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FOREWORD

The work described in this report is a part of the Energy
Conversion Alternatives Study (ECAS)}—a cooperative effort of the
Bnergy Research and Development Administration, the National Sci-
ence Foundation, and the National Aeronautics and Space Administra-
tion.

This General Electric contractor report for ECAS Phase I
is contained in three volumes:

Volume I - Executive Summary

-Volume II ~ Advanced Energy Conversion Systems
‘Part 1 -~ Open-Cycle Gas Turbines
" Part 2 - Closéd Turbine Cycles
Part 3 - Direct Energy Conversion Cycles
Volume III - Energy Conversion and Subsystems and Components

Part 1 Bottoming Cycles and Materials of Construction
Part 2 - Primary Heat Input Systems and Heat Exchangers :
Part 3 = Gasification, Process Fuels, and Balance of Plant 5

In addition to the principal authors listed, members of +the
technical staffs of the following subcontractor organizations de-
veloped information for the Phase I data base:

General Electric Company
Advanced Energy Programs/Space Systems Department
Direct Energy Conversion Programs
Electric Utility Systums Engineering Department
Gas Turbine Division
Large Steam Turbine-Generator Department
Medium Steam Turbine Department
Projects Engineering Operation/I&SE Engineering Operation
Space Sciences Laboratory

Actron, a Division of McDonnell Douglas Corporation ﬁ

Argonne National Laboratory

Avco Everett Research lLaboratory, Incorporated

Bechtel Corporation

Foster Wheeler Energy Corporation

Thermo Electron Corporation

This General Electric contractor report is one of a series
of three reports discussing ECAS Phase I results. The other two
reports are the following: Energy Conversion Alternatives Study

(ECAS) Westinghouse Phase I Final Report (NASA CR-134941), and
NASA Report {(NASA TMX-71855).
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Summary

ENERGY CONVERSION SUBSYSTEMS AND COMPONENTS

The objective of Phase I of the Energy Conversion Alternativ

Study (ECAS) for coal or coal-derived fuels was to develop a
- technical-economic information base on the ten energy conversion.
systems specified for investigation. Over 300 parametric varia-
tions were studied in an attempt to identify system and cycle
conditions which indicate the best potential of the energy con-
version concept. This information base provided a foundation for
selection of energy conversion systems for more in-depth investi-
gation in the conceptual desigu portion of the ECAS study. The
systems for continued study were specified by the ECAS Interagenc
Steering Committee. _

The major emphasis of this study was the evaluation of the
prime cycle portion of the energy conversion system. The energy
conversion subsystems and auxiliary systems are coupled to the
prime cycle to produce a complete power plant. These subsystems
were applied to each of the prime cycles on a consistent basis.
Each of the subsystems, e.g., furnaces, bottoming cycles, balance
of plant, was analyzed by its respective independent study team
for each specific application to an energy conversion system.

The furnace systems included both direct combustion of coal
and combustion of process fuels derived from coal. The furnaces
with direct coal combustion employing fluidized beds with in-bed
sulfur capture appear to be the most attractive options for the
closed-cycle advanced enexrgy conversion systems.

es

Y

Both'organic and steam cycles were studied for bottoming many

of the prime cycles. The characteristics of the organic cycles
made them most attractive in ratings up to 100 MWe and peak or-
ganic cycle temperature less than 500 F (533 K). Although the
addition of an organic bottoming cycle to a prime cycle showed an
efficiency improvement, a relatively high capital cost addition
for the organic bottoming cycle and its related balance of plant
was estimated. A steam bottoming cycle was an essential require-
ment for use with many of the prime cycles; e.g., Combined Cycle
Gas Turbine, Liquid Metal Topping Cycle, MHD Systems, and High-
Temperature Fuel Cells, The steam bottoming cycles were all
analyzed by the same study team to assure a uniform assessment.
Steam throttle conditions and feedwater heating chains were
varied, however, to accommodate specific prime cycle requirements
for improvement of the system efficiency.



In energy conversion systems which could utilize coal di-
rectly, the employment of clean fuels produced from coal did
not appear to be economically attractive. In systems which re-
quire a fuel processing step, e.9., open-cycle gas turbines, the
semi~clean liquid fuels produced f£rom coal appeared to be an
attractive alternative and were close to an economic standoff with
the low-Biu integrated gasifier technlque for producing an ac—
ceptable gas turblne fuel.




Introduction
ENERGY CONVERSION SUBSYSTEMS AND COMPONENTS

Many advanced energy conversion techniques which can use
coal or coal-derived fuels have been advocated for power genera-
tion applications. Conversion systems advocated have included
open- and closed-cycle gas turbine systems (including combined
gas turbine-steam turbine systems), supercritical COp cycle,
liguid metal Rankine topping cycles, magnetochydrodynamics (MHD),
and fuel cells. Advances have also been proposed for the steam
systems which now form the backbone of our electric power indus-
try. @ These advances include the use of new furnace concepts and
higher steam turbine inlet temperatures and pressures. Integra-
tion of a power conversion system with a coal processing plant
producing a clean low-Btu gas for use in the power plant is still
another approach advocated for energy conserving, economical pro-
duction of electric power. Studies of all these energy conver-
sion techniques have been performed in the past. However, new
studies performed oi. a common basis and in light of new national
goals and current conditions are required to permit an assess-
ment of the relative merits of these techniques and potential
benefits to the nation.

