capital costs per residential unit of the
order of 4 times the values for any of the other approaches except that in
which electricity from the central station is used to provide electrical
resistance heat for the building heating requirements, in which case the
factor is about 3. Further, on-site coal gasification or liquefaction
leads to a low conversion efficiency from the energy in the fuel to elec-
tricity, and as a consequence a high annual fuel consumption expressed as
10° Btu/yr per residential unit. The most promising contenders from the
standpoints of efficiency of use of the energy in the fuel and capital
costs are the central station coupled to a district heating system or to
electric motor driven heat pumps on the one hand, and on the other MIUS
systems with conventional gas or diesel engines or the proposed closed
cycle gas turbine coupled to a fluidized bed coal combustion chamber. The
latter has the disadvantage that it will require a substantial amount
of money for development to determine feasibility, but it has the major
advantage that it could operate on any type of fuel including solid wastes
and high sulfur coal. These advantages appear to be so great that the
effort required to investigate the feasibility of the system appears to be
very much in order.

Although small steam turbine-generator or engine-generator units at
first appear to be obvious contenders, they are actually ill-suited to MIUS
applications both because of their low efficiency in converting the energy
in the fuel into electricity and their high capital costs. The low effi-
ciency of the small steam turbines stems from the fact that in these small
sizes it is necessary to make use of partial admission, and this leads to a
low turbine efficiency. An alternative would be to go to a very small high
speed unit which could employ full admission, but no such units are commer-

cially available, and they would require frequency conversion equipment.
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Further, even in these small high speed units the Reynolds number is rela-
tively low, and this leads to a substantially lower turbine efficiency than
can be obtained in large central stations. The relatively poor efficiency
of reciprocating steam engines stems from the fact that they cannot use
high steam pressures and temperatures to good advantage because of diffi-
culties with lubricating the engine cylinder walls.

Another factor having a serious adverse effect on the operating costs
of small, on-site coal gasification or liquefaction plants for MIUS systems
is the requirement of such plants for operating personnel. As indicated in
Chapter 2, Fig. 2.21, the number of men required to operate a coal gasifi-
cation or liquefaction plant is not very much dependent on plant size be-
cause the number of control functions that must be carried out is the same
irrespective of the plant output. It is believed that a fluidized bed
coal combustion system will entail far less difficult process control and
requirements and will be relatively insensitive to deviations from desired
values, hence it will not require an operating crew in constant attendance.

This, of course, remains to be demonstrated.

Advanced Concepts

The various concepts presented in Table 4.2 and discussed in the pre-
vious section all make use of power conversion equipment in commercial use
except for the fluidized bed coal combustion system. This clearly requires
the development of some advanced technology, and the question arises as to
how it compares with other advanced systems in performance potential, de~
gree of difficulty of the developmental problems envisioned, and the time
required to carry a developmental program to the point where a commercially
viable system could be built. This section includes a discussion of each
of the principal candidates for an advanced system. To provide some per-
spective, the amount of money and time that has already gone into R&D work
on each system is also included together with a discussion of the principal

problems that have been encountered.



4.11

Fuel Cells

The direct production of electricity from the combustion of hydrogen
in fuel cells has been the subject of research and development for the past
half century. From the latter 1920's to the early 1950's the bulk of the
effort was funded in an attempt o obtain propulsion systems for submarines.
Secret but intensive efforts making use of some of the world's outstanding
physical chemists were carried out in the U.S., the UK, France, and Germany
from about 1930 up into the early 1950's. At that time two things became
evident; on the one hand the practicality and outstanding performance of
the nuclear submarine had been demonstrated so that the need for fuel cells
for submarines faded, and on the other hand the failure of about 30 years
of intensive high class research and development to yield a practical fuel
cell made the probability of a successful unit progressively more remote.

At about this time the space program began to develop rapidly and the
need for a relatively short-lived electrical power source for manned space
missions became well-defined. A review of the results of the fuel cell
developmental effort for submarines led to the conclusion that it should
be possible to develop a suitable unit for space applications where the
required life would be only three to five weeks. Note that one advantage
envisioned for the fuel cells was that the water produced could be used by
the crew. An intensive and expensive program was launched to obtain a fuel
cell that would satisfy the requirements for manned spacecraft, and this
program was successful. Its cost was over $500,000,000.

When the R&D effort on the manned space program began to taper off in
the latter 1960's, the organizations with the greatest background of exper-
ience with the fuel cells closed out their effort. (These included Union
Carbide, Allis Chalmers, etc.). The only major program to continue has
been that conducted by Pratt and Whitney Aircraft with funding largely from
the gas and electric utility companies. The funding in recent years has
been roughly $5,000,000/yr; the funding for the 1973 to 1977 period is pro-
jected to run about $40,000,000. Of this about two-thirds would come from
utilities and one-third from Pratt and Whitney.

In turning to technical accomplishments, one finds that Pratt and
Whitney has built 90 units for NASA that were designed to yield 1.5 kW(e).

Some of these have operated for as much as 2,000 hr. Pratt and Whitney
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is currently working on a 15 kW(e) module which is to be followed by a
1 MW(e) module that would be assembled into 26 MW(e) units.

The developmental problems have included some extremely difficult in-
strumentation and control problems, particularly monitoring and maintain-
ing within close limits the concentration and PH of the electrolytes.!®
The instrumentation available for this purpose is subject to drift and re-
quires frequent recalibration. The most serious problem, however, is posed
by the requirement for a precious metal catalyst. Silver has been used
with some success, but the only really satisfactory performance obtained
to date has been from cells using platinum as the catalyst. The lowest
platinum inventory obtained to date in Pratt and Whitney cells with a rea-
sonably long life has amounted to 250 mg/W. The current market price of
platinum (June 1974) is about $200/troy ounce, or $6.43/g. This amounts
to a capital investment of about $1600/kW(e) just for the platinum. Pratt
and Whitney hopes to reduce this platinum inventory by a factor of 10;
when viewed from the perspective of the last half century of effort, the
prospects for accomplishing this do not appear promising. However, if they
do succeed in producing such a cell with a long life and a high reliability,
they have contracts with a number of utilities to supply 26 MW(e) modules
at a price of $185/kW(e). The anticipated life of these modules would be
40,000 hr.

For MIUS applications Pratt and Whitney estimates that the thermal
efficiency of their units in producing electrical power will be about 40%.
They estimate that about 287 of the energy in the fuel can be removed as
heat at a temperature of around ZSOOF, about 6% can be removed as heat at
about 1500F, and about 12% can be removed as heat at 115°F. The balance
will be lost to the surrounding atmosphere by thermal radiation and con-
vection. It should be noted that increasing the temperature has an ad-
verse effect on cell life.

In summary, an enormous amount of money has been spent in the past
half century on the development of fuel cells. If the Pratt and Whitney
targets for cost, performance, life, and reliability can be met, the units
would be very attractive for MIUS applications. A large development pro-
gram is underway; at this stage it appears prudent to wait and see to what

degree it may prove successful.
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It has been suggested that fuel cells might be made to operate using
coal. The sensitivity of the catalyst in the fuel cells to trace amounts
of impurities is so great that it appears that the developmental problems
will be vastly more serious if the hydrogen for fuel cells is derived from

coal rather than from natural gas or light petroleum distillates.

Solar Energy

Efforts to develop solar energy have been underway for about a century
The largest solar power plant built to date was built in Egypt in 1912 and
produced 50 hp for pumping irrigation water. Many modest programs on solar
energy have been carried out in the U.S. and Europe since 1930, of which
perhaps the most successful was a program at M.I.T. aimed primarily at the

solar heating of houses.1°

A basic difficulty is that the efficiency with
which solar energy can be converted into heat falls off rapidly as the col-
lection temperature is increased. As a consequence, the only efforts that
have been commercially successful have been those that produce domestic
hot water at 120 to 150°F. A large program on solar energy systems is-
underway at the time of writing under the direction of the National Science
Foundation; there is great hope that this research will yield an economi-
cally competitive commercial system suitable for heating and air condition-
ing homes as well as supplying domestic hot water. The prospects for col-
lecting solar energy at a sufficiently high temperature to yield an at-
tractive thermodynamic cycle appear much less promising, but a substantial
effort is also directed toward this end.

In comparing a solar heating system with a fossil fuel MIUS system
one finds that there are pronounced differences in the areas of applica-
tion. The installation with solar heating system still needs power from
an electric utility, the building design must be tailored carefully to
take maximum advantage of the incident solar energy, and the economics
are heavily dependent on the climate at the site. A MIUS system, on the
other hand, can be retrofitted to any existing building complex, it is
insensitive to the detail design and orientation of the buildings, and de-
rives its attractive features from the fact that in producing the elec-

tricity required it has provisions for recovering the waste heat from the



4.14

thermodynamic cycle for use in heating and air conditioning the building
complex.

Direct conversion of solar energy into electrical energy appears so
attractive that it has received a great deal of attention. Under the space
program NASA has spent hundreds of millions of dollars on this approach,
and the solar cells used in spacecraft have been outstandingly successful.
However, the efficiency with which these solar cells convert the incident
solar energy into electricity is only about 67, and their cost is roughly
$1,000,000/kW(e). A number of large programs are continuing in this area;
if they prove as successful as the enthusiasts hope, the results could
yield some commercial units for MIUS applications. However, there seems

to be general agreement that such an achievement is decades away.

Magnetohydrodynamic Generators

Substantial programs on the development of magnetohydrodynamic genera-
tors have been underway in the U.S., Western Europe, and the U.S.S.R. for
the past 20 years. The investment in the U.S. program alone has been over
$40,000,000. The longest operating time achieved in the U.S. to date is a
few hundred hours with an output of about 150 kW(e). The maximum thermal
efficiency obtained has been of the order of 1%7. Units normally operate
using liquid oxygen with a hydrocarbon fuel, but some have employed powder-
ed coal. A few units have been operated with air rather than liquid oxygen
by using a regenerative heat exchanger.

The experimental units to date have not borne a close resemblance to
units that could be commercially attractive. For example, for commercial
applications liquid oxygen would be prohibitively expensive. Further, to
obtain a long life the walls of the generator would have to be cooled;
this would result in substantial heat losses, and would degrade the thermal
efficiency. If the walls are not cooled, the corrosion problem becomes
impossible, but if they are cooled, thermal stress problems become extreme-
ly difficult. A large fraction of the technical experts who have reviewed
the situation are doubtful that a commercially viable unit can be develop-
ed in the next 10 or 20 years. If it should prove possible, the unit would

probably be much too large for MIUS applications.
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Helium Gas Turbine

The closed cycle gas turbine will yield a slightly higher thermal
efficiency if operated on helium rather than air, and the cost of the heat

exchanger equipment can be reduced.”,18

However, the proportions of the
compressor and turbine would be very different from those for air, and no
helium gas turbine equipment is currently available commercially. In the
small size system of interest for MIUS applications, preliminary estimates
indicate that the increased cost to assure the high degree of leak tight-
ness required for a helium system would more than offset the savings in the
cost of the heat exchangers that would be made possible by going from air to
helium as the working fluid. Thus, it seems best at this stage to concen-
trate the effort available on an air cycle system. If this proves success-
ful, firm cost data for the heat exchangers will be available and a much
better evaluation of the relative cost of the helium and air systems can be

made than is possible at this date.

Potassium Vapor Cycle

Analyses and experiments indicate that a potassium (or cesium) vapor
topping cycle superimposed on a conventional steam cycle should make pos-
sible a thermal efficiency in excess of 50% in large power plants.18 Two
studies indicate that such a system looks particularly attractive if a
fluidized bed coal combustion chamber is employed to heat the potassium
boiler.19>20 However, in the small sizes required for MIUS applications
the low Reynolds number in the turbines would lead to a drastic drop in the
efficiency of the turbines. Even more serious, the complexity of the sys-

tem would lead to excessively high capital charges.

Dissociating Gas Cycles

It is possible to reduce the compressor work in a gas turbine cycle
by making use of a dissociating gas such as aluminum chloride or N204.21’22
That is, at the relatively low temperatures that prevail in the compressor,
aluminum chloride will be present as Al,Clg, but it will dissociate in the
heater to AlCl3 and hence the volume of gas passing through the turbine
will be doubled by dissociation and the work output of the turbine will be

increased relative to the value obtainable if dissociation did not occur in
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the heater. The dissociating gas cycles have the further advantage that
the dissociation process leads to higher heat transfer coefficients in both
the heater and the cooler. However, the dissociating gases that appear
attractive as thermodynamic cycle working fluids are not attractive from
the standpoint of corrosion and chemical thermodynamics. The NO,-N,0y
cycle, for example, implies handling a gas at red heat with the corrosive
characteristics of hot fuming nitric acid. Similarly, free chlorine from
the aluminum chloride cycle poses serious corrosion problems. Although
protective coatings may at first appear as attractive possibilities, the
rate of solid state diffusion through such coatings at high temperature
is sufficiently high so that it is doubtful that coatings would prove

effective in yielding the life required for a truly practical unit.

Supercritical CO, Cycle

One way of improving the efficiency of a thermodynamic cycle by reduc-
ing the compressor work is to make use of CO, and operate at or near the
super—-critical pressure and temperature at the inlet to the compressor.
Such a cycle has been considered for both nuclear and fossil fuel power
plants.!7523 However, it happens that the efficiency obtainable is little
different from that obtainable from a steam cycle, and, as in the steam
cycle, the Reynolds number in the turbine and compressor in small power
units is low so that it is difficult to obtain a good efficiency from
these components. As a consequence, for the power output range of interest

for MIUS applications this cycle does not appear to be attractive.

Summary

Table 4.2 summarizes the principal figures of merit that are of inter-
est when appraising the merits of the various advanced power conversion
systems discussed above. Note that, except for the gas turbine coupled to
a fluidized bed coal combustion system, either the fundamental characteris-
tics of the system make it unsuitable for the small power outputs required
for MIUS applications, or the developmental problems appear too formidable
for the system to be a good candidate for HUD sponsorship for MIUS appli-

cations.
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System Reliability

However difficult it may be to estimate the cost of candidate systems
for MIUS applications, it is even more difficult to estimate their relia-
bility. It is hard to find good data on the reliability of systems that
are in use, but, where a new system such as the proposed closed cycle gas
turbine coupled to a fluidized bed combustion chamber is to be employed,
one has an even tougher problem and can only attempt to infer the relia-
bility from operating experience with similar components for similar sys—
tem. Thus the problem becomes one of assembling as much pertinent data as
possible, and then attempting to assess it. This procedure has been fol-

lowed here.

Closed Cycle Gas Turbine

Ten closed cycle gas turbine plants have been built and operated?%>2%
The first of these was started up in 1941 near Zurich, Switzerland, and
operated for over 20 years with an excellent record for reliability.2"“
Data for the next eight that have been built and which are still operating
are presented in Table 4.3, Insufficient data have been obtained with the
tenth plant to include it in the Table 4.3. Note that three of the eight
plants in Table 4.3 operate on coal, two on blast furnace gas, one on mine
gas plus coal, and one on lignite. While not explicitedly stated in the
table, a major reason for the use of closed cycle systems in these plants
was to provide good part-load fuel economy. As indicated earlier in
Fig. 4.1, a plant that must operate much of the time at reduced loads will
suffer a marked loss in thermal efficiency. Another major reason for the
use of a closed cycle in many of these plants was the use of fuels that
could not be employed in an open cycle gas turbine, i.e., coal or lignite.
An indication of the reliability of these plants is given by the last 1line
in the table which indicates the fraction of the total time the plants
have been on-stream. These values may be compared with the average for
steam central station units in the U.S. for which the availability also
runs about 80%. Thus, it is evident that the reliability of closed cycle

gas turbines is comparable to that of central station steam plants.



Table 4.3. Current Closed~Cycle Gas Turbine Plants
(Data from Ref. 26)

Plant Ravensbury, Toyotomi, Oberhausen, Coburg Nippon Kokan KashiFa, Haus Aden, Gelsenkirchen,
Germany Japan Germany Germany Japan Russia Germany Germany
Working medium Air Air Air Air Air Air Air Air
Fuel Coal Natural Coal Coal Blast furnace Lignite Mine gas Blast furnace
gas gas plus coal gasfoil
Compressor inlet temperature, °C 20 20 30 20 25 20 20 20
Compressor inlet pressure, atm 7.2 7.2 8 7.3 6.7 7 9.3 10.2
Turbine inlet temperature, °C 660 660 710 680 680 680 680 711
Turbine inlet pressure, atm 27 27 32 27-1/2 29 29 31 38-1/2
Speed turbo set, rpm 12,750 13,000 6,640 8,820 6,600 6,640 8,220 6,650
Speed alternator, rpm 3,000 3,000 3,000 3,000 3,000 3,000 1,500 3,000
Continuous output, MW 2.3 2 13.75 6.6 12 12 6.4 17.25
Efficiency at terminals, % 25 26 29.5 28 29 28 29.5 30
Heat supply, 10° cal/hr 2.1-3.5 - 16~-24 7-14 — 8-10 6.7 17-25
Compressor type ‘ Radial Radial Axial Axial/ Axial Axial Axial Axial
Radial
Turbine type Axial Axial Axial Axial Axial Axial Axial Axial
Commissioning date 1956 1957 1960 1961 1961 1962 1963 1967
Operating hr as of end 1971 89,300 90,000 72,000 71,700 54,500 54,500 67,500 24,000
Fraction of time on stream, % 73 79 82 82 62 69 96 68

8Ty
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Conventional Open Cycle Gas Turbines

Quite a number of small power plants employing four to eight open
cycle gas turbine-generator units of 350 kW(e) to 1000 kW(e) have been
operated in the U.S. during the past 15 years. One particularly signifi-
cant application from the reliability standpoint has been power supplies

26 For this application the incidence of power

for major computer centers.
failures causing a forced outage of the computer has been found to be lower
by a factor of 4 to 20 than had been the experience when power was supplied
from a public utility. (Outages in the latter case usually stemmed from
lightning or storm damage.) Table 4.4 summarizes the operating experience
with four such installations. Note that the total operating time accumu-
lated in other, non—-computer applications with the same model gas turbine-

generator unit totals over 2 x 10% hr.

Fluidized Bed Waste Incinerators

There has been no effort to operate a fluidized bed coal combustion
system in a commercial plant, hence there are no data available from this
quarter. However, over 200 fluidized bed combustion systems are in opera-
tion in the U.S. for roasting pyrite ores and over 100 are used as inciner—
ators for the disposal of solid wastes and/or slurries with a high organic
solids content. Detailed data on the reliability of these systems are not
available, but the manufacturers of the systems state that their systems
stay on-stream 24 hr/day, seven days a week throughout the year with very

few forced outages.

Coal Stokers

Coal stokers employing a feed system similar to that contemplated for
the proposed MIUS system have been in operation in the U.S. for the past
50 yr. Hundreds of thousands of these units have been installed in private
residences, apartment buildings, and commercial establishments, many in the
size range required for the MIUS system. The units of particular interest
here have employed a worm feed system that conveys coal from a bin or
hopper to an aperture through which the coal falls into a moderately high
velocity air stream which carries the coal particles into an open cup

burner. Discussions with an engineer who has been intimately involved in



Table 4.4. Summary of Operating Experience with Multiengine Open Cycle Gas Turbine Power
Plants Used at Installations Employing Large Computers#*

(Numbers given without parentheses are for the total operating time.
In most cases the engines have never been overhauled. Where they
have been overhauled, the maximum time between overhauls is given
in parentheses.)

Organization Western Continental USAF ADWS United
Turbine No. 1 42,777 41,523 42,480 3,729
(38,121)
Turbine No. 2 42,892 42,022 42,697 15,542 -
)
S
Turbine No. 3 858 14,092
Turbine No. 4 14,885
Total 85,669 84,403 85,177 48,248
As 0Of 12/1/72 12/9/72 - 12/2/72 12/4/72

NOTE: Grand total 303,497 hr.
Grand total of all engine model 831 turbogenerator
installations is 1,938,095 hr.

*Data Courtesy of Garrett Corporation.
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work on these systems for nearly 50 yr indicate that relatively little dif-
ficulty has been encountered with these units except when pieces of tramp
iron (such as railroad spikes) come in with the coal, get into the worm,

27  This experience is consistent with that of the writer (A. P.

and jam it.
Fraas) who was closely associated with a number of these systems in apart-
ment houses in the 1930's ﬁhere the units were normally looked after only
twice a day for removal of clinkers from the burner cup; attention other

than this was rarely required.

Reliability of Multiengine Power Plants

A good indication of the reliability of both piston engines and gas
turbines in multiengine power plants is given by a comprehensive study made
for the U.S. Army in connection with deployment of the Nike-X missile sys-
tem. In this study an overall availability of about 0.96 was reported for

28  Of the 4% average down

both piston engine and gas turbine prime movers.
time observed, about 1% was attributed to forced outages and 37 to sched-
uled maintenance actions. The surprising aspect of these data is that for
the piston engines, the mean time between failure was only slightly over
500 hr and the mean time to repair about 2.5 hr. Most of the outages were
for items such as failures in water hose connections, lube o0il, and cooling
water piping and ignition systems. The data for turbines ranged from a
mean time between failure of 700 hr with a 6.4 hr mean time to repair for
1000-hp units to a mean time between failure of 16,000 hr and a mean time
to repair of 25.3 for 6700-hp umnits.

Another source of information on operating experience with gas, die-
sel, and dual-fuel engines is a set of ASME reports on diesel and gas en-

29 However, in these reports, the manner in which the

gine installations.
data are shown is ambiguous. For example, some installations with a number
of units report the total hours that some of the units were out of service
and use a dash or leave a blank for the other units, while other installa-
tions report '"none" for units that were not out of service. It is not
clear whether the dash or blank means not available or no trouble. In the
following analysis of these installations, the conservative assumption was

made that a dash or blank means 'mot available." The 1971 report lists a

total of 40 engines out of service for a total of 10,255 hr for emergency
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repairs and 105 engines with no emergency outage. The average time for
repairs was 226 hr for those engines requiring repair and the average time
out of service for all engines was 71 hr during the year (8760 hr).

Similar data are also reported for time out of service for normal
maintenance. In this case, a total of 84 engines were out of service a
total of 23,149 hr of which 78 engines were not out of service for normal
maintenance. The average time out of service for the engines requiring
normal maintenance was 276 hr and the average time for all engines was
143 hr,

The fraction of the time out of service should be based on the total
running hours per year (rather than 8760 hr/year), which, for the above
plants, averages about 3500 hr. Thus the availability of the units in
terms of emergency outages is 0.98 and in terms of normal maintenance is
0.960. The overall availability is 0.94.

These data are for large, low-speed units and may be somewhat pessi-
mistic. In addition to the problems of interpreting the data, 30%Z of the
total outage time was accumulated by only three units, and it is not known
whether these prolonged outages were necessary or stemmed from a lack of
incentive to place the units back in operation. Reference 30 states that
a total availability (including time out for maintenance) of over 96% is
commonplace for large marine diesels. Two other reports3ls32 give data
concerning mean time between failure without giving the time required to
repair the unit. Reference 32 reports a failure rate of 89 per 10° hr or 1
per 11,236 hr. Reference 33 reports the results of a survey of small high-
speed piston engines used in total energy plants. These data showed that,
for one manufacturer, the failure rate was 1 per 9460 hr, and, for a second
manufacturer's engines, the failure rate was 1 per 3020 hr. If one assumes
an average repair time of 100 hr for these smaller engines, the availabil-
ity in terms of emergency of unscheduled outage is between 0.99 and 0.967.

Most of the downtime for normal maintenance will be for minor and
major overhauls. Generally, an engine will require two minor and one
major overhaul every 30,000 to 40,000 running hours, or on the order of
50,000 elapsed hours. The total downtime during this 50,000 hr will be
between 1000 and 1500 hr, and the availability will be 0.98 to 0.97.

However, there will probably be some overlapping of the above estimates of
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downtime; for example, if an engine goes down for emergency repair about

the time an overhaul is due, the two would be combined.

Quantitative Analysis of Reliability

The meaning of the expression "the reliability of a system" depends
on the function and purpose of the system. If the system is inaecessible
for repair or maintenance, the reliability can be expressed as (1) the mean
time between failures, which depends on the ﬁean time between failures of
the individual components of the system, or (2) the probability of some
number of hours of operation before a failure. For systems that can be
repaired, reliability is usually expressed as the availability of the sys-
tem, which depends on both the mean time between failures and the time re-
quired to repair the system; that is, availability is the fraction of time
(also the probability) that the system is capable of performing its intend-
ed function.

A MIUS power-generation system will consist of several parallel gener-
ator units, and the overall system reliability or availability will depend
on the availability of the individual units, the number of units, and the
excess capacity installed. For a generation system consisting of N genera-
tor units, all with an availability A, and with the availability of the
units independent of each other, the probability of x and only X units

being out of service is

P = zﬁ‘:géyT‘gT A(N - X)(l _ ¥
The dependence of Px on N, X, and A is illustrated in Fig. 4.2.

Figure 4.2 can be used to determine the probability of having some
number of engines (N ~ x) operation or, as shown in Fig. 4.3, the probabil-
ity of having x or more engines out of service. It should be noted that
the probability of occurrence of the various combinations, assuming the
probability to be uniform with time, also represents the fraction of time
that this combination occurs. Thus the probability calculations shown in
Fig. 4.3 are expressed as hours per year.

In order to illustrate the manner in which the above information can

be applied, assume an installation having four 500 kW generators and a
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N = number of units; x
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critical electrical load of 1000 kW, i.e., the maximum anticipated uminter-
ruptable load. (This assumes that the power required for air conditioning
can be interrupted in an emergency with no serious consequences.) The
availability of the generators in relation to emergency outages may be
taken as 0.98 and, for normal maintenance, as 0.97. With all four genera-
tors in service (or on standby) the critical load can be supplied unless
three or more units go out. The probability of this happening can be de-
termined by adding the probabilities of four and three engines being out
of service. The value is 0.0000315 and is shown in Fig. 4.3 as 0.28 hr/
year. This value is too low because it does not consider normal mainte-
nance. Including the time down for normal maintenance, the probability

of not being able to meet the critical load is the probability of losing
two of the three engines in service, which is 0.00118, times the fraction
of time that a generator is out of service for normal maintenance, which
is 0.12. Thus the probability is 0.000142 or 1.2 hr/year, which is less
than the 5 hr/year experienced by electric utility customers in this
country.

Obviously there are a large number of combinations of equipment sizes
that may be used in a MIUS plant, and the selection of both the number and
the size of the units will depend on the plant load characteristics. The
above selection of four 500-kW units to meet a 1000-kW critical load was
based on a previous study at ORNL for a 720-apartment complex which indi-
cated that a peak load of 1500 kW occurred in the sﬁmmer.5 However, about
500 kW was due to compression air conditioning, and, since the compressors
were located in the equipment building and under control of the plant
operator, this load could be dropped in the event of a multiple-engine
failure and consequently was not considered as part of the critical load.

Although the above discussion is for turbines and piston engines, the
procedures can be applied to other equipment items for which availability
data can be obtained. However, in other systems, such as heating or air
conditioning, one would also be interested in the probability of supplying
part of the load. The above type of analysis can also be extended to
include the mean time between multiple failures33 and also the effects of

having engines of different sizes3" rather than a uniform size.
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CHAPTER 5

CYCLE ANALYSIS FOR FLUIDIZED BED COMBUSTION
GAS TURBINE SYSTEMS

It was thought initially that the system could be simplified by em~
ploying an open cycle gas turbine. Four cycles of this type were examined,!
and one was found to yield good performance at full load. However, part-
load performance was poor, and this led to examination of the performance
characteristics of closed cycles. These were found to give attractive
performance both at full load and part load. This chapter presents a
brief description of the principal cycles considered together with a dis-
cussion of the major problems and design compromises that became apparent

as design studies were made in each case.

