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1.0 SUMMARY

A process for utilizing anthracite culm in a fluidized bed combustion system was
demonstrated by the design and construction of a prototype steam plant at
Shamokin, Pa., and operation of the plant for parametric tests and a nine month
extended durability test. The parametric tests evaluated turndown capability of
the plant and established turndown techniques to be used to achieve best
performance. Throughout the test program the fluidized bed boiler durability

was excellent, showing very high resistence to corrosion and erosion.

A series of 39 parametric tests was performed in order to demonstrate turndown
capabilities of the atmospheric fluidized bed boiler burning anthracite culm.
Four tests were performed with bituminous coal waste (called gob) which contains
4.8-5.5% sulfur. Heating value of both fuels is approximately 3000 Btu/1b and
ash content is approximately 70%. Combustion efficiency, boiler efficiency, and
emissions of NOx and SO, were also determined for the tests, which were con-
ducted at the following conditions:

Zones Fluidized 1, 2 and 3

Bed Temperature 1432-1677°F
Bed Depth 36-61 inches
Superficial Velocity 3.5-5.3 ft/sec

In addition, particle size distribution for the culm feed varied considerably
for the tests because changes in culm screen sizes were made between tests.

Test results demonstrate a 4.1/1.0 steam turndown capability and a range of
boiler efficiency between 54.1% and 82.0%, without air preheater and ash cooler
credits. Boiler efficiency is a linear function of combustion efficiency.

Analysis of test data shows that combustion efficiency is directly related to
temperature of the fluidized bed. Results show that combustion efficiency

of 95% and above is achieved at 1650°F bed temperature and higher. Combustion
efficiency is also related to the level of steam production at bed temperature
below 1600°F. In-bed injection of primary cyclone tailings results in

0.6-2.0% increase in combustion efficiency for gob fuel. In-bed injection of
recycle solids does not have a measurable effect on combustion efficiency

for culm fuel.

A1l tests with culm fuel were performed with limestone containing 65% CaC0Oj3.
Sulfur removal is generally greater than 90% at Ca/S feed ratios of 2.6 and
higher. The level of emissions in the boiler fiue gas is low: 0.27-0.90 1b
S0,/MM Btu, 0.02-0.50 1b NO,/MM Btu, and less than 0.1 1b CO/MM Btu.

Gob fuel has 4-5 times the amount of sulfur present in high sulfur bituminous
coal on a unit energy basis. Because of the higher concentrations of S0,
present, sulfur capture for gob fuel is higher than for culm fuel at a given
ratio of Ca/S in the feed. Emissions of SO were measured at 1.18 1b S0,/MM
Btu fuel input using limestone containing 80% CaC03. For this test a sulfur
capture of 98.5% was demonstrated at a 2.7 Ca/S molar feed ratio. Emissions
of CO for gob fuel are 0.17-0.28 1b CO/MM Btu fuel input.

The results of the extended durability test period are presented. In-bed and
water wall tubes which are oriented essentially in a vertical direction

(i.e. parallel to the gas flow) as well as the convective bank boiler tubes
exhibited excellent corrosion and erosion resistance and had no malfunctioning
during the 10,000 hours total test period. Component reliability was

generally good but relatively minor problems in the area of I.D. fan erosion,
exhaust dust collector bag seal leakage, ash transport pipe elbow wear and

ash cooler cell (#1) defluidization did occur.

-1-



A problem of crusking culm at a sufficient rate to maintain 3 zone steam
production was encountered especially during cold and wet weather periods
since an uncovered stock pile is used. These items would require relatively
minor cost and effort to resolve.

Analysis of the operating costs for this small plant indicates that the break-
even condition at full load is at about $4.60 per 1000 PPH steam revenue.



2.0
2.1

OVERVIEW
Introduction

Mining of over five billion tons of anthracite coal for the last 150
years in Pennsylvania has deposited some 900 million yards of anthra-
cite refuse above ground. Anthracite refuse is made up of breaker
refuse (culm),silt, mine refuse and tunnel rock. The culm contains
20-30% coal and is, therefore, a low quality fuel which could be a
valuable energy resource if an economical method of combustion were
available in the vicinity. Burning of the culm in a fluidized bed
combustor boiler is considered to be a feasible way of utilizing this
fuel in an environmentally acceptable manner to produce low cost steam
for local industry.

Fluidized bed technology has been used commercially in the fields of
mining and metallurgy since the 1940's and more recently in chemical
processing, heat-treating, and combustion systems. The fluidized bed
combustor (FBC) is essentially a furnace which can burn a variety of
fuels including coal. It consists of a vessel containing a bed of

active particles such as coal, and inert particles such as coal ash,

rock, and limestone, When combustion air is blown into the bottom of the

bed through a grate-like distributor, the particles are lifted and
suspended by the air. The result is a homocenous, turbulent motion
of particles and gas which in appearance resembles a boiling liquid.
Fluid bed combustion of the coal is very attractive from the stand-
point of both combustion efficiency and heating surfaces immersed in the
bed. The addition of a sulfur retaining sorbent, such as limestone,
makes it possible to limit the sulfur oxide release to the atmosphere
within environmentally acceptable leveis.

At any given time, the solid material in the FBC contains only one

to two percent combustible material, the balance being inert solids.
Because of this, the FBC can burn materials of very low heating value
such as anthracite culm.



In addition to fuel flexibility, the ability to control temperatures to
capture sulfur within the bed and to provide lower emission of nitrogen
oxides are major advantages of the FBC over other more conventional com-
bustion systems.

Experimental combustion tests on a wide variety of anthracite culm samples
had been successfully completed on a bench scale FBC at Morgantown Energy
Technology Center (METC) of the U. S. Department of Energy (DOE) (Reference
1). These results led to the involvement of DOE in a program to stimulate
and acvance the utilization of the anthracite culm combustion process for
steam generation/process heat application and to demonstrate the commercial
viability of anthracite culm fueled, fluidized bed combustor/steam bLoilers.

Toward this goal an anthracite-culm-fueled fluidized bed boiler to produce
23,400 pounds per hour of steam was designed, constructed and tested, under
the sponsorship of the DOE. The program was initiated in September, 1978
with the Shamckin Area Industrial Corporation (SAIC), a non-profit organi-
zation dedicated to economic development of the region, as prime contractor
under a cost-sharing contract. The cost share by SAIC and others in the
private sector was in the form of culm contribution, manpower services, and
revenues from steam supply.

The program consisted of three phases:

1. AFB laboratory testing and plant design

2. Plant construction

3. Test evaluation and operation

The plant's final design was completed in July 1980 and construction was
started in September of 1980 and completed in August, 1981. Following a
check-out and commissioning period of 2 months plant performance and dura-
bility testing was conducted through April 1983 with over 10,000 hours of
operation successfully completed.Some of the steam generated during plant
operation was purchased by an industrial user - Cellu Products, a manufacturer
of paper products Tocated adjacent to the boiler plant. The balance of the
steam produced was vented to the atmosphere.



The Project Team supporting SAIC included Curtiss-Wright Corporation, the
overall program manager responsible for technical direction and manage-
ment of the design, construction and operation activities; Dorr-Oliver,
Inc. designed the process equipment and E. Keeler Company fabricated the
fluidized bed boiler; Stone & Webster Engineering Corporation designed
the fuel preparation, water treatment systems,foundations and structure
as well as the overall plant integration. Curtiss-Wright also was respon-
sible for the plant instrumentation and automated control system design,

procurement of all materials and services, construction management and
test supervision,

This report contains a description of the plant design, construction and

operation activities incliuding results of the performance tests and plant
operating economics.



2.2 Objectives

The objectives of this program were to design, construct and operate a
boiler utilizing anthracite culm in a fluidized bed combustion system
for the generation of steam for industrial use.

The detailed specific objectives of this program included:

1. Establish a process for utilizing anthracite culm in a fluidized bed
combustion system for steam generation,

2. Design and construct a prototype steam plant incorporating the above
process.

3. Operate the plant for a sustained period to demonstrate:
- Process Feasibility
- Functional Reliability
- Economical Operation
- Pollution Control

4. Provide background and scaling data applicable to larger steam gener-
ation and heat process systems.



2.3 Conclusions

1.

Shamokin AFB boiler turndown capability demonstrated by parametric
testing, 4.1/1, is much higher than the design condition, 2.5/1;
furthermore, an empirical model for this plant predicts even greater
steam turndown can be achieved with the present boiler system.

Boiler efficiency, between 54.1% and 82.0%, is directly related to
combustion efficiency. Boiler system efficiency would be greater if air
preheater and ash cooler heat credits were included.

Combustion efficiency is a linear function of the fluidized bed
temperature. Highest combustion efficiency, 90-95%, occurs at

1650°F and higher. At bed temperatures below 1600°F combustion
efficiency is dependent upon steam production level.

culm combustion efficiency for the Shamokin boiler is lower than the
95 - 99% achieved in combustion tests in the Keeler/Dorr-0liver 12in.
diameter fluidized bed. This difference is due to lower freeboard tem-
perature in the Shamokin boiler compared to the 12in. test facility.
Sulfur capture of 90% or better at a Ca/S feed ratio of 2.6 or greater
was demonstrated for the anthracite culm tested.

Higher sulfur capture is measured for gob compared to culm. Less than
1.2 1b S0,/MM Btu fuel input (98.5% sulfur capture) is achieved at
Ca/S molar feed ratio of 2.7/1.0 for gob fuel.

Emissions of NOx are generally below 0.5 1b MOx/MM Rtu fuel insdut for
culm.

Emissions of CO are less than 0.10 1b CO.MM Btu for culm and less than
0.3 1b CO/MM Btu for gob.
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3.0

PLANT DESIGN

The prototype culm combustion boiler was intended to furnish 20,000
1b/hr. of 150 psig steam to an adjacent factory owned by Cellu Pro-
ducts Company and other industrial users. Before selecting key pro-
cess design parameters, laboratory bench scale tests were conducted
and various boiler system arrangements were studied. The purpose of
the bench scale tests was to provide the process data needed to de-
sign the boiler system when using the lTow heating value culm fuel

and representative locally obtained (Shamokin vicinity) limestone as
sulfur sorbent. Data needed included: combustion efficiency, sorbent
requirements, emissions and heat transfer.

The scaled test work, which is fully reported in Reference 2, was
performed on a 12 inch diameter fluid bed combustor which contained
water cooled tubes in the bed and freeboard for the heat transfer in-
vestigation. Results of the testing showed excellent combustion
efficiency (© 95%) and sulfur capture (- 90%) could be expected with
the indicated clum feed size (crushed to pass 4 Tyler Mesh) and lime-
stone feed (mean diameter=270 microns). The tests covered a broad
range of fluid bed operating conditions, including:

Bed Temperature 1450 - 1650°F
Fluidization Velocity (Space Rate) 3.5 - 6.8 Ft/Sec
Bed Depth 3 -6 Ft.
Calcium to Sulfur Mole Ratio 3-9.8

which encompassed thne anticipated range of prototype boiler conditions.
Heat transfer coefficients for the bed and freeboard regions were ob-
tained for a range of fluidization and cas velocities.

In addition to the bench scale tests, several boiler system arrange-
ments were studied for minimum projected system cost over a range of
steam production rates from 20,000 1b/hr. to 100,000 1b/hr. The study



included circular cross-section and rectangular cross-section water
wall boilers, with integrated freeboard convection bank or Separate
waste heat recovery section. The lowest cost configuration and the one
chosen for the prototype culm combustion boiler design is the
rectangular water wall FBC boiler with a freeboard convection bank

as shown in Figure 3.1.

The design parameters for the FBC boiler at 20,000 1b./hr. steam
delivery included:

Combustion Efficiency 95%

Sulfur Capture 83%

Excess Air 30%
Fluidization Velocity 5.3 fps
Combustion Temperature 1550°F

Culm Heating Value, HHV 4012 Btu/1b

The projected normal range of operating conditions for the FBC boiler
included:

Fluidization Velocity 3.5 to 6 fps
Combustion Temperature 1450 to 1650°F
Excess Air 20 - 50%

Bed Height 3 -6 ft.
Steam Turndown 2.5 to 1

Culm Feed Rate Turndown 5 to 1]

Limestone Feed Rate Turndown 10 to 1

The process flow diagrams and general material and energy balances for
the culm fired FBC boiler plant are shown in Figures 3.2 to 3.5 and
Table 3.1. Following is a discussion of the overall plant design which
is fully reported in References 3 and 4.

The prototype culm fired FBC boiler plant is located at the SAIC Industrial
Park located in Paxinos, Pennsylvania. The plant site measures approxi-
mately 650 ft. by 75 ft. (1.1 acres) and includes space for a 20,000 ton
culm storage pile. Several hundred feed northeast of the site is a
temporary storage nlot for up to 20,000 tons of ash.

Feed Preparation and Storage (Figure 3.2)

The anthracite culm fuel is delivered by truck and is deposited into an
untoading area from which a front loader transfers the culm to a conveying
system. This transports the culm to a crushing and classifying system
where the oversized are sent back to the crusher. From this operation

10
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TABLE 3.1

General Material Balance

In 1bs/hr
Culm 8,188
Limestone 983
Air 46,880
Water 22,100

TOTAL 78,151

Out
Ash 6,194
Gases 49,857
Steam 20,100
Blowdown 2,000

TOTAL 78,151

General Energy Balance

Heat In Btu/hr
Culm 32.85 x
Sulfation 0.33 x

TOTAL 33.18 x

Heat Out
Gases 5.31 x
Steam 22.84 x
Blowdown 0.61 x
Calcination 0.50 x
Solids 0.31 x
Losses 3.61 x 108

TOTAL 33.18 x

Overall Efficiency -- 69.5%

106
108

106

106
108
106
106
106

108
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the 1/4 x O culm is conveyed to the prepared culm silo. The prepared cu)m silo
is sized to handle a 32 hour feed supply {for 4000 Btu/1b cu]m).'From this
hopper it is transported to the culm feed bin which holds approximately 4 hours

of feed. The feed preparation and filling of the culm silo occurs during
day shifts only.