The purpose of this contract is to assist in the development
of an information base necessary for an assessment of various ad-
vanced energy conversion systems and for definition of the research
and development required te bring these systems to fruition.
Estimates of the performance, economies, natural resource reguire-
ments and environmental intrusion characteristics of these systems
are being made on as comparable and consistent a basis as possible
leading to an assessment of the commercial acceptability of the
conversion systems and the research and development required to
bring the systems to commercial reality. This is being accomplished
in the following tasks:

Task I Parametric Analysis (Phase I)

Task IT Conceptual Designs

}(Phase II)
Task III Implementation Assessment

This investigation is being conducted under the Energy Con-
version Alternatives Study (ECAS) under the sponsorship of Energy
Research and Development Administration (ERDA), National Science
Foundation (NSF), and National Aeronautics and Space Administra-—
tion (NASA). The control of the program is under the direction
of an Interagency Steering Committee with participation of the
supporting agencies. The NASA Lewis Research Center is responsible
for project management of this study.

The information presented in this report describes the re-
sults produced in the Task I portion of this study. The emphasis

R -




in this task was placed upon developing an information. base upon
which comparisons of Advanced Energy Conversion Technigques using
coal or coal-derived fuels can be made. The Task I portion of
the study was directed at a parametric variation of the ten ad-
vanced energy conversion systems under investigation. The wide-
ranging parametric study was performed in order to provide data
for selection by the Interagency Steering Committee of the sys-
tems and specific configurations most appropriate for Task II and
ITITI studies.

The Task II effort will involve a more detailed evaluation of
seven advanced energy conversion systems and result in a conceptual
design of the major components and power plant layout. The Task
III effort will produce the research and development plans which
would be necessary to bring each of the seven Task II systems to
a state of commercial reality and then to assess their potential
for commercial acceptability.

A prime objective of this study was to produce results which
had a cycle-to-cycle coasistency. In order to accomplish this
objective and still ensure that each system was properly advo-
cated, an organization which is or had been a proponent of the
prime cycle was selected to advocate the energy conversion sys-—
tem and to analyze the performance and economics of the prime
cycle portion of the energy conversion system, i.e., the parts
of the system which were novel or unigque to the system., The re-
maining subsystems, e.g., fuel processing, furnaces, bottoming
cycles, balance of plant, were analyzed by technology specialist
organizations which presently have responsibility for supplying
these subsystems for utility applications. The final plant con-
figuration and performance were produced by the Gereral Electric
Corporate Research and Development study team and this group per-
formed the critical integration of the f£inal plant concept. This
methodology was used tec provide a system—to-system consistency
while maintaining the influence of a cycle advocate.

The energy conversion subsystems and components which were
applied on a common basis to each of the advanced energy conver-
sion systems are described in this Volume. The discussion and
results for each of the advanced systems is given in Volume II. J

Bottoming Cvcles are applied to most of the advanced energy
conversion systems. To the maximum extent possible, the bottom-
ing cycles were assumed to be composed of state~of-the~art com-
ponents., Steam bottoming cycles are utilized for "high-tempera- A
ture" applications bottoming with steam conditions being limited
to 1000 F (811 K). Organic fluid bottoming cycles are employed y
for the low-temperature applications (temperatures less than g
600 F [589 K]). 4

The Materials of Construction are defined for each of the
energy conversion systems. 7This includes both the identification ‘
of the materials and the assumptions which were made with respect .
to design cziteria, -




Primary Heat Input Systems were employed for all closed-
cycle applications. The heat exchanger equipment provides for
the transport process to introduce thermal energy into the cycle
working fluids. Advanced furnace techniques for direct combus-
tion of coal and combustion of clean fuels were considered. The
atmospheric fluidized bed with direct coal was utilized as a ref-
erence furnace for the closed-cycle parametric variations.

Heat Exchangers were employed in all advanced energy con=-
version systems. This fluid-to-fluid exchange equipment provided
for transport processes within the cycles, e.g.. the regeneration
of thermal energy, heat rejection precoolers, and low temperature
air preheaters.

Gasification and Process Fuels derived from coal were em-
ployed as clean fuel sources for combustion systems. The low-
Btu gasifier employed for integrated plants was the fixed bed
gasifier with low-temperature cleanup. The process fuels were
considered as delivered to the plant bouncdary. The cost and con-
version efficiency for these clean fuel production processes were
5 directly related to the fixed bed gasifier. This gave a basis
: for cost comparison between the use of process fuels and inte~
X grated gasifier systems,

. The Balance of Plant for the advanced energy conversion con-
i cepts considered the installation of the specific components of

4 the energy conversion cycle and primary heat input heat exchangers
and the supply and installation of the auxiliary plant equipment.
The fuel supply and storage system and the heat rejection system
were two of the major elements evaluated as balance-of-plant items.
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Section 6
PRIMARY HEAT INPUT SYSTEMS
INTRODUCTION

The primary heat-input heat exchangers were employed to sup-
ply thermal energy to the working fluid of a closed power cycle.
The thermal energy initially came from the combustion of a fuel,
and in many cases the combustion process was an integral part of
the”primary‘heat~input‘heat-exchanger.' However, -in some energy
convorsion systems (for example, open-cycle MHD) the combustion
process was remote from the heat exchange equipment and the pri-
mary transport mode wasS convection and radiation from high-tem-
perature fluids to the heat transfer tubes that contain the cycle
working fiuid. The fuels uon51dered were coal or coal derived
liguid and gaseous fuels.-

Primary heat input heat exchangers were evaluated for eight
energy conversion systems:

1. Advanced steam

2. . Supercritical COp

3. Closed~cycle helium gas turbine
4. Liquid metal topping _

5. Closed-cycle liquid metal MHD
6... Closed-cycle inert gas MHD

7. Open-cycle MHD

8. High-temperature fuel cell

The following furnaces were considered:

1. Conventional furnace (coals; semiclean liquid'fuel [SRC1)
2. Atmospheric fluidized bed {coals with limestone)

3. Pressurized fluidized bed (coals with dolomite)

4. Pressurized furnace (high~Btu and low-Btu gases)

Each energy conversion system also included primary, intermediate,

and heat recovery exchangers as required and auxiliary combustion
support systems.