Description of Cycles Considered

Open Cycles

The first cycle considered was chosen to provide a base case for ref-
erence purposes. This cycle, shown in Fig. 5.1, directs the entire out-
put of the compressor into a conventional coal-fired furnace from which
the hot gases pass to the turbine. For this approach, the amount of
fuel added would be limited to that required to raise the mean gas tem-
perature to the desired turbine inlet temperature, i.e., the system
would operate with 4007 excess air. The average combustion gas tempera-
ture at full power would thus be limited to about 900°C (1700°F), the
temperature limit imposed by the turbine buckets. A waste heat recovery
boiler would remove heat from the stack gases so that they would leave
the system at 300°F.

The second cycle considered is similar to that commonly used for
closed cycle gas turbines in that the air from the compressor is heated
in a tube matrix before entering the turbine. This cycle, shown in Fig.
5.2, directs about 207 of the output of the gas turbine into a conventiocnal

coal-fired furnace from which the hot gases pass over the tube matrix used

5.1
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Fig. 5.1. Flow sheet for a simple open cycle gas turbine with a
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to heat the turbine air. The balance of the hot air leaving the turbine
goes to a heat recovery unit. For this approach, the amount of fuel added
could be close to the stoichiometric amount. Note that care must be taken
in the design of the heater tube matrix to avoid endangering the tubes in
the air heater as a consequence of local velocity and temperature effects
that might cause hot spots. The heat transfer matrix for this heater would
serve the dual function of absorbing the heat from combustion and also as

a recuperator to recover a fraction of the heat in the hot air leaving the
gas turbine. . It was assumed that this heat exchanger would be designed

so that the hot combustion gases would leave it at a temperature of 235°F
above the compressor outlet temperature. A waste heat recovery boiler would
then remove additional heat from the stack gases so that they would leave
the system at 300°F.

The third system considered, that showa in Fig. 5.3 is similar to that
described above except that it employs a fluidized bed combustion chamber
instead of a conventional furnace and thus reduces the size and cost of the
furnace and heater. Note that an economizer region is employed above the
fluidized bed to transfer as much heat as possible from the combustion gas
to the cycle and thus improve the cycle efficiency. With this arrangement,
about 25% of the air leaving the turbine would be fed to the fluidized bed,
and the balance would go directly to a waste heat boiler. This system has
the advantage that it provides for the removal of about 907 of the sulfur
in the coal burned and also gives a high hect transfer coefficient in the
air heater without danger of hot spots. It has the disadvantage that some
of the heat in the air leaving the turbine and fed directly to the waste
heat boiler could have been used to obtain a higher fraction of the energy
in the fuel as electricity by employing it to preheat the air from the com-
pressor before feeding it to the heater—furnace unit. This shortconing
could be corrected by employing the system shown in Fig. 5.4 in which the
portion of the turbine discharge air not fed to the fluidized bed combustion
chamber would pass first through a recuperator before flowing to the waste
heat boiler. With this system an even higher overall thermal efficiency
can be obtained than for the system of Fig. 5.3. However, it has the dis~

advantage of somewhat greater complexity and a somewhat higher capital cost

o
e
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than the system of Fig. 5.4, but it probably would give a lower capital

cost than the system of Fig. 5.2.

Closed Cycles

For MIUS applications much of the operating time must be at part load
with a substantial amount of reserve capacity immediately available. 1In an
open cycle the only way to reduce the power output is to reduce the turbine
inlet temperature, and this reduces the cycle efficiency. Further, it re-
duces the volume flow rate through the turbine. Thus, a gas turbine with
fixed rotor and stator blades running at constant speed to maintain a con-
stant generator output frequency will be subject to substantial shifts in
the operating points for the gas flow through the compressor and turbine,
and this will lead to reductions in efficiency. These losses could be
avoided with variable angle stator blades in the compressor and/or turbine,
but commercial units with such features are not available. 1In the closed
cycle system, on the other hand, the temperature structure through the
entire system can be kept essentially constant and hence the relative veloc-
ities in the rotors and stators of the compressor and turbine can be kept
fixed so that the efficiency will not change; ghe power output can be
changed simply by varying the basic pressure in the system. This can be
accomplished by alternately discharging air from the compressor outlet to
reduce the output or from the storage tank back to the system to vary the
basic pressure level in the gas turbine system. Thus, both the turbine and
compressor operating points can be kept close to their peak values, and a
high cycle efficiency can be obtained over a wide range of loads.

The first closed cycle considered was that shown in Fig. 5.5. It is
essentially similar to tﬂe open cycle of Fig. 5.4 except that all of the
turbine output is directed through the recuperator, and a cooler is added

This arrangement was found to give performance comparable

downstream of the recuperator so that the air can be recycled through the
compressor inlet.

with that of the cycle of Fig. 5.4, but it was clear that it would be desir-
able to have a larger fraction of the heat of combustion go into the air
heated by the fluidized bed and a smaller fraction go into the waste heat
boiler. This can be accomplished by applying a regenerator in the combus-—

tion gas stream so that the air admitted to the fluidized bed could be
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preheated. This would have the additional advantages of giving improved
combustion conditions in the fluidizéd bed. A system of this type is shown
in Fig. 5.6. Note that it has the further advantage that there is only a
single waste heat boiler, thus simplifying both the fabrication and the con-
trol problems. Preheating the air admitted to the fluidized bed combustor
has the additional advantage of giving improved combustion conditions in
the fluidized bed, at least up to a point. The principal limitations on
the use of a regenerator is the extent to which the combustion air can be
heated prior to admission to the bed. BCURA experience indicates that tem-
peratures up to about 600°F yield good conditioms, but it may be that a
temperature as high as 1000°F might give troubles such as coking in the fuel
lines going into the bed. For purposes of this analysis it was assumed
that this would not constitute a limitation.

The seventh cycle considered is similar to that above except that two
stages of compression with an intercooler were employed to reduce the com-
pression work. This cycle is shown in Fig. 5.7. The intercooler between
the two stages of compression reduces the compressor work and thereby in-
creases the fraction of fuel energy that is converted to electrical power.
The intercooler provides a possible additional control parameter in that a
reduction in the amount of intercooling results in a reduction of electri-
cal power production without changing other operating variables.

The eighth cycle considered is similar to that above except that two
turbine stages with reheat were employed to allow a higher unit energy in-
put to the air stream without increasing the maximum air temperature. This
cycle is shown in Fig. 5.8. The reheat allows a higher energy input per
pound of working air stream for a given compressor work input, thus a

greater fraction of fuel energy goes into the production of electric power.

Induced Draft Fan
In the systems of Figs. 5.5 to 5.8 it may be noted that an induced

draft fan is required. In other cases studied, induced draft fans were
added to the systems of Figs. 5.3 and 5.4 to reduce the back pressure on
the turbine and thus increase the thermal efficiency. The reason for this
is that only about 1/5 of the air flow from the turbine will pass through

the fluidized bed coal combustion system with its high back pressure. Thus,
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it is better to have a separate fan to overcome this pressure drop because
it must work on only one-fifth of the air flow through the turbine. 1In the
systems of Figs. 5.5 and 5.6 it would have been possible to employ a forced
draft fan which would have had the advantage of reducing the fan power re-
quirement by about 35%. However, it is desirable to maintain the pressure
in the dusty portions of the system below atmospheric so that air leakage
will be into the system rather than out of it. This should help greatly to
prevent the dispersal of fine coal dust and ash, and hence much of the un-

pleasantries commonly associated with coal-fired plants.

System Performance Analysis

It was evident from the beginning of the study that a number of objec-
tives must be met in evolving a design. As indicated in the previous chap-
ter if the system is to be competitive with central stations, the thermal
efficiency from the electrical power generation standpoint should be over
25% and preferably over 30% for typical part-load operating conditions, and
a large fraction of the waste heat from the thermodynamic cycle should be
recovered at a temperature of about 250°F. To accomplish this one must
clearly use a regenerator or recuperator because the simple open cycle gas
turbine could not meet this objective. There is no question that a gas
turbine with suitable heat exchangers could be built to give the desired
efficiency, but it is also essential that the cost of these heat exchangers
not be excessive, and therein lies a very difficult set of design problems.
Thus, a major question to be answered in the design analysis was whether it
would be possible to satisfy both the thermal efficiency requirements and
the cost requirements. In addition, the system must be designed to be
simple and reliable so that it can be operated semi-unattended to keep the

operating costs to an acceptable level.

Choice of Turbine Characteristics

The performance of a gas turbine cycle is quite sensitive to the
choices of pressure ratio, compressor efficiency, and turbine efficiency,
while the cost of the heat exchangers in a closed cycle system is very much

dependent on the choice of the pressure for peak load operation. Thus, it
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was highly important that the choice of these parameters be consistent with
the corresponding values that could be obtained in commercially available
equipment. The problem was discussed with a number of gas turbine experts
and the characteristics of both U.S. and European units currently available
were examined. The manufacturers of units that appeared to be most attrac-
tive were then contacted for further information. It was particularly
important that a unit be chosen that would lend itself to installation in
a closed cycle without appreciable modification. This in turn meant that
units in which the combustion chamber was mounted externally to the basic
cylindrical envelope of the gas turbine were the principal contenders.

Only a few such units in the size range desired — 300 to 1000 kW(e) —
could be found. Data for representative performance characteristics of
these units were then obtained and used for parametric studies. Two sets
of such studies were carried out, one for actual units that have been built
and a second set for the somewhat higher performance characteristics of
units under development but not yet on the market. For the latter, data
presented in Ref. 2 on the compressor and turbine efficiencies to be ex-
pected were employed.

All of the turbines in the proper size range that are currently avail-
able were designed for operation in a simple open cycle and hence make use
of a relatively high pressure ratio, i.e., between 6 to 1 and 12 to 1.
However, our current parametric studies showed the same results as a host
of earlier studies by other groups; namely, that, for a closed cycle with
recuperation, the optimum pressure ratio is between 3 and 4 to 1. The
pressure ratio obtainable from any given engine, of course, varies with the
speed so that a production engine could be operated at a reduced speed to
give a lower pressure ratio. This would require a change in the gear box
between the turbine and generator, but this is a relatively straightforward
step. It has the important implication that, if a 12 to 1 pressure ratio
engine is operated with a pressure ratio of 4 to 1 but in a system in which
the pressure at the inlet to the compressor is raised to 3 atmospheres, the
compressor discharge pressure will be the same as for the standard open
cycle with a pressure ratio of 12 to 1. This in turn indicates that the
strength of the casings and other elements in the system should be adequate

for operation in a pressurized system.
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The principal problems envisioned if a gas turbine designed for open
cycle operation is employed in a closed cycle system are possible diffi-
culties with thrust bearing loads stemming from axial pressure imbalances
and possible difficulties with a gradual buildup of a coke deposit on the
heat transfer surfaces in the recuperator caused by trace amounts of oil
leakage from the bearings into the compressor inlet air stream. If it
should prove difficult to keep this sort of oil leakage to an acceptable
level, it may prove possible to burn out the coke deposits by raising the
operating temperature of the recuperator from time to time. In this con-
nection it should be noted that coke deposits in some of the "self-cleaning'
ovens on domestic electric ranges are cleaned out by an hour or so of oper-

ation at 575°F.

Rotary Regenerators vs. Fixed Matrix Recuperators

Central stations commonly employ rotary regenerators for preheating
the combustion air. These consist of a rotating heat transfer matrix with
the hot stack gas flowing through one portion where the heat is transferred
from the gas to the solid matrix. The hot solid is then carried by rotation
of the matrix into the cold fluid where it gives up its heat to the air
supplied to the furnace. This gives a substantially less expensive heat
exchanger than conventional tubular or plate fin heat exchangers in which
the two fluid streams are on opposite sides of a common wall. The princi-
pal difficulty with the rotating regenerator is leakage from the high pres-
sure stream to the lower pressure stream. This is not serious if the pres-
sure differential is small as is the case for the regenerator in the com-
bustion gas stream of Fig. 5.6. However, the use of such a unit to exchange
heat from the turbine exhaust stream to the compressor discharge stream is
likely to lead to substantial air leakage losses between the two because it
is difficult to maintain a good seal across the faces of the rotating drum,
particularly in view of thermal expansion problems. For this reason our
studies to date have been predicated on the use of a conventional tubular
heat transfer matrix for the recuperator rather than a rotary generator for
the heat transfer step between the turbine air discharge and the compressor
air discharge. A rotary generator has been used, however, for preheating
the combustion air because the pressure differential there is small (see

Fig. 5.6).
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Choice of Temperatures

As ihdicated in the section on fluidized bed coal combustion systems,
sulfur removal considerations limit one's choice of fluidized bed operating
temperature to the range from 810 to 930°C (1500 to 1700°F). Inasmuch as
the turbine performance improves with increasing temperature up to the point
at which the turbine life is adversely affected by higher temperatures —
816°C (1500°F) — it was decided to carry out the design studies on the
basis of an 816°C (1500°F) turbine inlet temperature with a fluidized bed
operating temperature of 900°C (1650°F). With an air pressure of 12 atm
inside the tubes and the good heat transfer coefficient characteristic of
the fluidized bed side, this gives an adequate temperature differential
between the bed and the heated air stream to keep the surface area require-
ments of the heat transfer matrix in the fluidized bed to a reasonable
level.

Previous studies in the MIUS program indicate that the waste heat re-
covery unit should be operated at a temperature of about 120°C (250°F).

For good cycle efficiency it is desirable to reduce the temperature of the
alr entering the compressor in the closed cycle to as low a temperature

as possible consistent with the cost of the cooler. Scouting calculations
indicated that for a standard outside air or cooling water temperature of
15°C (60°F), a 27°C (90°F) compressor inlet temperature represents a good
compromise. It should be noted in connection with the design of the cooler
that not all of the heat rejected in the cooler would be wasted; a portion
of it can be used for heating the domestic hot water which is normally sup-
plied at a temperature of 65°C (150°F). It could also be used as a feed
heater for the main waste heat recovery unit:. However, for purposes\bf the
initial study credit was taken only for its use for heating domestic hot
water.

The temperature of the gas discharged to the stack was taken to be
150°C (300°F) in order to assure that condensation of moisture in the gases
coupled with 80, (which would dissolve in the condensed moisture) would not

lead to serious attack of the material in the stack.

System Pressure Loss Components

A range of pressure losses between the compressor and turbine was
considered in the parametric studies. The approach taken was to con-

sider three cases, i.e., turbine pressure ratios equal to 85, 90, 95,
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and 100%Z of the compressor pressure ratio, This gave system pressure

losses equivalent to 15, 10, 5, and 0% of the pressure ratio.

Waste Heat Recovery

In that portion of the analyses concerned with waste heat recovery
the earlier calculations were carried out assuming the use of boilers
that would produce 250°F steam. This is an excellent way to supply heat
to an absorption refrigeration system, but for building heating it is
generally better to employ a hot water circulation system. Analyses
indicated that when all factors are considered it will probably prove
best to design the waste heat recovery system to yield 250°F hot water.
Inasmuch as this yielded little difference in the cost of the heat re-
covery units and made possible both a reduction in the cost of the cooler
and a more favorable distribution of heat recovery between the domestic
hot water system and the building heating and air conditioning, the analyses
for the closed cycles were made for waste heat recovery with water heaters
rather than water boilers. This eliminates the need for a vapor separator,
simplifies the design of the heat exchanger, makes it easy to store thermal
energy as superheated water to accommodate diurnal variations in the ratio
of heat to electrical loads, and provides greater flexibility in control
of the entire system to accommodate seasonal variations in the load distri-

bution.

Effects of Recuperators, Regenerators,

Intercooling, and Reheat

The ideal cycle efficiencies for the eight cycles considered have been
plotted in Fig. 5.9 as a function of pressure ratio. In all cases, the
calculations for Fig. 5.9 were for a single set of design conditioms, i.e.,
a turbine inlet temperature of 1500°F, an 80°F compressor inlet temperature,
a 907% recuperator effectiveness, a 10% system pressure loss, and turbine
and compressor efficiencies of 877 and 847 respectively. Note that a pro-
nounced improvement in cycle efficiency is obtained when a recuperator is
added to the cycle, and that the peak cycle efficiency is obtained with a
relatively low pressure ratio for the recuperated as opposed to the non-
recuperated cycles. Note, too, that adding a regenerator in going from the

cycle of Fig. 5.5 to that of Fig. 5.6 yields a pronounced gain in efficiency.
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- Addition of intercooling and reheating also improves the thermal efficiency
o but relatively less than for the other changes, and the extra costs would
be substantial. Further, the additional pressure drop penalties associated
with intercooling and/or aftercooling were not included; these would reduce
the apparent advantage in efficiency. As a consequence, it appears that

the cycle of Fig. 5.6 with a recuperator, economizer, and regenerator repre-

sents a good compromise between cycle efficiency and capital cost.
=
_j Closed vs Open Cycles
- There is no difference in efficiency between ideal open and closed
LJ cycles that are otherwise similar except that the introduction of a cooler
- causes both an additional pressure drop in the system and an increase in
L the compressor inlet temperature. The former loss can be made almost neg-
ligible, but the latter is appreciable. Figure 5.10 shows this effect for
i? a cycle with a recuperator and regenerator. Similar curves are given in
= Figs. 5.11 and 5.12 for cycles with intercooling and reheat.
i As indicated above, in actual cycles with commercially available
L engines there is a pronounced loss in efficiency in going from full load
- to part-load, primarily because this requires a reduction in the turbine
L inlet temperature. It was primarily for this reason that the closed cycle
— was considered for MIUS applications. However, a further major advantage
LJ to the closed cycle was found to be the pronounced reduction in the cost
of the heat exchangers that becomes possible if the closed cycle system is
f? pressurized.
L
o Effects of Pressure Ratio on Net Work Output
] The curves for cycle efficiency in Fig. 5.10 favor a compression ratio
™ between 3 and 4. However, another important factor is the net work output
] per pound of air; this parameter has been plotted as a function of pressure
- ratio in Fig. 5.13. These curves indicate that increasing the pressure
L ratio from 3.5 to 6 would yield an increase in work output of 157 from a

given turbine-compressor unit. However, going to a pressurized closed cycle
P system may increase the output of an existing machine to the limits of the
load carrying ability of the shaft, particularly when allowances are made

for the effects of derating the speed to reduce the pressure ratio.
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Effects of Recuperator Effectiveness and
System Pressure Losses

Scouting calculations indicated that within the restraints outlined
above the most important factors affecting the cycle efficiency are the
pressure ratio, the recuperator effectiveness, and the pressure losses in
the system components between the compressor and the turbine. The effects
of these parameters are shown in Figs. 5.14 to 5.25 for the three cycles
of Figs. 5.6, 5.7, and 5.8. Separate curves are given for each combination
of cycle, compressor inlet temperature, and set of turbine and compressor

efficiencies.

Effects of Design Parameters on Costs

It is clear from the preceding section that a closed cycle with a
recuperator and regenerator would give a system that would convert at least
25%, and possibly over 307, of the energy in the fuel into electricity if
the recuperator effectiveness is high and the system pressure drop is low.
To achieve these values it is necessary to employ large heat exchangers.
Thus, the question becomes one of balancing the increasing capital cost of
the large heat exchangers against the increases in thermal efficiency.

This involves not only many subtle compromises in heat exchanger design but
also problems in cost estimation and questions of overall system design.

In carrying out the study the many compromises required were arrived at by
a process of iteration with extensive feedback between the performance
analysis covered in this chapter and the system design studies covered in
the next chapter. 1In preparing this report the details of design decisions,
compromises, and procedures were placed in the next chapter on system de-
sign and the design charts evolved were placed in Appendix A. That work
was the basis for the analysis of the relations between heat exchanger
costs and cycle performance presented in this section. Suffice it to say
here that in choosing representative heat transfer matrices for the various
heat exchangers in the system, the problems were discussed with a numbéf

of vendors. It was then decided that, for reference deéign purposes, it
would be best to make use of simple round tube heat transfer matfices for
the recuperator, economizer, and fluidized becd. For the waste heat boiler

and cooler it was decided to use 1 in. diameter round tubes with circular
fins.
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Fig. 5.20. Gross electrical efficiency for intercooled regenerative cycle without reheat as
a function of the recuperator effectiveness, the system total pressure losses, and the compressor
pressure ratio at a compressor inlet temperature of 80°F, a compressor adiabatic efficiency of 81%,
a turbine inlet temperature of 1500°F, and a turbine adiabatic efficiency of 86%.
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a turbine inlet temperature of 1500°F, and a turbine adiabatic efficiency of 86%.
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emperature of 1500°F, and a turbine adiabatic efficiency of 87%.
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Discussions with vendors indicated that the performance of the recup-
erator might be improved by using a plate fin unit, and that this probably
could be obtained at a lower cost than for the tubular reference design.
For the initial study, however, the simpler round tube configuration was

employed.

General Effects

Good perspective on the overall problem is given by the set of curves
in Fig. 5.26 showing the thermal efficiency and heat exchanger costs for a
representative system of the type shown in Fig. 5.6 as a function of the
design value chosen for the effectiveness of the heat transfer matrix in
the recuperator, and the waste heat boiler. Curves are given for three
pressure loss ratios, i.e., AP/P = 5, 7.5, and 10%. Note that a good de-
sign compromise from the cost and efficiency standpoints is given by de-
signing for heat exchanger effectivenesses of around 857% with a pressure

loss ratio of 5 to 7.5%.

Relations Between Heat Exchanger Cost and Cycle Efficiency

In attempting to visualize the effects of design parameters on the
two figures of merit of prime interest, i.e., the heat exchanger capital
cost and the cycle efficiency it was found helpful to use these quantities
as the coordinates for plotting data from the cycle calculations. In these
curves the term "Net Electrical Efficiency" was used to mean the efficiency
of the idealized cycle with allowances for system pressure losses. No
allowances were made for bearing losses, losses in the generator, or power
requirements for auxiliaries such as the induced draft fan. These factors
would yield an efficiency for an actual plant about three points lower
than the net electrical efficiency as defined here.

Effects of Recuperator Effectiveness. The effects of recuperator

effectiveness and system pressure losses are simown in Fig. 5.27 for the
cycle of Fig. 5.6. These curves show that the cycle efficiency can be
increased markedly by reducing the system pressure losses down to the 57
to 7.5% range with little effect on the heat exchanger costs. Further,

increasing the recuperator effectiveness up to 90% gives a pronounced
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net electrical efficiency.

The system is operated at a compressor

:1 at an inlet temperature of 80°F, a compressor
adiabatic efficiency of 847, a turbine inlet temperature of 1500°F

pressure ratio of 3.5

Fluidized bed temperature

and a turbine adiabatic efficiency of 87%.

= 1650°F.
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improvement in cycle efficiency with only a modest effect on heat exchanger
costs. Inspection of the curves favors a recuperator effectiveness of 907
and a system pressure loss of 7.57.

Effects of Turbine Inlet Temperature. Figure 5.28 indicates that

increasing the turbine inlet temperature wiith a constant fluid bed tempera-
ture of 1650°F not only increases the cycle efficiency but also actually
reduces the heat exchanger costs. This occurs in spite of the increased
heat transfer surface area required in the fluidized bed because the cycle
output per pound of air increases, thus reducing the capital charges for
the other heat exchangers. This suggested that the effects of turbine
inlet temperature should be investigated for a constant temperature dif-
ference of 150°F between the turbine air inlet and fluidized bed tempera-
tures. Figure 5.29 shows these effects, and, as expected, indicates a
greater cost advantage for the higher turbire inlet temperatures. Figure
5.30 shows the effect of a still different perturbation, i.e., changing
the fluidized bed temperature while holding the turbine inlet temperature
constant. This has relatively little effect on the costs and none on the
cycle efficiency.

Effects of Pressure Ratio. Figure 5.31 shows the effects of compres-

sor pressure ratio on costs and efficiency. This clearly favors the use

of a pressure ratio of 3.5:1 for heating effectivenesses ranging from 75%
to 90Z.

Effects of Compressor Inlet Temperature. Figure 5.32 shows that re-

ducing the compressor inlet temperature from 100°F to 60°F yields an
increase in cycle efficiency of about two points and a reduction in heat
exchanger costs of about 10%. This emphasizes the advantages of a supply

of cold water for the cooler.

Effects of Intercooling and Reheat. Figures 5.27 through 5.32 were

prepared for the closed cycle of Fig. 5.6 with a recuperator and a regen-
erator. The effects of adding intercooling and reheat can be seen by
comparing Fig. 5.33 with Fig, 5.27. A further comparison can be made
between Figs. 5.30 and 5.34; these indicate that if intercooling and reheat

are employed, the pressure ratio should be increased from 3.5:1 to about
5:1.
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Fig. 5.29. Capital cost of the heat exchangers used in a regen-
erative cycle without intercooling or reheat as a function of the
recuperator effectiveness, the turbine inlet temperature, the
fluidized bed temperature, and the net electrical efficiency.
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Effects of Fuel Costs on Power Costs

In attempting to evaluate the merits of increasing the capital cost of
the heat exchangers to obtain an increase in cycle efficiency, a series of
curves was prepared to give the portion of the electric power costs repre-
sented by the fuel and the capital cost of the heat exchangers. Other capi-
tal and operating charges were considered to be insensitive to the design
variables considered in this set of curves.

Figure 5.35 presents the effects of fuel cost, recuperator effective-
ness, and system pressure losses for the cycle of Fig. 5.6 assuming capital
charges of 15%. Figure 5.36 gives a similar set of curves for capital
charges of 20%. Note that the electric power cost is relatively insensi-
tive to the recuperator effectiveness and system pressure loss, but is
heavily dependent on fuel cost. As expected, the higher the fuel cost the
greater the advantages accruing from increasing the cycle efficiency by
increasing the recuperator effectiveness and reducing the system pressure
loss. Essentially similar curves are showa in Figs. 5.37 and 5.38 for the
cycle of Fig. 5.8 with intercooling and reheat. To facilitate a comparison
between the two cycles, representative curves for both cycles are presented
on the same coordinates in Fig. 5.39. These show a small advantage for the
use of intercooling and reheat if the fuel cost is high, but little advan-
tage for the lower fuel costs. Note that at least part of the cost reduc-
tion. implied by Fig. 5.39 for intercooling and aftercooling would be offset

by increased costs associated with the greater complexity of the system.

Effects of Part-Load Cperation

The effects of part-load operation on the overall thermal performance
of the two systems of Figs. 5.6 and 5.8 when operating with a system total
pressure loss of 5% and a 90% effective recuperator are shown in Figs. 5.40
and 5.41. The basis of these calculations was that the hot water demand
was constant at a thermal equivalent of 60% of 707 of the maximum electri-
cal load and that the space heating requirements were a maximum of 175% of
70% of the maximum electrical load. 1In these calculations, therefore,
after the hot water demand was satisfied any useful thermal energy remain-
ing was applied to the 175% requirement. Vhen the 175% requirement was

satisfied, the remaining energy was discarded. These calculations were
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Fig. 5.35. Fractional electrical power cost associated with the fuel and heat
exchanger cost for a regenerative cycle without intercooling or reheat at a load
factor of 70% and 157 capitalization. The system is operated at a compressor
pressure ration of 3.5:1 and an inlet temperature of 80°F, a compressor adiabatic
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efficiency of 87%. Fluidized bed temperature = 1650°F.
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Fig. 5.37. Fractional electrical power cost associated with the fuel and heat
exchanger cost for a regenerative cycle with intercooling and reheat at a load
factor of 70% and 15% capitalization. The system is operated at a compressor
pressure ratio of 3.5:1 and an inlet temperature of 80°F, a compressor adiabatic
efficiency of 84%, a turbine inlet temperature of 150Q°F and a turbine adiabatic
efficiency of 87%. Fluidized bed temperature = 1650°F,
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all made for a net electrical efficiency of 907 of the gross electrical
efficiency, a system heat loss of 57, and the higher heating value of the
input coal used as fuel. The space heat was supplied to water varying in
temperature between 160°F and 200°F and the hot water heat was supplied

to water varying in temperature between 60°F and 150°F. The inlet tempera-
ture of the compressor was varied between 80°F and 180°F to obtain electri-
cal load variations. At an inlet temperature of 180°F, the cycle pressure
was decreased to further decrease the electrical load.