Limestone is supplied to the combustor to capture the sulfur gases (sulfur
dioxide) released from the combustion of the culm which then forms Ca0 and
CaS04. These solid products end up mixed in the culm ash.

Sized 1imestone is delivered to the site via truck and pneumatically conveyed
to a limestone storage silo. This silo stores approximately a week's supply
of stone. From the silo, the material passes throuah a bucket elevator and
then into the limestone fe-d hopper. This feed hopper is designed to hold a

day's supply of material. The feed preparation and filling of the culm silo
occurs during day shifts only.

3.2 Screw Feeders (Figure 3.2)

Both culm and limestone is fed to the boiler with screw feeders. Two feeders
are used for the culm and one for the limestone.

Variable speed motor drives are used on each feeder to permit culm feed rate
to follow steam demand and combustion temperature, and to allow limestone feed
rate to vary with the SO, emission control feedback signal.

3.3 Fluidized Bed Boiler System

A fluidized bed boiler of water wall design with in-bed boiler tubes and a
convection section for the generation of steam is used (Figure 3.3). The
fluid bed cross sectional area is 100 feetZ.

This application calls for the delivery of 20,000 1b/hr o“ 150 psig saturated
steam. Tha boiler is designed to generate approximately half this steam
capacity with in-bed and water wall tubes. The other half of the steam is
generated by recovering the heat from the combustion gases in a convection
section. The steam generated is at 200 psig and saturated. The steam pres-
sure is raduced before the steam is supplied to the user.

To aid in start-up and turndown, the air plenum chamber is divided into three
zones, each with its own air supply. One zone convering 64% of the bed area
does not contain in-bed tubes. This area is always fluidized when steam is
being gererated and is the first bed section to be fluidized during start-up.
The other twoc bed sections split the remaining 36% of the bed equally. These
each contain in-bed boiler tubes and can be defluidized during turndown condi-
tions. The boiler also contains an internal convection bank dust hopper with

a flapper valve for recycling collected dust.

An 0il1 fired burner is also included to serve as a preheat burner. This
burner brings the bed up to soft coal combustion temperature. Soft coal is
fed to bring the bed up to culm combustion temperature.

3.4 Primary Cyclone

Included in the boiler system is a primary cyclone. The refractory lined
cyclone is of conventional design. It serves as the primary combustion gas
clean-up s*tage &nd to recycle the collected ash and unreacted particulates
back to the combustor. This recycling permits a high combustion efficiency,
limestone utilization, heat transfer, and good fluidization. There is a
provision to purge off some of the cyclone catch instead of recycling 100% of
1t. This permits greater operating flexibility in the boiler system.

15



3.5 Secondary Cyclones

The dirty gases leaving the primary cyclone are further cleaned in twin
cyclones. The dust collected here is discharged to the ash cooler. When the
boiler is turned down, one cyclone is shut off to maintain a high cyclone
efficiency in the other cyclone.

3.6 Ash Cooler

The ash cooler receives ash from the FBC boiler, the primary and secondary
cyclones, and cools it to approximately 250°F. It consists of a fluidized bed
containing in-bed cooling coils. The water in the cooling coils 1is boiler
feed water. This system recovers some of the senséb]e heat from hot ash and
transmits it to the boiler feed water. Over 1 x 10° Btu/hr are recovered here,
The ash cooler has its own air supply system and cyclone. The ash is dis-
charged through rotary valves to the ash air conveying system which transports
the ash to the bottom ash bin.

3.7 Air Preheater

The combustion gases leaving the twin cyclones are still at 660°F. To improve
the energy efficiency of the boiler system, more energy is extracted from
these gases in an air preheater before they are vented to the baghouse. The
hot combustion gases flow inside the tubes of an air to gas shell and tube
preheater and exit at 350°F. On the shell side combustion air from the blower
is heated to 425°F before entering the combustor.

3.8 1.D. Fan

An induced draft fan is located between the air preheater and bag filter.
This fan is used to control the pressure above the fluidized bed at a slightly
negative level (i.e. -1.0 inches water).

3.9 Bag Filter

A conventional pulse-jet bag filter system is used to provide the final
removal of particulates from the combustion gases before they are vented to
the atmosphere. This system is designed to meet the federal and local par-
ticulate emissions codes. An air-cloth ratio of 6:1 was used.

3.10 Steam/Water Circuit (Figures 3.4 and 3.5)

The design condition calls for 20,000 1b/hr of feed water to be vaporized as
the exported steam. Besides this, approximately 10% more feed water is used

which is lost in the blowdown, and steam released from the deaerator and
blowdown drum.

City water is used as the boiler feed water. This water is softened with a
zeolite system. The softened water is fed through the ash cooler cooling
circuit where it is heated slightly and then passes through the deaerator
operating at 5 psig. The oxygen is further scavenged in the deaerator by the
addition of sodium sulfite. From the deaerator the feed water is pumped to
the steam drum. A neutralizing amine treatment is used to further prevent
chemical attack. Two boiler feed water pumps are used. One pump is elec-
trically driven and the second is turbine driven. The turbine drive is used
in the event of a power outage or as a backup for the electrically driven
pump.

16



Water from the steam drum feeds the three steaming circuits of the boiler:
1. The water walls
2. The in-bed tubes
3. The convection section

This boiler has all natural circulation circuits.

The steam/water mixtures from the three circuits exhaust to the steam drum
where the water and steam are separated. The drum is at 200 psig.

Some of the steam produced is used within the system for the deaerator and
blowdown. The bulk of the steam, 20,000 1b/hr, is reduced in pressure to 150
psig and sent top the user.

Control System

To achieve safe, efficient, and reliable operation, the control system is
designed as a hierarchy of three distinct systems: the digital control system,
the analog control system, and the safety interlock system (Figure 3.6).

Control for efficient operation and minimum exhaust emissions is provided by

the digital control system. When not using the digital system, this contro]l
refinement is not possible and the analog system is used to control the process
within preset conditions. The safety interlock system provides safety backup

to the analog system and the failsafe design of the controls and instrumentation
provide a final safety backup.

The AFB boiler control strategy utilizes conventional boiler control techniques
where possible, but, as shown in Figure 3.7 it differs in several important
respects due to the unique characteristics of the fluidized bed and the culm
fuel. Whereas, in a conventional boiler, the excess air is fairly constant,

in the AFB boiler excess air varies between 10% and 60% as space rate (fluidization
velocity) varies. Over-fuel constraints during normal operation are not as
critical as those in a conventional boiler because the excess air at the minimum
fluidization space rate provides a large margin of safety. Because of the
variable heating value of the culm (3000-5000 Btu/1b.) fuel feed rate does not
accurately reflect Btu input and therefore, cannot be used directly as an input
in the combustion control.

Figure 3.8 illustrates the AFB boiler control strategy. The steam drum pressure
control varies culm feed rate to meet steam demand by maintaining a steam drum
pressure setpoint. In a declining load situation, as the culm feed is reduced the
bed temperature declines. When bed temperature reaches its selected minimum value
the temperature controller reduces space rate to hold constant temperature. At
minimum space rate in a single zone bed the temperature controller achieves
further reduction by lowering bed height while still maintaining constant bed
temperature. In the three zone fluidized bed with shutdown capability for two

of the zones the routine as shown in Figure 3.9 is used to achieve further
turndown. The zone control shuts down a zone when minimum overall space rate is
reached which automatically causes space rate and bed temperature to return
approximately to their maximum values. Continued load reduction then repeats

the procedure until the new minimum space rate, after which the second zone 1S
shut down and the process again repeats with one zone in operation.
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It should be noted that the defined procedure was modified during the test
program because it was found that large additions of low grade culm fuel
when the bed was at minimum temperature caused severe quenching of the bed.
Therefore, bed temperature was not allowed to reduce appreciably before
initiating space rate reduction, and bed height reduction was used as the
second power reduction step before shutdown of each bed. Final power turn-
down was then achieved by reduction of bed temperature.

For control of SO, emission, the limestone feed rate can be varied to main-
tain S0» concentration in the exhaust gas at an environmentally acceptable
level. The limestone feed rate can be coarsely preset at a fixed ratio to
culm feed rate. This ratio is based upon the average sulfur content of the
culm (.6-7%S) and the sulfur caputre rate at an average bed temperature.

To adjust the feed rate to correspond to actual conditions, it is fine-
tuned by feedback from an SO» exhaust gas analysis system.

Fluidized bed height control is accomplished by varying ash removal rate,

and balancing the rate of culm and limestone feed, to achieve the bed
height setpoint established by the combustion control system.

3.12 Instrumentation

To implement the control strategy described, special applications of
instrumentation and measurement are provided. The instrumentation is

shown on the process and instrumentation diagrams presented in Reference 4
and listed in Table 3.2.

In-bed thermocouples measure bed temperature in eight locations (Figures 3.10).
Annubars are used in air ducts to measure fluidizing air flow. This

measured flow is corrected to bed temperature and pressure conditions

and divided by the effective fluidized area to yield superficial velocity.
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TABLE 3.2

LIST OF INSTRUMENTATION

Below Cyclone Recycle
Soids Return

DOE TAPE *
TEMPERATURE - °F HISTORICAL FILE NO. REMARKS
Treated Water

Ash Cooler Water In

Ash Cooler Water Out

Deaerator Water

Boiler Feedwater 20
Ambient 19
Windbox - Air Inlet 6
Combustor Bed-Zone l-Lower 27
Combustor Bed-Zone 2-Lower 29
Combustor Bed-~Zone 3-Lower 30
Combustor Bed-Zone l-Lower 28

Ash Cooler Bed - Cell 1
Ash Cooler Bed - Cell 2
Ash Cooler Bed - Cell 3
Ash Cooler Exhaust Gas

Preheater - Flue Gas In

Preheater - Flue Gas Out

Preheater - Combustion Air In
Preheater - Combustion Air Im
Preheater - Combustion Air Out
Baghouse - Flue Gas In 10,50

Combustor Bed - Zone 1 - Upper 32
Combustor Bed - Zone 1 - Upper 33
Combustor Bed - Zone 2 - Upper 34
Combustor Bed - Zone 3 - Upper 35

Convection Bank (Particulate 47
Drop Out)
Combustor Freeboard 45
Convection Bank - Gas Out 7
Convection Bank - Gas In 46

Combustor Fluidizing Air Inlet
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PT -

PT -
PT -
PT -

PDT
PDT
pPDT
pDT
PDT
PDT
PDT
PDT
PDT
PDT
PDT
ppT

FT -
FT -
FT -
FT -
FT -
FT -
FT -
FT -
FT -
FT -

21
37
43
52

24
25
26
27
28
29
33
38
39
41
44
47
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TABLE 3.2 (Cont'd.)

PRESSURES UNITS
Export Steam psig
Total Steam psig
Windbox

Combustor Freeboard
Ash Cooler Exhaust Gas

Combustor Fluidizing
Air Inlet psig

DIFFERENTIAL PRESSURES

Windbox/Combustor Bed Zone 1 Lower
windbox/Combustor Bed Zone 2 Lower
Windbox/Combustor Bed Zone 3 Lower
Combustor Bed Zone 1 -Upper/Lower
Combustor Bed Zone 2 -Upper/Lower

Combustor Zone 3 -Upper/Lower

Combustor Bed Zone 1/Convection

Primary Cyclone
Secondary Cyclones
Ash Cooler Windbox/Cell 2 Bed

Preheater - Flue Gas

Ash Cooler Cell 2 Bed Upper/Lower

FLOW RATE

Ash Cooler water

Export Steam

Total Steam

Deaerator Steam

Boiler Feedwater

Combustor Zone 1 Airflow
Combustor 2Zone 2 Airflow
Combustor Zone 3 Airflow
Combustor Fluidizing Airflow

Ash Cooler Fluidizing Airflow

24

inches of H_.O

2

inches of HZO

inches of HZO

UNITS

inches
inches
inches
Inches
inches
inches
inches
inches
inches
inches
inches

inches

UNITS
gpm
pph
pph
pph
gpm
SCFM
SCFM
SCFM
SCFM
SCFM

HISTORICAL FILE NO.
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25
21
43
44
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HISTORICAL FILE NO.

37
38
39
31
41
42
36
48
49
55

54

HISTORICAL

FILE NO.

24
22
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26



LT
LT
LT

wT
WT

ST
ST
ST

AT
AT
AT
AT
AT
AT
AY

10
11
27

b
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TABLE 3.2 (Cont'd.)

LEVEL INDICATORS

Steam Drum Water Level
Combustor Bed Level

Steam Drum Water Level

FEED BIN WEIGHTS

Culm Feed Bin

Limestone Feed Bin

CULM AND LIMESTONE SCREW FEEDERS

Culm Screw Feeder - 1
Culm Screw Feeder - 2

Limestone Screw Feeder

EXHAUST GAS ANALYSER

Oxygen

Sulfur Dioxide

Carbon Monoxide-High Scale
Carbon Monoxide-Low Scale
Nitrogen Oxides

Carbon Dioxide

Stack Exit Opacity

UNITS
Inches
Inches

Inches

uNITS
LBS

c® 3@

HISTORICAL

FILE

NO.

