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ABSTRACT

A final design of a prototype anthracite culm combustion boiler has been
accomplished under Phase I of DOE Contract ET-78-~C-01-3269. The proto-
type boiler has been designed to generate 20,000 pounds per hour of 150
psig saturated steam using low Btu (4,000 Btu per pound) anthracite culm
as a fuel. This boiler will be located at the industrial park of the -
Shamokin Area Industrial Corporation (SAIC). This program is directed
at demonstrating the commercial viability of anthracite culm fueled FBC

steam generation systems.
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1.0 INTRODUCTION

Anthracite culm is a generic term for any non-salable by-product resulting from
production of marketable anthracite coal. It contains an appreciable amount of
coal and 1s essentially a low cost, poor quality fuel reserve. About 910 mil-
lion cubic yards of refuse is found in Northeastern Pennyslvania. The refuse
banks are eyesores which not only occupy valuable land, but pollute the air,
land, and water of the region as a result of spontaneous combustion and acid

runoff -

The burning of anthracite culm in a fluidized bed combustion boiler is con-
sidered to be a feasible, cost effective way of utilizing this fuel in an en-
vironmentally acceptable manner. The fluidized bed combustion is essentially

a furnace which can burn a variety of fuels including culm at relatively low
temperature (1400°F -~ 1700°F), The sulfur dioxide release can be controlled
within environmentally acceptable levels by use of limestone or dolomite as a
sulfur sorbent. The relative low combustion temperatures also keep the nitro-
gen oxide level low. 'The use of boiler tubes in the fluidized bed to extract
heat 1s a very efficient method of steam generation due to the high heat trans-

fer coefficient,

Toward this goal an anthracite-culm-fueled fluidized bed boiler to produce
20,000 pounds per hour of steam has been designed under the sponsorship of the
DOE. This boiler will be located at an industrial park of the Shamokin Area
Industrial Corporation (SAIC) in Paxinos, Pennsylvania. The boiler will be
fueled by anthracite culm having a heat content of 4,000 Btu per pound. The
boiler will supply 150 psig saturated steam for the manufacturing processes of

a paper products manufacturer at the industrial park.

The objectives of this contract are to design, construct and operate a boiler
utilizing anthracite culm in a fluidized bed combustion system for the genera-
tion of steam for industrial use. Data from this plant will be used for the

evaluation of larger FBC steam generating units.

This report describes the final design for the Shamokin FBC Boiler. An artist's

conceptual drawing is presented in Figure 1l.1l.
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2.0 PROCESS DESCRIPTION

The prototype boiler system is to furnish 20,000 lb/hr of 150 psig steam using
anthracite culm as the fuel. The process flow dlagrams are shown in Drawings
75-D1 (Figure 2.1), F2 (Figure 2.2), and F3 (Figure 2.3). The flows presented
are based on using a culm with a HHV of 4000 Btu/lb. -However, all the equip-
ment are sized to handle culms with heating values ranging from 3000 to 5000
Btu/1b.

The normal range of operating conditions possible with this unit are:

Fluidization Velocity =« « ¢ o ¢ s'e ¢« o o o o o o o« & 3.5 to 6 fps
Combustion Temperature « s o « s « o o o o s o o o o 1450 to 1650°F
EXCESS ALT & o « o o o o o o o o o o o o o o o o s o oo« 20 50%
Bed Height o o o o o o« o o o o o o o o o s s s o o o o o« s 3 ~6ft
Steam TUrNdOWN « « « o o o o o o s « o o o s o o o o o o » 2.5t01
Culm Feed Rate Turndown =« « o« « o o o o s o o« s « o« o o o « Htol

Limestone Feed Rate TUrnNdOWN « o o o o o o .0 o o o o o« « « » 10 to 1

2.1 Feed Preparation and Storége

The anthracite culm fuel will be delivered by truck in the size range from 1
to 4 inches. It will be deposited into an unloading area from which a front
end loader will transfer the culm to a conveying system. This will transport
the culm to a crushing and classifying system., Here it will be sized to 4
mesh x 0 material. From this operation, it will be conveyed to the prepared
culm hopper. The prepared culm hopper 1is sized to store a 32-hour feed supply
(for 4000 Btu/1b culm). From this hopper it will be transported to the culm
feed bin which holds approximately 4 hours of feed. '

Sized limestone (minus 1/4 inch size) will be delivered to thé site via truck
and pneumatically conveyed‘to a limestone storage silo. This silo will store
approximately a week's supply of stone. From the silo the material will pass
through a screw feeder and bucket elevator and then into the limestoﬁe feed

hopper. This feed hopper is designed to hold a day's supply of material.