All of these furnaces are in different stages of development.
A discussion of these furnaces for the advanced cycles under con-
sideration in this study follows:

® CF (Conventional Furnaces) and CH (Combustion Chanbers)

Conventional furnace technology is well developed through
1100 F (866.7 K) working—-fluid exit temperatures. Firing

PRECEDING PAtsk BLANK NOT FILMED



~slagging fuels for high-temperature cycles presents

serious metals problems due to coal ash corrosion in the
1000 F to 1400 F (811 to 1l033.3K) outside metal tempera~
ture range. Resgistant materials must be developed in this
range if this technique is to be applied; permitting sur-
face metal temperatures to 1600 F (1l44.4 K).

AFB'(Atmospheric Fluidized Beds)

Engineering development work is continuing and is re-

-quired in the area of peripheral solids systems to mini-

mize costs, complexity, and solids handling problems.

 The regeneratjion of spent acceptor requires a consider-

In
primary

able development effort and was not considered in this
study.

For certain high-temperature cycles were heat transfer
surface requirements control fluidized bed size and vol-
ume, extended surfaces were not used in this study, as
they require further testing and development work.

PFB {Pressurized Fluidized Beds)

Engineering development work is continuing in the area
of peripheral solids systems to minimize costs, com-
plexity, and solids handling problems. These problems,
typical to fluidized bed combustion processes, are com-
pounded at pressure. The presence of alkali compounds
in the exhaust gases at high temperature present serious
problems in dust collection and gas turbine design.

PF (Pressurized Furnaces)

Engineering development work is required in the area of
large minimum volume diffusion flame burners which pro-
duce low-NOy emissions. In order to take advantage of
the high transfer rates and gas temperatures typical to
pressurized furnaces, high metal temperatures are ex-
pected. The need for development of high-temperature
metals is greatest with this type of furnace. A weldable,
readily formed, wrought alloy is required which exhibits
reasonable design stress limits in the 1500 F to 1600 F
(1088.9 to 1l44.4 X) temperature range. The only
material that has this characteristic at present is a
proprietary centrifugally cast material. The use of this
material is unproven in high-pressure service and it is
difficult to weld.

reviewing the results of this study for combustors and
heat exchangers the follow1ng qualifications should bhe

applied:

1.

The power cycles studied are not optimized with respect
to capital cost, thermal efficiency, or cost of elec-




tricity. The base cases and parametric variations were
selected to indicate the potential of and sensitivity
to varying approaches, furnace types, and conditions
for the cycles. The objective was an approximate ex-
ploratory effort to reveal the main characteristics of
the power cycles studied.

2. This study represents different levels of familiarity
with and conceptual development for the various com-
bustion systems investigated. It is apparent that all
furnace/cycle combinations have not been thought through
to an equal level of development. Table 6-1 gives an

: engineering evaluation of the characteristics and op-

f erating limitations of these furnace concepts.

PRIMARY COMBUSTOR AND HEAT EXCHANGER ARRANGEMENT

The following code list was used to represent furnaces and
equipment used in this study:

CF = Conventional fired units
CH = Combusticon chambers

AFB = Atmospheric fluidized bed units
PFB = Pressurized fluidized bed units
PF = Pressurized furnace units

L
e A A e b

OC-MHD = Open-Cycle MHD, secondary combustion units
IHX = Indirect Intermediate Heat Exchangers
HTAH = High-temperature air heaters
AUX = Auxiliary eguipment

Of the furnace types considered in this study for the advanced
applications, the conventional furnace applications are the

! nearest to commercialization. Where the conventional furnace

i would be extended for advanced power cycles with high tempera- g
i tures, development work would be required. The pressurized or |
! supercharged furnace units firing clean fuels are considered the
i next in order of commercial availability. Whexre these furnace
types are applied to advanced power cycles with high working-
fluid temperatures and it is desired to take advantage of the
very high heat absorption rates that are possible, a major effort i
would be required to develop high-temperature metals, partic- b
1 ularly when used to heat gases and superheated or reheated steam. :

The atmospheric fluidized bed furnace and pressurized %
fluidized bed furnaces, respectively, are considered next in :
order of commercial availability. Economic and efficient opera-

tion is projected from smaller-scale test units currently in :
operation. The open-cycle MHD radiant furnace, intermediate- :
temperature air heater, and heat recovery steam generator, al- o
though very similar in operational duty to conventional furnaces, ’