40
56

HISTORICAL

FILE

NO.

8
9

HISTORICAL

FILE

NO.

51
52
53

HISTORICAL

FILE

NO.

12
13
14
15
16
17
18

Several Files reserved for calculated data viz. Space rate, feed rates, etc.

25



AFB PRESSURE INSTRUMENTATION
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Differential pressure transmitters measure the pressure drop across
the fluidized bed in several locations and are also used to calculate
bed height. Pressure taps in the fluidized bed (Figure 3.11) and
ductwork are continuously purged with clean air.

Weigh cells are used to measure culm and limestone feed bin weight.
A digital system calculates feed rates as the rate of decrease of
feed bin weights.

An exhaust gas analysis system continuously extracts exhaust gas through
a shielded probe and heated sample line. Analyzers located in the
control room continuously measure S02, NOx, CO, CO2 and Op concentration.
The gas sample probe assembly is permanently mounted in the air preheater
flue gas inlet duct. Solids are separated from the gas sample with a
porous metal filter inside the sample probe assembly.

The gas analyzer system consists of vacuum pump, gas conditioner,
condenser, and individual analyzers for 02, COp, CO, SOZ and NOy:
Pulsed Fluorescent S0 Analyzer
Chemiluminescent NOy Analyzer
Zirconium Cell for 02
Infra-Red Analyzer for CO and CO?

The vacuum pump continuously draws a gas sample from the sample probe
assembly through approximately 160 ft. of 1/4" ID tygon tubing which
is insulated and electrically heat traced to prevent condensation.

Data Acquisition

The process computer provides for on-Tine data acquisition. Up-to-date
process data {(displays), print-out of alarm messages and instrumentation
fail and clear messages can be displayed by CRT and line printer. The
computer can also provide periodic storage of historical data on disk
for Tater transfer to magnetic tape.

Sixty-two (62) selected historical data variables and information
(i.e., bed height, pressures, temperature, etc.) shown on Table 3.2
were programmed for storage as records along with the date and time
on the computer disk as three separate files. File No. 1 is data

that is stored every hour; File No. 2 is data that is stored every
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AFB TEMPERATURE INSTRUMENTATION
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15 minutes and File No. 3 is data that is stored every (1) minute.

The duration of resident time before the data is "over written” is
forty-five (45) days for File No. 1; fifteen (15) days for File No. 2
and twenty-eight (28) hours for File No. 3.
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4.0

PLANT CONSTRUCTION

Plant long lead construction was initiated in November 1979 with
procurement of certified drawings for equipment and for installation

of boiler foundations. Procurement of equipment was initiated in

March 1980 with site erection beginning in September 1980. Construc-
tion management was under the direction of Curtiss-Wright Corporation
with Stone and Webster Corporation providing support for the foundations;
structural tower, and coal handling eguipment. A General Contractor
provided the construction services with the support of local sub-
contractors.

The majority of the equipment erection and boiler erection occurred
during the winter of 1980-81.

A photograph of the boiler during erection is shown in Figure 4.1.
Boiler hydrotest was completed by February 1981 and the plant
construction was essentially complete by August 1931. Photographs of
the completed plant are shown in Figures 4.2 through 4.4. A photograph
of the control room is shown in Figure 4.5.

During the final month of construction, plant operating personnel were
hired and training was initiated.

30



In-Process Construction of the Fluosolids Combustor With Integral Steam
Drum - Front View

Figure 4.7
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ATMOSPHERIC FLUIDIZED BED STEAM PLANT
ANTHRACITE CULM FIRED
SHAMOKIN, PA.
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Figure 4.4
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START-UP AND SHAKEDOWN

Equipment Shakedown

The purpose of the equipment shakedown was to ready the plant for the
start-up and plant shakedown testing. Major rotatino equipment of the
plant was tested before the plant start-up. The operator training
which was initiated during construction was reinforced by having the
operators check out the operation of all the equipment.

The main and ash cooler fluidizing air blowers and ID Fan were started
and run to establish operation within manufacturer specifications for
vibration, motor amperage draw, surge, etc. and to exercise control
valves and check-out associated alarms and interlocks.

The limestone screw feeder and anthracite culm screw feeders were
started empty and were monitored for proper operation. A1 rotary
valves were started, and monitored and operation verified.

Cold Flow Test, Boiler BOi1l 0Out and Refractory Cure

A cold flow test was conducted to check for air leaks throughout the
system and measure constriction plate pressure differential in the
combustor and ash cooler and also to air dry refractory lining. The

combustor freeboard pressure was maintained in the range of 0 to -2
inches of water and the constriction plate pressure drops at various
flows were measured and plotted. The pressure drops for various
pieces of equipment were measured at different air flow rates. The
purge air flows to various parts were checked.

Before the boiler was put into service for the first time, it was
necessary to cure the refractories. These refractories were cured

by first air drying and then gradually heating of the boiler by firing
the preheat burner. At the same time, boil-out of the boiler was
achieved.

The boil-out consists of removal of grease from the steam and water
system by soda base solution. After boil-out and refractory cure,
approximately 72 hours, the boiler was cooled, drained and flushed
with clean water. A complete internal inspection was made and the
system was then readied for initial start-up.
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5.3

5.4

Plant Start-Up

Start-up of the boiler was initiated on 8/13/81 using limestone as
starting bed material. During this initial start-up it was found that
the bed temperature necessary to support culm combustion could not be
reached using the oil fired start-up burner alone, so soft coal was
added and a bed temperature to support culm combustion was obtained
at 1450°F. After attaining culm combustion temperature, it was found
that the bed temperature could not be maintained with culm only. A
heat balance check showed higher than design heat extraction from bed
wall tubes, and higher dust recirculation load with culm than
anticipated.

The higher dust recirculation requires more bed heat input from fuel
because the recirculated dust enters the bed at temperatures several
hundred °F below bed temperature. To remedy this, castable insulation
was installed over 21 ft2 on each of the two side waterwalls. The
insulating castable was added for the full width of Zone 1 up to a
height of 3 feet. This castable addition brought the heat balance
back within design limits and the boiler was then able to operate
successfully on culm only.

Shakedown Tests

Following several minor plant adjustments described in the following

paragraphs, the plant was run over a broad range of operating condi-
tions as part of the general plant shakedown. The actual conditions
which were observed are shown in Table 5.1. The general conclusion
following these shakedown tests was that the plant was operating well
for a prototype plant and no major changes were indicated before
proceeding with the parametric performance tests.

The analysis of the culm used during the shakedown period (Table 5.2)
showed that the HHV of the culm was considerably lower than the
anticipated typical value (design case). Although detailed performance
calculations were not intended based on the shakedown test data some
observations were drawn.

The tests did demonstrate that the boiler could operate over the
range of variables required for turndown. Bed temperature was varied
from 1450°F to 1650°F, space rates were varied from 3.5 to 5.5 ft/sec,

bed depth was varied from 3 to 5 feed and the fluidized zones were
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TABLE 5.1

Shakedown Tests -- Operating Data
Test No. 1 2 3 4 5 6 7
Date 10/6 10/6 10/9 10/10 10/10 10/10 10/11
Time Start 14:00 21:00 16:45 01:00 12:00 23:30 17:00
Feed Screen Mesh 4 4 4 4 4 4 4
Zones Fluidized 1 1 1,2 1,2,3 1,2,3 1 1
Gross Steam, lb/hr 10,192 10,929 15,881 16,871 18,978 18,209 11,187
Wet Culm Feed, 1lb/hr 5,466 5,628 8,750 7,102 8,710 8,632 5,613
Limestone Feed, lb/hr 0 0 0 0 0 0 0
Primary Cyclone Recycle % 0 0 0 0 0 0 0
Avg. Bed Temp., °F 1,687 1,628 1,608 1,669 1,655 1,644 1,433
Avg. Bed Height, inches 40 48 53 48 57 56 47
Avg. Sp. Rate, ft/sec 3.5 3.5 3.7 3.75 3.72 5.4 4.85
Total Air Rate, scfm 3,169 3,132 4,206 5,236 5,248 4,841 4,859
Freeboard Temp., °F 1,120 1,138 1,185 1,243 1,290 1,315 1,116
Conv. Bank Inlet, °F 813 835 919 936 998 970 810
Conv. Bank Outlet, °F 484 490 533 538 551 552 510
Stack Oxygen, % 8.0 7.2 3.9 5.8 3.9 4.7 10.2
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TABLE 5.2

Ultimate Analysis of Culm

Design
Sample 9/3/81 9/30/81 _Case
ULTIMATE ANALYSIS (Z DRY BASIS)
Carbon 20.04 27.02
Hydrogen 1.38 1.42
Ritrogen 0.50 0.66
Oxygen 3.3 3.48
Sulfur 0.72 0.57
Ash 72.18 71.08 66.85

Heating Value, HHV Btu/ldb 3126 3513 4198



5.5

varied from 1 to 3.

A sample of bottom ash taken during this period contained only 0.4%
unburned carbon, indicating good combustion efficiency. Boiler
efficiencies were not determined because sampling procedures and
laboratory analysis procedures had not been finalized nor were the
tests run for Tong enough periods.

Sulfur capture was not demonstrated during these tests because the
limestone feed bin was used to store soft coal so multiple start-ups
could be facilitated. During later testing, the limestone feed bin
was exhausted of soft coal and filled with limestone.

It was found that to operate at high capacity conditions with the low
heating value high ash culm, the speed of the rotary valve discharging
the primary cyclone collected solids to the ash cooler had to be
increased; the fly ash baghouse pressure relief door needed better
sealing to accommodate the increased pressure drop at higher capacity;
and the capacity of the bottom ash bin vent had to be increased by
installing longer filter bags. Full boiler capacity was limited by
the culm preparation equipment Since the Screening operation of wet
culm could not keep up with the culm feed rate requirements. The culm
screening capacity appeared to be affected adversely by the raw culm
moisture content. Therefore, the high space rate (5.5 ft/sec) and deep
bed (5 feet) tests were made with only Zone 1 fluidized in the boiler.
To remedy this operating problem, the stockpile of culm in a covered

area or equipment for drying the surface moisture should be considered
for future operation.

Equipment Inspection and Modification

Approximately 725 hours of operation were accumulated during the
shakedown test of the plant between August 18 and October 30, 1987.
The plant was shutdown for a thorough inspection before beginning the
parametric test. Prior to this shutdown and during the shakedown
test period, several changes were made to the plant equipment which
should be noted.

Insulation was added to Zone 1 of the boiler to permit the boiler to

self-sustain on culm alone as noted in the precedina paragraphs.
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The pressure/vacuum relief valve for the fluid bed combustor was
changed from a water seal arrangement to a mechanical weighted plate

after several instances of leakage of water into the combustor flue
gas.

A number of the rubber expansion joints used throughout the fluidizing
air ducting cracked and had to be replaced. This problem was subse-
quently traced to a vendor's marginal design and quality control.
Remedies included replacement expansion joints of 4 ply instead of

2 ply construction and improved fabrication techniques.

Upon inspection of the boiler after 725 hours, it was noted that some
of the original refractory insulation was spalling off the front and
rear walls of the boiler. Investigation suggested that improper
setting and curing was the likely cause for the spalling, and after
removing loose insulation and replacement, no further spalling was
observed beyond what would be normally expected with similar boiler
operating times and start-stop cycles.

Some difficulty was experienced in moving bed ash through the ash
cooler during the shakedown testing so several changes were made
during the inspection shutdown. The ash cooler is a 3 celled fluid
bed and the movement of material was eased from cell to cell by en-
]argin@“%he egress ports between cells and_also additional fluidizing
airflow was supplied to the cooler through piping modifications.
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6.0 TEST SUMMARY

Thirty-nine (39) parametric tests were performed in an intermittent series be-
tween 10/29/81 & 11/30/83. The final four tests, 33-36, were performed with gob
fuel; all other tests were with culm fuel. The objective of these tests was

to check the boiler performance and turndown capabilities over the complete range
of variables. These variables included: zones fluidized, bed depth, bed temperature,
fluidization velocity, primary cyclone recycle, and Ca/S feed ratio.

Operating data and final results for the 39 tests are summarized in the table
in Appendix 1. Independent variables are summarized in Table 6.1 and
dependent variables are summarized in Table 6.2. Bed temperature range was
1432-1677°F. Freeboard temperature, measured adjacent to the convection bank,
was 961-1412°F, and several tests were made below 1200°F. Because of these
low temperatures, it is believed that little combustion, if any, takes place
in the freeboard. All tests were conducted with an excess of combustion air,
between 11% and 112%. The bed depths tested were 3, 4 and 5 feet, and
fluidization velocity was 3.5-5.3 ft/sec.

The range in culm heating value was 3700 to 4780 Btu/1b (high heating value,
dry basis) with 23-31% carbon and approximately 5% moisture. The heating
value for gob was 2902 - 3023 Btu/lb with 16.9 - 17.7% carbon and 3.2% - 4.1%

moisture. Fuel heating value is directly proportional to fuel carbon content
(Figure 6.1).