The feed preparation and filling of feed hoppers will occur during day shifts

only. Therefore all the equipment has been sized accordingly.

2.2 Feeding

Both culm and limestone will be fed to the boiler via screw feeders. Two
feeders will be used for the culm, and one for the limestone. The designs of
these feeders are based on Dorr-Oliver's extensive experience in feeding fluid-
ized beds. Variable'speed motor drives will be used on each feeder to permit
culm feed rate to follow steam demaqd in accordance with combustion control
system and combustion temperature, and to allow limestone feed rate to vary

with the S02 emission control feedback signal.

2,3 Fluidized Bed Boiler System

A fluidized bed combustor boiler of water wall design with in-bed boiler tubes
and a convection section for the generation of steam is used. The bed contains

100 square feet of fluidizing area.

This boiler application calls for the delivery of 20,000 1b/hr of 150 psig
Saturatedlsteam to battery limit. The fluidized bed boiler is designed to
generate this steam capacity with in-bed, water wall and convection section
tubes. The steam generated will be at 200 psi and saturated but will be re-

‘duced in pressure before delivery 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 covering 64% of the bed area
will not contain in-bed tubes. This area is always fluidized when steam is
being generated and is the first bed section to be fluidized during start-up.
The other two bed sections split the remaining 367 of the bed equally. These
each contain in-bed boiler tubes and can be defluidized during turndown con-

ditions,

- 'An o0il fired burner is also included to serve as a start-up burner. This

burner will bring the bed up to culm combustion temperature.




2.4 Primary and Secondary Cyclones

Flue gas effluent from the boller system enters the primary cyclone which is a
refractory lined cyclone of conventional design. It serves as the primary com-
bustion gas cleanup stage and recycles the collected ash and unreacted particu~-
lates back to the combustor. This recycle ensures high combustion efficiency,
high limestone utilization, high heat transfer and good fluidization. Provi-
sion has also been made to purge off some of the cyclone catch, in lieu of 1007%

recycle. This permits greater operating flexibility in the boiler system.

The flue gases leaving the primary cyclone are further cleaned in twin cyclones.
The dust collected here is exhausted to the ash cooler. When the boiler is
turned down, one cyclone is bypassed to maintain a high cyclone efficiency in

.

the other cyclone.
2.5 Ash Cooler

The ash cooler receives ash from the FBC boiler and the primary and secondary
cyclones, and cools the ash to approximately 250°F, The ash cooler is a fluid-
ized bed containing in~bed cooling coils. The cooling coils utilize boiler
feed water permitting this system to recover some of the sensible heat from

the hot ash and transmits it to the boiler feed water. Over 1 x 106 Btu/hr

. are recovered in this equipment item,

The ash cooler has its own air supply system and cyclone. The ash for this
system is discharged through rotary valves to a pneumatic transfer system to

ash stofage and disposal.

2.6 Adir Preheater

The flue gases exit the twin cyclones at 660°F, To improve the energy effi-
ciency of the boiler system, additional energy is extracted from these gases in
the air preheater before they are vented to the atmosphere. 'The hot flue 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 fluidizing blower is heated to
425°F before entering the combustor. The design of this preheater is similar

to those conventionally used in FluoSolids operations.
2.7 ID 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., -0.2 inches water).

2.8 Bag Filter

A conventional blow-back bag filter system is used to provide the final re-
moval of particulates from the combustion géses before they are vented to the
atmosphere. This system is designed to meet. the federal and local particulate

emissions codes.

2.9 Steam/Water Circuit

The design condition calls for 20,000 1b/hr of feed water to be vaporized as

the exported steam. Besides this amount, approximately 107% more feed water
is used in blowdown, and as steam is released from the deaerator and blowdown
' |

drum,

City water is ﬁsed as the source of boiler feed water. This water is softened
with a zeolite system. The treated water is fed through the ash cooler cooling
circuit where it is heated, and then passes through the deaerator for oxygen
removal., 6xygen in fhe feed water 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 freatment is used to further prevent

chemical attack of the boiler hetallurgy.