Inspection of Fig. 5.40 which gives the results of the calculation for
the regenerative cycle without either intercooling or reheat indicates an
integrated total energy utilization of 79.9%7 with a variation of 76%Z to 82%
over the electrical load range of 407 to 100%. Figure 5.41 which gives the
results of the calculation for the intercooled regenevrative cycle with
reheat indicates an integrated total energy utilization of 77.4% with a

variation of 65%Z to 83% over the electrical load range of 407 to 1007%.

Costs of Open and Closed Cycles

There is little difference in efficiency at full load between open and
closed cycles, but there are substantial differences in the capital costs
for a plant of a given full load capacity. If one employs an existing gas
turbine engine, for example, it will have been designed for operation with-
out a recuperator. Thus it will be necessary to operate the engine at a
reduced speed and pressure ratio, and this will cut its net output about in
half if it is operated in an open cycle. If it is operated in a closed
cycle, however, the compressor inlet pressure can be increased by a factor
of 3.4 if its original design pressure ratio were 12. Thus the engine out-
put in a closed cycle can be increased by a factor of about 3.4, and this
will reduce the capital cost of the turbine and compressor per unit of
output by the same factor. The cost of the heater, economizer, recuperator,
and waste heat recovery unit are also strongly affected. After allowing for
mass flow rate effects, for the same effectiveness and pressure drop ratio
the cost of each heat exchanger will be 407% as great for the closed as for
the open cycle. Further, a more favorable set: of proportions can be ob-

tained in the fluidized bed. On the other hand, the closed cycle requires

--------
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not only a cooler but also a supply of cooling water, although about 607
of the heat rejected can be used to advantage for heating domestic hot
water if the latter is heated to 150°F. If the hot water supply tempera-
ture is reduced to 120°F, nearly all of the heat rejected through the cooler
can be used for heating domestic hot water, and very little additional cool-~
ing water will be required.

Estimates indicate that after allowing for the above factors the over-
all cost of the reference design plant (described in the next chapter)
would be increased by about one-third in going from a closed cycle to an
open cycle. Thus it appears well worth while to employ a closed cycle just
from the capital cost standpoint, although the prime reason initially was

the much better thermal efficiency at part load.
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CHAPTER 6

COMCEPTUAL DESIGNS FOR FLUIDIZED BED GAS TURBINE SYSTEMS

A series of designs for fluidized bed coal combustion systems coupled
to gas turbines has been devised to meet the basic MIUS requirements of
500 to 1000 kW(e) per unit using the results from the cycle analysis work
of the previous section as the point of departure. Sulfur removal consid-
erations coupled with allowable stresses in alloys that seem suitable for
use in the fluidized bed led to a choice of a bed operating temperature of
1650°F for reference design purposes. The principal considerations that
went into the design of the fluidized bed itself are indicated in Chapter
3 on combustion systems. This chapter is concerned primarily with the
evolution of typical layouts designed to meet all of the boundary condi-
tions that could be envisioned. These conditions are summarized in Table

6.1.

Fluid Bed and Furnace Layouts

Several basic planforms for the fluidized bed were considered includ-
ing a circular bed, a rectangular bed, and a square bed. The circular bed
would have had the advantage that if the furnace were pressurized the cost
of the furnace shell would be kept to a minimum. However, the savings in
cost associated with this appear to be largely offset by the extra com—
plexity of the tube bending operations required. For example, to assure a
fairly uniform circulation of particles in the fluidized bed, one would
like to keep the spacing between tubes constant, and this in turn implies
the use of an involute curve such as that indicated in Fig; 6.1. Other
factors including assembly and possible disassembly for maintenance com-
bined with cost considerations to favor the use of a square furnace with
simple hair pin-shaped loops in the bed as in Fig. 6.1. With this square

configuration the tube banks for the furnmace can be built in four panels

.and assembled as indicated in Fig. 6.2. Note that the hair pin loops for

the tubes on the east and the west sides of the furnace lie at one level in

the bed while those for the north and south faces lie at another level.

6.1
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Table 6.1. Basic Precepts for the Design of the
Fluidized Bed-Heater-Economizer Unit

10.

11.

12.

13.

14.

15.

16.

17.

18.

The unit would be employed with a closed cycle gas turbine with an
economizer, recuperator, and regenerator.

The economizer would be built as an integral part of the heater.

The bed operating temperature will be 16500F, a value that should
keep the maximum heater tube wall temperature below 1600°F.

The combustion air temperature into the bed will be 1000°F.
The compressor outlet pressure will be 12 atm.
The turbine air pressure drop will be no more than 18 psi.

The combustion air pressure drop through the bed should be kept low
to reduce the pumping power. This implies a bed depth of no more
than 40 in.

The superficial velocity of the combustion gas leaving the bed
should be between 2.5 and 10 ft/sec.

The maximum particle size should be small enough so that the bed
can be fluidized at 257 of the design value for the combustion air
flow rate.

The heat transfer rate to the turbine air should give a proper heat
balance with the heat released by combusi:ion.

The heater tube length-diameter ratgo should be sgch that the tur-
bine air will leave the bed at 1500°F with a 1650 F bed tempera-
ture.

The combustion gas temperature leaving the economizer should ap-
proach the temperature of the turbine air entering the economizer
within 50°F.

The tube centerline spacing in the bed should be three times the
tube diameter.

The tube bend radius should not be less than 3 tube diameters to
permit cold bending of the tubes.

The number of heater tubes in the bed and the size of the bed
should be such that the walls of the plenum chamber above the bed
should be covered with one continuous layer of tubes.

The tube wall thickness should be sufficient so that the pressure
stress will be below that for a creep-rupture life of 10° hr.

The bends in the tubes should all be in the same plane wherever
possible.

There should be no intermediate manifolds or welds in the heater
tubes between the economizer inlet and ths heater outlet.
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Fig., 6.2, Panel configuration of tube banks designed to facilitate
fabrication and assembly of the fluidized bed furnace-heater—economizer
unit.
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Plenum Chamber Walls

It is desirable to take advantage of the high radiant heat flux from
the upper surface of the bed by covering the walls of the plenum chamber
above the bed with tubes that are an integral portion of the heater system.
Inasmuch as experiments at BCURA indicate that the tube centerline spacing
should be at least 3 tube diameters to give good particle circulation in
the bed, this means that it is desirable to make use of three levels of
tube bank in the bed for each wall of the plenum chamber so that the tubes
will be immediately adjacent to each other in the plenum chamber wall.
This approach has the advantage that the radius of curvature in the hair
pin bend of the bed can be increased to a level such that there should be
no difficulty in cold bending the tubes. Of course, it would be possible
to have the tubes spaced on centers of V2 diam in the plenum chamber wall
and depend on a refractory lining outside the tubes to absorb the thermal
radiation coming through the interstices between the tubes and then re-
radiate it back to the back sides of the tubes. This would have the ad-
vantage that it would increase the heat input per unit of length of the
tubes in the plenum chamber wall and thus tend to give a lower pressure
drop in the tubes for a given heat input rate. However, it has the dis-
advantage that the refractory lining would have to run at a higher temper-
ature than would be the case if the plenum chamber wall were completely
covered with tubes, and this would increase both its cost and the heat

losses to the surroundings.

Bed Depth

The air velocity through the bed required to fluidize it is. independ-
ent of the bed depth. As a consequence, the pumping power required to
force air through the bed is directly proportional to the bed depth because
the bed acts as if it represented a static head of fluid that acts as a
back pressure on the air supply ports in the bed support plate. Thus,
there is a strong incentive to minimize the bed depth to minimize the pump-
ing power losses for circulating the combustion air through the bed. On
the other hand, the amount of unburned carbon in the fines blown through
the bed and out into the cyclone separator increases as the bed depth is

reduced, hence there is an incentive to use as deep a bed as practicable.
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In addition to these considerations, one finds that geometric problems in
getting tubes into the bed and integrated into the plenum chamber wall
above the bed place limitations on the heat removal obtainable from a bed
of a given size. These are closely tied to heat transfer and fluid flow
considerations in the turbine air stream as will be discussed later. Ef-
forts to evolve designs that would meet all of the boundary conditions have

generally yielded bed depths in the range from 18 to 36 in.

Economizer

To minimize the number of tube-to-header joints and thus reduce costs
for fabricating the heater assembly, it is advantageous to incorporate the
economizer in the furnace-fluidized bed~tube matrix system. Four config-
urations for accomplishing this were considered. In the first of these
the economizer region was formed by running the tubes inward from the top
of the plenum chamber and then upward through a rectangular duct that was
not far from being square. See Fig. 6.3a. This required a rather complex
set of out-of-plane bends to connect the economizer region to the plenum
chamber wall. To avoid this, a second layout was evolved in which the
plenum chamber over the bed through a narrow annulus surrounding a hollow
square as in Fig. 6.3b. This gave a fairly high velocity of the combustion
gases over the outside of the tubes and hence a fairly good heat transfer
coefficient. This heat transfer coefficient was augmented by thermal ra-
diation from the walls of the passage which would be heated above the tube
temperature by the hot gases. The disadvantage of this approach is that
it leads to a rather bulky system with a larger surface area through which
heat would be lost to the surroundings and would require a substantially
larger amount of relatively expensive ceramic lining material. A third
approach considered was to place the economizer tubes in a cruciform matrix
as in Fig. 6.3c to give a double layer of tubes instead of the single layer
of the annular arrangement shown in Fig. 6.3b. This arrangement requires
out-of-plane bends in only a few of the tubes; the bulk of them can be
plane bends. The fourth arrangement considered makes use of the square
furnace, while the tubes on the north and south sides would require a
diagonal out-of-plane section to traverse the top of the furnace and bring

them into line with the tubes for the east &nd west sides. See Fig. 6.3d.

£
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Fig. 6.3. Top views of four different arrangements of the tube
matrix for the economizer as positioned relative to the fluidized bed.
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This arrangement gives lower heat losses and a simpler and less expensive
manifold system than the arrangement of Fig. 6.3c. It also has the advan-
tage that it lends itself to fabrication of separate panels for each side

that can be assembled in the manner indicated in Fig. 6.2.

Bed Floatation Limitation

For a fluidized bed to operate properly the air flow through the bed
must be high enough to float the particles and produce the agitation and

circulation alluded to above.!

However, the air flow rate ought not be so
high as to blow a large fraction of the smaller diameter particles out of
the bed so that they are carried off with the stack gas. Some insight into
these limitations is given by Fig. 6.4 which shows the relation between
particle diameter and the superficial velocity of the gas leaving the bed
for these two limits. Curves are given for three different densities of
the settled bed, i.e., the bed density prior to fluidization. It should be
noted that when the bed is fluidized, experience has shown that its depth
tends to increase by roughly 30%. The se:ttled density of the bed depends
mainly on the density of the particles, and this varies somewhat with the
mineral content of the coal. Inasmuch as the particle size in the bed will
vary substantially about a mean value, the range of superficial velocities
for satisfactory operation is substantially less than is implied by Fig. 2.
For example, if one were to assume a mean particle diameter of 2500 microns
(0.1 in.) with a settled bed density of 1.6 g/cm3, the superficial velocity
of the combustion gas leaving the bed could be varied by a factor of about
20 without giving difficulty with particle carryover or settling of the
bed. However, if particles about one-third the average size are to be kept
from blowing out of the bed,.the range of superficial air velocities that
would be permissible would be reduced to a factor of 6, while if particles
one-fifth the average size are not to be blown out of the bed the super-
ficial velocity could be varied by only a factor of 4 between the minimum
for fluidizing the bed and the maximum usable without excessive carryover.
Thus, for the range of interest in this case the superficial velocity
leaving the bed could be varied from about 1 m/sec to about 4 m/sec. Fig-

ure 6.4 indicates that a soemewhat wider range of air velocity might be

=
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employed if the particle size were cut in half, i.e., the coal and lime-

stone feed crushed to 1/16 mesh instead of 1/8-in. mesh.

Bed Support Plate

The plate or grid upon which the fluicized bed rests must include
openings through which air can flow into the fluidized bed. These openings
must be sufficiently small so that particles from the bed will not pour
downward through the openings when the air flow is stopped, although they
need not be so small that they will prevent a few fine particles from
sifting through and falling down into the plenum chamber under shutdown
conditions. Thus, the openings ought to be smaller than the larger parti-
cles in the bed so that these can act to plug the openings and thus act as
an effective dam to prevent more than a few of the fines from sifting
through. One way of accomplishing this would be to make use of porous
plates that might contain either a large number of small holes or they
might be formed as has been done by Combustion Power, Inc. by using a
stainless steel sheet about 1/16-in. thick that has been slit to form ex-
panded metal grid plates, the openings expanded slightly, and then the
plates rolled to reduce the size of the openings. A third approach might
be to make ceramic or cast iron tiles perhaps 4-in. square with a close
array of round holes similar to those emplo&ed in gas burner plates. The
tapered holes would facilitate casting the material as they would provide
"good draw" in making the molds, and, by mounting them with the small ends
of the holes upward, any particles that sifted into the holes would be able
to fall freely through them without blocking them. Any of these three
types of porous plate could be mounted on a support grid that would be
cooled by the air in the plenum chamber so that it would run close to the
plenum chamber air temperature rather than close to the bed temperature.

A note of caution to be added is that under shutdown conditions circulation
of air in the plenum chamber will be almost nil, and hence the grid will
approach the temperature of the bed rather closely so that its temperature
might become excessive if the shutdown procedure were to allow the bed tem-
perature to continue to be close to the normal operating temperature.

A second approach that might be taken to the design of air ports in

the bed plate is that indicated in Fig. 6.5. Any of a variety of canopies
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can be placed over the air ports to prevent bed material from flowing back
down through them under shutdown conditions. The principal problem is to
assure adequate air flow passage area so that the pressure drop will not
be excessive.

The pressure drop through the bed support grid should be sufficient to
provide a good air flow distribution across the bed. Experience with oper-
ation of fluidized beds indicates that, for good particle circulation uni-
formly across the bed, it is desirable to design the grid plate so that the
air pressure drop across it will run about half of the pressure drop
through the bed itself. This implies that the equivalent air flow passage
area in the bed plate should be about 3% of the total area for atmospheric
pressure beds.

The temperature of the bed support plate is likely to run substan-
tially above that of the structure for the furnace walls. As a conse-
quence, provision must be made for differential thermal expansion between
these two components, and this provision should include measures to min-
imize air bypass through whatever clearances are provided as well as pro-

visions to prevent flow of bed material back through the clearances under

shutdown conditions.

Typical Layouts

Five layouts for the furnace and heater assembly have been chosen
from the many layouts that have been prepared to illustrate the principal
problems and possibilities. These are presented in this section together
with a brief description of the principal features in each case. The first
three layouts presented in this section were »repared early in the study
and were based on an open cycle system with an economizer and recuperator.
The other two layouts presented here were prenared near the end of the
conceptual design work and were based on a closed cycle with an economizer,
recuperator, and regenerator. In each case the considerations outlined
above were the point of departure for the design, and in the latter two
cases the design thinking had progressed to the point that the precepts
of Table 6.1 could be clearly established.

.......
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The first of the five layouts is that shown in Fig. 6.6. ©Note that
in this case the tubes for the east and west banks of the furnace were
looped through the fluidized bed with a large vertical gap between the
upper and lower legs of the loop. The tubes for the north and south sides
of the furnace have a smaller bend radius and would be inserted into the
region lying between the upper and lower legs of the tubes for the east
and west sides of the furnace. The economizer region in this instance
includes a central duct with a bypass valve in it that might be used for
controlling the ratio of heat to electricity by allowing a portion of the
combustion gases to bypass the economizer. This layout was evolved for a
system such as that of Fig. 5.3 that employed a waste heat recovery unit
in the stack gas stream. The cross section through the economizer region
of this unit is similar to that of Fig. 6.3a.

A second typical layout is that of Fig. 6.7 which makes use of an
economizer region similar to that of Fig. 6.3b. It consists of four sin-
gle rowssets of tubes that are located in the planes of each of the four
walls of the fluidized bed. The tubes are mounted so that they are not
in contact with the outer wall thereby leaving a flow passage for the flue
gas between the outer wall and the tube row. An inner liner defines the
flow passage for the flue gas on the bed side of the economizer tubes.
This arrangement allows a large fraction of the heat in the flue gas to
be transferred to the economizer by radiation from the passage walls.
This allows the spacing in the economizer to be increased with a result-
ing decrease in system pressure losses. The design data for the plant
are given in Table 6.2,

The design of this fluidized bed was predicted upon several assump-
tions that will have to be verified by experimentation. The most im-
portant of these is that in the plenum chamber over the fluidized bed
the total disengaging height would be only about 2 ft. An adequate dis-
engaging height is necessary so that the flue gas entering the economizer

section shown in Fig. 6.7 will not carry an excessive quantity of particu-
late matter that will have to be separated by the cyclone separator and

recirculated to the fluidized bed.
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Table 6.2. Data for the Design of Fig. 6.7 for a Coal Burning Total
Energy System Incorporating a Fluidized Bed Combustion Chamber,
Air Heater, and Recuperator Units and Producing Electric

Power with an Air Turbine Driven Generator

Total energy input, Btu/hr
Electrical power output, kW(e)
Heat output in 250 F/15 psig steam, Btu/hr
Thermal efficiency based on electrical output, %
Thermal efficiency based on total useful output, 7%
Compressor pressure ratio
Compressor adiabatic efficiency, 7%
Turbine expansion ratio
Turbine adiabatic efficiency, %
Overall mechanical and generator efficiency, %
System total pressure loss, 7%
Fluidized bed geometry and flow
Superficial gas velocity, ft/sec
Bed width and length, ft
Tube OD, in
Tube ID, in
Tube horizontal centerline spacing, in
Tube bank vertical centerline spacing, in
Tube centerline spacing in furnace wall, in
Total number of tubes
Air flow rate through tubes, lb/sec
Air flow passage area in tube, ft2
Air mass flow rate in tubes, 1b/sec-ft2
Average tube length, ft
Fluidized bed heat transfer
Tube-side heat transfer coefficient, Btu/hrnftz—oF
Combustion gas-—side heat transfer coé&fficient,
Btu/hr-£t2-CF
Overall heat transfer coefficient based on tube outside
surface area Btu/hr-ft2-°F
Total tube surface area, outside, ft
Recuperator geometry and flow
Tube 0D, in
Tube ID, in
Total number of U-tubes
Effective tube length, ft
Tube pitch in a triangular array, in.
Air flow rate through tubes, 1b/sec
Air flow passage area in tubes, ft?2
Air mass flow rate in tube, 1b/sec-ft?
Air flow rate outside tubes, 1b/sec
Air flow passage area outside tubes, ft?
Air mass flow rate outside tubes, lb/sec-ft?
Recuperator heat transfer
Tube-side heat transfer coefficient, Btu/hr-ft2-°F
Shell-side heat transfer coefficient Btu/hr-ft2-°F

4.2 x 10°
350

1.9 x 106
28.3

72.4

6
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5.4
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0.83
164
33
1.436
5.92
0.616
9.61
4.92
1.139
4,32
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Table 6.2 (continued)

o Overall heat transfer coefficient based on tube

outside surface area, Btu/hr-ft - F 9.7
Total tube effective surface area, outside, ft 1420
Economizer geometry and flow
Tube OD, in 1.0
Tube ID, in 0.83
Total number of tubes l61
1 Effective tube length, ft 14
Tube centerline spacing along furnace wall, in 1.5
Air flow rate through tubes, 1b/sec 5.92
— Air flow passage area in tubes, ft 0.605
' Air mass flow rate in tubes, lb/sec-ft 9.79
Combustion gas flow rate outside tubes, 1lb/sec 1.1
. Combustion gas flow passage area outside tubes, ft 1.26
. Combustion gas mass flow rate outside tubes, 1b/sec-ft 1.87
) Economizer heat transfer
Tube-side heat transfer coefficient, Btu/hr-ft -°r 31.6
e Combustion gas-side heat transfer coefficient
i Btu/hr-ft - F 4.4
h Average radiant heat flux to heater, Btu/hr-ft 623
e Total tube effective surface area, outside, ft 590
L Temperature Distribution in heat exchangers
vl Compressor air inlet, °p 80
Compressor air outlet, F 499
. . . . o}
High pressure air entering economizer, A F 760
L High pressure air leaving economizer, F ° 933
High pressure air entering fluidized bed, F 933
s High pressure air leaving fluidized bedb F 1500
» Low pressure air entering regemerator, F 889
N Low pressure air leaving regenerator, F 578
- Combustion gas in fluidized bed, F o 1700
‘ Greatest temperature difference in regenerator, F 129
bt Least temperature difgerence in regenerator, F 79
7 LMTD. in regenerator, F 6 102
A Greatest temperature difference in economizeg, F 767
e Least temperature difference in economizer, F 50
IMID in economizer, F ’ o 263
o Greatest temperature difference in fluidized bed, F 767
By Least temperature diffegence in fluidized bed, F 200
i IMTD in fluidized bed, F 422
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A second important assumption involves the fuel circulation in the
bed. The burning of the fuel was assumed to be uniform in the bed and
therefore the fuel must circulate freely in the fluidized bed for this to
be accomplished. With the closely spaced heat exchanger tubes in the bed
and the low superficial velocity of 2.2 ft/sec it is not certain that ade-
quate circulation of the fuel will be obtained. i

The overall layout as shown in Fig. 6.7 offers several advantages. -
Among these are the inherent simplicity of an open cycle, the ease of fab- 7
rication of the economizer since only one tube bend is required in the
transition from the fluidized bed exchanger to the gas inlet header, and
the overall ease of assembly of the economizer and fluidized bed exchanger.

A design feature of special note is that the tubes were run all the
way across the fluidized bed with a manifold for the north and south sides

small enough so that they could be pushed between the upper and lower legs

of the tubes for the east and west sides in the course of assembly of the f
furnace. To help provide clearance for this operation, the header sheet L
would be relatively thick but would represent only about a 60 deg arc of oo,

the circular section of the manifold. The welds between this thickened !
header sheet region and the balance of the manifold would be made after
the tube bundles had been assembled to form the furnace. This approach
has the advantage that it would be extremely difficult to disassemble the
furnace for major repairs if this should prove necessary.

Yet another layout for an open cycle system is shown in Fig. 6.8.
In this instance the recuperator was made an integral part of the furnace m
and economizer so that the tubes carrying the high pressure air from the .
compressor to the turbine extend continuously <rom the point where they Y
enter the recuperator all the way through the assembly to the manifold
where they leave the fluidized bed. Separation of the combustion gas
stream from the air stream through the recuperator would be accomplished ’
by inserting specially shaped strips between the layers of tubes in the
return bend region between the economizer and recuperator. Note that the
economizer region is similar to that of Fig. 6.2d, i.e., the tubes are
arranged in a relatively elongated rectangle. In this instance note that
only two layers of tubes are used in a traverse of the bed and hence if -

they are to be spaced on centerlines 3 diam apart, it is necessary to make I
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use of a tube centerline spacing in the plenum chamber wall of 1 1/2 tube
diam. This effect can be seen in the horizontal cross section of the bed
that is shown as a broken out region between the upper and lower portions
of the plenum chamber in Fig. 6.8.

The two principal layouts for the fluidized bed-furnace-economizer
region that were prepared for the closed cycle system are shown in Figs.
6.9 and 6.10. These layouts are essentially the same except for the method
used in handling the problem of carrying the tubes from the hollow square
of the plenum chamber into the slab economizer arrangement of Fig. 6.3d.
There is little difference in the difficulty of the tube bending opera-
tion between these two arrangements. For the layout of Fig. 6.9 the out-
of-plane bend lies in the region between the economizer and the high-
pressure air inlet manifold just above it whereas in the layout of Fig.
6.10 the out-of-plane bend lies in the regicn between the plenum chamber
and the economizer. The principal advantage of the layout of Fig. 6.10
is that the outer casing is simpler and entsils less surface area and
hence somewhat lower heat losses to the surroundings.

In reviewing these various layouts it was decided that the layout of
Fig. 6.10 would be employed as the reference design for purposes of this
report. However, there are many subtle problems involved and it is ex-
pected that more detailed studies in the Phase II portion of the effort
may lead to substantial changes.

Design data for the reference design of Fig. 6.10 are summarized in

Table 6.3.

Heat Exchanger Design Charts for a Coal-Fired Gas Turbine System

The vital questions of overall system design are closely interrelated
with the costs of the various heat exchangers employed in the system. The
performance and cost of any given heat exchanger in turn involves a host
of variables. These variables include the type of heat transfer matrix,
the relative mass flow rates on the two sides of the heat exchanger, the
passage equivalent diameters and spacing, the heat transfer coefficient for
each side, the pressure drop for each side, the temperature rise or temper-

ature drop for each side, and the logarithmic mean temperature difference.
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Table 6.3, Principal Parameters for the Reference Design Closed
Cycle Gas Turbine with a Fluidized Bed Coal Combustion System

Thermodynamic Cycle

Net electrical output, kW(e)

Gross electrical output, kW(e)

Turbine air inlet temperature, F

Compressor air inlet temperature, °F
Compressor pressure ratio

Full load compressor discharge pressure, atm

Pressure losses in ducts and heat exchangers, AP/P, %

Adiabatic efficiency of the turbine, %
Adiabatic efficiency of the compressor, 7
Thermodynamic cycle efficiency, gross, 7%
Thermodynamic cycle efficiency, net, %
Turbine air flow, 1lb/sec

Compressor work, Btu/lb air

Turbine work, Btu/lb air

Net work from the cycle, Btu/lb air

Furnace

Higher heating value of coal, Btu/lb
Combustion air flow, 1lb/sec

Flue gas flow, 1b/sec

Coal flow rate, 1b/sec

Coal flow rate, 1b/hr

Excess air, 7 o

Air temperature into the bed, F o

Fluid bed operating temperature, F

Fluid bed operating demsity, 1b/ft3
Superficial gas velocity leaving bed, ft/sec
Fluid bed cross-sectional area, fe?

Fluid bed depth, in.

Weight of material in the bed, 1b

No. of tubes in the bed

Tube OD, in.

Tube ID, in.

Tube length in bed, ft

Air mass flow rate inside tubes, 1b/sec+ft?
Plenum chamber height, ft

Tube centerline spacing in plenum wall, in.
Weight of tubing in bed and plenum walls, 1b
Total surface area inside tubes, ft2

Recugerator

High pressure air inlet temperature, O
High pressure air outlet temperature, °F
High pressure air mass flow rate, 1b/sec-ft?
Low pressure air mass flow rate, lb/sec-ft2

673
748
1500
80
3.5
12

10

87

84
31.1
27.9
14.15
66.35
116.47
50.12

12,000
1.97
2.13
0.188
677

10

997
1650
55
2.65

20
2300
628
0.500
0.444
6.5
21.0
8.0
0.50
1460
1200

355
967
21.5
8.62



6.24

Table 6.3 (continued)

Low pressure air inlet temperature, p
Low pressure air outlet temperature, F
No. of 0.50 in. 0D, 0.444 in. ID tubes
Tube length, ft

High pressure air mean density, 1b/ft3
Low pressure air mean density, 1b/ft?
Low pressure air pressure drop, AP/P
High pressure air pressure drop, AP/P
Combined pressure drop, AP/P, %

Total surface area inside tubes, f2

Economizer

High pressure air inlet temperature, p
High pressure air outlet temperature, F
High pressure air mass flow rate, 1b/sec-ft?
Flue gas mass flow rate, 1b/sec-ft?