Standard 4 mesh screens were employed in the culm crushing/screening section
for a period of shakedown testing and for the first parametric test. Haowever,
during the first winter, cold and wet weather conditions caused considerable
blinding and freeze-up of culm on the 4 mesh screens. Thesa were replaced
with 3 mesh screens for tests 2 through 4 after a hole was made on one screen
while removing ice. To further increase screening capacity, &
one-quarter-inch Tyrod (Tyler Screen Company) primary and a 3 mesh secondary
screen were employed for tests 5 through 8. “The Tyrod screen opening is
} inch by 3% inch. Because of parallel culm flow to the long openings, flat
"washer" size material passed through the screens. Since the combustor and
ash cooler fluidized beds were not designed for this oversized material,
standard 3 mesh screens were employed for tests 9 to 13. Tests 14 through 36
were made with 24 mesh primary and 3 mesh secondary screens.

Because of the changes made to the culm screens, there is a wide variation in
the size distribution of fuel feed for the tests, Table 6.3. Since a
significant fraction of +4 mesh material was fed to the boiler, culm size was
larger than design specifications for all but two of the tests.
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TABLE 6.1  INDEPEND ENT VARIABLES

TEST  ZONES -FLUID BED --  VEL. PRIMARY  CYCLONE CA/S
(NO.) TEMP. HT. (FT/ VALVE
(DEG. F) (IN) SEC) (%) (LOC'N)

1.0 1 1485 36 4.0 0 TPBED 5.5
2.0 ) 1533 36 3.5 20 TPBED 3.1
3.0 1 1543 38 5.2 20 TPBED 4.4
4.0 ] 1542 60 5.2 20 TPBED 5.1
5.0 2 1548 36 3.5 50 TPBED 2.9
6.0 3 1556 38 3.5 50 TPBED 3.7
7.0 3 1566 48 3.5 50 TPBED 3.4
8.0 2 1538 56 5.3 50 TPBED 3.9
9.0 3 1576 48 5.2 50 TPBED 4.5
10.0 3 1663 6) 5.3 50 TPBED 3.5
11.0 3 1563 57 4.6 50 TPBED 2.6
12.0 3 1641 36 3.5 50 TPBED 3.4
13.0 3 1459 36 3.5 50 TPBED 3.3
14.0 2 1534 48 3.5 50 TPBED 3.2
15.0 3 1569 37 5.3 50 TPBED 4.4
16.0 3 1603 6] 4.6 0 TPBED 2.6
17.0 3 1432 58 5.1 50 TPBED 2.9
18.0 1 1588 36 3.5 50 TPBED 3.2
19.0 ) 1629 37 3.5 0 TPBED 3.8
20.0 ] 1645 49 3.5 50 TPBED 3.1
21.0 ] 1652 37 3.5 50 TPBED 4.8
22.0 ] 1656 37 3.5 50 TPBED 3.7
23.0 ] 1630 48 3.5 50 TPBED 3.5
241 3 1654 37 3.5 50 TPBED 2.4
24.2 3 1638 60 4.6 50 TPBED 2.3
25.1 ] 1652 36 3.5 20 TPBED 3.7
25.2 ] 1552 36 3.5 20 TPBED 4.4
26.0 1 1537 49 3.5 50 TPBED 3.3
27.0 ] 1555 36 3.5 20 INBED 2.9
28.0 1 1536 36 3.5 20 INBED 2.9
29.0 1 1677 38 3.5 75 INBED 3.4
29.2 ] 1665 38 3.6 50 INBED 2.3
30.0 ] 1636 37 3.5 -] NONE 2.6
31.0 ] 1660 49 3.5 -1 NONE 3.7
32.0 ] 1632 46 3.5 0 INBED 4.1
33.0 ] 1536 37 3.5 -1 NONE 1.7
34.0 ] 1527 38 3.5 -1 NONE 2.6
35.0 ] 1552 38 3.3 50 INBED 1.8
36.0 1 1557 48 3.5 -1 NONE 2.7
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TABLE 6.2 DEPENDENT VARIABL ES.

TEST FREE- TOTAL FUEL SOR ENT EXCESS
BOARD STEAM (LBS/ (LBS / AIR
(NO.) (DEG. F) (LBS/HR) HR) HR) (%)
1.0 984 6937 3573 667 97
2.0 961 6342 2909 518 101
3.0 1085 9432 3980 598 97
4.0 1260 15475 6088 824 29
5.0 1023 9746 3914 425 73
6.0 1059 11826 4854 651 71
7.0 1132 13680 6066 844 46
8.0 1260 17367 8052 1450 42
9.0 1242 18514 8150 1483 57
10.0 1412 26570 10858 1568 11
11.0 1361 24894 10123 1025 8
12.0 1118 12938 5542 779 45
13.0 1044 10065 4903 728 95
14.0 1093 11453 5098 649 42
15.0 1199 16431 7382 1099 76
16.0 1345 24642 10873 1106 7
17.0 1235 20715 9415 1150 51
18.0 977 8085 2623 329 68
19.0 1028 8205 2860 348 77
20.0 1149 11075 3477 299 37
21.0 1027 8319 2645 375 76
22.0 1026 8206 2530 281 81
23.0 1113 10387 3135 337 47
24.1 1137 13934 4601 367 63
24.2 1369 22065 - 7728 523 36
25.1 1040 8103 2685 302 79
25.2 1001 7754 2577 290 99
26.0 1107 10929 3271 351 46
27.0 1003 8724 2814 271 79
28.0 1000 8823 2722 252 /9
29.0 1064 10966 4010 544 31
29.2 1036 10149 3503 347 46
30.0 1034 8462 3081 258 73
31.0 1143 10909 3977 514 34
32.0 1112 11599 4289 622 29
33.0 1042 8697 4267 2470 40
34.0 1058 9706 4888 4123 22
35.0 1054 10190 4871 2586 18
36.0 1143 11396 5366 2897 1
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TASLE 6.3 SOLID FUEL SIZE DISTRIBUTION.
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Each test was performed over a 4 hour period preceded by a minimum 20 hour
period to establish steady state operation. Readings were taken at one hour
intervals to assure steady state and at 15 minute intervals during the test
period. Samples of culm, cyclone solids and internal recycle solids were
taken at 1 hour intervals and flow rates of culm, limestone and flyash were
determined from weights recorded at the beginning and end of each run. Bottom
ash weight was determined by difference.

During the scheduled shutdown of the boiler system in July of 1982, the
parametric test data were analyzed to check the material balance for the steam
and water streams. The material balance did not check consistently and the
inaccuracy was traced to sporadic boiler feedwater flowrate data and an error
in the design of the main steam flow orifice plate. The orifice plate design

error was easily corrected by substitution of the correct pressure coefficient
in the water flow algorithm.

Feedwater flowrate is measured with an orifice plate in a vertical line

located approximately 15 ft above the pressure transmitter. The two water lines
connecting the orifice pressure taps to the pressure transmitter were heat
traced. However, water in these two lines froze on several occasions during

the first winter so the lines were filled with antifreeze solution. Water
density changes in these lines was found to be the primary cause of sporadic
water flow readings. Since blowdown flowrate for initial boiler operation
during warm weather was 5-10% of boiler feedwater and the feedwater data

for all parametric tests in Appendix 1 is calculated based on total steam out-
put, the 5% blowdown factor was assumed.

7.1 Combustion Efficiency

Two methods were employed to measure the extent of fuel combustion in the fluid
bed boiier. First, a boiler heat balance was performed around the boundary

shown in Figure 7.1 to determine the amount of heat input to the system from

fue! combustion. Combustion efficiency is the ratio of the fuel heat input to
fuel heating value, expressed as a percentage. Second, a material balance

around the boundary shown in Figure 7.1 was performed to determine the amount

of carbon burned. Carbon burn-up is the difference between the amount of

carbon fed with the fuel and the amount of unburned carbon in the baghouse

hopper and the ash cooler bin expressed as a percentage of carbon fed. Combustion
efficiency and carbon burn-up sample calculations appear in Appendix 2.

Combustion efficiency data and key operating variables are summarized in Table
7.1. Carbon burn-up varied from 74.8% to 95.27 Carbon combustion efficiency
falls in a broader rangz 72.0° to 103.57. The relationship between caombustion
efficiency and carbon burn-up (Figure 7.2) shows considerable scatter.

Because of the nature of anthracite culm there is considerable variation in

asn content and heating value, depending upon process operations at the coal
cleaning facility. A covposite fuel sample is made up of four individual samples
teken a*t ane hour intervals for each test.

A7



Figure 7.1

Heat and Material Balances to Measure the Extent of Fuel Combustion

Boundary for carbon material balance
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Boiler Heat Balance

Heat Inputs = Heat Outputs
Heat inputs = Net fuel combustion heat + Feedwater enthalpy + Air enthalpy
+ Heat of sulfation.

Heat outputs = Steam enthalpy + Blowdown enthalpy + Flue gas enthalpy + Fly
ash enthalpy + Latent heat + Bed ash enthalpy + Heat of calcination +
Radiation heat loss.

[Net Fuel Combustion Heat) x 100 = Combustion efficiency, %
\Jotal Fuel Input Heat /

Carbon Material Balance

Total carbon input = Fuel input x (% carbon in fuel/100)

Solid carbon output = Flyash x (% carbon in flyash/100)
+ Ash bin x (% carbon in ash bin/100)

Carbon burn-up = (Total carbon input - Solid carbon output) x 100%
Total carbon input
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The wide range in percent carbon burn-up and carbon combustion efficiency
reflects errors caused by fluctuation of culm heating value and carbon content
from minute to minute. In addition, it is likely that samples of ash from the
ash bin and baghouse hopper do not accurately represent the average
composition of these ash streams.

The seventeen (17) runs between October 29, 1981 and June 24, 1983 made up the
first phase of the parametric testing period. Carbon burn-up varied from
74.8% to 92.4% and combustion efficiency varied from 72.0% to 90.1%. In order
to optimize sulfur capture most of these runs were conducted between 1530°F
and 1590°F bed temperature.

The primary objective of the second phase of twenty-two (22) tests, performed
between November 24, 1982 and April 30, 1983, was to demonstrate the effect of
bed temperature, freeboard temperature and in-bed recycle on combustion
efficiency. Most of these tests were conducted at 1530°F to 1680°F as shown
in Figure 7.3.

Combustion efficiency and carbon burn-up increased significantly in the second
phase of testing, Figures 7.4 - 7.5. The effect of bed temperature on
combustion efficiency and carbon burn-up is shown in Figures 7.6 - 7.7.
Although there is a large amount of scatter in the data the trend shown is an
increase in carbon burn-up and combustion efficiency with increasing bed
temperature,

The combined effect of bed temperature and steam output on combustion
efficiency is shown in Figures 7.8 and 7.9 for runs with greater than 30%
excess air. Combustion efficiency for steam output less than 10,000 1b/hr is
slightly higher than for greater than 10,000 lb/hr steam output, Figure 7.8.
This difference due to the magnitude of output 1is Tlargest at the low
(1400°F-1600°F) bed temperature range. A similar relationship is shown for
carbon burn-up, Figure 7.9.

The data in Figures 7.8 - 7.9 show that combustion efficiency is 5% - 10%
lower and carbon burn-up is 2% to 6% lower at high load and at 1400°F - 1600°F
bed temperature. Fluidized bed operating conditions at high steam output
(greater than 10,000 lb/hr) are generally high fluidizing velocity and/or more
than one zone fluidized (see operating data in Table 7.1. Thus, freeboard
space rate is much higher compared to runs with less than 10,000 1b/hr steam
output. Elutriation is therefore much higher for high-load opreation.

Combustion efficiency generally decreases with increasing number of zones
fluidized (Figure 7.10). Since freeboard gas velocity increases in direct
oroportion to the number of zones fluidized, bed particle elutriation
generally increases with increasing number of zones fluidized.

The trends from Figures 7.8 - 7.10 indicate that combustion efficiency is
directly related to elutriation of particles out of the fluid bed. Once
particles are elutriated out of the bed and splash zone they tend not to
re-enter the high temperature bed. Gas velocity in the freeboard increases as
the gases travel up the freeboard due to the inward sloped front boiler wall
(Figure 3.3). In addition, both the ash collected in the convection bank and
the recycled primary cyclone tailings are discharged 4 ft above the gas
distributor (the primary cyclone tailings discharge point is 1 ft above the
distributor for in-bed recycle runs). Thus, recycled particles will besccme
re-elutriated when bed height is 3 - 4 feet,
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Freeboard temperature, measured near the 1nlet to the convection pank, 1S Yol
-1412°F with most tests conducted at 1000 - 11000F. Little or no combustion
of lTow quality fuels occurs at these temperatures, and gases are cooled
quickly by radiation to the water cooled freeboard membrane walls.

Freeboard temperature during the first 17 tests was 3000F - 5000F lower than
bed temperature. A 3/4 inch layer of insulation was installed on both side
walls of the freeboard prior to Test 18 to reduce radiation and convection
heat transfer to waterwalls in the freeboard. The front and back walls of the
freeboard were insulated during all tests.

Analysis of freeboard temperature data at low and high loads showed less than
300F increase in freeboard temperature due to the added layer of refractory.
The temperature increase due to added refractory was not sufficient to cause a
measurable change in combustion efficiency and emissions.

To assess the effect of in-bed recycle on performance, 6 tests were performed
with gravity injection of tailings from the primary cyclone 12 in. above the
bottom of the fluid bed and 5 tests were performed with this line blanked for
no recycle. All other tests were performed with primary cyclone tailings
discharged 4 ft above the bottom of the bed. The internal flow rate of
particles from the convection bank hopper to a discharge point 4 ft above the
bottom of the bed was not altered during all 39 parametric tests.