’




Two boiler feed water pumps are used. One pump is electrically driven and the

‘second is turbine driven. The turbine drive is used in the event of g power

outage and as a back-up for ;henelectrically driven pump. Both pumps are in-

terchangeable as the primary pump to facilitate maintenance rotation,
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 is designed with all natural circulation circuitsg,

The steam/water mixtures from the three circuits exhaust to the steam drum

where the water and steam are separated. The drum 1is at 200 psig,

Some of the steam produced is used within the system for the deaerator and
turbine driven BPW pump. The bulk of the steam, 20,000 1b/hr, is reduced in

pressure to 150 psig and sent to the user,



3.0 MASS AND ENERGY BALANCES

Based on a laboratory combustion study, flow diagrams for both the solids and
gas, and water and steam sides of the plant were drawn an& shown in Figures 2.1, .
2.2 and 2.3. Mass and energy balances were generated on the following process

basis:

Steam Delivered, Saturated . . . « . » . . 20,000 lbs/hr at 150 psig
.+ o 1550°F
« 5.5 ft/sec
« « o 4012 Btu/1b

Combustion Temperature « « o s o o o » 5 o o » o o & &
Fluidization Velocity - & & &« o o 2 .0 s s e 8 ® e o
Culm Fuei -~ HHV a « @ o ® & & &5 ® s & & 2 8 e & »

EXCe88 ALY v ¢ ¢ o o o o o« o v & o a o » s & s o @

Mass and energy balances are shown in Tables 1 and 2. This design is directed
toward achieving an overall efficiency of 69.5%Z. Culm with a heating value of
4012 Btu/lb was used for design purposes. Culm analysis is given in Table 3.
Anthracite culm ash analysis is given in Table 4. A Ca/S ratio of 5.8 will be
used to aghieve an 88% sulfur capture: Meckley limestone will be used as a

sorbent and its analysis is given in Table 5.
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Culm '
Limestone
Alr . .
Water .

Total

OUT:
Ash . .
Gases .
Steam .
Blowdown

Total

TABLE 1

GENERAL MATERTAL

BALANCE

L]

12

LBS/HR

8,188
. 983
46,880

22,100

78,151



GENERAL

TABLE 2

ENERGY BALANCE

HEAT IN:

Culm e & o o o o o

Sulfation . . . .

.HEAT OUT :
G3SES 4 ¢ o o o o
Steam .+ o« o o o
Blowdown « . « « &
Calcination . . .
Solids &« o o o o &

LOSSEeS « ¢ o o o o

" BTU/HR
Gt e e e e e .. 32.85x 10%
c e e e e e . 0.33x 100

33,18 x 106

e e e e e e .. 5.3 x10°
e e e e ... 22.84 x 10
c e e e e e+ . 0,61 x 106
s e e e e e .. 0.50x 106
&t e e e e e.. 0.31x105
e e s e . e .. _3.61x10°

33.18 x 10°
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ULTIMATE ANALYSIS

TABLE

3

ANTHRACITE CULM

Carbon . « . &
Hydrogen . . .
Nitrogen . . .
OXygen ¢ « « »
Sulfur . . . .
Ash . . . ..

Heating Value,

14

% (DRY

BASIS)

27.02
- 1042

. 0.66

. 3.48

. 0.57
66.85

Btu/1b



Total CaO,

Na, ppm
K, ppm .
Fe, 7% .
Al,04, %

S10y, %

Sulfate Sulfur, %

Cl, ppm

ANTHRACITE

TABLE 4

CULM ASH ANALYSIS

15

0.133

1,495

. 12,500

1.96
27.51
59.25
0.085

100



Total CaO, 7 .

Available CaO,

Mgo, 70 L] L] L] L]

Na, ppm .
K, ppm . .
Fe,'% o o
Al904, % .

S$102, Z .

TABLE 5

LIMESTONE ANALYSIS

Acid Insolubles,

Ci, PP o o o o o &
Acid Evolution COp, 7

LOI at 1000°C, % . . .