4 by e e N
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Table 6~1

FURNACE CHARACTERISTICS

Level of Developmenﬁ
for Advanced Cycle High- : . _
Conditions Increasing Maximum- Temp. |Main Limitations
Combustion Fuels " 8everity -~ Furnace Mate- Ash~Seed = Velocity,
System Fired|Std* HP* HT* HP+HT* VHT | Temperatures | rials | Corrusionr Bed Volume
CF ‘Coals| 1** 2 4 4 5 3500 F - 4 x
SRC 1 2 3 3 5 3500 F x
Gases| 1 1 2 3 5 3500 F R
AFB -~ l-stage | Coals| 2 2 3 4 5 1400-1600 ¥ X
2-stage | Coals| 4 4 5 5 5 1600-2000.F X X
PFB - l-stage |Coals| 3 3 4 4 5 | 1600-1800 F x
2-stage { Coals] 5 5 5 5 -5 1800-2000 7 X CX
PF . Gases| 1 2 3 4 5 | 2200~-2800 F ®
: Engineering
*Cycle Conditions **Level Rank. ~ Btage .
Std - 1000 F at 3500 psi - Standard 1. Established Complete
HP - 1000 F at 4000 psi - High pressure’ 2 Proven -7 Advanced .
HT -~ 1200 F+ at 1000 psi - High temperature 3 . Certain _Intermediate
HP+HT ~ 1200 F+ at 4000 psi - High pressure + 4 Probable . .Preliminary .
_ temperature 5 Feasible . Conceptual
- 1400 F+ at 1000 psi = Very high : : . o

VHT

temperature-'




require special attention and consideration because of unknowns
surroundlng the combination of coal-ash corr051on, seed material
corrosion, and slagging. Combustion conditions in the open-cycle
MHD furnace are controlled near stoichiometric and are substoi-
chiometric in the major part of the radiant furnace. The correct
combination of outside tube metal temperature limits, protective
tube coatings or materials, and furnace design must be found for
the real environment of MHD channel exhaust gases. The closed-
cycle inert gas MHD furnaces or combustion chambers must be large
1n order to control slag and ash plckup and carryover when burn-
1ng substoichiometrically in the main part of the furnace. This
is necessary for control of nitrogen oxide emissions.

Indirect intermediate heat exchangers and heat recovery steam
boilers used with the advanced cycles of this study require addi-
tional attention to ensure economic designs.

The high-temperature air heaters (for furnace applications
other than open-cycle MHD) ‘required with these advanced power
cycles similarly requlre additicnal attention to ensure economic
design. Tubular type air heaters were utilized in all high-
temperature applications. Where the working filuids and gas
streams handled are relatively clean, compact recuperative heat
exchanger surfaces could be con51dered in future studies.

The auxiliary equipment considered in this study to support
conventional furnaces and combustion chambers, atmospheric
fluidized beds, pressurized fluidized beds, and pressurlzed
furnaces were developed from the standpoint of minimum process
requirements. The solids feeding and disposal systems fox the
fluidized bed units require process development, optimization,
and integration into the overall power-plant cycle to ensure
economic and reliable operation.

These furnaces and equipment are described in this subsection.
The characterlstlcs, scope of equlpment included, development
requirements, main advantages, major problems, limitations, and
special design considerations are indieated.

CONVENTIONAL FURNACE

The main characteristics of conventional furnaces firing
coal, the auxiliary eguipment included in this study, and indi-
cated development requlrements are summarized on Table 6-2. The
main advantages, major problem areas, limitations, and special
de51gn considerations are summarized in Table 6-3. Coal-ash cor-
rosion is a major problem when firing coal in a conventional
furnace. The projected corrosion rates due to coal-ash corrosion
over a temperature range from 600 to 2000 ¥ (588.9 to 1366.7 K)
are indicated approxlmately in Pigures 6-1 and 6-2. Figure 6-2
indicates a zone of outside metal temperatures from 1350 to 1550 F
{1005.6 to 1116.7 K) inwhich hlgh-temperatu:e cycles could possi-
bly operate with reduced corrosion rates. However, operation in
this temperature range is seen to be extremely risky when the

11

I



Table 6-2

CONVENTIONAL FURNACE ARRANGEMENT
. (Reference Furnace)

Characterlstlcs

Large furnace combustion chamber (requlred for combustlon
efficiency and to avoid slagglng, ash,corr051on)

Pulverized coal Fired {70% < 200 mesh for combustlon o

efflclency)

Sootblowers required, wall blowers required (to maintain

o :furnace heat transfexr effectlveness)

No 805 control, higher cold-end sulfuric acid dew points.

. Difficult Nox control with high adiabatic flame tempera-:

tures; must consider off-stoichiometric firing, gas re-
virculation, lower~temperature air preheater (AP), low-
turbulence burners.

Requlres control of partlculate em1551ons (electrostatle

precipitators or high~efficiency wet scrubbing with gas
reheat).

Auxiliary Equipment Included

Peeders and pulverizers {(coal firing)
Air preheaters (recuperative type) |

~ Sootblowers (coal and oil firing)

Forced draft (FD), Induced draft (ID), and prlmary
air fans {coal firing)

Combustion and burner controls

Valves

Development Requirements

12

None for f£luid temperatures to 1000 F

'Materlals subject to llquld slag corrosion from 950 to

1350 F and above 1500 ¥ fluid temperatures.

Present high~temperature alloys offer llmlted sultablllty
in furnace for hlgh—temperature cycles.




Table 6-3

GENERAL CONSIDERATIONS
(Conventional Furnace)

Maln Advantaggs

Technology proven for combustlon control, sarety, etc.
: High avallablllty for fluld temperatures to 1000 P maximum.

Major Problems'

'NOX, 80y, dust emissions require cleanup with dirty fuels
Slagging, ash corrosion, erosion

ash diéposal -

nghwtemperature cycle—materials

F:brlcatlon, cost, availability, expansion, stress anslysis,
etc.

Limitations

‘Largest water-walled panel sections shipped about 12 ft wide
by 100 ft long.