With culm fuel, comparison of in-bed and over-bed injection data shows no
consistent difference in carbon burnup but from 3.1 to 4.6% average improvement
in combustion efficiency with in-bed injection. When injection is zero or
blanked off there are average reductions in carbon burnup of 1.3% and in
combustion efficiency of 1.9% from those values for in-bed injection. Those

conclusions found over the following ranges in operating conditions with 1 zone
and 3.5 ft/sec space rate:

1533-1?550F, 36 in. bed height, 79-101% excess air - (Tests 2, 25B, 27
and 28

1630~]677°F, 37-49 in. bed height, 31-81% excess air - (Tests 20-23 and
29.1-29.2)

1632-1660°F, 37-49 in. bed height, 29-73% excess air - (Tests 30-32)

Results of gob fuel tests at 1527-15579F show a 0.6-2.0% increase in combustion
efficiency for Test 35 with in-bed injection of recycle compared to Tests 33, 34

and 36 with no recycle. Carbon burn-up was 88.6% for in-bed recycle injection
compared to 77.5-86.9% for no recycle.

The following operating variables were also studied in search of possible links
to combustion efficiency in the fluidized bed boiler:

excess air
fluidization velocity
bed height

fuel size

fuel heating value

No direct relationship was found between these variables and combustion effic-
iency or carbon burn-up.



Results of culm combustion studies conducted in a 12 in. diameter
Keeler/Dorr-Oliver fluidized bed faciljty showed 94.9 - 99.2% carbon burn-up
at bed temperatures of 1445 - 1655°F . Both the bed and freeboard sections
of the laboratory reactor are externally heated to bring the reactor to
operating temperature, hold the fluidized bed at reaction temperature, and
offset heat losses. Freeboard exit gas temperature is maintained at the same

temperature as the bed by regulating the amount of external heat around the
freeboard.

The major difference between the Shamokin boiler and the laboratory unit is
radiation cooling of unburned particles and gases in the freeboard of the
Shamokin boiler compared to an adiabatic freeboard of the laboratory unit.
The combined effect of low freeboard temperatures and elutriation of unburned
fuel particles out of the fluid bed are the cause of lower combustion
efficiency and carbon burn-up 1in the Shamokin boiler compared to the
laboratory unit.

7.2 Emissions

A gas sample probe assembly is permanently mounted in the air preheater flue
gas inlet duct. Solids are separated from the gas sample with a porous metal
filter inside the sample probe assembly. The 3" metal tubing on the
downstream side of the filter occasionally became plugged with a solid
material which was removed easily by rodding out.

A gas analyzer system supplied by Pace Industries is located inside the boiler
control room. The system (Figure 7.11) consists of vacuum pump, gas
conditioner, condenser, and individual analyzers for 02, COZ’ co, SO2 and NOX:

Pulsed Fluorescent 502 analyzer
Chemiluminescent NOx analyzer
Zirconium Cell Analyzer for CO2

Infra-Red CO? and CO Analyzer

The vacuum pump continuously draws a gas sample from the sample probe assembly
through approximately 160 ft of i" ID tygon tubing which is insulated and
electrically heat traced to prevent condensation.

To ensure accuracy in emissions data for the test program the NO_, CO and SO
gas analyzers were calibrated prior to each of the 39 tests. EMissions datg
for the parametric test program are summarized in Table 7.2. No data are
available for NO_, CO and SO, for several tests because of malfunctions in
individual compoﬁ%nts of the &%s analyzer system.
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TABLE 7.2

Emission Data for Parametric Tests

Gas Gas

NO, to S0,
Res. Vel. Temperature 1b/mm Co5~ Cap-
Run Time ft/ Free- ppm Btu 1b/mm l1b/mm ture
No sec sec Ca/S Bed Board (Calc. as NO,) ppm Btu ppm Btu %
1.0 0.8 4.0 5.5 1,485 984 -- -~ - -- 100 0.33 93
2.0 0.9 3.5 5.1 1,533 961 -- -- -- -- 82 0.27 94
3.0 0.6 5.2 4.4 1,543 1,085 -- -- -- -- 123 0.41 90
4.0 1.0 5.2 5.1 1,542 1,260 -- -- ~- -- 100 0.23 93
5.0 0.9 3.5 2.9 1,548 1,023 183 0.40 -- -- 98 0.30 94
6.0 0.9 3.5 3.7 1,556 1,059 121 0.26 21 0.02 115 0.34 92
7.0 1.1 3.5 3.4 1,566 1,132 106 0.18 87 0.08 110 0.26 95
8.0 0.9 5.3 3.9 1,538 1,260 292 0.47 24 0.02 122 0.27 94
9.0 0.8 5.2 4.5 1,576 1,242 303 0.56 26 0.03 121 0.31 93
10.0 1.0 5.3 3.5 1,663 1,412 89 0.12 19 0.01 127 0.23 95
11.0 1.0 4.6 2.6 1,563 1,361 53 0.07 36 0.03 180 0.34 93
12.0 0.9 3.5 3.4 1,641 1,118 95 0.16 47 0.05 119 0.29 94
13.0 0.9 3.5 3.3 1,459 1,044 93 0.20 31 0.04 134 0.40 92
14.0 1.1 3.5 3.2 1,534 1,093 78 0.13 22 0.02 154 0.35 92
15.0 0.6 5.3 4.4 1,569 1,199 161 0.32 27 0.03 135 0.38 90
16.0 1.1 4.6 2.6 1,603 1,345 21 0.02 90 0.06 215 0.34 91
17.0 0.9 5.1 2.9 1,432 1,235 45 0.07 88 0.08 256 0.59 86
18.0 0.9 3.5 3.2 1,588 977 -- -- -- -- -- -~ --
19.0 0.9 3.5 3.8 1,629 1,028 -- -~ -~ -- -- -- --
20.0 1.2 3.5 3.1 1,645 1,149 -- -~ -~ -- -- -- --
21.0 9.9 3.5 4.8 1,652 1,027 -- -- -- -— -- -- --
22.0 0.9 3.5 3.7 1,656 1,026 -- -- -- -- -- -- --
23.0 1.1 3.5 3.5 1,630 1,113 -- -~ - -- -- -- --
24.1 0.9 3.5 2.4 1,654 1,137 -- -- -~ -- ~- -- --
24.2 1.1 4.6 2.3 1,638 1,369 - -- -- - -- -- --
25.1 0.8 3.5 3.7 1,652 1,040 -~ -- -- -- -~ -- --
25.2 0.8 3.5 4.4 1,552 1,001 -- -- -- -- -- -- --
26.0 1.2 3.5 3.3 1,537 1,107 -- ~- -- -~ -- -- --
27.0 0.8 3.5 2.9 1,555 1,003 -- -- -~ -- 219 0.63 91
28.0 0.9 3.5 2.9 1,536 1,000 -- -- -- -~ 199 0.64 91
29.1 0.9 3.5 3.4 1,677 1,064 -- - - -- 226 0.51 95
29.2 0.9 3.6 2.8 1,665 1,036 -- -- -- -- 250 0.64 93
30.0 0.9 3.5 2.6 1,636 1,034 -- -- 65 0.08 299 0.90 89
31.0 1.1 3.5 3.7 1,660 1,143 -- -- 61 0.05 326 0.74 92
32.0 1.1 3.5 4.1 1,632 1,112 - -- 101 0.09 325 0.70 92
33.0 0.9 3.5 1.7 1,536 1,042 -- -- 241 0.28 2,178 6.33 92
34.0 0.9 3.5 2.6 1,527 1,058 -- -- 254 0.28 1,556 4.23 95
35.0 0.9 3.5 1.8 1,552 1,054 -- -- 273 0.28 2,429 6.28 91
36.0 1.1 3.5 2.7 1,557 1,143 -- -- 186 0.17 505 1.18 99
Rua 0.089

NO and SO, emission levels are on wet basis.
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CO emissions level is on dry basis.
Lb/mm Btu refers to the total lbs of emissions based on 1 mm Btu total fuel

input.
Emissions are measured with probe located at air preheater inlet.



7.2.1 Sul fur Dioxide Emissions

The current compliance level of SO, emissions from industrial fluidized bed
boilers is approximately 1.2 1b EO /MM Btu fuel input. Anthracite culm
contains 0.7 - 1.0% sulfur which corré%ponds to 4.5-6.5 1b S0,/MM Btu based on
a heating value of 3100 Btu/lb. A comparable high grade coéﬁ (12500 Btu/1b)
would contain 2.8-4.1% sulfur on the same fuel input basis.

Bituminous gob fuel for tests 33-36 contains 4.8-5.5% sulfur and has a heating
value of 2930-3080 Btu/lb (dry basis). The 502 generated by combustion of gob
fuel sulfur in these tests was 32.3-36.9 1b/MM®Btu fuel input.

The level of sulfur capture required to meet current compliance levels of SO
emissions for culm is about the same as that for typical high grade coal witﬁ
high sulfur content. However, bituminous gob waste contains 4-5 times the
amount of sulfur found in typical high grade bituminous coal. The constraints

imposed on a boiler burning bituminous gob are several times higher than the
norm.

The range of SO, emissions with culm fuel was 82 - 326 ppm which corresponds
to 0.27 - 0.90 % s0 /MM Btu (Table 7.2). The range of SO, emissions with gob
fuel was 505-2429 pph which corresponds to 1.18 - 6.33 1b $0,/MM Btu.

Sulfur retention greater than 90% was achieved 1in all but two tests at Ca/S
molar feed ratio greater than 2.6 for culm and at Ca/S molar feed ratio
greater than 1.7 for gob. The higher sulfur retention achieved at a given

Ca/S ratio with gob is due to the higher concentration of 502 gas available
for sorption.

The effect of Ca/S molar feed ratio on sulfur retention for the Shamokin
boiler and the 12 in. test combustor is shown in Figure 7.12. In addition to
the laboratory test data in Figure 7.12, several tests at 3.0 Ca/S resulted in
sulfur capture between 30% and 50%. Sulfur capture for the commercial unit is

generally equal to or greater than sulfur capture achieved in the laboratory
unit.

Sulfur retention increases with gas residence time in the fluid bed for Ca/sS
molar feed ratio greater than 3.0 with culm fuel as shown in Figure 7.13.
Tests with Ca/S feed ratio less than 3.0/1 exhibit lower sulfur retention at a
given gas residence time.

A typical chemical and size analysis of the Meckley limestone used in the
parametric testing with culm is given in Table 7.3. This limestone was
generally 65% CaCO3 and 5% MgCO3 and was sized at -4 mesh.
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Table 7.3

Typical Analysis of Meckley Limestone Company Limestone

(Wt %) U.S. Sieve Size (Mesh) % Passing

CaCO3 65.3 4 100
MgCO, 5.0 8 97.7
SiO2 17.5 20 62.9
A1203 1.0 60 29.6
F8203 1.2 100 21.9
HZO 0.77 150 17.6
Other 9.2

Because of the high sulfur content of gob the limestone feed requirement was

beyond the limit of the original limestone screw conveyor. However, a

five-fold increase in screw capacity was achieved by installing a larger

sprocket on the vari-speed drive. No problems with the feeder were encountered
after the l-hour installation was complete.

Gob fuel emissions data are summarized in Table 7.4. Only four tests could be
performed in the time that was available. The boiler was shut-down due to
exhaustion of funds following Test 36 on April 30, 1983.

Sulfur removal efficiency greater than 98% is necessary in order to reduce SO
emissions with gob fuel below 1.2 1b SO,/MM Btu fuel input. Results of testg
33 and 34 showed that sulfur retention ?%creased from 91.8% to 94.6% when Ca/S
feed ratio was increased from 1.7 to 2.6. However, SO2 emission was only
reduced from 6.33 1b/MM Btu to 4.23 1b/MM Btu.

The objective of Test 35 was to demonstrate the effect of recycle of primary
cyclore tailings on sulfur retention for the high sulfur gob fuel. Results
showed no improvement 1in sulfur capture with in-bed injection of cyclone
tailings compared to no recycle of cyclone tailings.

The cbjective of Test 36 was to demonstrate the effect of a higher quality
limestone and increased gas residence time in the bed on sulfur capture.
Results showed that sulfur capture increased to 98.5% and SO. emission was
reduced to 1.18 1b/MM Btu. Since CaCO, content of the 1imesto&% used in this
test was only 80.0% it is not considered to be a high grade limestone.
However, the reactivity of the substitute limestone was significantly greater,
since sulfur capture increased from 94.6% (Test 34) to 98.5% (Test 36). Gas
residence time in the fluid bed for Test 36 was 0.2 seconds higher than Test
34 due to an increase in bed height from 38 in. to 48 in.
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7.2.2 Nitrogen Dioxide Emissions

Emissions of NO_ are low for the parametric tests, ranging between 21 and 303
ppm which correéponds to 0.02 to 0.56 1b NO_/MM Btu culm feed calculated as
NO,. NO_ emissions were below 0.5 1b/MM Bty for all but one of the 13 tests
wiGh NOX emissions data. Analysis of the test results shows that NO

emission3 are related to gas residence time in the bed, Ca/S feed ratio, an

CO emissions,

Nitrogen oxides produced in AFB combustors are generally believed to be
produced by oxidation of the nitrogen present in both solid and gaseous fuel.
Reduction reactions play an important role in reducing NO_ to N, and CO,; the
important reducing species present in fluidized bed combudtors gre carbgn and
CO. Results for the parametric tests show that NO_  emissions decrease with
increasing gas residence time in the fluidized bed (Figure 7.14), which can be
attributed to 1increased contact time between NO_ and carbon as the gas
residence time is increased. X

NO_ emissions increase with an increase in Ca/S feed ratio which suggests
th&t the NO_ reduction and SO sorption reactions in the fluidized bed are
1nterre1ated§ (Figure 7.15). %his phenomenon has also been3observed in the
B&W 6 ft x 6 ft fluidized bed test facility in Alliance, Ohio”.