%

16

37.15
0.095
1.92
248
242
1.37
2.31
15.86
22,55
200
31.73

32,22



4,0 OPERATING AND TURNDOWN CONDITIONS

4.1 Operating Conditions

The culm boiler is designed'to operate at 1550°F and 5.5 ft/sec superficial
fluidization velocity during full load operation. The fluidizing air will be
supplied to the boiler at the rate of 36,271 lbs/hr. At this design condi-
tion, the boiler will utilize culm and limestone at the rate of 8,188 lbs/hr
and 983 1lbs/hr, respectively, The boiler will be operated at 307 excess air,

Complete performance at design condition is shown in Table 6.

4,2 Turndown Conditions

The bed area is divided into three segments to achieve maximum turndown capa-

bility of 2.5/1. Various steam demands can be met by controlling the follow-

ing variables:

1. Operating Temperature

Reducing bed operating temperature from 1550°F to 1450°F can reduce

the steam production by 10%.

2. Fluidization Velocity

Fluidization velocity in the bed can be reduced from 5.5 ft/sec to
3.5 ft/sec. This can reduce the steam production by 207%.

3. Bed Area

Defluidizing the 367 bed zones can reduce the steam production to
647%. This reduction can be achieved in two stages; by defluidizing
18% of bed area which reduces the steam production to 82%, and then
by defluidizing the other 187 of bed area which will bring the steam

. production to 64%.

17




4, Bed Depth

Over a longer period the steam production from the bed coils can be

varied by changing the bed depth.

Steam production can be reduced to 40% of design rate by a combina-

tion of the above variables.

A schedule of load following turndown is presented in Table 7, and schemat-

ically in Figure 5.1.
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TABLE 6

PERFORMANCE

ANALYSIS

Combustion Efficiency, %
Sulfur Capture, 2 . . .«

Excess Alr, 7 o o o o

Fluidization Velocity, fps
Combustion Temperature, °F

Culm Heating Value, HHV, Btu/lb

Culm Rate, lbs/hr . . .

Limestone Rate, lbs/hr . . . . .

Ca/s RatiO e o o o o o o o-. e e

19

1,550 -
4,012
8,188

. 983

. 5.8




TABLE 7

LOAD FOLLOWING TURNDOWN SCHEDULE

Bed ' Zones Bed

Load Range | Temperature Space Rate - Fluidized Height
100-110% 1550-1650°F s.leps ‘ 1,2,3 5 Ft
90-100% 1450-1550°F 5.5 FPS 1,2,3 : 5 Ft
70-90% 1450°F  3,5-5.5 FPS 1,2,3 5 Ft
65-70% 1450-1550°F 5;5 FPS . ' 1,2 . .5 Ft
58-65% 1450°F 3.5-5.5 Fés 1,2 5 Pt
58-58% 1450-1550°F 5.5 FPS - 1 5 Ft
45-50% 1450°F 3.5-5.5 FPS 1 5 Ft

40-45% 1450°F 3.5 FPS 1 3-5 Ft
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5.0 PROCESS CONTROL AND INSTRUMENTATION

As is true for most steam generators, steam drum pressure is the primary con-
trolled variable. The amount of fuel feed is controlled to maintain the boiler
pressure at the control setpoint. The fuel flow is regulated by the control

- in order to maintain drum pressure. Bed temﬁerature, space rate, fluidizing
zones an& bed height are also varied in accordance with turndown schedule shown
on Figure 5.1. The process control computer provides the logic and loop con-
trols necessary to accbmplish this capability for turndown. The instrumenta-
tion to achieve this control isvfully defined in the P&ID's and the strategy is

defined in Figure 5.2, Control System Schematic Diagram,

At varying culm feed rates, the limestone feed rate will be roughly controlled
according to a preset ratio. This ratio will depend on the limestone activity.
The limestone feed rate will be fine tuned within controlled limits by feedback

from the SOs analyzer.

For a given steam flow either one, two or all three windboxes will be used.
Again, which ones used will be predetermined in the digital computer. 1In no
case will the excess air level in the combustion gases fall below 15%. This

low limit will be controlled by feedback from the oxygen analyzer.

In order to achieve maximum turndown, reduced bed héights will be used. Signals
from the digital computer will control the bed height setpoint. Bed height is
adjusted by the rate of ash removal from the bed to the ash cooler. The actual

bed height is determined by measufgmen'f of the Ap across the bed.

For efficient dust removal prior to the air preheater, either one or both of
the secondary cyclones will be used, depending on airflow rates, Therefore,

at a given minimum airflow rate one cyclone is isolated.
The baghouse filter is protected from ovefheating by a temperature controller.