Flue gas inlet tempevrature, F

Flue gas outlet temperature, F

Number of 0.50 in. 0D, 0.444 in. ID tubes
Tube length, ft

Total surface area inside tubes, ft2

High pressure air mean demsity, 1b/ft3
Flue gas air mean density, 1b/ft3

High pressure air pressure drop, AP/P
Flue gas air pressure drop, AP/P

Regenerator

Heat transfer matrix material
Heat transfer matrix dia., in.
Heat transfer matrix length, in.

Heat transfer matrix face area for flue gas, ft2
Heat transfer matrix face area for combustion air, ftz

Flue gas inlet temperature, °p

Flue gas outlet temperature, °p
Combustion air inlet temperaturg, °p
Combustion outlet temperature, F

Pressure drop, in. Hy0 (total for both streams)

Heat transfer matrix surface area, ft?/ft3

1070
466
611
47
0.368
0.100
0.019
0.019
0.038

967
1060
21.0
2.87
1650
1107
628
4.63
338
0.325
0.0722
0.006
0.0116

Cercor
30

3
3.27
1.64
1107
300
80
997
10
960




‘ 6.25

Which of these should be specified and which would then be determined de-
pends in part on the judgment of the system designer. Irrespective of how
one may approach the system design, however, one finds that a change in

a heat exchanger in any one part of the cycle influences conditions, par-
ticularly temperatures, in other parts of the cycle so that the system is
| highly redundant. In principle, it is possible to get solutions by itera-
tion, but if this is done blindly, there are so many combinations and per-
I mutations that one is likely to miss the region of best performance without
) even realizing its existence. Thus, it is extremely helpful to have a set
of charts relating the principal performance parameters for each of a set
n of geometrically similar heat exchangers so that one can see the effects
of changes in one or a few heat éxchanger design parameters on the others.
For these charts to be most useful, the ground rules for drawing up the
charts for each particular heat exchanger application, i.e., recuperator,
economizer, waste heat boiler, fluidized bed tube matrix, cooler, or re-

= generator in general must be chosen with care for each particular case.

| Basic Relations

A type of chart that has been found extremely useful for the selection

i 1

of heat transfer matrices for power plant applications is described in
e Chapter 4 of Ref. 2. The first type of chart makes use of heating effec-

| tiveness* as a function of fluid passage length for a series of fluid mass
flow rates in the more important of the two fluid streams. As indicated in

Ref. 2, for some types of heat exchanger the resulting graph will consist

_ of a fan of straight lines, and charts of this type can be prepared by

Lj calculating only a few points and then drawing a fan of straight lines
through them. This condition will hold, for example, for the fluidized bed

. or the waste heat boiler because in both cases the metal surface temperature

- is kept essentially constant, i.e., at the temperature of the fluidized bed

= or the temperature of the boiling water for these two cases. That is,

L *Heating or cooling effectiveness is defined as the ratio of the tem-
perature rise or drop in the fluid stream of prime interest to the differ-
ence between the inlet temperatures of the two fluid streams
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there will be no change in the temperature on one side of the heat ex-
changer as the mass flow rate and temperature conditions on the other side
of the transfer surface are varied. 1In the economizer, recuperator, and
cooler the situation is rendered more complex because changes in operating
conditions on one side of the heat exchanger cause changes in the tempera-
tures on the other side and hence in the log mean temperature difference.
These effects lead to a set of curves rather than straight lines on the

chart for effectiveness vs flow passage length.

Calculational Procedure and Design Charts
for Heat Exchanger Effectiveness

The procedure followed in carrying out the calculations and plotting
the design charts for each of the different types of heat exchanger in the
system differ in sometimes subtle ways from those followed for the other
charts. As a consequence, it seems important to delineate the procedures
used in each instance. 1In all cases in the sections that follow the
nomenclature of Table 6.4 has been employed.

Tube Matrix Proportions. In developing a set of reference design

charts, it was decided to make use of three representative tube diameters,
i.e., 0.5 in., 0.75 in., and 1.0 in. OD tutes. The corresponding tube ID's
were taken as 0.444 in., 0.666 in., and 0.888 in. These values together
with internal and external surface areas and the internal flow passage
areas are listed in Table 6.5. 1In addition, Table 6.5 includes the center-
line spacing, the ratio of tube-side to shell-side flow passage area, the
equivalent passage diameter, and the tube surface area per square foot of
tube inside flow passage area per foot of length for the configurations
considered for both the recuperator and the economizer.

In determining the overall heat transfer coefficient u it is necessary
to establish the ratio of the mass flow rates. If the pressure drop ratio
AP/P is to be the same for both flows in the recuperator and the pressure
ratio across the compressor is about 3.5, the flow passage area on the
shell side should be about 2.5 times that on the tube side. This gives a
heat transfer coefficient on the shell side that is only 41% of that on
the tube side. Allowing for the fact that the weight flow of combustion
gas is roughly a sixth of the turbine air weight flow and following a
similar rationale the area ratio for the economizer was taken as 0.805

times the tube-side flow passage area.
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Table 6.4: Nomenclature

General:

L= e B = S ) R~ PO« TR £
v O

Total heat transfer surface area, ££2

Heat transfer surface area per square foot of tube-side flow
passage area per foot of length, ft2/ft3

Specific heat, Btu/1b-°F

Equivalent passage diameter, in

Tube OD, in.

Mass flow rate, 1b/ft2-sec

Heat transfer coefficient, Btu/hreft2-°F

Heat transfer matrix length in the air flow direction, ft
Absolute pressure, psia

Pressure drop, psi

Ratio of gas density to density of air at standard temperature
and pressure

Tube spacing, in.
Overall heat transfer coefficient, Btu/hr-ftz-oF

Weight flow rate of fluid stream, 1b/sec

Temperature Differences:

ITD Differencg between the inlet temperatures of the two fluid
streams, F
GID Greatest local temperature difference between the two fluid
streams, F
LTD Least local temperature difference between the two fluid
streams, F
LMID Log arithmic mean temperature difference between twb fluid
streams, F
. o
Temperature rise (or drop) in a fluid stream, F
. o
T Local temperature difference between two fluid streams, F
Subscripts:
1 Turbine air stream
2 Fluid stream giving up heat to or taking heat from the turbine

air stream
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Table 6.5. Geometric Data on Reference Design Tube Matrices for
the Fluid Bed, Economizer, and Recuperator

Tube OD, in.

Tube ID, in.

Internal flow area, in.3/tube
Inside surface area, ft?/ft of tube

Cross-sectional area of tube wall, in.?2/
tube

Mean surface area of matrix, ft2/ft3
of internal flow passage

Number of tubes for 1 ft? of internal
flow passage

Recuperator

Ratio of shell-side to tube-~side flow
passage areas

Ratio of shell-side volume to total
matrix volume

Tube centerline spacing (triangular),
in.

Equivalent diameter of shell-side flow
passage, in.

Volume of heat transfer matrix, ft3/ft3
of tube-side flow passage

Economizer

Ratio of shell-side to tube-side flow
mass flow rates

Ratio of tube-side to shell-side
weight flow rates

Ratio of shell-side volume to total
matrix volume

Tube centerline spacing (triangular),in.

Equivalent diameter of shell-side flow
passage, in.

Volume of heat transfer matrix, ft3/ft3
of tube-side flow passage

0.50

Q.

0

A

.1548
0.
0.

123
0415

115

930

2

0.
0.

0.

N

5

.6635

.815

.00

.768

.33

369
60

295

.01

0.75
0.666
0.3483
0.185
0.0934

172.2

413

2.5

0.6635

1.222

1.50

3.768

3.33

4.5

0.369
0.90

0.447

2.01

1.00
0.888
0.6192
0.246
0.1660

230

232

2.5

0.6635

1.63

2.00

3.768

3.33

4.5

0.369
1.20

0.590

2.01
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Heat Transfer Coefficient. The heat transfer coefficient for flow

inside of round tubes is given in Fig. 6.11 as a function of the mass flow
rate for the three tube diameters of Table 6.5. These values were esti-
mated from Fig. H5.5, p. 318 of Ref. 2 for a mean temperature of 800°F,

the estimated mean temperature in the recuperator. The values were cor-
rected for the somewhat different temperatures in the economizer and fluid-
ized bed by using the curves in Fig. H5.6, p. 319 of Ref. 2. The heat
transfer coefficients on the shell side for flow parallel to the tubes in
the recuperator and economizer were obtained in a similar fashion using

the equivalent diameter on the shell side.

Fluid Bed. The fluidized bed will operate at an essentially constant
temperature that will be determined mainly by sulfur removal considerations.
This temperature will fall in the range of 1500 to 1700°F. The heat trans-
fer coefficient in the fluidized bed depends primarily on the particle
size (see Fig. 6.12) and will be essentially independent of the air flow

rate through the bed.? For the particle size range of interest in this

ORNL DWG 76-4914
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report, the heat transfer coefficient in the bed will run at least 50 Btu/
hr+ft2:°F, To be conservative, a value of 50 Btu/hr-ft2+°F will be used

here. Under normal operating conditions the air flow and fuel flow rates
into the bed will be varied to maintain the bed temperature constant when
the rate of heat extraction from the bed is varied. As derived in Ref. 2,

page 63-66, for this condition we may write

o uA
W1C 3600
Heating effectiveness =1 - e P

This can be put in terms of the mass flow rate for the turbine air per
square foot of flow passage area. Taking cp = 0.25 Btu/1b-°F gives
__uA’L
G,7900
Effectiveness = 1 - e

For a typical condition with an air flow rate inside the tubes of 10 lb[ﬁ?-
sec through 1/2 in OD tubes, the heat transfer coefficient inside the tubes
as given by Fig. 6.11 will run 38 Btu/hr-ft?:°F. Thus, the overall heat

transfer coefficient u becomes

1

_— = . 2,0
1/50 + 1/38 21.59 Btu/hr-ft F

u=
For this condition and the .50 in. OD tubes of Table 6.5 the effectiveness

then becomes

_ 21.59 x 115 L
10 x 0.25 x 3600
Effectiveness =1 - e =1-e

- 0.2759 L

For a typical air flow passage length of 10 ft, the effectiveness becomes
0.937. The effectiveness for other values of the air mass flow rate and
tube diameter were calculated and the results are summarized in Table 6.6.
A typical chart for the effectiveness as a function of the heated length

of tubing is given in Fig. Al of Appendix A.



Table 6.6.

Summary of Calculations for the Heating Effectiveness of the Heater Tubes in the Fluidized
Bed (The calculations are for tubes having a 10 ft heated length using the relation:

wh w1150 _ . u .6389
L-e- =l-eGio0za-1"°""g 4

¢ 8 10 12 14 16 20 25 30
d=1.0

h 27.52 32.99 37.96 43.01 48.53 58.33 70.08 81.40

h 50 50 50 50 50 50 50 50

U 17.76 19.88 21.60 23.15 24.63 26.95 29.24 31.06

e iiéfﬁll- .1407 .1733 .2051 .2341 .2590 .3074 .3606 .4060

n@10" . 7579 .7192 .6834 .6523 .6260 5772 .5263 .4839
d = 3/4

h 29.15 34.95 40. 20 45.55 51.41 61.78 74.23 86.21

h 50 50 50 50 50 50 50 50

U 18.42 20.58 22.32 23.87 25.38 27.70 29.94 31.75

e ELL%?lZ .1407 .1733 .2051 L2341 .2590 .3074 .3606 .4060

n@1o" .8593 .8267 .7949 .7659 . 7410 6926 .6394 .5940
d=1/2

h1 31.61 37.9 43.6 49.4 55.75 67.0 80.5 93.5

h, 50 50 50 50 50 50 50 50

U 19.38 2.160 23.31 24.88 26.39 28.65 30. 86 32,68

e E—lé%1§ .04523 .06327 .08353 .1032 .1215 .1603 .2065 2486

n@1o" .9548 .9367 .9165 .8968 .8785 .8397 .7935 .7514
R B N Lo o T R R o0 T

€9
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Recuperator. For a closed cycle gas turbine, the weight flow of air
on the shell-side is equal'to that on the tube-side of the heat exchanger.
Thus, the temperature rise on the tube-side is equal to the temperature
drop on the shell-side, and the temperature difference between the two
streams for pure counter flow conditions is constant throughout the
length of the heat exchanger. The heat added to either fluid stream

may be equated to the heat transferred through the available surface

area to give
G’cp 3600 &t = uA“LAT

st~ u A" L uA“L

AT G’cp 3600  G7900

where the specific heat of the air is taken as 0.25 Btu/lb.°F. Using the
mean surface area value for 0.50 in. OD tubes given in Table 6.5 and

¢ = 0.25 gives
D g

§t _ u 115L _ 0.1275 uL

AT ~ G7900 G~

The effectiveness is given by

§t 1

Effectiveness = AT + 8¢ = AT/St + 1

The overall heat transfer coefficient u can be determined for the heat ex-
changer proportions of Table 6.5 which give a flow passage area on the
shell side 2.5 times that on the tube side. Thus, for 0.50 in. OD tubes,
a tube-side mass flow rate of 10 lb/sec‘ftz, and the heat transfer coef-

ficients obtained from Fig. 6.11 gives

1 1

U= 7735 % 1/15.6  0.0904 ~ 11-06

0.1278 x 11.06

10 = (0.141 L

St /AT =
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The effectiveness for a tube length of 20 ft bhecomes

1
1/2.82 + 1 0.738

Effectiveness =
The calculations for a typical case the the resulting chart are given in

Table 6.7 and Fig. A2 of Appendix A.

Economizer, The heat exchanger between the combustion gases leaving
the plenum above the fluidized bed and the air stream flowing from the
recuperator to the tube matrix in the furnace presents some difficult
problems. In the first place the total weight flow of air in the turbine
circuit is roughly 5 times that of the combustion air flow through the
furnace, hence the change in the combustion gas stream. Thus, it is
more appropriate to.design air stream. Note, too, that the log mean
temperature difference between the two streams is a complex function
of the temperature changes in the streams, i.e., of the mass flow ratios,
flow passage length, heat transfer coefficients, etc. In attempting to
develop appropriate relations, one can begin by equating the heat added

to the turbine air stream to that removed from the combustion gases, i.e.,
Wic_ 8ty = Woc 6t
lp 1 Zp 2

In calculating the log mean temperature difference, one may write from

fundamental considerations that

ITD = GID + St1; GTD = ITD-§t;; LTD = ITD-St,

Mrp = GID-LID _ ITD-8t)-TTD+8ty _ _ Stp-dt)
o) ITD-§t; | [1 - st; /ITD
In| == 1n|———i e
n GTD} " ITD-5t, | T T




Table 6.7.

Summary of Calculations for the Recuperator Heating Effectiveness Chart for 0.50 in.
OD Tubes for a Shell-side Flow Passage Area 2.5 Times the Tube-side Flow Passage Area.

G, lb/rt?-sec
G}, 1b/ft2.sec

h , Btu/hr-ft3.
Btu/hr-ft?-
q, @ W=0.0765 1b/ft?

h,,

93

U =1/(1/n + 1/n,)

T

Tube Length, ft

20
Lo
60
80

100

120

140

160

Tube Length, ft

20
Lo
60
80

100

120

1ko

160

4.0
1.6
17.51
7.45
.0224

.00358
5.226

.030

3.331
6.664
9.995
13.327
16.659
19.991

.T769
.870
.909
.930
.9h3
.952

[oNeoRoNeoNoNO]

6.0
2.4

2h.86
10.25
.0503
.00807
7.258
.029

18

.08k
.169

.254
12.
15.
507

338
k23

8.0
3.2
31.61
13.0
.0896

LO1hh
9.212

.0285

2.936
5.872
8.809
11.745
14.681
17.617
20.554

.Th6
.854
898
.922
.936
.9h6
«953

O0O0O0O00O0

10.0
k.o
37.9
15.6
.140
022k
11.051
.028

8t/At

2,818
5.636
8.454
11.272
1%.090
16.908
19.727

N = (st/at) / (1+6t/nt)

.738
.8hg
.89k
.919
.93k
.ok
.952

loNoNeoNoNoRe N

12.0
4.8

43.6
18.0
.201

.0323
12.740

.0275

= 0.1275

2.707
5.415
8.122

10.829

13.537

16.24Yh

18.951

0.730
0.8L4

0.890
0.915
0.931
0.942
0.950

1k.0
5.6
Lho.k
20.34
275
.Obly
14.508

.0272

UL/ G

2.624
5.249
7.873
10.497
13.122
15.746
18.370

e
.84o0
.887
.913
.929
.9%0
.48

SO OOO0OO0O0

16.0

6.4

5575
22.7

16.13
.0270

15

OCOO0OOOOCOO

571
14
.Tl2
10.
12.
Lol
17.
20.

283
854

995
566

.720
.837
.885
.911
.928
<939
.9k7
.954

e
WV~ FPO D

[eNoNoNoNoNONO NG

20.0

67.0
27.0

19.30
L0265

RITSyN
.922
.382
.843
.304
.T65
.225
.686

711
.831
.881
.908
.925
937
945
.952

25.0
10.0
80.5
32.4

23.06
L0261

2.352
4 7ok
7.056
9.408
11.761
14,113

18.817

[eNoNoNoNoNoNe]
O
(@]
=

30.0
12.0
93.5
37.k4

26.77
.0258

.275
.551
.826
.102
11.377
13.653
15.928
18.204

O ON =10

.695
.820
872
.901
.919
.932
ey}
.948

[oNeoNoNoNoNo RO NG

M, /M, = 1.0;

= k.0

1

9

cg*
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For a typical case

th = 4.5 Stl, and

3.5 CStl
6t1 /ITD :
4.561.'_1 /17D

.
I

Equating the heat added to the turbine air to the heat transferred leads
to

3.5 uAdt
"1 - 8t /ITD
1 - 4.56t7 /ITD:

Wie 3600 §t) = uALMID =

In

Using an air specific heat of 0.25 Btu/lb °F, the turbine air mass flow
rate, and the heat transfer surface area per square foot of turbine air

flow passage area per foot of tube length yields

3.5 uA"L
1 - 8ty /ITD
1 - 4.551‘,1 JITD

900G;” =

In

For 0.50 in. OD tubes and the recuperator proportions of Table 6.5 for

0.50 in. diameter tubes gives

! \
L= 2:236 6 1 -6t /ITD |

u 1 - 4.58ty /ITD

i
i
i

This equation can be solved for the tube length by selecting a series of

values for the turbine air mass flow rate and the ratio of the turbine air

temperature rise to the inlet temperature difference for the assumed ratio

of the turbine air temperature rise and combustion air temperature drop.
Table 6.8 shows a typical set of calculations, and Fig. A3 the resulting
chart which is for the cooling effectiveness, and is based on the temper-

ature drop in the combustion gas.



Table 6.8. Summary of Calculations for the Economizer Cooling Effectiveness Chart for 0.50 in. OD

Tubes for a Shell-side Flow Passage Area 3.33 Times the Tube-side Flow Passage Area.

.15
.16

17
.18

.19

b

h

1b/ft2-sec
1b/ft? .sec
Btu/hr.ft2.°F
Btu/hr.ft2.°F

1/(3/p, + 1/n,)

4.56tl
N=Tm

0.675
0.720
0.765
0.810
0.855

M, /M, = 4.5

k.o 6.0 8.0 10.0 12.0 14.0 16.0 20.0 25.0 30.0
1.2 1.8 2.4 3.0 3.6 k.2 4.8 6.0 7.5 9.0
17.51 2L .86 31.61 37.9 43.6 ho.h 55.75 67.0 80.5 93.5 -
6.684 9.489 12.066 14.46 16.642 18.856 21.280 25.574 30.727 35.689
. 6t,
G'. 2.23 1 - —
1 ITD
Length = T 1n h-55t1
1 ITD
1.777h 1.8778  1.9691  2.0529 2.141k  2.2049 2.2329 2.3225 2.4162 2.&963
2.0313 2.1461 2.2505 2.3462 2.h47h 2.5200 2.5520 2.6543 2.7615 2.8530
2.3331 2.4650 2.5848 2.6948 2.8110 2.80kk 2.9311 3.0487 3.1718 3.2769
2.7037 2.8566 2.9954 3.1228 3.2575 3.3542 3.3967 3.5330 3.6756 . 3.7975
3.1808 3.3606 3.5240 3.6738 3.8323 3.9460 3.9961 hk.1564 L.3241  L.LETS

same as for Mi/Ma = 1.0
h, x 0.3817 (for 0.50 in. tubes)

£€°9
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If the ratio of the combustion gas temperature drop to the turbine
air temperature rise differs substantially from the value of 4.5 chosen
for the chart of Fig. A3, that chart can still be used if the length is

increased by an appropriate factor, i.e.,

ln( 1 - 6t /ITD
c Cion factor — 1 - 8t, /IID 3.5
orrection tactor 1 - &t /17D st, - 1

ln(l = 4.5t /LD

For example, if &t; /ITD = 0.15, increasing the ratio from 4.5 to 5.5 in-

creases the tube length by 28%.

Waste Heat Boiler. The procedure followed in preparing a performance

chart for the waste heat boiler was similar to that for the fluidized bed
except that the heat transfer matrix was considered to be a bank of finned
tubes having the performance characteristics defined for heat transfer
matrix A of Fig. 99 in Ref. 4, p. 116, and presented here in Fig. 6.13.
Geometric data on this heat transfer matrix are included in Fig. 6.13.

The heat transfer coefficient for air at 500°F as evaluated from Fig.

6.13 is plotted in Fig, 6.14., The effectiveness with a uniform tempera-

ture of the boiling water on the tube side is given by

_ uA’L
G, ~900
FEffectiveness =1 - e

For a typical condition in which G~ = 10 lb/sec*ftz, Re = 9000, Pr =
0.684, A"~ = 207.7 ft?/ft?-ft, and L = 1.0 ft, the value of the heat trans-

fer coefficient obtained using Fig. 6.14 is 52.2 Btu/hr-ft? «°F, and

_52.2 x 207.7
9000
Effectiveness = 1 ~ e = 0.70

The above equation was used to calculate a set of values for con-
structing a chart for the cooling effectiveness. The calculated values

are given in Table 6.9, and a typical chart is shown in Fig. A4 of Ap-

pendix A.
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Table 6.9. Summary of Calculations for the Heating Effectiveness
of the Finned Tube Matrix with the "A" Spacing as Defined by
Fig. 6.13 when Operated as a Steam Boiler

Calculated From:

207.7 hL 3.0255 L
N=1-e 400G L _ .- (@H0F
G', 1b/sec-ft 2 4 6 8 10 12
L, ft ‘ 1 1 1 2 2 2
h, Btu/hr-ft -°F 20.1 30.15 38.4 45.6 52.2 58.0
gt ¥ 1.319 1.741 2.0477 2,297  2.512 2,702

e

N

-3.0255/(G")0.*
0.10097 0.1759 0.2282 0.0717 0.0899 0.1065

0.899 0.824 0.772 0.928 0.900 0.893
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ORNL DWG. 75-14485

Heat transfer area/total volume - o =

flow over one-inch finned circular tubes. (Ref. 4)
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Cooler. The same basic tube matrix employed for the waste heat boiler
was used in the cooler. The situation for the cooler differs from that for
the boiler in that there will be a temperature rise in the water so that
the log mean temperature difference in the cooler will vary with design
conditions. Under most conditions the cooling water into the heat ex-
changer will run about 60°F and the design outlet temperature will be
150°F so that the water temperature rise will be of the order of 90°F.

In carrying out the calculations needed to construct a performance chart
for cooling effectiveness as a function of heat transfer matrix length in
the cooling air flow direction, one must carry out a derivation similar
to that used above for the economizer. Assuming a 90°F temperature rise

in the water, the log mean temperature difference becomes

_ITD - 90 - ITD + 48t _ 8t - 90
MR = T D — 00 | 11 - 90/TTD_|
'ITD - S8ty/ ‘1 - 8ty /ITD/

The heat transfer coefficient on the water side will be so much higher
than that on the air side that it can be neglected and the heat transfer
coefficient taken as simply the value defined by Fig. 6.14. The heat
loads will be low and hence the fin efficiency high. Equating the heat
removed from the air stream to the heat transferred to the tube matrix

yields
chp 3600 §t; = uA LMID

Substituting as above to put this in terms of G;”, A”, and L and using

¢ = 0.24 gives
P g
864 G~ 6t = uA“L (LMID)

Solving this for the length of the heat transfer matrix in the air flow

direction yields
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. ‘1 - 90/1ITD
864 G~ 8ty In 7 St /1D

u A” (Cst]_ - 90)

L =

Using the above relation the set of values of Table 6.10 were calcu~
lated for the construction of a performance chart. The resulting chart is

shown in Fig. A5 of Appendix A.

Calculational Procedure for the Construction

of Charts for Pressure Drop

The procedure for carrying out calculations on the pressure drop for
the various flow passages was considerably simpler than that for the charts
for heating or cooling effectiveness. For flow inside of round tubes or
for flow outside tubes but parallel to them, the friction factor defined by
Fig. H3.4 and the dynamic head given by Fig. H3.3, pages 293 and 294 of
Ref. 2 were employed. The Reynolds number for the flow regime of interest
was checked in all cases and was found to be comfortably within the tur-
bulent regime (see Fig. H3.1l, page 291, Ref. 2) except for the combustion
gas flow through the economizer region; this was found to give a Reynolds
number around 3000. This would probably require a few turbulators and con-
sequently a small increase in pressure drop, but this increment was ne-
glected at this stage. The pressure drop for a typical condition was com-
puted for a series of air flows for each case, and then a chart was con-
structed on the premise that the pressure drop would be directly propor-
tional to the air flow passage length. Thus, a set of straight lines was
drawn for the series of mass flow rates.

A single chart, that in Fig. A6, can be used for calculating the air
pressure drop inside the tubes for the recuperator, economizer, and fluid-
ized bed tube matrices. To allow for differences in air temperature and
consequently in air density, the charts were all prepared using the pres-
sure drop parameter oAP where ¢ is the ratio of the air density to that
at standard conditions. Thus the effects of difference in air density are
easily handled. In effect, the charts were all drawn for a value of

o = 1.0. 1In using the charts the value of o for the prevailing temperature



Table 6.10.

Summary of Calculations for the Heating Effectiveness and Length
of the Finned Tube Matrix with the "A" Spacing as Defined
by Fig. 6.13 when Operated as a Cooler

G', 1b/sec-ft2

h=u

sty /ITD
o715
.80
.85

.90

.75
.80
.85

.90

.75
.80

.85

.90

Btu/hr-ft2 -°F

LMTD

Sty /st; = ab
. 78846
.9555
1.18377
1.526

6t2/6t1 = 0.4

1.92962
1.22378

1.4816

1.8563

6t2/6t1 = 0.8

4700

.58779

.75769

1.02962

2 4 6 8 10 12
20.1 30.15 38.4 45.6 52,2 58.0
Length, ft
.859 1.134 1.334 1.496 1.636 1.760
1.041 1.375 1.617 1.814 1.983 2,133
1.290 1.703 2.003 2.247 2.457 2.643
1.700 2.244 2.640 2.961 3.238 3.483
.748 .987 1.161 1.303 1.425 1.533
.889 1.174 1.380 1.549 1.693 1_822
1.077 1.421 1.671 1.875 2,050 2,205
1.349 1.780 2.094 2,349 2.569 2.763
1.025 1.352 1.590 1.784 1.951 2.099
1.281 1.691 1.989 2.231 2,440 2,625
1.652 2,180 2.564 2.876 3.145 3.383
2,244 2.962 3.484 3.908 4.274 4,598

79°9
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and pressure conditions in the system can be calculated to establish the
pressure drop parameter, oAP.