7.2.3 Carbon Monoxide Emissions

Because of low levels of carbon and volatile matter in anthracite culm, carbon
monoxide emissions are very low, generally below 100 ppm. (O emissions and
NO_ emissions are interrelated since NO_  is consumed by reducing species such
as” C0O and C. Although CO 1levels abe quite low with culm the inverse
relationship between CO and NO_ emissions which occurs with high grade soft
coal is also demonstrated for clim (Figure 7.16).

Table 7.5

CO Emissions data for Shamokin Boiler and Laboratory Scale Combustor

(0.8-1.1 sec. gas residence time in bed, 1534-1576°F bed temperature, 3.2-5.5
Ca/s)

Keeler/D-0
12 in. dia. Fluid Bed Shamokin Boiler
Test PPM Test PPM
24 220 ) 21
29, 208 7 87
30, . 227 8 24
31 241 9 26
32 208 11 36
36 175 14 22
37 190 15 27
Avg 210 Avg 35
*x
Ca/S = 9.6

s %
Dolomite Sorbent
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7.3

7.4

C0 emissions for Shamokin and the Keeler/Dorr-Qliver 12 in. diameter
combustor are summarized in Table 7.5. Emissions of CO are 4-5 times
greater in the laboratory unit compared to Shamokin. This is primarily
due to longer gas residence time in the freeboard for Shamokin.

CO emissions for gob fuel tests (33-36) are much higher than CC emissions
with culm (Table 7.2). High CO emission level with bituminous gob fuel
compared to anthracite culm fuel is due to the higher level of volatile
matter occuring in bituminous coal compared to anthracite coal. CO
emissions for gob are 186 to 273 ppm whereas CO emissions for culm are

21 to 101 ppm. Expressed on a fuel input basis the CO emissions for gob
fuel tests are low, 0.17-0.28 1b. CO/MM Btu fuel input.

The solid sample analysis of test point 5 is presented as typical in
Table 7.6. Tables 7.7 and 7.8 present the sample analysis of the feeds
for this test point.

Boiler Efficiency

Boiler efficiency was determined by dividing net heat gain by steam plus
blowdown by total fuel heat input to the boiler. Boiler efficiency by
this output/input method varies between 54.1% and 82.0% (Table 7.1). The
wide variation in boiler efficiency is due to the wide range in combustion
efficiency as shown in Figure 7.17.

The linear relationship between steam output and fuel input is shown in
Figure 7.18. The steam output/fuel input mass ratio decreases steadily
from 2.7/1.0 at low load to 2.3/1.0 at high load. The same trend is
shown in the plot of steam output to heat input, Fiqure 7.19.

Boiler efficiency and combustion efficiency for the high capacity tests
generally fall in the lower half of the ranges in efficiency measured

for the parametric tests. The high capacity tests were performed with
all three zones fluidized and with 4.6-5.3 ft./sec fluidizing velocity.
Since freeboard space rates for these conditions are 1.6 to 2.4 times
higher compared to 1 zone and 3.5 ft./sec, elutriation is much higher

for the high load tests. Lower boiler efficiency is due to the decreased
carbon combustion efficiency resulting from increased elutriation at high
load operating conditions. In addition, lower combustion efficiency occurs
at high freeboard space rate because of reduced gas residence time in the
freeboard (see Section 7.1).

Turndown

A multiple regression analysis was performed on operatinag variables to
derive an empirical steam production model. Zones fluidized, bed depth,
superficial velocity and bed temperature were found t0 be the most

important variables which determine steam production. The optimum steam
production correlation (Figure 7.20) shows good agreement with test results.
Steam turndown capabilities predicted by the model, Table 7.9 and Fiqure
7.21, show a wide overlap in steam production for 1, 2, and 3 zone operation.
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Table 7.9

Steam Turndown Capabilities From Steam Production Model (1b/hr)

Zones Fluidized 1 1&2 1, 2, &3
Low load 6400 8500 10700
High load 23800 28100 32500
Operating Conditions Low Load High Load
Bed height (in) 36 72
Bed temperature (°F) 1450 1700
Superficial velocity
(ft/sec) 3.5 6.0

Maximum production capability which is limited (primarily by the size of the
fluidizing air blower) to 6 ft bed height and 6.0 ft/sec, 1is predicted to be
32,500 1b/hr. Thus, although the demonstrated turndown is 4,2/1, predicted
turndown may be as much as 5.1/1. Both the demonstrated turndown and the
predicted maximum turndown are much better than turndown based on design
specifications, 2.5/1.

Analysis of combustion efficiency and boiler efficiency data (Section 7.2 and
7.3) shows that optimum conditions occur when freeboard space rate is kept at
a minimum. The steam production model can be used to determine operating
conditions for optimum performance at a given load. Ffor example, for one-half
of predicted maximum steam load, 16,250 1b/hr, the boiler should be operated
at 1 zone, 3.5 ft/sec and 72 inch bed height. For three-quarters of predicted
maximum steam load, 24,400 1b/hr, the boiler should be operated at 2 zones,
4.5 ft/sec and 72 inch bed height.
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8.0

8.1

DURABILITY TESTING

Extended testing for durability and reliability of the plant and its
equipment was initiated in January 1982. Following a shutdown for
inspection and maintenance during July 10 to August 8, 1982, the
Durability Test period was resumed and continued through the end of
the test program in April 1983. Over 5600 hours of operation were
accumulated during this period. The objective of this period was to
accumulate operating and maintenance experience data as
specified by the DOE which could be used as data for other
fluidized bed boiler programs. A description of the data collected is
contained in the following sections.

In addition to the accumulation of operating and maintenance data,
parametric test points continued to be run throughout the Durability
Test phase. The purpose of the added parametric testing, which is
described in Sections 6 and 7, was to evaluate the effect of changes
to the plant equipment (i.e., boiler freeboard refractory insulation,
in-bed recycle of cyclone catch) and changes in operating conditions
{i.e., higher bed temperiture). Finally, the feasibility of operating
on a high sulfur bitum®: ous waste fuel which was not part of the ori-
ginal test plan,was conducted.

Nith the exception of times during which parametric tests were conducted,
the plant was run in a turned-down operating mode during extended testing
because of the limited steam required by the user. A summary of the plant
availability during this period is shown in Table 8.1. The times eli-
minated from the available hours during December 1982 and April 1983
related to preparations for parametric tests and totaled 258 hours. The
plant availability of 92.4% is excellent for a prototype plant after

less than one year in service. In fact, periods of 1000 hours of
continuous operation without an interruption in steam supply, were
accomplished beginning in less than 6 months of service.

Financial Data

Financial data were accumulated in several categories as defined by DOZ.
A summary of the accumulated costs is shown in Table 8.2. These data
were supplied for use in an analysis for preparation of Reference 6.

Table 8.3 presents as typical monthly quantities of consummables and
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JABLE G. 3

SHAMOKIN ATMOSPHERIC FLUIDIZED BED POWER PLANT
D.0.E. CONTRACT DE-AC21-78ET12307
SUMMARY OPFRATING DATA FOR AUGUST 1982
(PLANT START UP AT 8/9/82 0800)

Total Operating Time 8/9/82 - 8/31/82 540 Hrs.
Feeds: (Estimated Total Quantity Used During Reporting Period)
Total Culm Feed 790 Tons
Limestone 1. 53.8 Tons
Start-Up Coal 1800 Lbs.
Start-Up Burner 0il 804 Gallons
Utilities
Electric Power Used 8/9/82 - 8/31/82 243,960 Kh-Hr
Water - Total Consumed 1,061,000 Gallons
Boiler Feedwater 8/9/82-8/31/82 484 170 Gallons
Process Steam Generated " 3,898,400 Lbs.
Revenue
Steam delivered to Cellu Products 1297.6 X 10° Tb.steam  s3357.
B/9/82-8/30/82
~uGUST RATE/QUANTITY DATA
Period Quantity Rate Total
Labor 8/1 - 8/31/82 2161.25 Hr. $8.0815/Hr $ 17,466.21
Water 7/30- 8/31/82 1,061,000 Gal ¢1.2893/1000ca1.¢ 1,368.00
Power 8/4 - 9/2/82 262,880 KW-Hr § .0‘50476/KW e $ 13,269.00

1. Feed Bin Weight Scales Used to Record weight consumed per day.

86



8.2

and others. Table 8.4 presents a summary of average monthly expenses and
revenues for the April 1982 through August 1983 operating at part load.
This table also shows the estimated monthly expenses and revenues at full
load. This summary indicates that the boiler is economically viable at
steam revenues above $4.62 per 1000 pph.

In general, it should be noted for this test data that only a fraction
of the total plant steam capacity was sold and this at a low rate.

The rate was oricinally negotiated on the basis that the prototype
boiler may initially have a low availability and therefore, an existing
boiler at the user's facility would need to be kept on standby. As
shown by the plant availability data in Table 8.1 this assumption
proved pessimistic.

It is projected that a competitive rate of $5.00 to $6.00 per 1000 pounds
of steam would adequately cover the operating cost of the prototype plant
if the full 20,000 pph of steam capacity were sold. However, due to

the general economic conditions in the country, location of new industrial
plants at the Shamokin Industrial Park or expansion of the current user's
facilities did not materialize during the program period. Therefore,
future operation of the boiler plant at competitive rates “or sale

of steam remains unclear.

Analyses of both steam boilers and cogenerating plants scaled from the
prototype culm fired plant suggest that plants in the 20,000 to 100,000 pph
range can be economically viable with reasonable steam sales (Ref. 6).
Cogeneration using extraction of back-pressure steam turbines enhances
profitability especially in the larger plant sizes.

Service Experience Data

The service experience data compiled for each month during the Durability
Test phase included the record forms listed below as well as a monthly
data tape and material chemical analyses for monthly performance data.
The data tape for the month included the record of Tape File No. 1
(hourly record of 62 data variables as identified on Table 3.2). The
service experience forms and chemical analyses forms compiled each month
are listed below and the March 1983 data is included in Appendix 4 as
typical.
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(1)

(2)
(3)

TABLE 8.4
SHAMOKIN AFB BOILER PLANT
AVERAGE MONTHLY COST SUMMARY

COMPARISON OF R & D PERIOD VS COMMERCIAL OPERATION

ACTUAL ESTIMATED
APR. 82 - AUG. 83 FOR
PART LOAD FULL LOAD

Operating Expense

SAIC Labor $ 18,125 $ 18,125

Electricity 14,622 20,000

Water 1,613 3,200

Start-Up 0il 722 725

Insurance 1,765 1,765

Loader Fuel 148 400
Maintenance

General 3,603 6,000

Computer & Tape Recorder 332 1,000

Gas Analyzer 292 300
Sample Analysis 684 300
Subtotal S 41,906 $ 51,815
Purchasing Expense

Limestone 523 1,500

Culm (3) 5,000

Ash Disposal NA 4,900
Total Expenses S 42,429 $ 63,115
Revenues

Steam Revenues 4,985 61,315

Ash Revenues = 1,800
Total Revenues $ 4,985 $ 63,115

At $2/Ton

At $4.62/1000 PPH and 92% Availability

Supplied at no cost
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DOE Form No. Data Contained (Appendix 3)

1202 Material Delivery and Removal and Power Used
1203 Labor Used - Operating and Maintenance

1407 Corrective Maintenance Record

1402 Preventative Maintenance Record

1501 Culm Sample Analysis Data (Table 7.7)

1502 Limestone Sample Analysis Data (Table 7.8)
1503 Ash Sample Analysis Data (Table 7.6)

The service record for the major equipment is discussed in Section 9,
Mechanical Performance. The monthly data was supplied to DOF so that
these data and comparable and consistent data compiled from other DOE
funded fluidized bed plants could be entered in a computerized data
bank (taped performance data variables.)
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9.0

9.1

MECHANICAL PERFORMANCE
From August 18, 1981 through April 30, 1983, 10,128 hours of operation

were accumulated on the prototype culm boiler. The tests occurred in

three periods as follows:

Shakedown - 725 Hours - 8/18/81 - 10/30/8]
Parametric Test - 1861 Hours - 11/16/81 - 12/15/81, 4/15/82 - 6/24/82,
4/27-30/83

Durability Test - 7542 Hours - 12/18/81 - 4/15/82, 6/24/32 - 4/27/83

An overall picture of the test program is depicted on Fiaure 9.1. There
was some overlap of test objectives, i.e., parametric tests continued to
be run through April 30, 1983. Throughout the test program periodic
scheduled shutdowns were made to perform routine maintenance, major
equipment refurbishment, modifications to plant equipment, piping,
instrumentation, etc., and in addition, unscheduled shutdowns due to
plant malfunctions or external outages did occur. In the following
sections the mechanica? performance for the various equipment areas of
the plant is discussed except that already described for the shakedown
test period (Section 5.5).