This controller adjusts the bleed rate of ambient air into the hot gases flow-
ing to the filter.
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Besides these controls, standard steam/water side controls are used. Controls
to switch from the electrically driven boiler feed water pump to the turbine

driven pump in the event of a pump failure or power outage are also provided.

Analyses of the flue gases will be performed on line and continuously. The
analyses include CO, CO;, Oy, NO,, and 502 determinations., The gases will be
sampled downstream of the secondary cyclone. Provision has also been included

for the addition of flue gas stack sampling and further opacity monitoring.

In addition to these controls, numerous temperature, pressure, différential
pressure, flow rate and level sensing devices will be used to permit heat and

material balance calculations, performance calculations and to aid in trouble-

shooting.,
Necessary alarms and interlocking have been provided to permit safe operation.
Key interlocks provided are as follows:

1. Interlock culm feed with bed temperature to prevent feed of culm be-
low the proper ignition temperature or operation at excessively high

bed temperature.
2is Interlock the fuel feed system with the drum water level.
3. Interlocking fuel feed with fluidizing air.
Other interlocking systems are as schematically indicated on the P&I Diagrams

and as specifically detailed on the Electrical Elementary Wiring Diagrams and

Figure 5.2, Control System Schematic Diagram.
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6.0 EQUIPMENT SPECIFICATIONS AND DETAILED DESIGN

6.1 Equipment List,'Instrumentation and Control System

Relevant equipment is herein identified on Pages 27 thru 34 by Equipment Number
and Description. The 300 Series Equipment (Curtiss—Wfight) relates to a conven-

tional front loader. The make and model is to be determined at time of purchase.

~ The Instrument and Control System is identified in the Construction Bid Package,
Specification SP-N-90, Section J. The Control Panel is identified by Curtiss-
Wright Specification E-90085., The related Instrument Loop Diagrams are identi-

fied on the following Curtiss-Wright Drawings:

Loop Number
2301 - 2339
2401 - 2421
3101 - 3106
3201 - 3204
3206 - 3209

Total number of loops are 74.

The Data Acquisition, Control and Gas Analysis Systems can be described in

general terms as follows:

Process Computer System — Curtiss—Wright Specification E-~90080

Vendor - Fisher Controls Co.
1. DC2 Process Computer‘System - W/Accessoriesz
a.  Input/Output Subsystems
b. CRT
Ce Printer
d. Provox Application Software Package for Data Acquisistion

and Process Control
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Analog Control System - Curtlss-erght Specification E-90081

Vendor - Fisher Controls Co.

1. TL-Series Instruments
a. Computer/Manual Transfer Station
b. Computer/Auto/Manual Controllers
Ce Analog Controllers

2, KM~-Series Instruments
a,. Computing Modules
b. Alarm Modules

3. Power Supplies

4, Cabinets

Gas Analysisgéystem - Curtiss-Wright Specification E-90082

Vendor - Pace Associates, Inc.
1. COy Analyzer
. NOx Analyzer
. CO Analyzer

. 07 Analyzer.

2
3
4, S0> Analyzer
5
6. Self-Cleaning Filter Purge System
7

o Calibration Accessories

Annunciator - Curtiss-Wright Specification E-90084
Vendor - Ronan, Inc. '
1. Multipoint Annunciator
a, First Alert Logic
b. Horn for Audible Annunciation

Digital Temgg;aturevMonitoring‘System - Curtiss-Wright Specification E-90086

Vendor - Omega
1. Digital Panel Meter with Thermocouple Signal Conditioning
2, Multipoint Selector Switch
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6.2 P&I Diagrams

The following Drawings and Lists are provided herein:

Figure
Number

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9

Title

General Notes and Index

Culm Crushing and Culm and Limestone Storage
Fluid Bed Combustor System

Flue Gas and Ash Handling System

Water Treatment and Boiler Feed System

Fluid Bed Combustor System Steam Generation
Utility Distribution System and Details

Line Designation Table Index

Line Designation Table
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6.3 Plot Plan and Arrangement Studies

The following Drawings are provided herein:

Figure

Number Title
6.10 Plot Plan
6,11 Arrangement Study, Elevation - Sheet 1
6,172 Arrangement Study, Elevation - Sheet 2
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