The pressure drops through the recuperator and the economizer for the
shell-side flow require separate charts because the mass flow ratios and
effective passage diameters are quite different from the values inside the
tubes. In addition, there will be some variation in the mass flow ratio
in the economizer depending on the choice of design conditions, but if one
fixes the ratio of shell-side to tube-side flow passage area, a pressure
drop calculated on the basis of the shell-side mass flow rate will be inde-
pendent of the mass flow ratio through the unit. Typical charts are given
in Figs. A7 and AS8.

The air pressure drop through the cooler and waste heat boiler can
be defined by the same chart. This chart, shown in Fig. A9, was calcu-

lated on the basis of the friction factor given in Fig. 6.13.

Heat Exchanger Selection

As indicated previously, the complex interrelationships between the
various heat exchanger design parameters determining the size and cost make
it very difficult to perceive the effects of changes in heat transfer
matrix proportions on pressure drop and effectiveness. The various im-
plicit relations, however, can be made explicit in terms of parameters
that are crucial from the standpoint of gas turbine performance by cross-
plotting data from the design charts developed above using a reasonable
set of design conditions. The most important of these is an assignment of
the pressure loss distribution to the various components in the system.

The total pressure loss evidences itself in the difference in pressure
ratio between the compressor and the turbine, and is commonly expressed

as the summation of the ratios of the pressure drop to the absolute pres-
sure for all of the components. That is, the summation of the pressure
ratios for the various components will be equal to the difference between
the pressure ratios for the compressor and the turbine. On the basis of
past experience it is possible to draw up a reasonable distribution of
pressure drop between the various components. For purposes of this anal-
ysis it was assumed that 30% of the pressure drop in components would occur

in the duct work and that 70% would occur in the components themselves.
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This is probably an overly generous allowance for duct losses. The distri-
bution of pressure losses chosen for this study is presented in Table 6.11.
Note that in each case three parameters are given, i.e., the pressure drop,
the parameter oAP, and the ratio of the pressure drop to the prevailing
absolute pressure, AP/P. Using these values it is possible to prepare a
cross plot for the mass flow rate as a function of the tube matrix length
for each component to give a nearly straight line as in Fig. AlO for a
typical overall system pressure loss ratio. The three typical values of
Table 6.11 were used; namely, a 5%, 7.5%, anc 10% IAP/P for the system as

a whole. Of course, the AP/P for the component in question is the small
fraction of the total AP/P defined by Table 6.11.

It is possible to superimpose on the same coordinates a set of lines
for typical cooling effectivenesses by cross-plotting data from the approp-
riate cooling effectiveness chart. The resulting cross plots then yield,
in effect, a set of graphical solutions of the diverse complex implicit
relations that are involved. For example, with the cross plot of Fig.

Al0 it is possible to choose a tube matrix length and a turbine air mass
flow rate for any desired heating effectiveness and overall system pressure
ratio. This enormously simplifies the problem of establishing the propor-

tions for each of the heat exchangers.

Fuel and Limestone Feed System Concepts

The basic concept of the system for feeding crushed coal and limestone
into the fluidized bed-gas turbine combustion chamber involves transport
and blending of the crushed coal and limestonz at a continuous predeter-
mined feed rate that can be controlled by the burn-up parameters of the
system.

The main points in the feed system requiring special considerations
are at the points of injection of the feed mixture into the fluidized bed,
at the point where blending is achieved between the coal and the limestone,
and at the exit of the storage or retaining hoppers, where continuous flow
rates of solids are supplied to a mechanical and/or pneumatic system for

transport to the injection points of the fluidized combustion bed.
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Table 6.11. Pressure Distribution in the Various Heat
Exchangers of a Closed Cycle System

P, = 176.4 psi @ 12 atm
APy 12 14.70;

o1 A1 = =% 750 (High P)

j oy oy = AP1P3133'70l'(L0w P)

f P,/P; 3 3.5 4
8 Compressor efficiency, % 85.8 85 84

; Turbine efficiency, % 87.8 87.4 87

; System I AP/P 5 7.5 10

. Recuperator A%T % .75 1.125 1.5
B Recuperator o; 5.522
M Recuperator ojAp;, psi 7.305 10.95 14,61
o Bed + Econ. 226 , % 1.25 1.875 2.5
ol Bed + Econ. 0; 3.692
- Bed + Econ. ojAp;, psi 8.14 12.21 16.28
s Boiler £, % .25 .375 5
- Boiler o3 1.814

”z Boiler o;Ap , psi .2028 .3042 . 4057

Cooler APy /Py 2 .25 .375 .5
) Cooler o) 2.40

Cooler o;Ap7,psi .2646 .3969 .5292
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Many years of experience are well documented on fluidized-solids
5,6

feeding systems. However, most of this effort has been directed either
to chemical industry processes or boilers in steam—electric generation size
plants. Also the fluidized bed coal burning systems under development are
much larger scale than will be required for the coal burning MIUS:; there-
fore, obtaining some possibly adaptable types of feeder equipment may be
difficult in the size range of interest. This does not mean that com—
pletely new development will be required for all components; rather that
selection and possible modifications to some of the commerically available
equipment may determine the most adaptable concept for this feeder system.

Assuming that the coal and limestone receiving equipment and storage
hoppers are commercially available or easily procured and that the crushers
(and coal dryer, if required) can maintain a level of crushed solids with
a low moisture content of about 47 in one or more hold up bins or pres-
surized feeder tanks (often referred to as air locks), then the solids can
be transported by any one of several means into the fluidized bed.

To simplify the discussion of the basic design concepts required for
the feeder system, the vessels ordinarily referred to as hold-up bins,
injector storage vessels, or pressurized air locks will be referred to as
retention components. Then concepts of solids movement through the reten-—
tion equipment can be discussed as a feeding process for the coal, the
limestone, or a solids mix of the two. Also, this permits discussion of
the basic solids flow parameters without consideration of the blending
problems or particulate size.

The problem of solids mixing or blending will be discussed separately
as well as those points in the feeder system where blending can be achieved
satisfactorily.

The basic requirement of the components in a retention system is con-
version of the solids mix flow from a batch process (such as dump truck
delivery into a storage silo) to a continuous or acceptable semi-continuous
flow out of the retention hoppers. Furthermore, some combination of con-
trol valves or solids flow control mechanisms, either built into (or be-=
tween) the retention components and the transport system must consider
solids flow limitations as well as meet demands by the fluidized bed com-

bustor. Solids flow limitations are very important where transport is
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effected solely by pneumatic methods. A schematic flow sheet for coal and
limestone is shown in Fig. 6.15 so that various types of equipment and
their advantages can be considered at points along the line of solids
flow. A weigh larry is included in this schematic in the event that batch
weights are desired during the development of the feeder system, but us-
ually either mechanical or pneumatic feeder systems can be controlled in

a manner capable of evaluating solids flow weights from volumetric capaci-

ties.

Solids Feed into the Retention Components

Mechanical feeders most commonly used to convey solids from the stor-
age silo to the retention components are gerew feeders, belt or bucket
type conveyers, or vibratory feeders. If a pressurized retention system
or a pneumatic combustor transport system is used, then an open hopper
with a rotary outlet or air lock type of valve is usually required in con-
junction with mechanical feeders to prevent pressure loss back through the
solids in retention. Even when a deep bed of solids is maintained in an
open retention bin, gravity induced flow out of the bin into a horizontal
transport pipe may be irregular because of particle size variations. Most
mechanical feeds tend to cause concentrations of different size particles
as they are fed into a retention hopper. Diffusser or spreader devices
may be used to minimize segregation or stratification of particle sizes
during feed into an open bin.

Use of commercially available mechanical feeders to convey solids
directly into the fluidized bed or into pneumatic transport tubes without
some type of retention equipment is not likely to provide satisfactory
feeding conditions, certainly not without some special adaptations or
developments. The Iron Fireman or Canton Vulcan ram type systems are batch
feeders that would require special development of all the combustor com-
ponents that determine primary air flows throughout the fluidized bed.

Pneumatic conveying systems should be readily adaptable for conveying
the various sizes of solid particles from either motor transport vehicles
or a storage silo to the retention components. Three system arrangements

are shown in Fig. 6.16 which has been reproduced from Ref. 7. However,
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Fig. 6.15. Schematic flowsheet for coal and limestone feed system.
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Fig. 6.16. Typical pneumatic conveyor arrangements.
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these systems may require some type of spreader equipment inside the first
retention hopper (shown as process bins) to insure good particle size dis-
tribution throughout the depth of the hopper. Stratification or segre-

gation of particle sizes occurs with pneumatic as well as mechanical feed-

ing of variable size particulates into open retention hoppers.

Concepts of Retention Components

A simple cylindrical hopper with a conical bottom can be used for the
first retention hopper to receive solids flow from mechanical feeders, and
in some cases determination of the conical angle can permit gravity flow
out of the hopper without segregation of particle sizes. However, uniform
mixing of particle sizes, both into and out of such hoppers, must receive
special attention during design. Also, if rhe first hopper must feed into
a second pressurized retention vessel, then a rotary valve or air lock
must be used between the two retention hoppers.

A commercially available pressurized system of retention equipment is
available from United Conveyors as illustrated in Fig. 6.17 (reproduced
from Ref, 8). This combination of components provides a fluidized solids
flow system that can feed directly into the horizontal transport tubes to
the combustor bed. However, the valving arrangement of this system is
such that at least two of each of the components must be used so that one
vessel can be filling while the other is being emptied. Also, multiple
outlet feeding from pressurized vessels, even with the aid of fluidizing
plates, may not be available. Four or more such sets of retention com-
ponents and flow control equipment to feed separate terminal points in the
combustor bed may be rather expensive.

Many types of vibratory feeders, commercially available from manu-
facturers of materials handling equipment, can be used to insure solids
flow out of relatively small outlets of hoppers.

The vibra-flow/volumetric feeder machine shown ih Fig. 6.18 is avail-
able from Syntron Co. of Homer City, Pennsylvania. Several of the vibra-
tory units made by Syntron have been adapted to special applications at
ORNL. Description of one such unit, adapted to flow of pyrolitic carbon-
coated microspheres, is included in reports on component development in

9

the TURF program, The type of vibratory feeder in Fig. 6.18 could be
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modified and possibly made to feed directly into the transport tubes.
Several tubes could be built into (or else replace) the tray of the vibra-
tory feeder and, by using flexible metal hose, become a part of the vibra-
ting mass of the unit. With the flexible hoses smaller than the transport
tubes and completely filled with solids, electrically controlled feed
rates should be possible. Flow-back of the transport air should not be

a problem, but, if necessary, two alternately pulsating valves could be

located above (or between) retention hoppers.

Transport System

Regardless of the types of feeder equipment used at the exit of the
retention hoppers, pneumatic transport is more adaptable than mechanical
feeders for uniform delivery and distribution of solids flow into the
fluidized bed combustor.

The major concern of the transport system is uniformity of the blend-
ed mix of the solids and, therefore, exacting control of the feed rates at
point of entry into the transport tube is essential. The various fluid-
solids flow characteristics encountered in horizontal transport are repre-
sented in Fig. 6.19 as taken from Ref. 7. Some explanation of necessary
fluid-solids flow parameters and methods of evaluation are included in
Chapters 2 and 10 of Ref. 5. Evaluation of these parameters will be
necessary for the coal, the limestone, and the combined solids mix of the
two.

Also, the curves in Fig. 6.19 show some basic relationships in fluid-
solids flow that can be correlated with the design parameters of primary
air flow and solids restoration to maintain the fluidized bed. For in-
stance, to provide continuous solids restoration to the bed the exit ve-
locity of air transporting a predetermined weight (w) of solids may need
be kept above saltation velocity (range of dilute flow) for a particular
diameter and length of transport tubing. On the other hand, the range of
pressure drop as limited by a design of transport tubes that is based on
some desired percentage of primary air will limit the transport capability
of the solids mixture. A trial and error type of solution may be the best
means of covering the range of desired parameters. However, obtaining

transport data on crushed coal and limestone should not be too difficult.
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Fig. 6.19, Schematic representation of phase diagram for hori-
zontal fluid-solids flow.
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Also note that long tubes and high Ap will permit higher unit weight of
solids (w) for the same superficial velocities.

A small solids flow pneumatic transport system and also several com-
ponents that may be adaptable have been recently developed at ORNL (Ref.
9). Although this development was for much smaller quantities of dense
uniform size material, some of the components may be readily adaptable
to pneumatic transport of coal and limestone. The pinch valve, shown in
Fig. 6.20, can be fairly easily fabricated and could be used with a pul-
sating type of operation to control flow from a retention hopper. It
could also serve as an air lock in conjunction with pressurized vessels.

Another type of hopper outlet and solids flow control arrangement
that was used in small scale model studies at ORNL is shown in Fig. 6.21.
This bridging of several particle types and sizes was studied with this
model. The center rod and gusset type support is simply a means of fabri-
cating a hood or a mushroom-type skirt over the outlet, similar to a hop-
per that was made by Sanderson and Porter in studies with spheres for the
Pebble Bed Reactor. The purpose of the mushroom over the cylindrical out-
let or orifice is to take the weight of the bed off of the particulates
near the small diameter outlet, and therefore, minimize bridging. With
this arrangement, it is possible to raise the cylinder vertically under
the mushroom and make the particles bridge and stop particle flow without
creating crushing forces that increase abrasion and wear that are often
present in valves or gates for stopping solids flow. Also, this type of
hopper design is worth consideration as a means of eliminating centralized
channelization of solids flow out of hoppers with cones that provide low
angles of slope. The development reported in Ref. 10 attempted elimina-
tion of all erratic flow patterns. The study was restricted to spheres,
but similarities are evident in feeding particulates from storage bins.

Conceptual design of the terminal points of pneumatic transport tubes
will depend on the desired method of delivery of solids into the fluidized
bed. Determination of the angle of spread and trajectories of the solids
delivered must be made adaptable to the combustor tube bundles and the
distribution of primary air flow. Even short vertical lengths of trans-
port tubes up through a retaining plate for the bed will affect overall

design of the pneumatic transport system. Also the terminal points of
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the vertical tubes should be designed such that the tubes do not fill when
the bed of solids rests on the retaining plate. A bubble cap or mushroom
on the terminal points may be used, or an arrangement similar to that used
by Foster Wheeler Corporation for an atmospheric pressure boiler design
may be satisfactory (Ref. 8, Appendix K, Fig. A3-5).

An example of a combined mechanical feed and pneumatic transport sys-.
tem commercially available from Iron Fireman Manufacturing Company is shown
in Fig. 6.22. The feed screw in this system feeds from storage (or a re-
tention hopper) and is capable of modulating both air and coal to match
the boiler load. Drying and preheating capability can be built into the
pneumatic feeder assembly. Design feed rates are several times those
needed by the MIUS combustor. Modification of the terminal points of the
transport tubes as shown in Fig. 6.22 to a vertical feeding arrangement
through a stationary plate under the fluidized bed should not be a major
problem, assuming ash goes out the upper end of the combustor. Provision
for four or more terminal feed points, on the other hand, may not be pos-
sible at the entrance to the transport tubes. If true, then some spreader
or diffuser arrangement may be necessary to limit the number of units re-
quired. Also, adaptation to components capable of uniform blending of coal
and limestone, such as multiple tube vibrators, or dual Nuva pressurized

feeders would require special developments.

Blending

Several types of mechanically operated mixing machines or dry-solids
blenders are commercially available for various ranges or particle sizes.
However, most such mixers are for batch processes with some specified
capacity of the resulting solids mix. Basically they all receive two or
more materials and repeatedly cut or separate part of the unmixed solids
and fold it back into the total volume by a combination of cutting, tum-
bling or rolling motions. After a predetermined blending time specified
for the solids input, the mix can then be transferred into a retention
bin or feeder component. Mixing effectiveness or performance of mechani-

cal blenders, such as the rotating drum, V-shaped unit (made of cut
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cylindrical sections), or the double cone type has been evaluated for some
particulates of varying size and density.6

Referring to Fig. 6.15, the point in the line of coal flow shown as
blending option #1 indicates that batch weights of limestone may be de-
sired and can then be mixed with batch weights of coal by any of several
means in the retention components. Option #2 indicates that batch weigh-
ing of limestone may only be necessary during development or operational
shakedown of the feed and mixing components, and that with the limestone
flow rates established the weighing larry can be by-passed. However, in
either case, spreading or diffusing of alternate batches of coal and lime-
stone feed into an open retention bin will probably result in some strati-
fication of the batches and more than one retention bin might be necessary
to provide uniformity of a feeding mixture. Even if a mechanical blender
is used as the first component in the retention section gravity transfer
of the mixed batches through valves or air locks into the lowest retention
vessel must be accomplished in a manner that insures against “unmixing"
the blend.!!

An alternate to option #2 would be to use two weigh larries (or upper
retention bins) and provide for simultaneous controlled flows of coal and
limestone into a lower retention hopper. Blending the two flows with a
mechanical spreader or two diffusers during entry to the lower retention
hopper should give acceptable results, even if the solids must pass through
individual air lock valves. A fluidized or pressurized feeder, such as
the Nuva unit in Fig. 6.17, and air lock valves used between the upper re-
tention bin and the lower hopper may also provide a satisfactory alternate
under option #2. However, sampling of mixtures out of the pressurized
vessel or before entry into the transport tubes will be required to deter-
mine blending mix or limitations of the fluidizing pressure vessel. Also,
two pressure vessels will be necessary, if batch feed of the fluidized mix
from a single vessel does not adequately meet combustor make-up require-
ments.

Development of a pneumatic blender as ore of the retention components
may provide a possible means for continuous feed of fluidized solids mix
into the transport tubes. Two types of blenders were developed at ORNL,

one for small batches of particles of uniform density and the other for
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solids differing in both size and density.9 These blenders, shown in
Figs. 6.23 and 6.24, respectively, suggest a concept of alternate batch
feed of coal and limestone into a pneumatic blender, similar to Fig. 6.23,
and simultaneous orificed flow of batches from the loader-blender, as in
Fig. 6.24, The stepping motors of the loader-blender are for remote ad-
justment of the variable orifices, and can be replaced by manual adjust-
ment in this application. Very good uniform blending is obtained with
particle sizes from about 300 to 800 ym from the loader-blender. The
pneumatic batch blender is most effective in elimination of stratified
layers formed by batch feed of particulates with the same density. Either
of these concepts, or a combination of the two, may be adaptable to blend-
ing of non-uniform size coal and limestone particles.

The third option represented in Fig. 6.15 implies that a metered coal
flow out of the retention components can be distributed to each of the
transport tubes, and that some similar method of metered limestone flow
can be phased in with the coal flow to achieve an acceptable blended mix
in each of the tubes during pneumatic transport to the combustor. Any one
of the solids feed control methods from the retention system, described
above for coal flow, could be also used for limestone feed into the trans-
port system, However, a study of the solids transport phase at the inter-
section of the two flows will be necessary; and a change in diameter of
the transport tubes may require study and development.

This option offers some simplification of feeder system concepts that
may be worth development. The basic idea of blending the two flowing sol-
ids during transport can eliminate problems inherent in the design of the
retention components consisting of either pressure vessels or open hop-
pers. Metered and controllable solids flow rates should provide a means
of acceptable blending or mixing ratios, if the pneumatic transport vari-
ables can be correlated with design of the reténtion components of both
coal and limestone. This concept could eliminate spreaders, diffusers,
or mechanisms that contribute to solids stratification, segregation, or
"unmixing" of feed in and out of the retention system. The concept shown
in Fig. 6.25 illustrates an outlet under a retention hopper that could
be developed to provide a pneumatic control arrangement capable of initi-

ating and maintaining solids flow into the transport tubes. A single tube



6.64

ORNL DWG. 75-14486

Fig. 6.23. Batch Blendar,

ORNL DWG 76-4913

/-“TE A TUATOR

LDADING PORT

Lt—=—FILLED HOPPER

| ——GATE PUSH AOD
|_—— GATE mivoT

|_—— ORIFICE

——GATE
" {Clesed Position)

™

STEPPING MOTOR FOR
ORIFICE AOJUSTMENT

EDOY CURRENT

BLENOING
CHAMBER FLOW MONITOR

Fig. 6.24., Particle loader-blender.



J
M
|

|

J

' ) ORNL DWG. 75-14476

FEEDER HOPPER

ﬂcLASTIC PARTITIONS

G9°9

. g

SINTERED -
METAL BLOCK- %@

o

==

ﬁ

Fig. 6.25. Concept of multiple tube feeder.



6.66

preliminary model study would be necessary to determine workable dimensions
and feasibility. Also, assuming that air flow is bled from the transport
air supply, individual pressure control valve (PCV) settings must be deter-
mined for each transport tube. In an actual installation fixed pressure
settings should serve to maintain solids flow so long as some minimum sol-
ids level is maintained in the hopper. Also solids flow must cease before
stoppage of transport air to insure complete solids removal from the tubes
when transport is discontinued.

An alternate to this concept is adaptation of vibrator equipment, pre-
viously included as part of the retention components. Simple bin-mounted
vibrators could be installed to initiate and continue solids feed into the
pneumatic transport tubes with a controlled flow rate determined pneumat-
ically. Such hopper outlet-to-transport concepts should be adaptable to
both coal and limestone to effect blending by either pneumatic and/or elec-

trical controls during transport.

Adaptation of Commercially Available Systems

The pneumatic spreader-stoker with its built-in dryer and preheater
arrangement shown in Fig. 6.22 may be adaptable to feed the fluid bed
combustor with minimal development. Modification to vertical transport
up through a combustor-retaining plate should pose no major problem, but
conversion of the smallest size (750 1b/hr) unit advertised to provide mul-
tiple feed points in the fluidized bed will rzquire development. Also,
either separate feeder assemblies must be adapted for limestone, or else
development of components for controlled blending in either the retention
components or the transport tubes must be acceptably proven before a com-
plete system can meet feed requirements.

The pressurized vessel type system with pneumatically operated inlet
and outlet valves should be easily adaptable as part of the retention com-
ponents for the fluidized bed combustor system. It should be able to con-
vert either batch or semicontinuous feed of granular coal or limestone (out
of a storage hopper outlet or a mechanical feeder outlet) into an evenly
distributed mix of the solids into transport tubes during depressurization
of the vessel. Two pressurized vessels with alternate operation of control

valves should provide a surging type of solids feed acceptable to the
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combustor requirements. However, more detailed information than is includ-
ed in available pamphlets must be analyzed for such pressurized systems.
The primary concerns adaptation of the pressurized system should be avail-
able size vessels, operation requirements, adaptability to blending, and

relationship of transporting pressure surges to primary air pressure.

Systems Preferred for Development

The pneumatically controllable initiation of solids feed discussed in
the concept represented by Fig. 6.25 should prove to be the most acceptable
maintenance-free feeder system if it can be developed satisfactorily. The
power requirements associated with blending and transport should be lower
than any pressurized system. After initiation of solids flow the develop-
ment should be capable of continuous feed of a uniform mixture of the par-
ticulates. Special retention hoppers and design of the outlets for multi-
ple point feed, of course, must also be developed. If, however, the con-
cept proves valid, tie-~in to the transport system should be comparatively
simple.

bAdaptation of a multiple feeder plate on a vibrator that will produce
satisfactory amplitudes of the combined vibrating mass can probably be de-
veloped more easily in direct consultation with a reputable manufacturer
of vibratory equipment. Once the equivalent mass and spring rate are eval-
uated, and the adjustment of the air gap across the magnet assembly is
fixed for a particular vibratory system, the amplitude and solids flow can
be controlled by rheostats in the electric circuitry. The vibratory feeder
can provide a wide range of feed rates and controlled initiation of solids
flow to the pneumatic transport tubes. Maintenance-free operation as de-

pendable as an electric motor is possible for many thousands of hours.

Plant Layouts

A number of plant layouts were prepared to investigate the problems of
arranging and coupling the major components required for a complete plant.
Provision was made for storing sufficient coal for one month of operation

in the winter and for storing the waste ash and spent limestone for a
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similar period. In laying out the system an effort was made to give con-
sideration to problems of differential thermal expansion in the duct work,
adequate space for maintenance around each component, and provisions for
design flexibility so that a range of models of equipment from different
vendors might be employed.

Figure 6.26 shows a plan view of a promising conceptual design, and
Fig. 6.27 shows a vertical section through this plant. In these layouts
it was assumed that the recuperator would be built of 0.50 in. OD tubes,
and hence the recuperators shown are large and bulky. As indicated earli-
er, it is believed that much more compact plate-type recuperators can be
obtained commercially within a year, but the data available on these units

was not sufficient to make a good system layout at this stage.

Particulate Removal Equipment

The layouts of Figs. 6.26 and 6.27 were made before good data had
been assembled on the particulate removal equipment. It now appears that
substantially more space must be provided for the components that will be
required. Design considerations and the effectiveness of the equipment en-

visioned are presented at the end of Chapter 3.

Fuel and Limestone Feed Systems

It seems likely that the most difficult problem to be solved in the
development of the fluidized bed coal combustor is that involving the pre-
paration, handling, and inspection of the coal and limestone feed materi-
als. For the purposes of this study, it is assumed that the coal and lime-
stone will be crushed to about 8 mesh off-site and will be stored at the
site in closed bins or silos in which they will be protected from the
weather,

The storage and handling process shown in Fig. 6.28 includes receiv-
ing, storage, drying and conveying of the ccal and limestone to the fluid-
ized bed combustor. The coal or limestone would arrive at the plant in
closed hopper trucks and will be discharged into the storage bins. The
storage capacity will be sufficient to supply the fuel and limestone re-
quirements for one month, if deliveries are interrupted. The coal and

limestone would be conveyed to weigh tanks which act as buffers between

eold
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the batch-type receiving operation and the continuous feeding operation.
The weigh tanks are sized to hold a 24 hr reserve in case of feeder mal-
functions. The screw feeders are sized to £ill the weigh tanks in a one
hour period.

The coal and limestone are fed from the weigh tanks through dual rota-

8 The coal and limestone are

ry feeders to the fluidized feeder-dryer.
mixed and dried in the fluidized feeder-dryer and fed uniformly to the
multiple fuel feed lines required to give even temperatures in the fluid-
ized bed coal-fired combustor.

The fuel injection air system is shown in Fig. 6.29, The system pres-
sure drop is approximately 50 in. of water. The system can be operated

"conventional"” coal

under either positive or negative pressure. Feeders in
plants are capable of sealing against pressures of about 60 in. of water
gage., The system shown in Fig. 6.29 employs an induced draft fan for the
fluidized bed combustor and a booster fan for the fluidized feeder-dryer
which allows the continuously operating portion of the fuel feeding system
to be operated at negative pressures. Since any system leaks are air into
the system and not coal dust out of the system, the negative pressure op-
eration mode (which requires approximately 70Z additional pump work as com-
pared to a positive pressure mode of operation) prevents the dispersion

of coal dust into the plant ambient atmosphzare.

The system described above and shown ia Fig. 6.28 and 6.29 is esti-
mated to cost approximately $100,000 or $7.5/kW(e) for a 2000 kW(e) plant
capitalized at 15%. This design can probably be greatly simplified by
separately feeding the coal and limestone in an '"as received" condition
directly to the fluidized bed combustor air transport and injection system
to give an estimated cost of $5/kW(e). The degree of simplification will
depend upon the results of the performance of a demonstration plant de-
signed to investigate the effects of the degree of premixing of the coal
and limestone as well as the feed distribution in the fluidized bed com-
bustor, upon the sulfur retention by the limestone, the temperature dis-
tribution in the fluidized bed, and the combustion efficiency of the
fluidized bed.