Maximum furnace widths about 100 £t maximum as limited by
staying and expansion problems.

Large furnace size and welght set by oombustlon efficiency,
slag control.

Gas reolrculatlon for required NOy control in certain extreme
. cases.

Staged flrlng for NOy control preferred, but sufficient
regsidence time at high temperature must be maintained in
the furnace volume to ensure complete combustion after in-
jection of the balance of combustion air.

Special Design Considerations

Complex—long path
Circulation analysis
Furnace cleaning
Sootblowing

13
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unknown factors influencing coal-ash corrosion and oxidation are
considered. Every time a unit starts up and shuts down it must
transition through the 1000 to 1400 F (811 to 1033.3 K) range
where accelerated coal-ash corrosion occurs. Starting up and
shutting down with auxiliary fuels or clean fuels might be a pos—

sible approach, but this solution is not very attractive economi-

cally.

In applications for the advanced steam power cycle flrlng
coal, metal temperatures fall in the range from 1350 to 1550 F
(1005.6 t+. 1116.7 K), or in this high temperature window. How-

- ever, st.vable materials and/or protective coating may still have
to be cousidered, to permit actual operation. Hastelloy X tubing
wag ntilized for this cycle from the standpoint of stress, cor--
rosion, and oxidation resistance. The creation of this high~tem-
perature window presents  limitations on operating flex1b111ty of
the boiler, as metal temperatures must be maintained in this
range with little room for error. Where metal temperatures will
be higher than 1400 to 1600 F (1033 3 to 1144.4 K), i.e., above
the vapor point of most .corrosive liquid-phase alkali-iron-
sulphate complexes, metal depletion allowances will have to be
made. The assumption is also made that the units will 1) be base
load units and will not experience more than one to two shutdowns
per yvear and 2) be maintained at a sufficiently high lcad level
to maintain metal temperatures above this critical ash corrosion
temperature. Above 1600 F (1144.4 K) coal-ash corrosion rates
accelerate for most ferrous tube materlals Whlle ash is etlll
molten.

Furnace design policy, permitting the use of economic
materials, indicates that the gas should be chilled below the ash

solidification temperatures (1900 to 2400 F [1311.1 to 1588.9 K])-

before passing over high-temperature surfaces operating above
1100 7 (866.7 K) metal temperatures. This philosophy indicates
that cooling in the radiant furnace enclosure should be accom-

gllshed with cycle worklng ~fluid temperatures lower than 950 F
783.3 K).

In all cases where coals and high-sulfur fuels are fired
directly, sulfur removal equipment is required. In this study
these cleanup processes were considered to be a part of the
balance of plant. The cost of these cleanup systems is not re-
flected in the study described in this section.

Figure 6-3 presents an example of the determination of
nitrogen oxide emission; the effect of off- stoichiometric firing
ig indicated in Figure 6-4. Present furnace design policy for
flllng coals prefers the use of off-stoichiometric firing as the
main means of NOy limitation and control. With this control
system, fuel is burned substoichiometrically in lower stages of
the furnace, with the balance of combustion air added at the top
of the furnace after the gas has a chance to cool below accel-
erated formation temperatures for nitrogen oxide. :In addition to

15
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reclrculatlon of off-stomchlometrlc firing flue gas, low-
temperature air heat and low~turbulence burners may also be used
to depress nitrogen oxide formation in the furnace.

The effect of sulfur content in coals fired in a conventional
furnace on fly-ash resistivity is indicated in Figure 6-5. With
the firing of low-sulfur coal, there is a tendency for resistivity
to increase considexable over the average experienced for sulfur-
content coals. As precipitator temperature is raised, re51st1v1ty

- tends to be reduced to a more desireable range. Higher precipita-

tion temperatures may therefore be indicated for more economical
pre01p1tator design.

The effects of furnace chemistry and iron on sodium content
in coal £ly ash on ash softening temperatures are indicated in
Figures 6-6 and 6-7. As a furnace design policy it is desirable
to cool combustion gases below these ash softening temperatures
before passing gases over high-temperature convection surfaces.
The impact of this condition for coals with low ash softenlng
temperatures is to increase the radiant furnace size in propor-
tion to the rest of the boiler. Molten slag on metallic surfaces
should be avoided in regions where alkali, iron and nickel sul-
fates, and pyrosulfates might form. (Temperature range is from
1100 to 1400 F [866.7 to 1033.3 Ki1).

The conventional furndce was considered only for the
advanced steam energy conversion system. This furnace configura-
tion is shown in Pigure 6-8.

ATMOSPHERIC FLUIDIZED BED FURNACE

The atmospheric fluidized bed (AFB) was employed for the
base cases in the closed-cycle energy conversion systems. The
characteristics (auxiliary equipment included) and development
requirements for this type of furnace are presented in Table 6-4.
Its main advantages, major problem areas, limitations, and special
design considerations are given in Table 6-5.

Figure 6-9 is a general-flow schematic diagram for an AFB o
steam power plant. BAn example of the AFB modules are shown in Lo
Figures 6-10 and 6-11 for two applications: advanced steam cycle f
and closed helium gas-turbine cycle, respectively.

The sulfur dioxide emissions reduction attainable in atmos-
pheric fluidized beds is shown in Figure 6-12. There is a !
temperature range in which acceptable S0z reduction can be L
achieved; for this application, the temperature range is 1480 to C
1560 ¥ (1077.8 to 1122.2 K}). Figure 6-12 represents the 505 re- ;o
duction attainable with a lime-to-sulfur stoichiometric ratio
of approximately 2 to 1 and fluidizing conditions typical of
those being considered in this study. This characteristic
presents a very real limitation on the application of fluidized
beds to very high-temperature cycles where sulfur must be re-
moved and captured.