Receiving, Preparation and Storage - Culm and Limestone

Culm crushing, transporting and feeding proceeded at a slower rate than
+he normal design rate due to difficulty in handling wet (up to 10%
moisture, as received) material especially during below freezing
temperatures. The original plant design concept included an enclosure
around the entire structure. Radiated heat from the bailer and process
ducting was expected to minimize handling problems associated with wet
culm during cold weather. The enclosure was eliminated during the
plant's final design because of DOE funding constraints, and heat
tracing and small, localized enclosures were planned as substitute
measures. The installation of heat tracing and enclosures continued
into the winter of 198171982 with considerable interruption of testing
due to frozen culm in bucket elevators, silos, bins, screw feeders, etc.
The interruptions finally lead to a postponement in running at operating
conditions above minimum load until the spring of 1982, whereupon the

high load paranetric testing continued.
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It should be noted that the capital expense required to weatherize the
culm processing operation (  $100,000.) was not economically warranted
for the limited scope of the planned test program. Since the steam
demand of the local user could be met at minimum plant load the only
requirement was to plan higher load parametric tests for those periods
when weather was not severely cold and/or wet.

Significant improvement was made however and no culm processing related
interruption in testing occurred during the winter of 1982/1983. A
summary of the equipment modifications made and those required to reach
full rating is provided in Table 9.1.
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9.2
9.2.1

Fluidized Bed Boiler System
Fluidized Bed Boiler
The fluidized bed boiler ran extremely well for a prototype unit; with

relatively few modifications required to provide trouble free operation.
As mentioned in Section 5.5 minor modifications were made during the
shakedown period including: refractory insulation was added to adjust
the heat balance and improperly cured refractory was repaired.

During the early parametric test period, at 1200 to 1400 hours total
running time, several changes were made to reduce clinker formation and
prevent clinkers from flowing into the ash removal fluoseal. It was sur-
mised that airflow leakage into zones 2 and 3 when they were not fluid-
jzed, led to clinker formation within these zones. The shutoff of air-
flow to these zones was modified and was made bubble tight, and there-
after clinker formation was much reduced and was usually traceable to
operating procedures such as overfueling, etc.

To prevent clinkers from moving from the boiler into the ash removal
fluoseal, a screen or cage with a minimum opening 1-1/2 inches as shown
in (Figure 9.2) was constructed over the 6" ash drain on the boiler floor.
Again, considerable improvement was noted in ash removal as far as block-
ages caused by clinker was concerned.

The remaining changes to the boiler were made in support of parametric
tests and included (1) evaluation of fuel freeboard refractory insulation
and (2) in-bed vs above-bed recycling of cyclone catch. In December 1982,
after 7500 hours of operation, 1-1/2 inches of refractory insulation was
added to the bare sidewalls only of the boiler freeboard from a height
above the windbox of 6 ft. up to a height of 22 ft. above the windbox.
The front and rear walls were refractory lined from the beginning of the
test program so the addition of refractory on the sidewalls represented

a condition of 100% freeboard refractory insulation versus 50% for the
preceeding 7500 hours of testing. Performance results with the additional
refractory are discussed in Section 7.1. Mechanically, no problems were
noted with the installation of the refractory and the condition of all

refractory was good at the end of the program with 10,128 total hours of
operatian.
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ASH DRAIN PIPE SCREEN

Figure 9.2

ASH RECYCLE PIPE EXTENSION
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In March 1983, the cyclone recycle pipe was extended into the boiler,
Figure 9.3, to evaluate the effect of recycle in-bed versus above-bed.
Performance results are discussed in Section 7.1 and 7.2.1. Mechanically,
no problems were noted with 6 inch S5 recycle pipe which ran for over
500 hours at bed temperatures up to 1675°F.

Tube wear measurements were taken at periodic intervals throughout

the test. Due to scatter on the ultrasonic readings, the data should be
viewed with some reservation. Wall tubes in the active bed region showed
a thickness reduction over 7500 hours (period from baseline measurement
to the end of the test program) of .015 inches. The original tube thick-
ness was .170 inches. This wear (two tubes on the sidewall of zone 1

were left uncovered by refractory for the duration of the test) equates
to .020 inches per 10,000 hours. In the splash zone above the bed, wear
dropped to 1/3 to 1/2 of this rate and in the free board thickness loss
appears negligible. The in-bed tubes only achieved 650-900 hours of oper-
ation (zones 2 and 3,respectively) and though thickness loss may be greater
than that for the wall tubes, the data is widely scattered.

It is recommended that suitable means be taken in the tube design and
fabrication to provide a minimum tube life of 50,000 hours either by ad-
justment of original thickness, or protection with alonizing or chroma-
tizing.

A metal specimen holder was mounted at the wall of the boiler at the
location of the unused in-bed fuel feed port which is in zone 1 and is
always immersed within the bed. Although 3500 hours of exposure was re-
corded the control specimen, Inco 600, which was expected to suffer
moderate to severe sulfidation attach, was relatively unaffected and so
meaningful conclusions regarding the samples of sigmatized 310, SS 347
and 253 cannot be drawn. Apparently the location of the specimens was
such that attack was mild compared to that generally expected and re-
ported in similar fluid bed environments. Visual inspection showed
essentially no loss of material due to erosion.

No problems were associated with the water/steam side of the boiler.
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9.2.2

9.2.3

Recycle Cyclone

The ash recycle cyclone performed as expected with no mechanical
degradation apparent after completion of the 10,128 hours of testing.
Boiler performance as a function of the amount of collected ash which
was recycled is discussed in Section 7.1. The recycle valve performed
well but it was noted that some recycled ash was flowing to the boiler
when the valve was in the fully closed position, so a blanking plate
was installed to evaluate the effect of zero recycle.Also the length
of the recycle pipe was extended late in the test program to evaluate
in-bed versus above-bed ash recycling.

Fluoseal

The main Fluoseal, which is a valve/1ift arrangement used to drain ash
from the boiler and transport the ash to the ash cooler, required some
modification during the test program. Ailso, it was not possible to
operate the Fluoseal in a continuous manner as was originally intended.
The Fluoseal is essentially a fast fluid bed which entrains the ash and
Tifts it up to a downcomer Teading into the top of the ash cooler. Ash
flow is intended to be controlled by airflow which is introduced at the
bottom of the Fluoseal. The minimum continuous flow rate for the Fluo-
seal was too high for constant ash removal so the Fluoseal was operated
as a batch removal device with operation once every several hours for a
continuous period of 1/3 to 1/2 hour at a time. During a major portion
of the test program, culm feed to the boiler was screened to a larger
particle size to accommodate wet culm processing difficulties and the
Targer feed size may have contributed to the problems associated with
continuous operation of the Fluoseal.

Also the Fluoseal was refractory lined internally with 6 inches of A.P.
Green KS-4 refractory which abraided considerably during the first
several 1000 hours of plant operation and this had an adverse affect on
ash removal performance. At the 4500 hour point, the Fluoseal was re-
lined with A.P. Green Lo-Abraide refractory and very little abrasion was

evident over the subsequent 5600 hours of operation. Ash removal continued
as a batch procedure.

Difficutly in batch operation with the Fluoseal was experienced when
clinkers which formed in theboiler or Fluoseal could not be fluidized.
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9.2.3

9.3
9.3.1

9.3.2

{Continued)

These conditions occurred infrequently after installation of the screen
over the boiler ash drain and were usually traceable to operating pro-
cedure such as overfueling.

Ash System
Ash Cooler

The Ash Cooler is a 3 celled fluidized bed wherein boiler bed ash is
cooled to 300°F and boiler feedwater recovers the heat given up by the
ash. The cooler did not perform as intended in several respects al-
though the oversized culm for the boiler fuel bed undoubtedly adversely
affected the cooler performance. The cooler fluidized satisfactorily
for periods up to several days but then one or more cells would de-
fluidized due to an accumulation of oversize ash material.

The cells had individual windbox compartments and walls dividing the

beds from one another. A weir at the top of the beds and a 4" x 8" hale
in the separating wall at the bottom of the beds, allowed ash flow from
cell 1 to cell 2 to cell 3. At the bottom of cell 3 is a drain leading

to a Fluoseal for removal of ash to the penumatic conveying system which
transports ash to the ash storage silo. Following defluidization of two
of the three cells which ultimately led to excess ash temperature at the
cell 3 discharge point,each compartment of the ash cooler was manually
drained following which cooler operation was resumed. Attempts to resolve
the operating problems with the ash cooler were not immediately successful
so the system was operated in the manual mode described, for the duration
of the test program. System development effort was concentrated instead,
on acquiring parametric and extended operation data and an optimizing
boiler performance.

Ash Transport Pipes

The Fluoseal at the exit of cell 30f the ash cooler transported the ash

to a hopper and from there ash was pneumatically conveyed to the ash

storage silo. The metal elbows used in the dense-phase pneumatic piping
system for ash transport eroded through the wall in 500 to 2000 hours of
operation and were either replaced with new elbows or repaired with metal-
filled epoxy. The elbows were made from Ni-Hard material and had wear plates
welded at the turn of the elbow. Improved elbow materials and designs should

be considered for longer time between replacements.
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9.3.3 ID Fan
At the top of the Fluoseal, the airflow used to 1ift the ash from the
ash cooler drain to the ash hopper, was mixed with the ash cooler exit
fluidizing airflow and this mixed airflow was passed through a cyclone
to remove entrained particulate. The large amount of entrained
particulate led to a significant amount of particulate carryover past
the ash cooler cyclone into the ID Fan and baghouse. Erosion of the
leading edges of ID fan blade traceable to the ash cooler particulate
carryover and necessitated weld repair to the blades at 4500 hours and
7500 hours.

At the 7500 hour operating point, a change was made to the Ash Cooler
Fluoseal exit whereby a settling chamber was added to reduce the entrained
ash being lifted into the ash cooler cyclone. Subsequent inspection of the
ID fan indicated that entrained particulate was substantially reduced with
attendant reduction in fan blade wear.

9.3.4 Flue Gas Baghouse
The main flue gas exited the secondary cyclone, passed through the pre-
heater and ID fan and then into a pulse-jet baghouse. Indications are that
the baghouse which was sized for a 6:1 air-to-cloth ratio, was too small
for this application, and a 3:1 to 4:1 air-to-cloth ratio is recommended
for similar applications. The baghouse pressure drop was quite high at
high load conditions and the blowoff of the pressure relief door on the
baghouse caused curtailment of some test conditions.

About 1/3 of the Nomex bags required replacement over the 10,128 hours of
testing and bag inspection showed failure to be mechanically induced. There
were no signs of excessive chemical attack in the baghouse.

A silicon rubber seal, (Figure 9.4) used to seal the venturi and bag
assembly to the baghouse, degraded by shrinking or embrittling over time
with the result that dust leakage around the seal led to a visible stack
exit. A change in seal material to Viton improved the seal life to some
degree, however the seal 1ife ( 1000-2000 hrs) remains inadequate. A
better material, i.e., a fabric seal or improved rubber seal is needed to
provide a reasonable service interval.
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BAGHOUSE SEAL FOR VENTURE AND BAG

Figure 9.4
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Controls and Instrumentation

The computer control system and instrumentation generally performed well
throughout the test program. During the majority of the test program the
computer operated the plant by holding a preset fuel flow, and the data

was logged and printed every half hour. The minimal effort required by the
plant operators gave the impression that the plant control and operation
was fully automated, except for some material handling operations such as
Toading culm in the feed hopper and trucking away collected ash, and some
maintenance duties. However, as a result of the batch operation dictated

by the Fluoseal, the load following control loop could not be implemented
and computer control was limited to holding present conditions. The auto-
matic temperature control however, did control bed temperatoure to + 10

to 15°F when ash was not being removed from the bed. The data log and
several displays used by the operators when running the plant are shown in
Appendix 4. The original records of all the data are maintained
at the plant site. Selected data was also recorded on 9 track tape and sub-
mitted to DOE. The parameters recorded on tape are shown in Table 3.2 and a
typical data block is shown Appendix 5.

During the early months of the test program operational problems with the
computer were encountered which were traced to dust contaminating the com-
puter disk. The disk system was enclosed in a “clean-room" atmosphere with
filtered air and the problem was corrected. A similar operational problem
was encountered with the 9 track tape recorder midway into the test program.
After many weeks of trouble-shooting, the recorder was exchanged for a seem-
ingly identical recorder which functioned properly. The contractor's original
recommendation was to use a disk data recorder instead of the tape format
which was preferred by DOE for compatability reasons. A disk recorder is
preferred because data can be recorded almost as fast as the computer can
supply the stored data. Recording the data on tape took up to several hours
per data point and the potential for problems either with the recorder or

computer are considerably greater during the much longer time spent record-
ing data.
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An intermittent problem arose with the electronic clock in the computer.
The problem was exhibited by an abrupt time shift in the computer clock
and because data storage time is limited (see Section 3.3.4) loss of
data could and sometimes did result. The clock operation appears to be
sensitive to radio frequency interference. Replacing the computer clock
card helped reduce the sensitivity but a redesign of the computer clock
system seems advisable.

Instrumentation difficulties were confined largely to problems brought
about by wet and freezing weather conditions. Installation of local en-
closures, sealing of control cabinets, and heat tracing were extensively
used to protect equipment and instrumentation after the plant enclosure
was cancelled. Some shorting and freezing of electrical connections and
water/steam instruments occurred, expecialy during the 1981/1982 winter,
but as the aforementioned remedies were provided, the frequency of such
occurrances reduced significantly.

The gas analyzer operation was adversely affected by dust and condensate
in the gas sample.The analyzer was run continuously with a 5 minute purge
of clean air every half hour to attempt to minimize accumulation. A screen
filter was used in the probe assembly to remove dust particles.