The fluidized bed coal-fired combustor firing rate is controlled so

. . o .
as to maintain a constant bed temperature of 1650 F. As shown in
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Fig. 6.30, the coal feed rate is controlled by the flow rate of the modu-
lating air which regulates the flow of the coal and limestone mixture from
the fluidized feeder-dryer into the transport air stream. The fluidizing
and drying air supplied to the fluidized feeder-dryer is proportioned be-
tween the regenerated and unregenerated combustion air so as to maintain
an exit air temperature of 250°F from the fluidized feeder-dryer. This
will insure that the coal and limestone mixiure is sufficiently dry so as
not to cause any plugging in the transport lines. The drying air is com-
bined with the regenerated combustion air and fed to the fluidized bed com-
bustor combustion air plenum.

The flow rates of the transport air and the fluidizing and drying air
are held constant while the fluidized bed combustor is in operation. The
limestone and coal feeds to the fluidized feed-dryer are modulated so as
to maintain a constant bed depth in the fluidized feeder-dryer. The re-
quired limestone~to-coal ratio as determined by the sulfur content of the
coal is maintained by the speed of the respective coal and limestone
rotary feeders. The combined combustion air flow rate is controlled by
maintaining a constant ratio of the flue gases fed to the induced draft

fan to the coal-limestone feed rate.

Capital Cost

It is extremely difficult to estimate the capital costs for a new
type of power plant, but a fair insight can be obtained by summing the
costs of components. Table 6.12 summarizes the results of an effort to
do this for a MIUS installation based on the reference design of Fig.

6.10 and Table 6.3. The costs in Table 6.12 were based on the assumption
that these systems would be in production at the modest rate of about a
dozen per year so that the design and tooling costs would not be excessive.
The major equipment and building items directly related to power produc-
tion were included, but some other costs--mainly a cooling tower or cool-

ing pond that would be dependent in large measure on the air conditioning

system—--were not included.
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Table 6.12., Preliminary Estimate of Power Plant ;
Capital Cost per 700 kW(e) Unit

Turbine-generator and controls $100,000
Fluidized bed-heater-economizer unit ‘ 50,000 fr
Recuperator* 25,000 -
Waste heat recovery unit¥* 2,000 £
Cooler* 1,000 b
Coal and limestone storage, feed, and metering system 35,000 T
Ash handling and storage system 5,000 Lo
Cyclone separators and bag house 20,000 —
Induced draft fan and stack 10,000 .
Ducts 10,000 -
Instrumentation 17,000 :?
Building®* (2000 ft2/unit) 60,000 .
Design, installation, interest during construction, etc. 110,000

Total $445,000 =

Capital cost per Kilowatt#*#** : $635/kW(e) m

* Based on $7/ft. L
*#% Based on $30/ft. 3“1

*%% This includes the equipment for producing domestic hot water and
building heat. F
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The cost of the turbine-generator unit is low in dollars per Kilowatt
because it is used in a closed cycle system so that the output of the
turbine-compressor unit is increased substantially over the output at
atmospheric pressure without an increase in its cost or in the cost of the
control system. The cost of the generator and gear box will of course in-
crease with the power output.

The principal uncertainties in the preliminary cost estimates of Table
6.12 lie in the costs of the fluidized bed-heater-economizer unit and its
coal and ash handling systems. These uncertainties can be resolved only

by building and operating some systems.
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CHAPTER 7

HOT CORROSION AND STRENGTH OF SUPERALLOYS

Hot corrosion is the term used to describe the degradation of high
temperature alloys in combustion product gases. A review of the charac-
teristics of this type of corrosion clearly shows that combustion gases
are much more aggressive than air around 900°C. Typically, the reaction
rate laws change from a parabolic to linear or accelerated dependence as
the environment is changed from air to combustion gases, signifying the
conversion of a protective oxide scale to a non—-protective one.

A vast amount of work on the hot corrosion problem has been done by
the aircraft, petroleum, and electrical power industries. The general
observations are that corrosion is highly specific to alloy type and to
combustion gas chemistry. Consequently, it is difficult to extrapolate
corrosion results from one fuel source and temperature to another. None-
theless, certain general characteristics emerge as being significant;

alloy composition, environment, and the corrosion mechanism.

Effect of Alloy Composition

At 1000°F the ferritic steels based on 12 Cr-1 Mo appear somewhat
more resistant than the 300 series alloys to the sulfur compounds in fos-
sil fuels.! At high sulfur activities, wall thickness losses average
about 2.5 x 10~3 in./1000 hr for the 300 series alloys. Chromium addi-
tions to Fe or Co base alloys markedly improve the resistance to sulfida-
tion.2>3 Aluminum coatings improve the corrosion life of cobalt alloys
tenfold in gases contaminated with sulfur and alkali metals at 1600 to
1740°F;“ however, it has also been reported that alloys that do not form
alumina-rich surface scabs are not susceptible to accelerated attack by

Na,S0, between 1470 and 1830°F.°

Effect of Environment

Oxidation of steel at high temperatures may be greatly accelerated
if the oxidizing gas mixture contains sulfur dioxide. The introduction

of sulfur dioxide and moisture simultaneously into air greatly increases

7.1
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the oxidation rate of steel at 900°C, although sulfur dioxide alone appears
to have had little effect.®

The hot gaseous mixture produced by the burning of fuel often causes
rapid oxidation of steel. Naturally, the oxidation rate is greatest if
free oxygen is present (i.e., if excess air has been used for the combus-
tion); oxidation may be slow or absent if the gaseous mixture is definitely
reducing, although if sulfur compounds are present, hydrogen sulfide in a
reducing mixture may then cause serious destruiction to some materials —
notably alloys rich in nickel.

Nevertheless, serious oxidation is possible even in mixtures contain-
ing no free oxygen or sulfur compound. If burned in a deficiency of air,
coke or coal will yield a mixture of carbon dioxide and carbon monoxide
diluted with much nitrogen; there will be some water vapor, but the amount
of water is far greater if the fuel contains largely hydrocarbons and
hydrogen.

Measurements’

of iron-wastage by gas mixtures representing the combus-
tion products of three types of fuel, with and without added sulfur di-
oxide, are shown in Table 7.1. It will be seen that the scaling rate in-
creases with the amount of water vapor in the mixture, and is further

increased by small additions of sulfur dioxide.

Table 7.1. Wastage of Iron by Gas Mixtures

Composition of Scaling Rate at
. <] 2
Mixture Representing Mixture (Percent lOOQ C. (mg/em
by volume) in 1 hour)
Products of

Combustion from — H,0 co, N, Naso, 0.05% 0.10% 0.20%

S05 S0 S0-
Dry, high-temperature
coke . . . . . . 2 18 80 4.4 11.2 14.6 18.6
Coal, 0il or producer
gas . . . . . . 10 10 80 7.5 17.5 22.5 26.5
Coal gas . . . . . . 20 10 70 12.0 21.5 27.8 32.0
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Inconel 713C and Mar-M200 coated with Al and Al-Cr were exposed to
JP~5 combustion gases with three levels of sulfur ( .004, .04, and 0.4%)
with and without 1 ppm sea salt. The primary cause of corrosion was the
sea salt and not the sulfur content of fuel.8%>% The corrosion of Ni alloys
by SO,or Na;SO, is enhanced between 800 and 1000°C in the presence of low
concentrations of CHq.lQ The effect is attributed to localized reducing
conditions created by the catalytic decomposition of CH, to carbon by the

alloy surface.

Corrosion Mechanism

The picture which emerges as the mechanism of "hot corrosion" appears
to be one in which normally protective oxide scales are destroyed by trace
amounts of inorganic solids. The inorganic materials have been identified
as alkali metal oxides such as Na,S0,, NaVOj3, NayMoOj, etc. and oxides of
Mo and V. One theory is that the above compounds, which are derived from
combustion, rapidly flux the protective oxide and allow the sulfur contain-
ing compounds to attack the substrate. A second concept is that these
compounds drastically reduce the adhesion of the protective scale. In
either case the sulfidation of the substrate means that sulfur in some form

is accessible at discontinuities in the normal oxide scale.

Gas-Metal Reactions in Helium

Theoretically, the substitution of helium for air as the coolant should
eliminate the oxidation of the alloy tubes; however, in practice, a helium
environment has shown evidence of being a more aggressive coolant than
air. This characteristic stems from trace levels of active impurity gases
in the helium whose concentration is too low, typically 50 to 200 u/atm, to
form a protective oxide film on the alloy surface. As a consequence, the
corrosion reactions tend to concentrate below rather than at the gas-metal
interface. Obviously, metal consumption at the surfaces will be minimal
but the internal reactions which occur between the more reactive alloying

elements and the dissolved gases reduce the strength of the alloy.
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Corrosion in Fluidized Beds

The relevance of existing data on hot corrosion to the fluidized bed
coal burning concept cannot be assessed very well at this stage. Dis-
tinguishing features of the fluidized bed are (1) the relatively low tem-
perature of the combustion process (compared to combustion in flames) and
(2) the slowly moving bed of ash particles in intimate contact with the
metal surfaces. Oxidation of a metal placed in the oxidizing part of a
flame introduces factors not operative in oxidation by combustion products
in a fluidized bed, because the chemical states of molecules and free radi-
cals at flame temperatures differ markedly from those at lower temperatures.
Furthermore, combustion gases emanating from the flame region are not in
thermal equilibrium so that there are point-to~point differences in chemical
composition.

An example of important differences between flame and bed heating con-
cerns the behavior of sulfate and vanadate compounds. The vapor pressures
of these compounds are relatively high at flame temperatures, and they leave
the flame region in gaseous form. The compounds condense on cooler surfaces
beyond the flame region and thus become intermixed with preexisting oxida-
tion products on these surfaces. 1In the bed concept, sulfates and vanadates
undergo chemical reactions with the coal-ash mixture, and the resultant
reaction products will not volatilize significantly as long as the combus-
tion temperature remains below 900°C. Thus, these sulfur-containing com-—
pounds can be made relatively nonreactive (depending on the bed composition)
before they contact metal surfaces within the bed.

On the other hand, the possible erosion accruing from slowly-moving
ash particles is of special concern in the fluidized bed concept. However,
the limited materials studies conducted to data have shown no evidence of
direct metallic erosion. This observation is not unexpected considering
the relatively low fluidizing velocities (2 to 8 ft/sec) associated with
the suspended bed. In conventional coal-fired boilers, erosion by particle
impaction does not occur at flue gas velocities below approximately 100
ft/sec.

Visual examination of test specimens has also indicated that the

scouring action by ash particles is not sufficiently erosive to remove the
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protective oxide cover and expose clean metal surfaces to the environment.
This is based on specimen weight loss results which show that the rate of
corrosion decreases with time, thus indicating the formation of a stable
protective oxide layer. Table 7.2 gives the weight loss for several steels
(301 g/cm? hr is equivalent to 1.5 x 107° in./hr). Sulfide penetration of
10 to 20 ym was observed for the austenitic steels in the range 1290 to
1560°F in 100-hr tests and a maximum of 70 um in the 500-hr tests.

The exposure of X-~-40,* Nimonic 75,* and EPK-55* to the exhaust atmos-
phere of a fluidized bed for 200 hr in the range 1565 to 1675°F initiated
hot corrosion. Sulfur penetration was most severe in X-40 (approximately
0.009 in.) and least in EPK-55 (0.004 in.).!!

On the other hand, the presence of the fluidized bed does influence
the formation of deposits on the tubes. Tubes situated in the bed ex-
hibit a thin, even, hard and adherent deposit (<0.1 mm thick). The under-
sides of tubes situated above the bed sometimes are covered with a layer
of fine ash, and coarse ash particles formed a layer on the top of these
tubes. Both types of layers appear loosely adherent and do not form on

the tubes situated in the bed.

High Temperature Strength Considerations

Important considerations for the selection of heat exchanger and duct-
ing materials include creep and stress-rupture strengths, low and hich-cycle
fatigue resistance, thermal stability, and the effects of environment on

these properties, including gas-metal reactions and erosion.

Effects of a Hot Gas Environment on Mechanical Properties

To date there is not complete agreement as to the effects of combustion
gas environments on mechanical properties. If we assume that the disparate
data are corect (i.e., do not reflect differences in testing procedures,

conditions, etc), we can conclude that the differences accrue from

#X-40: 10 Ni—57 Co—25 Cr—0.75 Si~o.4 C
*Nimonic 75: 78.8 Ni—20 Cr—0.2 Ti-0.7 Si—.01 C
*EPK-55: 43.6 Ni—20.0 Co—28.5 Cr—0.75 Cb—2.3 Ti—1.2 A10.1 C
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Table 7.2. Average Weight Losses of Specimens

Wt. loss in ug/cm?h
Test Position § b
Temp } a 1 o Type | Type |Esshete c
op €8 2ax cry 122 o} OO0 1250 |FE 16
690 91 92 - - 1 2 -
940 163 179 - - 2 3 -
PR In bed 1100 - 579 - 7 8 9 -
Series 1
- - - 11 2 -
(Pittsburgh) 1320 11 1
100 h duration 1360 - B - 12 i 20 -
789 62 74 - - 1 2 -
n
- - - 5 10 -
freeboard 1340
1500 - - - 3 2 4 -
770 48 32 2 - 1 1 -
920 88 78 6 - 2 1 -
s In bed 1090 - 539 5 3 3 4 -
Series 2
- - 3 3 4 6 3
(Pittsburgh) 1310
- - 8 7 5 3
500 h duration 1360 30 ’
760 24 25 <1 <1 -
In
- - 1 1 5 1
freeboard 1310
1520 - - 3 - 1 3 2
730 41 42 2 - 1 1 -
930 84 98 6 - 2 2 -
. In bed 1100 - 222 3 2 2 3 -
Series 3
2 - - 7 6 6 13 5
(Pittsburgh 1320
+ Limestone 18) 1560 - - 475 3 2 3 2
465 h duration 760 18 18 2 <1 <1 _
In 131 - - 2 2 2 3 2
freeboard 310
1490 - - 2 2 3 12 2

8Medium carbon steel (0.45 C).

%15 Cr-10 Ni—0.15 C-6.0 Mn—1 Mo—bal Fe.

€17 Cr—43 Ni—0.1 C-3.0 Mo—1.2 Ti—1.2 Al-bal Fe.

environments which are different with respect to impurity concentrations

and/or impurity gas ratios. A second factor which may contribute to the

apparent conflicts are differences in the thickness
Because the reactions occur mainly at the metal-gas
of a mechanical property change should be dependent
to-volume ratio. Sheet products should be affected

and thin sections more than thicker sections.

of the test section.
interface, the extent
on the metal surface-

more than bar products

I
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In the absence of more extensive experimental data to resolve these
questions, it is not possible to predict the effects of environment on
mechanical properties, because in some cases alloys have been observed to
be strengthened and in others weakened in gaseous environments. To illus-
trate the possibilities, we have observed that the creep strength of alloys
may be weaker during their interaction with gas constituents than when the
alloys were doped with the same constituent prior to creep testing. Alloys
exhibiting this characteristic can also undergo accelerated transient creep
rates for short periods. In general, such alloys do not form a surface-
reaction product. This phenomena is therefore related to the reaction and
solution of the impurity gases and the precipitation of a grain-boundary
phase at the solubility limit. However, gas-metal reactions resulting in
the formation of a surface film are, in general, strengthening provided
that the applied stress is lower than that required to crack the film.

When this happens, low creep rates may — but not always — be accompanied by
low strains at rupture.

Currently accepted practice permits design for long service times to
be based on relatively short-term property information (e.g., it permits
extrapolation of creep data from less than 50,000-hr tests to several
hundred thousand hours). This procedure, considering the "safety margins"
incorporated into design and allowable stresses, is acceptable if the
materials are metallurgically stable (i.e., do not transform or age to
produce a material of different character in terms of strength and/or
ductility) under the time-temperature-environment conditions experienced
in service. Short-time instabilities are probably sufficiently accounted
for in the typical range of data acquisition, but possible longer term
changes which might occur from sequential transformations and/or transfor-
mations reflecting interaction with the enviromment are gemerally poorly
known and characterized. Questions of long-time thermal stability and
environmental compatibility must be addressed in the selection and quali-

fication of materials for the construction of fluidized bed systems.

Candidate Alloys

The following is a brief survey of the potential of alloy classes or
families for heat exchanger service based on design parameters discussed

in earlier chapters.
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Heat exchanger tubes of 1/2-in.-0D x 37.5 to 70-mil wall.
Pressure difference of 150 psi (hoop stress of 1000 psi).

1
2
3. Service life of 100,000-hr (stress-rupture).
4. Service temperature of 1600°F.

5

Service environment, air/(coal and combustion products).

Carbon and Low-Alloy Steels. This largs class of low cost materials

is not suitable for use in this application. They have neither the oxida-
tion resistance nor high temperature strength required.

High-Alloy Ferritic Steels. Although chrominum-molybdenum steels of

the 127 Cr-17% Mo class offer a significant improvement over the low alloy
materials, their service is limited by both oxidation resistance and
rupture strength to approximately 1200°F.

Ferritic Stainless Steels. The 440 series of stainless steels (18 to

27 wt % Cr) have the potential for continuous service in air at temperatures
up to 1950°F. They are used in applications where resistance to corrosion
and scaling is important. Type 446 is also often used in sulfur-bearing
atmospheres. Unfortunately, strength considerations would likely limit
their service to about 1500°F.

Austenitic Stainless Steels. Three austenitic stainless steels (types

304, 309, and 310) are worthy of consideration for this application. All
should meet the strength guideline (i.e., no ruptures in 100,000 hr of
1600°F service), with the latter two meeting it more comfortably. However,
type 304 (19% Cr—9% Ni) and 310 (25% Cr—207% Ni) are used in applications
requiring high temperature strength and air oxidation and scaling resistance
at temperatures up to about 2000°F. Their compatibility with the combustion
bed environment needs to be investigated.

Fe-Ni-Base Alloys. Two commonly used alloys of this class are Incoloy
800 (21% Cr—32.5% Ni—0.8% Ti+Al-balance Fe) and A-286 (15% Cr—26% Ni—3.5%
Mo+Ti+Al-balance Fe). A-286 is slightly stronger than Incoloy 800 at tem-

perature (both should meet the design guidelines) but is, perhaps, slightly
inferior in terms of air oxidation resistance. Both materials need experi-
mental evaluation in terms of their compatibility with the combustion bed

(i(e., what corrosion allowance will be necessary and will the interaction
of these materials with the environment lead to degradation of rupture life

and/or useful service life?). 1In this regard, it should be noted that an
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alloy very slightly modified from the Incoloy 800 composition, Incoloy
802, is used for high temperature sulfidation resistance.

Ni-Base Alloys. A large number of Ni-base superalloys which exceed

the strength and air oxidation resistance guidelines are available. These
alloys generally have additions of 10 to 25% Cr, up to 10% Co, and lesser
amounts of various combinations of W, Cb, Mo, Ti, and Al. These materials
may be unattractive from a cost standpoint. Their compatibility with the
combustion bed needs evaluation.

Co-Base Alloys. This family of materials also offers high temperature

strength and air oxidation resistance. Most of these alloys contain Cr
{(up to 30%), Ni (about 10%), and lesser additions of Mo, W, and Cb. Their

cost is high and their compatibility is unproven.

Conclusions

Regardless of the material or materials chosen for this heat exchanger
application, their compatibility with the combustion bed will be a major
question. Based on a balance of cost, high temperature strength, and air
oxidation resistance, the use of types 309 and 310 stainless steel and

Incoloy 800 should be strongly considered.
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CHAPTER 8
INSTRUMENTATION AND CONTROL

Coupling a fluidized bed coal combustion chamber to a gas turbine pre-
sents some unusual instrumentation and control problems. In attempting to
cope with these problems it seems best to consider first the MIUS require-
ments, then review the control system employed for a typical coal stoker-
steam boiler for an apartment house complex, and then examine the basic
control concept envisioned for the fluidized bed coal combustion system

coupled to a gas turbine.

MIUS Requirements

Typical yearly requirements for electricity, domestic hot water, space
heating, and air conditioning in a housing complex are summarized in Table
4.1 for a set of apartments in Philadelphia. The energy demands at any
given time vary widely throughout the course of a day, between weekdays
and weekends, and with the weather. Thué, not only does the amount of
energy required in any given form vary widely, but also the ratio of
electricity to heat varies. These problems are treated in detail in
Appendix C, and are summarized briefly below.

In approaching the control problem, it appears best to consider first
what might be called the most common set of operating conditions; these
entail a power plant output about half the maximum demand. For this con-
dition the electrical power requirements would somewhat exceed the require-
ments for heat so that some waste heat would be deliberately rejected. The
waste heat from the power conversion system can be rejected to the environ-
ment by any one of several different routes. Probably the most practical
will be either a cooling tower or a cooling pond. The latter appears
particularly desirable for MIUS application because it can also be employed
as the final step in the cleanup of the effluent from the sewage plant.
Thus, for purposes of this discussion, it will be assumed that a cooling
pond will be employed for rejection of waste heat from the power conversion

system.

8.1
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Diurnal Variations in Load

Figures 2 to 10 of Appendix C show typical curves for the electrical
and heat loads as functions of the time of day for summer, winter, spring,
and fall conditions. Note that the requirements for domestic hot water
represent about 177 of the requirements for building heating on a typical
cold winter day. Note, too, that the maximum rate of change of load is
moderate, i.e., about 0.7% per minute. Thus, for normal operation it will
not be necessary to employ a control scheme that will accommodate rapid or
large step changes in load such as might be encountered for industrial in-
stallations.

Although there is no economically attractive system for storing elec-
tricity during the hours of low demand so that it can be released during
peak demand periods, it is economically attractive to store heat for periods
of as much as a few days. Thus the changing ratio of the electrical to
the heat load can be accommodated over the course of a day by employing some
large hot water storage tanks. So far as diurnal variations in electrical
and heat loads are concerned, the control system can be designed so that
the power conversion system operates with the appropriate average ratio of
electrical output to heat output for the day, and the hot water storage

tanks can be used to accommodate the diurnal variations.

Seasonal Variations in Building Heating Loads

The large variations in the ratio of electrical to building heat loads
evident in Appendix C, Figs. 2 to 10, in going from either winter or summer
to spring or fall imply that the power conversion system should be designed
to give the maximum efficiency obtainable to produce electricity from the
thermodynamic cycle in order to minimize the amount of waste heat rejected
in the spring or fall. It is also important to build the system so that the
ratio of heat to electricity can be increased during the peak winter heating
months because it is essential that an adequate amount of heat be available
on the coldest days in winter. During the peak air conditioning load
periods in the summer, the waste heat available from the thermodynamic
cycle will not be sufficient to drive an absorption air conditioning system
of adequate capacity. For these high air conditioning load periods, electric

motor driven Freon compressors can be employed and the air conditioning load
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can be divided between the electrically driven compressors and the absorp-
tion air conditioning equipment. Thus, during hot weather it is important
to operate the thermodynamic cycle in a mode that gives the best possible
efficiency for the generation of electricity, and there will be no waste

heat rejected from the thermodynamic cycle to the cooling pond.

Control of Conventional Boiler Furnaces with Coal Stokers

Of the various conventional systems in current use in which coal is
fired into steam boiler furnaces for apartment house complexes, the system
that appears most nearly analogous to the fluidized bed coal combustion
system is one in which coal is carried by a screw conveyer from a bin or
hopper to a point close to the furnace, dropped into an air stream, and then
blown into the furnace, the small particles being suspended in the air
stream. The coal and air flow are modulated continuously to provide the
required heat input over the entire range from low to high loads. The
variation in coal feed rate is obtained by varying the speed of the feed
screw employed to deliver coal from the hopper or bin. The air flow is
modulated by operating a butterfly valve in the air supply system. About
10% of the full load combustion air flow is used to convey the coél into
the furnace; this air is supplied from a blower at a head of 12 to 20 in. of
water and the flow is not modulated with load because coal particles would
tend to fall out of suspension at low air flow rates. The balance of the
combustion air is supplied from a larger blower with a delivery head of

three or four in. of water. No induced draft fan is employed.

Control of Fuel-Air Ratio

The fuel-air ratio is ordinarily controlled to give about 257 excess
air. Metering of the coal is accomplished by sensing the rotational sﬁeed
of the feed screw; the coal feed rate is directly proportional to the speed
of the feed screw. A linkage is employed on the air supply valve so that
the air is kept proportional to the fuel flow.

The pipes carrying the particles suspended in air commonly include
horizon;al runs of as much as 40 ft and vertical runs of as much as 30 ft,

but not both of these maximum distances in series.
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Control of Fluidized Bed Coal Combustion
Systems Coupled to Steam Boilers

All of the fluidized bed coal combustion system work conducted to date o
has been carried out with heat removal from the bed via steam boiler tubes, |
and, as indicated previously, this constrains operation to the vicinity of e
the design point, i.e., full load operating conditions. Automatic controls L
have not been employed; manual adjustments of coal feed rates and the air
flow have served. Thus, while the experience that has been gained with
fluidized bed coal combustion systems is not necessarily applicable to the‘
gas turbine system of interest here, it does provide some important and V
valuable insights.

The coal feed system used by BCURA is essentially that which they tried
initially and found that it worked satisfactorily. They have done little =
work on improving the system or investigating the effects of variations. £
The coal is fed to the bed through four 1/2 in. nominal pipes. The pipe 1)
runs are straight with T's or crosses at the corners rather than sweeping
curves because the latter are subject to erosion. The crosseé have the 0
advantage that the pipe plugs can be removed and the pipes can be cleaned
if there is any tendency of the coal to form a plug. However, they have
never experienced any plugging of their lines. The air flow they employ
to carry the coal through the lines is equal to about 8% of the total air flow
to the bed. The coal size used in the 1/2 irn. pipe lines is 1/8 in. mesh
coal with no effort to reduce the fraction of the fines. The pressure drop ‘
through about 200 ft of pipe from the hopper to the bed is only about 1 psi. -
Note that they make use of 200 ft of pipe to build up the pressure drop
and thus give them an adequate basis for metering with their existing meter-
ing equipment. They agreed that a different set of metering equipment
would probably work satisfactorily on a much smaller pressure drop, and that
with such a system the long pipe lines that they employ would not be
necessary.

In supplying coal to the lines, it is allowed to drop through a pindtle
control valve vertically downward into a pipe Tee. The air employed to con- -
vey the coal is supplied vertically upward from the bottom leg of the Tee e

and the coal-air mixture is carried off from the horizontal outlet of the
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Tee. They said that in‘their experience this arrangement worked better than
feeding the air horizontally into the Tee with a horizontal air-coal outlet.
They make use of a transparent plastic section in their coal feed pipe aghead
of the Tee to get a direct visual indication of the coal flow rate.

BCURA experience indicates that the limestone can be mixed with the
coal prior to delivering it to the air transport system, and they prefer
this mode of operation. Their recent test work indicates that, on a weight
basis, limestone is as good as dolomite at least for some bed operating
temperature and pressure conditions.

BCURA has not analyzed the problem of rates of change that one might
expect to be able to effect, but they have routinely obtained temperature
changes in the bed at a rate of lOOOC/minute. (ORNL analytical estimates
indicate that even faster rates of change are achievable in principle be-
cause the mean effective lifetime of a coal particle in the bed is only

a matter of a few seconds.)

Basic Concept Envisioned for the Fluidized
Bed Coal Burning Gas Turbine

A flow sheet for the system envisioned including the principal com-
ponents required for control is shown in Fig. 8.1 and design data for the
system are given in Table 6.3. The system assumes that the coal will be
conveyed from the bin to a point close to the furnace with a comercially
available feed screw with a continuously variable speed drive, and that the
coal will drop into an air stream representing about 107 of the total com-
bustion air flow and will be conveyed through 1/2 in. (nominal) pipes to

tuyeres in the bed support plate.