17
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Carbon burnup cells are employed to complete combustion of
particles that escape the main bed and are removed from the ex-
haust gas stream by the cyclone separators. The normal carbon
burnup cells provide only about 10 percent of the total thermal
output of the Lud system; they operate at about 2000 F (1366.7 K)
and accomplish wery little sulfur removal. This characteristic
suggests the development of a two-stage furnace bed system in
which a lower stage operating at elevated temperature would ex-
haust gas into an upper-stage bed operating under optimum sulfur
capture conditions.

An example of NOy emissions from atmospheric fluidized beds
is presented on Figure 6-13. This curve indicates the effect of
fuel nitrogen content and bed operating temperatures on NOy
emissions. Practically all of the nitrogen oxides produced in
fluid bed combustion are derived from fuel-based nitrogen, with

18
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Table 6-4

ATMDSPHERIC FLUIDIZED BED ARRANGEMENT
(Basic Furnace-Most Cycles).

Characteristics

Reduced ‘size (about 40% plan area of conventlonal
furnace) ) .

Crushed coal flred (1/4 1nch - 0) L .
Limestone bed material for 802 control (l/B 1nch - 0)
Low NOy emissions (half specified llmlt)

Requires control of partlculate em1551ons

Low cold-end dewpoints: R

Good heat transfer characterlstlcs

No coal—ash corrosion :

Auxrllary Equlpment Included

%

e & ¢ & 0 ©

Coal transport, storage, drylng, crushlng, feedlng, and
1nject10n system

Limestone transport, storage, dryrng, crushlng, feedlng,
and injection system ‘ R

Bed material extractlon, transport, and cooling system
Mechanical and electrostatic dust collectors

Air preheaters ;

Forced draft, induced draft, primary air and exhaust fans
Combustion control and safety interlock system

Valves

Development Requirements

Alloys for high-temperature cycles

Process development for solids handling
High~-temperature~solid transport eguipment

Mechanical development for tower construction
Multi~-tower (multibed) integrated steam and combustion
Control system development

21
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Table 6-5

ATMOSPHERIC FLUIDIZED BED-GENERAL CONSIDERATIONS

Main Advantages

e @ @ ® 9 & @ O

Reduced furnace size and weight
No coal-ash corrosion

No-50yx tailgas cleanup

No molten-slag-related problems
Maximum modular shop fabrication
Burn any solid fuel

Reduced coal grinding and drying
Low NOx emissions

Major Problems

High dust emissions require cleanup {mechanical and
electrostatic collectors)

¢ High-temperature tube sulfiding, corrosion-erosion
© Solids handling, higher solids heat losses
® Increased alkaline spent solids disposal (dry)
® (CO emission control, higher carbon losses
"®  High-temperature cycle materials
® Pabrication, cost, availability, expansion, stress
analysis, etc.
Limitations
® Maximum surface packing about 10 ££2/£t3 (bed volume)
with 1 inch o.d. tubes 1400~1600 F maximum bed tempera-
ture set by 80x removal at 1550 F maximum but below ash
softening temperature
® Minimum bed ignition temperature 1000 F
@ Minimum stable operation 1300 F
® Burn coals only in this study
Special Design Considerations
® Tube vibration and support
® Corrosion and erosion

22
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very little thermal NOy produced from the reaction of gas-phase
nitrogen and oxygen. This is a result of mean bed temperatures,
which are unfavorable to promoting this reaction.

The resistivity of £ly ash from fluidized bed combustors
as it varies with temperature is shown in Figure 6-14. . The low
acidity and free sulfur of dust emitted by fluidized beds results
in high resistivity relative to conventional £ly ash, and higher
precipitation temperatures are definitely indicated.

Typical parameters foxr f£luidized bed arrangement for
atmospheric units operating at one atmosphere are presented in
Figure 6-15 and Table 6-6. It was not possible to maintain these
conditions for every energy conversion system, because of very
real limits on the ability to install required heat transfer sur-
face in the fluidized beds and still maintain a size that pro-
vided a shippable module configuration. The maximum surface
density or-gacking achievable with 1 inch (2.54 cm) tubes is
about 10 ft2 (32.75 m2) of heat transfer surface per cubic foot
(m3) of active bed volume.

The fluidizing conditions given in Table 6-6 are indicated

for a conventional steam bhoiler with the heat transfer surface
requirements required hy that cycle when contalned in the given

26
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Figure 6-13. NOy Emissions from Atmospheric
Fluidized Beds (Ca 0/8 ~ 2/1)

bed configuration. For high-temperature cycles in which the
temperature differences for heat transfer are small (relative to
conventional steam conditions), a problem is experienced in at-
tempting to f£it the required heat transfer surface into the bed
volumes indicated in this table. This led to a compromise in
operational conditions. Wherever more than seven beds of the
indicated size were used in this study, the fluidizing velocities
had to be reduced to provide sufficient volume in the beds proper
for the required heat transfer surface. In certain cases the

bed depth had to be increased, resulting in increased fan power
consumption for the units in which there was a limit on the
fluidizing velocities.

Atmospheric fluidized bed units were not designed for
fluidizing velocities lower than about 2 f£ft/s (0.61 m/s). With
a low range of fluidizing velocities, a smaller mean particle
size results in the bed. This causes improved heat transfer and
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combustion efficiency. As fluidizing velocities are reduced to
low levels, however, bed agitation is reduced and a tendency of
coal material to conglomerate and stick to bed material is to

be expected.
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The following are general characteristics of the AFB com-
bustion systems as employed in this study:

1.