To alleviate the problems due to dust contamination, a revised procedure
is recommended which reduces gas sample analyzer on-line time with purge
maintained for the remaining time, (i.d., analyzer operation for 5-10
minutes every few hours). Alternatively, daily system preventative main-
tenance may be required to assure reliable operation. The gas analyzer's
condensate removal system was modified during the test program to improve
removal efficiency. The air-cooled condenser was replaced with a water-
cooled condenser and although some improvement was noted, contamination
continued to be a problem. The zirconium cell used for oxygen analysis

was damaged on several occassions by the excess condensate. A change to an
in-situ type oxygen probe is recommended for similar applications in the
future. The in-situ type analyzer which operates on the sample at tempera-
tures well above the dew point was just becoming available at the time the
Shamokin analyzer was procured and reliability was not well documented.
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APPENDIX 11.2

Sample Calculations (Test No. 5)
Boiler tube heat transferred, Btu/hr

Heat Out (Btu/hr)
Steam « 200 psig
9746 1b/hr x 1200 Btu/1b
Blowdown 388°F
513 1b/hr x 360 Btu/lb
Total

Heat In (Btu/hr)
Feedwater  238°F
10259 1b/hr x 206 Btu/lb =
Heat gain in boiler (by difference)

Free water, 1b/hr
Ory culm feed rate (1b/hr)
3914 1b/hr x 0.952
Free water feed rate (1b/hr)
Total

Limestone water (1b/hr)
425 1b/hr x 0.06 =
Total free water

Bottom ash, 1b/hr
Input
Culm ash 3726 1b/hr x .677
Lime 421 1b/hr x .60
Total theoretical ash

([t

Qutput
Flyash = 675 1b/hr x .9546
Ash bin = Y x .9721
Total

Input = Qutput
Y = 2192 I1b/hr bottom ash

Carbon Burn-Up

Combustion efficiency by carbon balance
(Based on carbon analyses of DOE (culm)
and wilson Laboratory (ash))

Culm carbon = 3726 x .2427 = 904.30C

Ash carbon
Ash bin carbon = 2224.3 x .022
Fly ash carbon = 675 x .0306 =
Total carbon in ash
% carbon burned = 904.30 - 69.59 (100)
904.30

"

1]
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11,695,200

184,680
11,879,880

2,113,354
9,766,526

3726
188
3914

192

48.93
20.66
69.59
52.3%



APPENDIX 11.¢ (Con't)

E. Ca/S Ratio

Sulfur in culm = 3726 x .00876 = 32.64 1b/hr
Calcium in limestone = 425 x .709 x (40/100)
Mole ratio = 2.98/1.02 = 2.93

Mole ratio of Ca/S = 2.81 for zero net heat of reaction
Theoretical Ca = 1.02 1b mole S x 2.81 = 2.87 1b mole Ca
Excess Ca = 2.98 - 2.87 = 0.11

1.02 1b mole/hr
119.4 1b/hr = 2.98 1b mole/hr

" o

F. CO2 liberated by 1imestone calcination, 1b/hr
CO2 from CaCO3 = 421 1b/hr x .709 x {(44/100) = 131.3
CO2 from MgCO3 = 421 1b/hr x .0665 x (44/84.3) = 14.6
Total CO 145.9

2

G. Overall boiler heat balance, Btu/hr
Ory combustion products 3
4247 ftJ/min x 1.02 + 387 ft°/1b mole x 60 min/hr x 29.5 1b/1b mole

x 0.26 Btu/1b °F x (491°F - 70°F) = 2,168,704
Free water
192 1b/hr x 1229 Btu/1b = 235,968

Water from fuel H2
3726 1b/hr x 0.01°: 2 1b/1b mole x 18 1b HZO/Tb mole

x 1229 Btu/1b 412,084

Excess limestone calcination

0.119 1b mole/hr x 76,500 Btu/1b mole = 9,104

{0, from limestone

146.1 b/hr x 0.21 Btu/1b°F x (491°F - 70°F) = 12,917

Carry-over (25% of total ash)

0.25 x 2913 1b/hr x 0.25 Btu/1b °F x (491°F -70°F) = 76,648

Bed ash (75% of total ash)

0.75 x 2913 1b/hr x 0.25 Btu/1b °F x (1548 - 70°F) = 807,265

Boiler tube heat transfer = 9,766,526

Radiation heat loss = 240,000
Total heat out 13,729,216

Preheatgd air 3

4247 ft~/min 2 387 ft~/1b mole x 29 1b/1b mole x

0.23 Btu/1b °F x (267°F - 7Q°F) = 865,196
Heat liberated by culm combustion (by difference) 12,864,020

H.  Combustion Efficiency

Combustion efficiency by enthalpy balance method

Heating value calculated

12,864,02C Btu/hr = 3726 1b/hr = 3453 Btu/ib dry culm

Heatirg value measured
3846 + 0.9817

1

3918 Btu/lb dry culm

111



51500 HIMOJ ANV IVAOWIH ONV AHIAIIZA IVILIALVA 28/1€/8 ONIONI 31va

28/6/8 - ‘DNINNIDIG 31vQ

979

2021 WHODA

- T T T wmmﬁm\m-mc:ogmu 28/6/8 uod ﬁmWWWuw‘Eogy pasn gH M '€
T T T T T T Butyblam pue onJ) e ul 6ur122(109 AQ_Aep UJed UNA JNOH 9o 404 DRUNSE 2
e L paybiam A130a4p JOU S| pue Aep e _30u0 PIAOWAL S{ yse
{ 07709 "paAowas yseA1} snuiw jndur auejsawi| snyd wynd |30} '8°| 3duejeq ssew wody pajeuwtls) .+.,;.;;
(Uit s R a2 bl St > 2. ot d N
! R D . . - — -

T - S S S — - .
T 096°¢k2 301 |
572 74N
[ TAN 28
,,,,, . 00€L C6'€2 | 4u/sal 4y/su0y | 48
15°800L ). S|eJLWaYd JuUIW)eadu] JdJem T2 00~ | 2/1-l~ t-8
:....ww...u. N NUIIaw S M0 . Ha N | snOYVIVO [ LTEYY MQP —retr— P wivons w0
(N2 W MONIVA SW s Vid DIV BAEVO S IVIINAD ANINIVIwL Mivaia Bo) ) adsil Qiwdaltlav _ YT EYYREL) Jiayeniv QiaOmin Jiva
r Bt Yua IS SN0 INVIVIDEIN ) Hm.‘.\_..lo; Ivaod ' AI-RY LT "-l::-).w Ywa0s | ¢ N ch AVa . _. "EY MO0 ‘ , - |
@D @D HCTY) ety @D 3y &b @ da

ANVId HIHOU 038 G32101N14 JIHINSOWLY NIIOWVHS

VIVQ 331A43S VIIdAL €711 XIANdddv



€0Z1 WHOA

‘unj 3537 papualxa 40 jde3s 03
1014d 3dueudjujeW 404 umOpINYs SeM jueld ydiym Bupunp £/8 ybnoayl (/g 404 SAnOy uew G/E SapN(dul |

T 28/0276 3va
JINVNILNIVAN ONV ‘ONILVHIHO ©1S0I HOBV 2861 3Isnbny wviva AlHiNOw
‘ A
wea3s Buianpoad jo ajqededuy swip) Burieiedo jenioe Ajmssedoy

10U pue wee)s SupPINPOId JO HGRAED SBM LHUN YIIYM BuN) 38 POULIEP 848 11N0Y §[QRISd(),
St u:c—a :U_.cs» maL:U Q:..“—Lcum J0 SAN0Y ¢ IS4 14 ¥

{ N RN 0vs ) 318VHIJONI SHNOH + 318VHIJO SHNOH
IVAV % : - %00t ¥ N = %00l X
ALava €766 ( ovs ) 3718VH 340 SHNOH

2861 1€ Isnbny ybnouyy (dn 34e3S) 0080 28/6/8 WO.4 PALINBYIIVAY INID U34S

e —
- V101 GNYHD
¢ 191¢
£12VH1NOJ @NS TV10L
SUNOHNVW H3IHL0 HOJ
SHNOHNVIW NOILVININNYISNI HO4
SHNOHNVR 1N3INGIND3 HO3 SLOVHLNOD BNS IONVNILNIVW t
(431108 038 A3Z101NT14 OL 31BVNOISSV) SHNOHNVIN HOBV I IDNVNILNIVW TVI0L 2
05°6¢
- Jabeuey jue|q pue  NOISIAMINS ONIONTONI) SHNOHNVIN ONILVHIMO HOBVY 103H10 V104 '
GLULELE
SHNOHNVW

286l 1Snany
1NV1d 431108 038 32101NT4 NYIHISOWLY NINOWVHS

(3,u03) €11 XION3IddY

113



10?1 WHOJ

T T T T TR, T T SNN0M NYWC LN

. T sMOIqTE UT=g BITEdSY I T

1T T T (8PEIq DTuwwids] Axoda)

71T punodwo)y Bujieay ywqpioy
1809 | 'az0 NO1LIIuI%30 "ON LHV4
T arn tikve

“ATuo ma3sds yse ayl jo umopinys saijnbai ju3wadeyday

s9TedE TB STYETTEAT 9ie smoqia ayl 1jedaa 1333V ‘punoduod JuBIS}Ba1 UOJSEIQE

peaq djwe1ad pue Axo0da ue - punoduwos Bujieas jNeqpioN yifm sM0qQTd 06 - Z Yoied

‘IWNSVIN IAILIIUNODD

BUTUCYITPUSIST 1G] o[ qE€[JE€AE S19m pue 778/6/8 uo dn 31e38 03 10}id

- TWSIEATTYEY 9T WOl PIAOWDI 319m SMOGIo @8aYL © 6MOQ[a 1IN0 Ulom Jo ijedoy  MA1e0ud
- L ] ]
‘‘‘‘‘‘‘‘‘‘‘‘ o B “WaTEAS 3uTdonuoy Sijeuwnaud ysy  |zg/ waH\w
unon . 3ivo__| wnou 3iva T o INININDI wp(& T
PELT NWOG IWi1

AINVId 437108 Q38 Q3Z141NT3 IHIHISOWLY NINOWYHS

(3,u0)) €711 XION3IddY

IINVNIINIVN JAILBUNOD :
6
T uoElE.i
6 Z
007128 7 T 100 viviive ] |l-,nlf1- 1 1»M

114



ri WHO4

AYOI3IH FIONVNILNIVA JALLNIAIYY

! -
Aﬁl. —

T ti ATV ITYy aerur wed | |50 [ [28/1t/8]

[ Ja3( 14 41y 9yeju] ade(day - 1 s 28/£2/8
ATV Ty ayejur ues[) = 0 I N VA VA S VA D

ALD UI8WIN LY
—iiive NOILAINOSIQ :_»..«ww“z unon: INVN 31va
MO138 AB003Y WOH 4 1SOD IviyIL v ONV SYNOHNVYW NOILVIIHONT LiIwO 310N
Tt o - mONlmwiw TTTTTT OV INIWGIND]
- ‘NOILVYAINI ‘ ° U7 T O 3WYN INIRAING 3
ape.n 405534dwoy) ALy JuBWNAFSU]

1NVId ¥31108 038 G3Z21GINT14 NHIHISOWLY NINOWVHS

(2,u0)) €11 XION3Idd¥

286l

uvV3IA

115



nase

111 Start-Up & Oper.

APPENDIX 11.3 {Con't)
SHAMOKIN ATMOSPHERIC FLUIDIZED BED BOILER PLANT

Cetegory

Maintenance

Ch: P.O. Ne, OM122899

OPERATING COST DATA

AUGUST 19€2

Task Mo,

bBuoget

2.2

Task Title

$5675/Month for Maintenance

Cwl P.O. Value

Date

9/20/82

Extended Testing &
Evaluation

ACTUAL PLANNED
. ! Cumulative Cumulative
Invoice Ne. | Date Emount Amount Amount Remarks
122899-A 8/1 $ 47.00 Piezc Crystal
B 8/ 176.00 Analog Panel Brd
Repair
D 8/17 78.30 Spare Bearings
£ 8/18 79.95 Manometer
F 8/23 | 23.10 Water Test
! | Syringes
G B/24 76.00 vValve Pack.Rings
H 8/25 65. 11 Mag. Detec.Head
I 8/30 15€.74 2-4" Butterfly
Valves
J 8/3% ! 69.48 Misc. Hardware
Supplies
L 8/31 b 170.1 Misc. Plumbing
Supplies
M ‘ 8/31 14.00 Trash Removal
|
t
Kevision
No. Description Date NG, Description Date
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APPENDIX 11.5 TYPICAL DATA BLOCK

= Data
Date Measured Time Measured Trend Index Trend Index
{MMDDYY) (HH MM) No. 3 No.4

60182 801 3513.64 962.231
964.671 283.297 511.038 37635.7
3023.57 314.45 6.3 3.26562
124.062 4.0625E-03 8.40625 95.3125
3.28125 22.0625 : 69.9525 238.742
200.062 8682.78 2501.56 1695. 21
157.109 22.6991 1447.08 1457.08
1441 .62 1444 .89 8.76062 1445.99
1448.17 1438.89 1444 .89 1.14381
23.9205 24.8223 25.4517 16.0996
7.74104 9.20686 38.657 -.955632
1042.03 780.463 441 .104 1.90312
2.10837 314.45 381.875 382.5
571.25 41.6756 12.4604 .533047
3.52245 3.50514 3.49926 3.51464
4936.75 785.162 50.5245 38.0586
Trend Index Trend Index Trend Index Trend Index
No. 61 No. 62 No. 63 No. 64
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