Control System Design Precepts

After considering a variety of approaches to the control problem, a
consistent set of design precepts was evolved that appears to give a
reasonably straightforward control system that will meet all of the
required boundary conditions. These precepts are as follows:

1. The fluidized bed will be operated at a constant tem-

perature chosen for nearly optimum sulfur removal. To
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accomplish this the coal feed flow rate and combustion

air flow rate will be slaved to the bed temperature.

The gas turbine and generator speed will be held constant

to maintain a constant output frequency of 60 Hz. This
will be accomplished by wvarying the pressure in the closed
cycle gas turbine system. An air reservoir (see Fig. 8.1)
will be provided to facilitate the changes in system pres-—
sure level.

The rate of heat release in the bed is primarily dependent
on the combustion air flow rate, hence the primary control
on bed temperature will be on the combustion air flow. The
amount of coal in the bed would ordinarily be equivalent to
that consumed in about 1 min of operation.

The fuel-air ratio would be controlled to provide about 10%
excess air.

The limestone would be mixed with the coal in the region
where the coal is fed into the air stream used to convey

it into the furnace. The limestone flow rate would be
adjusted to some definite proportion of the coal flow rate
depending on the sulfur content of the coal.

Emergency control for an abrupt loss in electrical load
would be obtained by opening a valve to allow air to bypass
the turbine and flow directly from the compressor outlet

to the cooler inlet. Only about one-third of the air need
be bypassed in order to go from full load to zero load with
a gas turbine.

The ratio of heat to electrical output can be increased

for cold weather conditions by allowing air from the compres-
sor outlet to bypass the recuperator and flow directly to
the economizer. This will as much as double the ratio of
heat to electrical output.

During periods of the day when the electrical load gives

a waste heat output from the thermodynamic cycle in excess
of the immediate heat load requirements of the housing

complex, excess waste heat from the thermodynamic cycle
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would be stored in the form of hot water. The heat storage
capacity will be reached when the interface between the hot
and cold water in the hot water storage tank drops all the
way to the bottom of the tank at which point waste heat

from the thermodynamic cycle will be dumped to the cooling
pond.

If the interface between the hot and cold water in the hot
water storage tank rises above a point about 25% down from
the top, the recuperator bypass will be opened to allow

air to bypass directly from the compressor to the economizer,
thus degrading the thermodynamic cycle efficiency and in-
creasing the ratio of heat to electrical output. The re-
cuperator bypass valve would be closed when the interface
between the hot and cold water dropped below the midpoint

of the tank.

The air flow rate through the coal feed pipe would be kept
constant irrespective of the coal feed rate to avoid settling
of coal particles in the feed pipes.

The rate at which the electrical load will increase or de-
crease under normal operating conditions will not exceed
about 0.7%/min except in the summer if large Freon compressors
are used to supplement the absorption air conditioning system.
Starting a large compressor around noon in summer would
probably impose a step increase of about 107 in the electrical

load, and this would pose a difficult control problem.

The control of closed cycle gas turbines has commonly presented diffi-
culties in that the systems have been relatively sluggish in their response
to step changes in the load because they have been designed for high peak
pressures, have had large volumes, and/or have tried to make use of the
compressor of the gas turbine for charging the high pressure gas reservoid
used for control purposes.l’z’3 Release of gas from the reservoir has
commonly been to the compressor inlet, and this had led to a relatively
low system response rate to a step increase in load. A much higher response

rate can be obtained by using a storage reservoir that represents a large

fraction of the gas turbine system, using a separate compressor for charging

FA

e
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the storage reservoir to a pressure well above the maximum system pressure,
and allowing the gas added to the system to go through a heat transfer ma-
trix so that it would enter the system just ahead of the turbine inlet
temperature. A preliminary analysis indicates that a good way to do this

is to place a heat transfer matrix similar to that of the regenerator in the
outlet manifold for the tubes in the fluidized bed. This will run at the
turbine inlet temperature and will provide sufficient heat capacity so that
air from the storage reservoir flowing through this heat transfer matrix
will be heated to the turbine inlet temperature. This arrangement should
yield a good response characteristic.

The system control problems can be investigated with a digital computer
to obtain most of the characteristics of the system. However, extensive
tests of the actual system will be required in part because it is extremely
difficult to model all of the secondary effects that may prove important
and in part because some of the characteristics of the fluidized bed are

not well known.
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CHAPTER 9

MAJOR PROBLEM AREAS

Coupling a fluidized bed coal combustion chamber to a closed cycle gas
turbine presents a substantially different set of problems from those of a
steam boiler, particularly from the standpoint of control. Further, the
operating temperature, excess air, and nominal air velocity regimes fall in
different ranges. Thus the development program must be directed at the
solution of quite a number of new or different problems. In the course of
the studies and analyses presented in the previous sections special
attention was given to major uncertainties and problem areas. These are
listed in Table 9.1. They are placed in five major categories on the
basis of the approach that it appears will yield the principal information
required for their solution. The five types of approach envisioned are
detailed design analysis, bench tests of models or components, construction
of a demonstration unit, system tests, and basic technology investigations.
The first four of these categories fit logically into a main-line program
to design, build, and test a fluidized bed coal combustion system coupled
to a gas turbine, while the fifth category is more general and involves a

range of basic technology work.

Minimal Program to Design, Construct,
and Test a Demonstration Unit

The bulk of the questions implicit in Table 9.1 can be answered in
large measure by an orderly program to design, construct, and test a
demonstration unit. This work will entail extensive liaison with other
laboratories and equipment manufacturers to take maximum advantage of
their background of experience and capabilities so that costs can be
kept to a minimum consistent with the prime objective; namely, demonstrating

the feasibility of the concept.

9.1
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Table 9.1. Summary of Major Problem Areas and Questions o

Design i i
eang ?enzh Detalinges1gn
Analysis estE Construction

System Basic
Tests Technology

Hot manifold and piping design and stress analysis X
Economizer design and stress analysis
Tube arrangement in the fluidized bed X b's
Detail design of the air ports or tuyeres for the
bed X X Y
Detail design of the ports for the fuel and !
limestone X X
Effects of fuel form (coal, solid waste, etc.) on
choice of fuel feed port design X )
Detail design of feed ports for starting fuels ) [
(gas and/or oil) x
Effects of freeboard height in the plenum chamber
above the bed on carryover of particulates b4
Effects on particle carryover of grids of tubes -
used as baffles in the plenum above the bed x o
Effectiveness, metering characteristics, and re- .
1liability of candidate equipment for the fuel kst
and limestone feed system X
Uniformity of fuel distribution to a multiplicity P
of feed ports operating in parallel X .
Costs of principal ltems of equipment X ;
Costs and time required for installing the equip- =
ment to give a complete power plant X
Stability and control characteristics of the o
fluidized bed cosl combustion system coupled to '
a closed cycle gas turbine X X
System startup and shutdown characteristics X b4
Characteristics of the fluidized bed coal combus-
tion system under hot standby conditions with no T
heat removal except through heat losses to the
surroundings X
Determine feasibility of on-off control of the
combustion air and fuel for operation at loads
too low for good fluidization of the bed X [
Similarities and differences between gas turbine L
heaters and. steam boilers for utilizing fluidized b
bed combustion systems
Effectiveness and reliability of ash removal system b'e 7
Effects of air temperature entering the bed on (
both combustion and the behavior of the fuel Ffeed L
system (e.g., are there coking troubles?) -
Effects of bed temperature, inlet air tempersture,
excess air, load, Ca/S ratio, types of coal and
limestone, etc., on emissions of §0,, NO_, and
particulates as well as on the amount ofxunburned Lo
carbon in the ash -

®

G

Reliability and maintenance problems of components *
and the complete system m
Feasibility of operating the system unattended x L
Effects of choice of alloy on corrosion and erosion * i
of the tubes in the bed X X
Effects of particulate size and character on erosion, :
corrosion, and deposits in turbine stators and M
rotors if the hot gases are fed from the fluidized | ;
bed without cooling through particulate separators bed
to a gas turbine b'd
/=
L
5
|
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Analytical Design and Layout Studies

The analytical design and layout studies summarized in Chapter 6 must
be extended with particular attention to stress analysis, details of the
fluid flow passages, fabrication problems and coéts, the performance and
cost of commercial components, and system integration problems. The latter
include system stability and control from startup through low power to high
power and then to shutdown including provisions for all emergency situations

that can be envisioned.

Bench Tests

Closely associated with the above design work it will be necessary to
carry out a substantial program of bench tests. These will include two
major types, the investigation of complex fluid flow problems, and the
evaluation of commercial equipment.

A whole series of subtle fluid and fluidized solids flow problems can
be investigated nicely with a lucite model of a section of the fluidized
bed. This can be built full scale with interchangeable sections as indi~
cated in Fig. 9.1 so that different configurations for the inlet plenum,
the tube bank, the air ports, and the fuel supply ports can be tested.
Tests of the latter should include operation with various mixtures of coal,
limestone, solid wastes, and simulated sewage sludge to determine the extent
to which the various port geometries tested will tolerate variations in the
particle size and the character of the fuel feed materials. The system
would also be used to investigation provisions of port for starting the
system with gaseous or liquid fuel, the effectiveness of a tube bank placed
as a baffle above the bed to reduce particle carryover, the effects of the
height of freeboard in the plenum above the bed, and similar problems. The
results of this test work would then be incorporated in the design.

Two or three types of commercial equipment suitable for feeding fuel
and limestone to the bed should be selected and purchased to investigate
their operation with coal, limestone, and solid wastes. Particular atten-
tion should be given to the effects of particle size and character, pre-
cision of metering, and tendencies of the mechanisms to jam, clog, or
otherwise malfunction. This fuel feed equipment can be coupled to the

lucite model of the fluidized bed to investigate the characteristics of
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the coupled system. It will also be important to investigate the uniformity
of distribution of the fuel flow to a multiplicity of feed points in the bed
(probably 9), and the effects of variables such as coal moisture content,
degree of drying, etc.

A proposed layout of the bench test facility is shown in Fig. 9.2.
The lucite flow model and fuel feeding equipment would be installed on an
existing test stand that is equipped with a 6 in. instrument air line. An
existing cyclone separator that was used in a previous program would be
utilized to remove the larger solid particles carried over by the air that
flows through the bed and these particles would be recycled back to the

bed by the feed equipment.

Detail Design and Construction

The detail design and construction work should answer in lafge measure
a third set of major questions, principally those concerned with the fab-
ricability, cost, and availability of equipment.

Contracts negotiated with vendors, for example, will provide firm cost
data and delivery times for the major components. Similarly, the time
required and the costs for installation of the equipment can be determined
for a single unit. This will provide a good basis for estimating the costs

for production systems.

System Tests

Many of the problems and/or questions in Table 9.1 can be answered
only by operation of the complete system. The first and foremost of these
is the time required and possible difficulties in startup. Following this
it will be important to determine the system stability and control charac-
teristics over the operating range including the system response to small
and large step changes in load or an abrupt loss in load, and the possi-
bilities of "banking the fire' and allowing it to stand practically idle
but at operating temperature (something out of the question if there are
boiler tubes in the bed). The effects of the operating power output on
the behavior of both the fluidized bed and the emissions should be deter-
mined together with the effects of bed temperature, excess air, combustion
air inlet temperature, the Ca/S ratio, methods for segregating the ash from

the lime-gypsum mixture, etc.
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Some insight into the reliability of the system components and their
maintenance problems will be gained in the course of the above performance
tests. A much better insight into these matters can be gained from an
endurance test of perhaps 5000 hr. A particularly important set of infor-
mation from the latter will be the extent to which there is hot gas cor-
rosion of the tubes in the bed. This special set of problems is discussed

in the next section.

Basic Technology

At least two of the problem areas in Table 9.1 have broad implications
for a variety of advanced energy systems including high temperature gas
turbines, potassium vapor topping cycles, and direct combustion MHD systems.
These problems and the approaches recommended in connection with the MIUS

coal burning gas turbine program are outlined in this section.

Materials Compatibility Studies

The development and selection of heat exchanger and duct materials will
require a broad background of mechanical property information and data to
gain compliance with ASME licensing rules and codes. Qualification of the
materials will require compilation and/or determination of large amounts
of information on tensile, creep, and fatigue behavior. 1In additiomn, to
insure the integrity and continued functioning of structural parts during
the desired service life, it will be necessary to account for the effects
of chemical and material instabilities (i.e., gas-metal reactions, thermal
aging, and possible inter-actions) on mechanical properties and behavior.
This requires a dual approach, first to establish the performance limits
of prospective materials in fluidized bed environments, and secondly,
interact with the system designers to hold the severity of the environment
within realistic and predictable limits.

Characterization of Furnace Environment. Although basically an organic

material, coal contains a significant burden of inorganic material which
varies in concentration and amount depending on the coal source. The major

inorganic impurities consist of silicon, aluminum, and iron which are
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present as silica, alumino-silicates, and iron pyrite. Other minor impuri-
ties include potassium, calcium, magnesium, and sulfur. Although extensive
data have been published on the ash content for a wide variety of coals,
these data cannot be used directly to predict the environmental conditions
for a given fluidized bed system. The chemical reactivity of the combustion
gases is strongly process-dependent, and the distribution of inorganic im-
purities between the limestone and ash is probably strongly dependent on
conditions of residence time and temperature peculiar to a particular furnace
design. Thus, characterization of the coal combustion products must be
approached through studies of an actual fluidized bed in which combustion
parameters and bed materials can be varied in accordance with a contrived
test envelope. Characterization of the combustion products will be accom-
plished by removal of ash from preselected positions in the bed at various
times in the test program. Flue gases will be chemically analyzed and, if
feasible, synthesized gas mixtures will be formulated for more fundamental
compatibility studies.

Corrosion of Bed and Duct Materials. A primary goal of our fluidized

bed development program will be to study the chemical interaction of
limestone-coal-ash mixtures with duct and heat exchanger materials. Of
central interest will be the growth and ablation rates of corrosion product
scales along exposed metal surfaces, and the mass transport of bed consti-
tuents (solids and gases) through these scales. This will include a study
of the phase relationships between constituents in the bed and structural
metals supporting or contacting the bed. Components will also be examined
for evidence of mechanical erosion and, if found, erosion rates will be
correlated with aerodynamic conditions in the bed.

Our evaluation of the performance of candidate materials for fluidized
beds will entail the inclusion of surveillance specimens at several selected
locations within the bed and flue gas regions. Also, the bed itself will
be designed to facilitate removal of complete heat exchanger tubes for
metallurgical and chemical analyses at various operating times. Surveil-
lance specimens and heat exchanger tubes will be fabricated from a repre-
sentative grouping or alloy compositions so as to afford back-to-back

comparisons of the candidate materials discussed in Chapter 7.
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As we gain a better definition of the intrinsic environmental con-
ditions of the fluidized bed concept, additional laboratory tests may be
required to establish the detailed kinetics of those corrosion processes
which appear important in terms of long-term structural stability.

Our corrosion examinations will make use of a number of new and
unique analytical techniques particularly suited to surface reaction
studies. These techniques enable the identification of the elemental
composition and chemical bonding of compounds on solid surfaces (x-ray
photoelectron spectroscopy and Auger spectroscopy), and the identification
of the chemical composition of microstructural features (scanning and
transmission electron microscope with energy dispersive analysis of x-rays).
Use of these techniques will aid our understanding of the chemical processes
involved in corrosion and deposition processes in fluidized beds.

We have available within the several research divisions at ORNL an
expertise in high-temperature compatibility studies that dates continuously
from 1948. These studies have dealt with the effects of both potassium
and cesium on metals at temperatures as high as 1300°C. We have conducted
extensive studies of the effects of molten salt mixtures, primarily mixed
metal fluorides, on ceramic as well as metallic construction materials.
Gas-metal reactions involving CO2, CO, H20, H2, and CHy have been investi-
gated at ORNL as part of the gas cooled reactor development program, and
currently we are engaged in solid-solid compatibility studies involving the
interaction of Cm203, Al»03, and Eup03 with various metals and alloys at
temperatures ranging to 1800°C. The facilities and experience gained in
the above-mentioned programs are directly relevant to the types of compati-
bility problems that are anticipated for fluidized bed coal combustion

systems.

Turbine Bucket Erosion, Corrosion, and Deposits

Erosion, corrosion, and deposits have been major problems in gas tur-
bines and attempts have been made to employ residual fuel oil or coal as
the fuel in open cycle systems. If an acceptable solution to these prob-
lems could be evolved for a unit suited to MIUS applications, a major saving

in capital cost could be effected. The direct combustion system has the
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further advantage that the presence of water in the fuel does not degrade
the performance because the loss of heat required for vaporization of the
water is offset by the increased turbine work stemming from the increased
mass flow through the turbine without an increase in the compressor work
(except for an almost trivial amount of pump work required for injection
of water slurries). This is true even if massive amounts of water are
injected as would be the case if slurries of sewage sludge were employed.

G. S. Leighton has suggested that the problems with turbine bucket
erosion and deposits are probably dependent on the size and chafacter of
the particles suspended in the gas stream, e.g., the smaller the particles
the less damaging they probably are, and there may be a size threshold
below which no damage would result. The character of the particles may
also be an important factor. ©Not only may there be a substantial variation
from one type of coal to another, but, as H. R. Hoy of BCURA has suggested,
by carrying out the combustion process in a fluidized bed at temperatures
below the fusion point of the ash, the ash particles should not be the usual
highly abrasive vitreous cinders characteristic of conventional pulverized
coal burners, but rather should be soft, flocculent, snow flake-like parti-
cles of mineral matter left by combustion of the carbonaceous matrix in
which they occurred. This would, of course, be true of mineral matter
present in organic compounds, but Shelton Erlich of Pope, Evans, and Robbins
has pointed out that a large fraction of the ash will be present in the coal
in the form of slate, and this will simply be roasted in the fluidized bed.
In addition to mineral matter present in coal or lignite, if solid wastes
are used as fuel, experience at Combustion Power, Inc., indicates that
fine particles of glass, bits of aluminum foil, and aluminum oxide formed
by partial or complete oxidation of the aluminum foil will also be present
in combustible refuse even after a series of processes including magnetic,
eddy current, and air flotation separation steps. These particles from
solid waste present a still different set of particle types.

In attempting to assess the problem to determine what might be done in
this area, it is clear that the first step should be a thorough and critical
examination of all of the experience that has been gained in this area. One
of the first steps should be a thorough review of the experience with coal-

burning gas turbines gained by the Locomotive Development Committee in the
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latter 40's and early 50's. This review should include not only an examina-
tion of all of the papers and reports that were prepared, but incisive
discussions with key personnel in the program should help greatly to turn
up both important details and the overall perspective that emerged from
that effort. A second major source of empirical information is the experi-
ence in burning heavy fuel oils in gas turbines, particularly those that
contain substantial amounts of mineral matter. A third major area is the
experience that has been gained by Siemens in Germany in operating gas
turbines on gas from coalvgasification plants. Their experience has led

to the specification that the gas going to a gas turbine should not contain
more than 1 mg/ms. It is interesting to note that this goal is difficult
to achieve; in the Steinkohlen-Elektrizitat AG in Liinen, Germany they have
found 50 mg/m3 of suspended particles in the gas even after subjecting the
gas from their Lurgi coal gasifiers to a cooling and two-stage scrubbing
operation. Another major source of information is the group at BCURA where
there has been a substantial amount of work on this problem because they
believe they can drive a gas turbine with the hot combustion gases after
just two stages of cyclone separation of the solid particles lifted from
the bed. Their experience gained with cascades of simulated turbine blades
operated in the hot gas stream from their fluidized bed should yield some
especially important insights, particularly when the results are compared
with experience in similar tests with other combustion systems. The
experience with combustion products from solid waste gained at Combustion
Power, Inc., should provide some further interesting insights.

In addition to the work with gas turbines, the more general area of
work concerned with the analysis and classification of particulate matter
in combustion products from all types of combustion system should be re-
viewed to give further perspective. This is such a broad field that it
will probably be necessary to be somewhat selective and limit the study to
what appears to be a reasonable scope covering representative fuels and
combustion systems.

On completing the above survey and analyzing the results it is likely
that a number of well-defined problems will emerge, and that some worthwhile
experiments to investigate these problems can be suggested. However, it
seems unwise to suggest either the character or the scope of such experi-

ments until the above survey of the entire problem area has been completed.






APPENDIX A

Heat Exchanger Design Charts for a Coal-Fired
Gas Turbine System

The design charts included here were calcu-
lated by the methods presented in Chapter 6.
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APPENDIX B

. Average U.S. Coal Prices by Region
and Sulfur Content

L The coal prices presented here are those reported
by the Federal Power Commission for February 1974.

Reference: Federal Power Commission News, Volume 7,
s Number 23, pp. 17-19, June 7, 1974.
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Table B,1. Average Coal Prices, F.0.B. Plant
L PURCHASE PRICE BY TYPE OF PURCHASE PHURCHASE, PRICE BY TYPE OF MINING METHOD y
AVG. CONTRACT AVG. SPOT STRIP AND AUGER UNDERGEOUND
1|  CcoNTRACT SPOT
GEOGRAPHIC REGIO! — 1
N IN|  PuRcHASES PRICE PURCHASES PRICE QUANTITY AVC. PRICE QUANTITY AVG. PRICE N
AND STATE Bl hoomasES i PER 1000 Tos | 6FER |5 PER| Sooctiot T PER | s PER| JPaNTITI o BER | § PER
108 BTU 10° BTU | TON 105 BTU | 1TON 106 Bru | ron | B
NEW ENGLAND
Connecticut 2 0.0 0.0 0.00 9.0 106.9  26.16 32.8 106.9  26.16 16.2 106.9 26,16 2
Maine 3 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 3
Massachusetts & 2157 136.1  31.87 33.0 123.2 28.26 150.0 149.3 3435 98.7 112.7  26.90 4
New Hampshire 5 78.4 59.2 16.06 0.0 0.0 0.00 0.0 0.0 0.00  78.4 59.2 16.06 5
Rhode Island 6 12.0 141.5 34.98 0.0 0.0 0.00 0.0 0.0 0.00 12.0 141.5 34,98 6
Vermont 7 0.0 0.0 0.00. 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 7
e ... TOTAL 9 306.1 114.6  27.94 82.0 113.2 27.01  182.8 141.3  32.88  205.3 91.9 23.18 9
MIDDLE ATLANTIC
New Jersey 12 222.4 11,3 27.14  95.9 123.3 30,28 134.1 119.0  28.84 184.1 12.0  27.54 12
New York 13 185.1 61.0 15.44  270.6 87.6 20,63 262.3 79.5 18.43  193.3 72.4 18.65 13
Pennsylvania 14 1,868.0  59.6 14.39  1,011.6 70.1 16.27 1,169.7  66.3 15.67 1,709.9  61.1 14,63 14
e+ ... TOTAL 16  2,275.5  64.8 15.72  1,378.0  77.5 18,10 1,566.1  73.1 17.26  2,087.4  66.8 16.14 16
EAST NORTA CENTRAL
Tilinois 19 2,337.2 48,2 9.92  325.1 49.0 10.87  1,675.6  50.1 10.43  986.7 5.2 9.37 19
Indiana 20 2,044.0 37.4 8.06  271.4 56.1 11.71  2,255.1  39.3 8.44  60.3 47.7 10.16 20
Michigan 21 1,078.2  49.1 11.86  125.4 68.1 16.92  434.3 53.1 12,57 769.3 50.1 12.29 21
Ohio 2 2,024.5  50.3 11.29  1,230.8  88.3 19.59 1,978.1  67.4 14.62 1,277.2  60.5 14.13 22
Wisconsin 23 354.4 51.3 11.56 73.8 67.9 14.68  267.6 56.1 12.39  160.6 50.7 11.60 23
... ... TOTAL 25 7,838.3  46.3 10.13  2,026.5  75.8 16.79  6,610.7  52.1 11.22  3,254.2 52,9 12,05 25
WEST NORTH CENTRAL
Towa 28 238.9 47.9 9.72  64.4 64.3 14,35 239.0 53.3 11.10  64.3 45.5 9.23 28
Kansas 29 126.2 25.7 4.86  44.5 56.9 12,74 170.6 34.9 6.91 0.0 0.0 0.00 29
Mingesota 30 420.9 38.7 6.55 5.7 69.5 13.84  419.5 38.2 6.44 7.1 76.7 18,71 30
Missouri 31 1,401.6  34.8 7.57  43.0 53.0 10.68 1,178.0  34.3 7.36  266.5 39.6 9.02 31
Nebraska 32 8l.7 50.8 10.72 8.8 58.6 12.27  87.7 50.8 10.72 2.8 76.5 15.48 32
North Dakota 33 401.4 16.4 2,20 29.1 23.3 3.15 4305 16.8 2.26 0.0 0.0 0.00 33
South Dakota 3% 12.4 36.0 5.55 0.0 0.0 0.00  12.4 36.0 5.55 0.0 0.0 0.00 34
s ... .. CTOTAL 36 2,682.9  34.8 6.76  195.5 55.8 1140 2,537.7 35.4 6.77  340.7 4.7 9.32 36
SOUTH ATLANTIC 0.0 0.00 47.0 88.1 20.91  41.0 88.3 20,73 6.0 86.3 22,16 39
Delaware 39 0.0 9 2 . 27.9 31,46 0.0 0.0 0.00  22.0 110.4 27.46 40
District of Columbia 40  10.0 89-8 22.65 12.0 127. . . : 4.36  124.5 61.4 14.29 41
Florida 41 422.5 60.7 13.84 55.3 76.8 18.17  353.3 63.1 14. . . .
Georgia 42 582.0 49.2 11.69 8.0 76.4 19.05  414.2 47.3 .12 175.8 54.7 13.38 42
Maryland 43 88.9 90.5 23,00 257.0 94.3 21.64  262.9 93.1 21.32  83.0 93.5 Zg'ii 22
North Carolina 44 1,114.7  6L.7 15,28 368.3 129.7 30.76  567.5 83.3 20.18  915.5 73.9 18.
South Carolina 45 205.5 82.6 19.61 84.8 110.9  26.18 134.7 95.4 22,67 155.6 86.9 20.55 45
Virginia 46 178.1 66.1 15.74 326.8 130.3  30.99 217.5 123.3  30.09 287.4 96.0 22.98 46
West Virginia 47 1,170.3  47.8 11.40  797.3 114.1  25.96  655.7 99.8 22.26 1,311.9  61.9 14.82 47
S ... .. TOTAL 43 3,779 S5T.5 13.82  1,9%.5  115.2  26.77 2,626.8  83.9 19.48 3,081.7  70.8 17.14 49
UTH CENTRAL
Eﬁzb:ga 52 870.2 54.7 12,57 141.1 60.4 14,19 334.4 55.6 12.96  676.9 55.4 12.72 52
Kentucky 53 1,598.7  37.6 8.12  378.8 115.9  25.71 1,373.1  49.4 10.64  604.4 0.8 13.40 53
59,4 0.0 .0 0.00  129.4 . .
Missiseippi 54 129.4 49.5 1.3 0.0 0.0 0.00
Tennessee 55 1,491.8  4l.7 9.18 5.8 40.1 8.90  388.5 39,1 8.64  1,109.1  42.6 9.37 55
... ... TOTAL 57  4,090.0  43.3 9.56  525.7 99.5 22.46 2,095.9  4B.5 10.64  2,519.9  50.8 11.34 57
"ﬁf@i?ﬂ? L 00 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 g.g 0.00 gg
0.00 0.0 . .
Louisiana 61 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0
0.00 0.0 0.0 0.00 62
Oklah 62 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0
Texas 63 527.0 13.6 1.90 0.0 0.0 0.00  527.0 13.6 1.90 0.0 0.0 0.00 63
.. .... TOTAL &5 527.0 13.6 1.90 0.0 0.0 0.00  527.0 13.6 1.90 0.0 0.0 0.00 65
MOUNTAIN
. 0.0 0.0 0.00 68
Arizona 68 141.4 17.4 411 0.0 0.0 0.00 144 1.4 4l 0.0 0.0, 0.00 68
Colorado 69 549.4 34.1 6.77  66.9 53.7 10.78  545. . . . . 192 6
0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 .
rdamo n 3 3 . 0.0 0.0 0.00  73.0 23,7 3.73 0.0 0.0 0.00 71
Hontana noono n O . : . 72.0 32.5 713 26.1 39.6 9.95 72
Novada ek Toe Yie ol 6.0 000 509.8 18.6 3.3 0.0 0.0 0.00 73
New Mexico 73 509.8 18.6 3.36 . . B “ . . . . :
0 0.0 0.00 59.0 39.3 9.02 7
Utah 74 58.0 39.5 9.06 1.0 28.7 6.97 0.
Wyoming 75 428.1 19.7 3.30 0.0 0.0 0.00  428.1 19.7 3.30 0.0 0.0 0.00 75
.. ... TOTAL 77 1,955.8  25.9 4.95  67.9 53.3 10.73  1,869.9  25.6 4.86  153.9 39.2 8.66 77
PACIFIC 0.0 0.0 0.00 80
California g 0.0 oe o0 o o0 000 0.0 0.0 000 0.0 0.0 0.00 81
Oregon 81 0.0 0.0 0.00 0.0 a. . .0 0.0 0-00 00 o0 000 82
Washington 82 0.0 0.0 .00 6.0 0.0 0.00 0. . . . . .
. ..... TOTAL 84 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 84
. 6
UNITED STATES TOTAL 86  23,447.6  47.6 10.40  6,212.2 90.5 20.57 18,016.8  54.5 11.56  11,643.0  60.2 16.05 8




Table B.2.