2.

Modular construction reduces f£ield labor considerably.

Reduced size—the AFB furnace utilizes approximately
40 percent of the furnace plan area occupied by a czon-~
conventional furnace.

Crushed coal is fired. The crushed coal in an atmos-—
pheric fluidized bed boiler is sized 1/8 inch (0.318 cm)
to 0, as compared to 70 percent less than 200 mesh for
a conventional- furnace. This sizing requires consider-
ably less grinding power.
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Table 6-6

TYPICAT PARAMETERS FOR FLUIDIZED BED ARRANGEMENT
ﬁ (Atmospheric Units)

i
:
i

: . CARSON BURNUP
|- S CONDITIONS MATN BEDS CELL {CBC)
% Bed Temperature (Tg), °F 1550 F 2000 ¥
: Excess air (XSAa}, % 20 20
: Particle Size Fed#® 1/8 in.~0 1/8 in.-0
i B . . .
i Velocities
; Upgs FE/S** 4.7 5.2
| ?min. filuidizing)
. Ue, (control) 5,0 5.3
2 ud, (design) 1.0 8.0
l Ut, {terminal) 26.0 32.0
!" Transfer coefficient
i g, Btw _ Tube 40 40 |
o O hr-ft2 F Wall 50 50
: Heights
! hg (static), ft 2.0 2.2 |
i he (econtrel), £t 2.5 2.4
| hy (dense phase), ft 3.8 3.5
A hp (design bed), £t 4.0 4.0 |
,i Bed densities
B |
hl p. (bulk), 1b/£t3 89 : 89 : |
| pp (particulate), lb/£t3 164 164
- Geometry
g by, £t 0.25 0.25
hy, £t 1.5 {1.5)
he - hp**, £t 4.0 * 4.0
hg, ft 6 6
ab/n, (£t2/injector) 9 3
Pg (in. H20) bed 3442236 36
Pg (in. H20) grid 12 12
: Pg (in. H20) total 48 48
: Pg (in. (psi) tatal 1.73 1.73
: Example
i 200 MW N (beds) 6 1
Towver
Filuid W {width) ft 12 12
Bed
Size L (height) ft 30- 30-
AL (area) ££2 360 360
. n injectors ] 40 120
| n

! * ¥luid.zing condition estimates are based on a single 0.05 inch
L mean particle size. Upg will vary roughly with mean particle
| size to the 3/2 power.
i
** Certain high-temperature cycles are surface-controlled and
fiuidizing velocities decreased, with bed heights increased

,.1 to fit required heat transfer surfaces into beds. Maximum

i

l

|

L

t

|

surface packing is about 10 £t2 per cubic foot of bed volume
‘when 1 inch o.d. tubke, is used.

+ Parameters defined in Figure 6-15.
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Dry limestone bed material was used for S0jp control.
Phis material is sized 1/8 inch (0.318 cm) to 0 and re-
quires only nominal grinding power and drying to render
it suitable for use in an AFB boiler. Limestone selec-
tion is BCR case 1359 or its equal and limestone con-
sumption was estimated using a 2/1 lime-to-sulfur stoi-
chiometric ratio to achieve an 85 percent sulfur removal
efficiency. 802 emissions were controlled within the
study limits.

Low NOy emissions are typical in the atmospheric
fluidized bed. Approximately one-half of the allowable
limit is emitted. Practically all of the nitrogen
oxides formed are derived from fuel-~based nitrogen.

Very little thermal NOy is formed in the combustion
process, because of low combustion temperatures. The
main fluidized beds operate at 1500 F {1116.7 K) and

the carbon burnup cell operates at 2000 F (1366.7 X),

and the carbon burnup cell operates at 2000 F (1366.7 K}.

The atmospheric fluidized bed reguires greater control
of particulate emissions than does the conventional
furnace. In the combustion process approximately 0.26
pound (0.117 kg) of limestone per pound (0.45 kg) of
fuel is required. In addition to the stone reaction
products that are formed, the coal £fly ash must be
collected and removed. Mechanical collectors from the
main combustion cells and the carbon burnup cell are
required before the gas is emitted to the electrostatic
precipitator. Approximately 0.15 pound (0.07 kg) of solids
per pound (0.45 kg) of fuel is tapped from the unit as
granular bed material. Approximately 0.16 pound (0.07
kg) of dust per pound (0.45 kg) of fuel is collected
from the carhon burnup cyclone and approximately 0.02
pound (0.009 kg) of dust per pound (0.45 kg) of fuel

is collected at the electrostatic precipitators. The
total solids produced by the atmospheric fluidized bed
are approximately 0.33 pound (0.15 kg) per pound (0.45
kg) of fuel. This material is alkaline and should be
handled in a dry state.

The AFB operates in an alkaline environment at reduced
temperature level, and very low sulfuric acid cold-end
dew points are attainable. This realistically allows
for the reduction in stack gas temperature and con-
sequent improvement in efficiency.

The AFB achieves on average improved heat transfer
coefficients, as compared with a conventional furnace,
resulting in lower installed heat transfer surface and
weight.
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There is no coal-ash corrosion problem. The ash products
produced are soft and will not adhere to heat transfer
surfaces. With proper combustion control, the classic
coal-~ash corrosion problem will not occur in fluid bed
combustion processes.