Coal Deliveries and Prices by Sulfur Content

et 11. 0.5% SULFUR OR LESS 0.51% T0 1.0X SULFUK 0.01% TO 1.5% SULFUR T 1.51% T0 2.0% SULFUR 7.01% T0 3.0% SULFUR 3.01% OR MORE_SULFUK AVG. PRICE FOR | L
GEOGRAPHIC REGIOW AVG. PRICE AVG, PRICE AVG. PRICE 1 AVG. PRICE PUR 1 GEOGRAPHIC REGION
JUANTITY
AND STATE N S s  PER | § PER S rons | G PER 1 § PER gmﬁgs CPER | § PER] N ggo”gr;gs T PER | § PER '}mﬁgs ¢ PER | § PER ‘iga'gr;gs CPER | $ PER | c PER | §$ PER |N AND STATE
E 10° BTU | TON 10¢ BTU TON 10°_BTU TON E 106 BV | TON 106 BTU | TON 105 BTU| ToN | 105 BTU | TON |E
NEW ENGLAND NEW ENGLAND
Connecticut 2 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 2 49.0 106.9 26.16 0.0 a.0 0.00 0.0 0.0 0.00  106.9 26.16 2 Conmecticut
Maine 3 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 3 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00 3 Maine
Massachusetta 4 23.0 165.2 36.11  173.7 132.9 31.36 0.0 0.0 0.00 4 19.0 132.3 31.46  33.0 123.2 28.26 0.0 0.0 0.00  134.4 31.39 & Massachusetts
New Hampshire s 0.0 0.0 0.00 a.0 0.0 .00 0.0 0.0 0.00 5 0.0 0.0 0.00  78.4 59.2 16.06 0.0 0.0 0.00  59.2 16.06 5 New Hampshire
Rhode Istand 6 0.0 a.0 0.00 12.0 141.5 34.98 0.0 0.0 0.00 6 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00  141.5 34.98 6 Rhode Island
Vermont 7 0.0 a.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 7 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00 7 Vermont
c ... .. TOTAL 9 23.0 165.2 36.11  185.7 133.5 31.59 0.0 0.0 0.00 9 68.0 113.8 27.64  111.4 76.0 19.67 0.0 0.0 0.00  114.2 27,75 9 .. .... TOTAL
MIDDLE ATLANTIC MIDDLE ATLANTIC
New Jersey 12 13.4 132.4 34,62 130.3 124.6 29.77  12.6 96.1 24.56 12 25.0 90.6 22.58  77.0 122.4 29.22 0.0 0.0 0.00  114.9 28.09 12 New Jersey
New York 13 0.7 97.9 19.08  12.9 72.6 15.02  27.3 8.8 19.87 13 155.6 72.3 16.97  169.6 74.0 18.78  89.6 85.5 20.83  76.3 18.52 13 New York
Pennsylvania 14 12.9 41,4 7.00 288.4 79.5 18.81  242.5 68.3 16.49 14 471.7 63.5 15.55 1,494.6  62.3 14.63  369.5 51.4 12.52  63.2 15.05 14 Pennsylvania
EECCEE TOTAL 16 26.9 97.5 21.02  43L.6 93.1 22.00  342.4 75.7 18.47 16 652.3 66.6 16.16 1,741.2  66.2 15.68  459.0 58.1 16,14 69.5 16.62 16 . ..... TOTAL
EAST NORTH CENTRAL EAST NORTH CENTRAL
Illinois 19 627.0 70.5 13.75 3.3 114.2 29.92 44.8 54.6 12.86 19 83.5 49.8 11.51  77L.4 40.0 8.65 1,132.3  42.0 8.64  48.3 10.03 19 I1linois
Indiana 20 146.0 58.9 11.96  34.7 71.8 12.79  16.6 82.8 17.81 20 4.8 73.8 18.77  816.1 37.8 8.12  1,297.2  37.2 8.06  39.5 8.49 20 Indiana
Michigan 21 1.3 137.8 34.17  84.5 75.6 18.52° 0.3 106.8 26.70 21 8.7 68.8 17.39  581.0 47.4 11.58  527.7 50.8 12,26 51,2 12.39 21 Michigan
Ohio 22 0.0 0.0 0.00 290.2 98.7 21.96  206.0 137.2 30.20 22 204.1 70.6 15.22  797.3 63,1 14.55 1,757.7  50.5 11.19  64.6 14.43 22 Ohio
Wisconsin 23 47.9 52.8 11.67  13.6 55.6 11.83  23.9 4.4 10.64 23 88.3 52.0 11.72  109.3 55.1 12.18  145.3 56.5 12.67  54.0 12.10 23 Wisconsin
© e« <. . TOTAL 25 822.2 67.3 13.3  426.3 90.8 20.27  291.7 112.7 25.23 28 389.4 61.7 13,72 3.075.1  47.6 10.72  4,860.2  45.3 9.91  52.4 11.50 25 . ..... TOTAL
WEST NORTH CENTRAL WEST NORTH CENTRAL
Towa 28 90.0 46.0 9.44 36.1 53.9 11.05 0.0 0.0 0.00 28 18.7 62.0 15.00 1213 52.0 10.70  37.3 55.9 11,25 51.7 10.70 28 Towa
Kansas 29 22.6 57.9 12.63 2.3 67.2 14.73 0.0 0.0 0.00 29 0.0 0.0 0.00 0.0 0.0 0.00  145.7 30.4 5.90 349 6.91 28 Kansas
Minnesota 30 0.0 0.0 a.00 394.8 31.0 6.19 16.9 48.6 7.87 %0 2.1 7.4 18.5¢ 7.6 64.5 15.95 5.1 78.6 19.15 9.2 6.64 30 Minnesota
Miasourti 3L 61.0 45.1 9.55 21.0 52.7 9.18 94.0 49.5 11.69 31 3.8 74.6 18.44  427.0 0.7 6.88  837.8 34.8 7.38 3.3 7.66 31 Missourl
Nebraska 2 0.0 0.0 0.00 90.5 51.5 10.87 0.0 0.0 0.00 32 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00  51.5 10.87 32 Nebraska
North Dakota 33 0.0 0.0 0.00 430.5 16.8 2.26 0.0 0.0 0.00 33 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00  16.8 2.26 33 North Dakota
South Dakota 34 12.4 36.0 5.55 0.0 0.0 0.00 0.0 0.0 0.00 34 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00  36.0 5.55 34 South Dakota
© e . ... TOTAL 36 185.9 46.7 9.60 975.1 32.5 5.15 110.9 9.4 1111 e e ... TOTAL
SOUTH ATLANTIC SOUTH ATLANTIC
Delaware 39 0.0 0.0 0.00 0.0 0.0 0.00 23.0 86.1 21.02 39 15.0 93.0 20.87 7.0 87.8 21.08 2.0 77.4 19.41  88.1 20.91 39 Delaware
District of Columbia 40 1.0 109.0 27.60  21.0 110.4 27.45 0.0 0.0 0.00 40 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 1104 27.46 40 District of Columbia
Florida 41 0.0 a.0 0.00 9.4 130.5 .09 5.5 69.4 18.62 41 7.9 68.2 16.98  36.7 62.9 14.29  418.3 60.6 13.80  62.6 14.36 41 Florida
Georgia a2 a.q 0.0 0.00 124.0 50.4 12.60  52.0 49.0 11.87 42 27.0 61.4 14.68  159.0 58.7 13.99  228.0 41.1 9.46  49.6 11.79 42 GCeorgia
Maryland 43 8.0 105.4 22,3 108.9 92.3 23.36  40.0 90.4 19.76 43 120.0 94.4 21.67  69.0 93.1 21.64 0.0 0.0 0.00 93.2 21.99 43 Maryland
North Carolina 4 0.0 0.0 0.00 869.8 78.0 18.91  471.0 67.0 16.90 44 76.7 117.5 27.40  39.2 109.9 26.74 6.3 123.4 29.62 77.4 18.96 44 North Carolina
South Carolina 45 0.0 a.0 0.00 105.4 94.3 22,25 135.7 88.1 20.62 45 20.2 96.1 23.35  29.0 88.5 21.95 0.0 0.0 0.00  90.8 21.53 45 South Carolina
Virginia N 10.0 107.8 23.84  448.0 106.0 25.18  27.6 127.2 30.55 46 6.7 97.9 25.21  12.4 128.8 32,09 0.2 48.4 10.88  107.7 25.61 46 Virginia
West Virginia 47 52.8 121.4 26.79  674.1 92.1 21.45 2941 130.5 29.71 47 132.9 106.2 25.86  469.5 49.7 11.48  444.3 33.5 8.06  73.9 17.30 47 West Virginia
o4 ... TOTAL 49 71.8 117.5 25.89  2,360.6 87.6 20.98  948.8 84.3 20.40 49 406.4 99.9 23.68 821.8 61.8 14.43  1,099.0  45.7 10.68  76.7 18.21 49 .. .... TOTAL
EAST SOUTH CENTRAL EAST SOUTH CENTRAL
Alabama 52 0.6 56.5 13.20  265.2 6.9 15.35  119.6 56.9 13.33 52 173.5 54.1 12.91  68.7 57.1 13.88  383.7 47.3 10.62  55.5 12.80 52 Alabana
Kentucky 53 4.4 83.6 18.47  361.3 101.9 23.16  111.1 95.0 21.11 53 168.6 50.6 10.83  116.8 41.4 9.13  1,215.3  34.8 7.44  52.9 11.49 53 Kentucky
54 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 54 0.0 0.0 0.00  129.4 49.5 11.34 0.0 0.0 0.00  49.5 11.36 54 Mississippi
55 0.0 0.0 0.00 137.2 45.1 10.23  18.1 39.5 9.23 55 8.9 39.0 9.19  138.5 40.7 9.3  1,195.0  4L.4 9.04 4.7 9.18 55 Tennessee
57 5.0 80.3 17.85  763.6 79.5 18.11  248.8 72.1 16.50 57 351.0 52.1 11.82  453.5 46.0 10.54  2,793.9  39.4 8.56  49.8 11.02 57 . ... .. TOTAL
WEST SOUTH CENTRAL WEST SOUTH CENTRAL
Arkansas 60 0.0 0.0 Q.00 0.0 0.0 0.00 0.0 0.0 0.00 60 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00 60 Arkansas
Louisiana 61 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 61 0.0 0.0 0.00 0.0 0.0 6.00 0.0 0.0 0.00 0.0 0.00 61 Lousians
Oklahoma 62 0.0 0.0 0.00 0.0 0.0 0.00 0-0 0.0 0.00 62 0.0 0.0 0.00 0.0 0.0 6.00 0.0 0.0 0.00 0.0 0.00 62 Oklehoma
Texas 63 0.0 0.0 0.00 527.0 13.6 1.90 0.0 0.0 0.00 63 0.0 0.0 0.06 0.0 0.0 0.00 0.0 0.0 0.00 13.6 1.90 63 Texas
S e .. .. TOTAL 65 0.0 0.0 a.00 527.0 13.6 1.90 .0 0.0 6.00 65 0.0 0.0 6.00 0.0 c.0 0.00 0.0 0.0 0.00 13.6 1.90 65 . ... .. TOTAL
MOUNTAIN MOUNTAIN
Arizons 68 2414 17.4 4.11 0.0 0.0 0.00 0.0 0.0 0.00 68 0.0 0.0 0.00 0.0 0.0 0.0 0.0 0.0 0.00  17.4 4.11 68 Arizona
Colorado 69 473.0 36.3 7.06 143.3 35.9 7.70 0.0 0.0 0.00 69 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 6.2 7.21 69 Colorado
1daho 7 0.0 0.0 0.00 a.0 0.0 0.00 0.0 0.0 0.00 70 0.0 0.0 €.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00 70 Idaho
Montana 7 27.0 29.9 3.90 46.0 20.9 3.63 0.0 0.0 0.00 71 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00  23.7 3.73 7 Montana
Nevsda 72 196.1 33.5 7.48 0.0 0.0 0.00 0.0 0.0 0.00 72 0.0 0.0 0.06 0.0 6.0 0.00 0.0 0.0 0.00  33.5 7.48 72 Revada
New Mexico 7 0.0 0.0 0.00 509.8 18.6 3.36 0.0 0.0 c.00 73 0.0 0.0 0.00 0.0 0.0 6.06 0.0 0.0 0.00 18.6 3,36 73 New Mexico
Utah 7% 59.0 39.3 9.02 0.0 0.0 0.00 0.0 0.0 0.00 74 0.0 0.0 6.00 0.0 0.0 ©.00 0.0 0.0 0.00  35.3 9.02 T4 Utah
Vyoming 75 428.1 19.7 3.30 6.0 0.0 0.00 0.0 0.0 0.00 75 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 19.7 3.3 75 Wyoming
c e .. TOTAL 7 1,324.6 28.9 5.61 699.1 22.8 4.27 0.0 0.0 0.00 77 0.0 o.0 6.00 0.0 6.0 0.0¢ 0.0 o.0 0.00  26.8 5.15 77 . .. ... TOTAL
PACIFIC PACIFIC
California 80 0.0 0.0 G.00 a.0 0.0 0.00 0.0 0.0 0.00 80 0.0 c.0 0.00 0.0 [ X 0.00 0.0 0.0 0.00 0.0 0.00 80 Califoraia
Oregon 81 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 81 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00: 81 Oregon °
Washington az 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 82 0.0 0.0 0.00 0.0 0.0 a.00 0.0 0.0 0.00 0.0 0.00 82 Vashington
s+« 4 ... TOTAL 84 ¢.Q 0.9 @00 6.0 0.0 0.00 a.0 6.0 0.00 84 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.0 0.00 0.0 0.00 84 . P TOTAL
UNITED STATES TOTAL 86 2,459.4 48.4 9.57 6,369.1 72.0 15.13  1,942.5 83.4 19.76 86 1,891.7  72.0 16.88  6,7586.0  53.8 12.35 10,238.1 43.4 9.56  56.9 12,53 B6  UNLTED STATES TOTAL
N . . [ o S o - o P — P - -
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APPENDIX C

Electrical and Thermal Distribution System Load
Profiles for a Total Energy System

Electrical and heat load profiles for typical residential
complexes were obtained from other MIUS projects carried out at
ORNL for HUD. These are presented here in a form expressly
adapted to evaluation of gas turbine performance requirements.
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APPENDIX C

Electrical and Thermal Distribution System Load
Profiles for a Total Energy System

The electrical and thermal distribution system load profiles for the
720 garden apartment complex described in Ref. 1, shown in the following
Fig. 1 through 10, inclusive, were developed from the output data of a
computerized analysis of the system. The 1973 ORNL MIUS hourly computer
program? was used in making the analysis. Accurate development of antici-
pated electrical and thermal load profiles is considered a basic step in
planning a MIUS or totél energy system since, as pointed out by Garner in
Ref. 3, the design and ultimate economic feasibility of the system depends
on the magnitude and character of these loads.

The load profiles for a MIUS or total energy system depend on climato-
logical conditions, structure or building design, occupancy, and modus
operandi; lighting, heating and/or cooling, power equipment usage, etc.

The profiles will vary from hour-to-hour, day-to-day, and season-to-season.

In the development of load profiles for a MIUS or total energy system
for a complex of new structures, three major categories of data are required:

1. Local weather data

2. Building construction and design data
3. Building operating data

A complete climatological history for a given location can be obtained
on magnetic tape. The booklet, "Selective Guide to Climatic Data Sources""
describes some of the published data and services available from the National
Climatic Center. Information required includes mean hourly temperatures
throughout the year (both wet-bulk and dry-bulb), extreme temperature vari-
ations (high and low) for design purposes, dew-point temperatures, solar
radiation factors, wind data, and the like.

Building construction and design data will include fixed, or nonvarying,
parameters such as inside design temperatures, structure orientation with

respect to the sun, heat-transfer characteristics of the building, and

respective areas of all exposed surfaces.
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Building operating data includes all parameters that vary with time
and contribute to electrical and thermal loads. These include building
occupancy (people), illumination level (lighting), power-equipment opera-
tions (elevators, office machines, computers, hand-tools, air conditioning
and air handling machinery), domestic hot water consumption, process
thermal energy consumption, domestic appliances, and building thermal-lag,
heat-storage, and air-leakage characteristics.

Accurate determination of the amount of useful exhaust heat available
from the prime movers (engines) as a function of the varying electrical
load/time profile is a prerequisite to the analysis. At times the recover-
able heat may be in excess of that demanded by the thermal-load profile —
for example, when the electrical load is high and the thermal load is low.
At other times, the thermal load may be high while the electrical load is
low, and a deficiency of useful exhaust heat will exist.

A deficiency in useful exhaust heat may be made-up by burning addi-
tional fuel in an auxiliary boiler. An excess of exhaust heat results in
the waste of useful energy and consequent lowered thermal efficiency and
profitability, unless the excess heat can be economically stored for use
when there is a deficiency of useful exhaust heat. FlemingS, in the article
"Total Energy Concepts for Refrigeration and Air-Conditioning Engineers"
states that heat storage systems are in operation, but, at present time,
they are not widely used.

Figure 1 shows a monthly thermal energy load profile for the distri-
bution system. This profile was developed from the computer analysis for
year 7 (1963). 1In Fig. 1, the heat used (required) for space heating and
for domestic hot water is shown by the dashed line. The heat available from
the engine-generator exhaust is shown by the solid line. During the months
of January, February, and December the heat required is greater than the
heat available from the engines and the difference is made-up by the
auxiliary boilers. During March, it appears that essentially all of the
engine available heat is used and only a very small amount must be made-up.
However, from April through November, the available heat is greater than
that used (for space heating, domestic hot water and/or air conditioning)
and a large amount of the available heat is, therefore, unused. The total

amount of heat unused during the year is given in Table 1. The total
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amount of waste heat available from the engines during the year amounts to
about 4.34 x 1010 Btu. Another 9.245 x 109 Btu of auxiliary boiler makeup
heat was required, mainly during the colder winter months of the year, for
the space heating and hot water requirements, making the total amount of
heat available equal to about 5.27 x 1010 Btu. Of this, a total of 4.208 x
1010 Btu were used during the year for space heating, hot water, and/or air
conditioning leaving about 1.059 x 1010 Btu unused during the year. This
amount of heat unused amounts to about 24 percent of the available engine-
generator exhaust heat. The reason so much heat is unused is shown by the
load profiles of Fig. 2 through 10. These profiles graphically illustrate
the mismatch that can occur between the heat available from the engines
(which closely matches the electrical load curve) and the heat required

(or used) which is predominantly a function of climatic conditions. Table 1
shows that the greatest amounts of unused heat occur during the spring
months of April and May and the fall months of September, October and Novem-
ber. During these months, the outside temperature can be very close to the
equalization temperature (equalization temperature is the outside tempera-
ture at which the internal heat offsets the building heat loss) and very
little heat would be required (for either space heating or for the absorption
chiller). However, even during the other months of the year, there can be
several hours during which the outside temperature is within the range of
the equalization temperature (SSOF to 65°F depending on the internal heat
gains). Temperature/time frequency data for Philadelphia are shown in

Table 2. This table indicates that there are about 1570 hours during the
year in the temperature range of 55°F to 650F, distributed as shown through
the year.

Figure 2 shows the outdoor dry-bulb temperature, the coincident total
engine-generator load, and the waste heat available during day 34 of year 1
(February of 1955). Figure 3 shows the winter weekday (Day 34, February
1955) system hourly heat requirements and heat available at the central
equipment building. During this period, the total heat used (required for
domestic hot water and space heating) is in excess of that available and
additional makeup heat is required from the auxiliary boiler.

Figures 4, 5, and 6 shows characteristic spring weekday outdoor tem-—
peratures, coincident engine-generator electrical loads, heat available

(from the engine-generators) and total heat used.
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The conditions shown in Fig. 4 are for day 132 in year 7 (May 1963).
During this day, the outside temperature varied from a low of 42°F during
the early morning hours to a high of about 61°F at 4:00 p.m. When the tem-
perature was between 42°F and 45°F, from 1:00 a.m. to about 7:00 a.m., the
heat available was less than the heat used and auxiliary boiler makeup
heat was required. However, from 7:00 a.m. on, the heat available exceeded
the heat required, consequently, considerable heat was unused. No air-
conditioning was required during this period.

Figure 5 shows the conditions that prevailed during another spring
day (day 130 of year 7, May 1963) just two days prior to the conditions
described in Fig. 4. During this day, the outside temperature varied
from about 49°F at midnight to a high of about 87°F at 3:00 p.m. when
the temperature abruptly decreased. From 6:00 p.m., when the temperature
was about 64OF, to the following morning at 8:00 a.m., the heat available
exceeded the heat used resulting in 4.345 x 107 Btu of unused heat. From
about 7:00 a.m. to about 6:00 p.m., however, the outside temperature and
internal heat gains were such as to require air-conditioning. The total
amount of chiller load (absorption plus compression) during this period a
amounted to 6.111 x 107 Btu or 5.092 x 103 ton-hours, of which 2.572 x 10
Btu (2.143 xllO3 ton~hrs) were supplied by the absorption chillers and the
remainder 3.539 x 107 Btu (2.949 x 103 ton-hours) were supplied from the
motor-compressor chillers. In order to supply this portion of A/C load
from the absorption chillers an additional amount of heat equal to 5.617 x
107 Btu would be required. About 77 percent (4.345 x 107 Btu) of this
amount would be available from heat unused during the 24-hour period if it
could be economically stored.

Figure 6 shows the conditions that prevailed during another spring
day (day 132 of year 6, May of 1962). The temperature varied from a low of
38°F at 5:00 a.m. to a high of 69°F from 3:00 p.m. to 5:00 p.m. Both space
heating and air-conditioning were required, necessitating operation of the
auxiliary boiler to supply makeup heat during the early morning hours and
operation of the motor-compressor chillers for air-conditioning during the
afternoon hours between 2:00 p.m. and 6:00 p.m. since the heat that was

available did not match or coincide with the heat that was required.
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Figures 7, 8, and 9 illustrate the conditions that could prevail during
a characteristic summer day. During this day (day 203 of year 1, July 1955),
the outside temperature varied from a low of 74°F at 6:00 a.m. to a high of
100°F at 4:00 p.m. No space heating was required and all of the available
engine-generator waste heat not required for domestic hot water was avail-
able for use in the absorption chillers as shown in Fig. 8. However, the
absorption chillers could not supply all of the required air conditioning
load, hence, the remainder of the A/C load was supplied from the motor-
compressor units as shown in Fig. 9. The peak air conditioning load of
about 980-tons occurred at 6:00 p.m., two hours after the peak temperature
of 100°F at 4:00 p.m.

Figure 10 shows the conditions that prevailed during a characteristic
fall day (day 287, year 7, October 1963). The outside temperature varied
from a low of 34°F at 7:00 a.m. to a high of 71°F at 4:00 p.m. Space
heating was required during the early morning hours, necessitating opera-
tion of the auxiliary boiler since not enough heat was available from the
engine-generator sets. Air conditioning was required in the afternoon, and
between the hours of 2:00 p.m. and 5:00 p.m., it was necessary to operate
the motor-compressor sets since not enough heat was available to supply the

load from the absorption chillers.



Table C.1.

System Heat Balance

Month Heat Available-102 Btu Heat Used - 109 Btu Ugizzd
Eng-Gen Aux Boil Total Sp Heat Hot Wat Abs. A/C Total 109 Btu

January 3.670 2.749 6.419 4,815 1.549 0.0 6.364 0.055
February 3.409 2.557 5.966 4.471 1.398 0.0 5.869 0.097
March 3.338 0.837 4,175 2.025 1.432 0.0 3.457 0.718
April 3.171 0.122 3.293 0.515 1.188 0.0 1.703 1.590
May 3.401 0.026 3.427 0.161 0.989 1.012 2.162 1.265
June 3.781 0.0 3.781 0.0 0.757 2.059 2.816 0.965
July 4.429 0.0 4.429 0. 0.662 3.214 3.876 0.553
August 4,073 0.0 4,073 0.0 0.662 2.638 3.300 0.773
September 3.624 0.011 3.635 0.135 0.757 1.168 2.060 1.575
October 3.589 0.061 3.650 0.286 0.989 0.799 2.074 1.576
November 3.356 0.318 3.674 1.140 1.188 0.0 2.328 1.346
December 3.585 2.564 6.149 4.643 1.432 0.0 6.074 0.074
Total 43,426 9.245 52.671 18.191 13.003 10.890 42,084 10.587
70 5 JR S R e B SO B G 303 E ] .
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Table C.2. Temperature/Time Frequency Data for Philadelphia, Pennsylvania
Degree Days
Temp. F Jan Feb| Mar | Apr | May June July | Aug Sept Oct | Nov | Dec g Tota} hr
hr hr hr hr hr hr hr hr hr hr hr hr Cum %
100 3 12 5 3 0.8 100.0 23
90 7 80 129 69 27 3 10.3 99.2 314
80 28 71 200 310 276 139 49 3 35.2 88.9 1076
70 6 4 9 77 200 283 261 331 288 145 36 3  53.7 53.7 1643
60 38 26 75 201 319 144 32 63 212 281 118 61 27.4 100.0 1570
50 130 108 184 285 142 10 1 47 203 214 101 24.9 72.6 1425
40 274 301 317 112 5 5 60 245 308 28.4 47.7 1627} -
30 229 178 140 17 3 101 211 15.4 19.3 879
20 58 53 17 53 .2 3.9 135
10 9 6 2 7 0.7 0.7 24
0
-10
-20

744 676 744 720 744 720 744 744 721 744 721 744 100 8766

4523 Cool 34.9 3056

Factor 4505 = 0.985 Heat 65.1 5710

City Philadelphia, Pennsylvania Guide 4523

This Chart 4595

*R. G. Werden, Weather Data vs.

Operating Costs, pp. 60-64, ASHRAE Journal, October 1964.
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