The fuel diagram for the AFB furnace is shown as Figure 6-16.
The auxiliary equipment required with a fluidized bed unit, which
is discussed in later sections, comprises the following items:

1.
2.

3.

Coal handling, drying, crushing, and feeding system.
Limestone handling, drying, crushing, and feeding system.

Hot-bed-material handling and cooling system. In this
system, heat is recovered from the spent bed material
with an airstream and is used to accomplish the coal
and limestone drying duty.

Mechanical and electrostatic dust collectors.

Recuperative air heaters, where required for low-level
heat recovery, were considered with a leakage rate of
approximately 7 percent. This leakage rate is helieved
to be somewhat optimistic, but obtainable with advanced
design. If air leakage rates of less than 10 percent
cannot be economically obtained in recuperative air
heaters, the use of an extended surface tubular air
heater of advanced design would be indicated.

Forced draft, induced draft, primary air, and drying

air exhaust fans are required. The power consumption

of the fans on a fluid bed unit is typically higher than
a conventional furnace. This is offset to some extent
by reduced grinding power consumption.

A combustion control and safety interlock system is re-
quired. Because of the multiplicity of heat transfer
circuits and combustion stages or beds required with
this system, a more complex startup system, control
valve arrangement, and safety interlock system are
reqguired.

Development Requirements

The AFB is an advanced furnace concept. Development work
is required in the following areas to reduce the cost and com-
plexity of the AFB:

1.

32

A major effort is indicated in establishing requirements
for the solids handiing system associated with the fluid
bed boiler. Much progress has been made in this area,
but optimization relative to the whole system and its
implied availability is not complete.
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2. Purther evaluation of heat transier surfacing of the
individual beds in the unit relative to circulation re-
quirements, pressure drop limitations, and integration
into the overall unit control system is indicated.

3. Mechanical development areas:
® Shutter type dampers for air inlet control.

® Partial dampers under fluidization grids to permit
segmental fluidization of beds.

® Mechanical support of long tube bundles.

¢ Header covers for headers in hot gas streams and in
fluidized beds.

@ Solids drop lines and valves.
e Bed startup and fuel injection systems.

Boiler Efficiency and Performance

Performance analysis indicates the need for further im-
provement in thermal efficiency, with additional solids cooling
and heat recovery for coal drying. There is additional room for
improvement in recovery of heat from solids and in reducing un-
burned combustible losses for the system. One of the more im-
portant uncertainties in f£luid-bed boiler design is combustion
loss and heat release patterns in the main combustion cells.

Depending upon bed operating condition and the type of fuel
fired in the main combustion cells, the amount of heat released
in the combustion bed itself and the amount of heat released in
the freeboard above the bed can vary significantly. Of the heat
released in the main bed, 90 percent occurs in the bed and 10
percent in the freeboard. This was assured by assuming encugh
residence time and sufficient oxygen at high temperature to burn
off most of the hydrocairbcn, carbon monoxide, and methane being
emitted from the bed.

Estimated Emissions

In these analyses, a lime-to-suliur stoichiometric ratio of
2 to 1 was provided. No addition of salt was employed to acti-
vate the bed material. With data available, this appears to be
a reasonable estimate for the expected sulfur capture of 85 per-
cent, but a slightly higher lime-to-sulfur stoichiometric ratio
may be required in practice to permit some flexibility in bed
temperature control. The effect of the additon of salt catalyst
may permit the use of lime-to-sulfur stoichiometric ratios of
less than 2 to 1, but this requires further development testing.
The effect of salt and resulting HCl partial pressure in the bed
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and their effect on highly stressed stainless steel tubing are
not fully known at this time. The estimated emissions from the
atmospheric fluid bed are within the specifications of the study
with NOx emissions approximatelv one-half of the level of that
permitted.

PRESSURIZED FLUIDIZED BED

The main characteristics, auxiliary equipment included, and
development regquirements for pressurized fluidized bed (PFB)
furnaces are summarized in Table 6~7. The main advantages,
major problem areas, limitations, and special design considera-
tions for pressurized fluid bed units are summarized in Table
6-8. A schematic diagram for a PFB steam power plant is shown
as Figure 6-17.

Examples of this furnace module are shown in Figure 6-18,
for the advanced steam cycle, and in Figure 6-19, for the closed-
cycle gas turbine. The advanced steam example is a tower module
with internal waterwalls which would contain the E£luidized beds.
The closed-cycle gas turbine example is a barrel type with in-
ternal refractory lining containing the fluidized beds. In the
latter arrangement, post feeders and risers with stick-type tubes
are used to limit gas-side pressure drops for the working £luid.
This unit operates at lower fluidizing velocities than does the
advanced steam module and permits the installation of more heat
transfer surface in a given bed. This reduces the number of bed
control systems and working-fluid control circuits. Within a
13 1/2 foot (4.12 m) outside diameter for transportability, the
maximum bed height achieved with this type of configuration is
about 6 feet (1.83 m). Larger sizes would require considerable
field fabrication of the containment shell with refractory lining.

When heat transfer surface requirements could not be achieved
withthis type of construction, the vertical tower type was em-
ployed, bnt the bed depths were increased at the expense of many
more beds. An increase in barrel diameter (to greater than 13
feet) to achieve more bed height means f£ield fabrication of
shells and was not considered in this study.

An air, gas, and solids diagram in supporit of the PFB com-
bustion system is presented in Figure 6-20.

An example of SOz reduction from pressurized fluidized beds
is indicated in Figure 6-21. Dolomite appears to be a more ef-
ficient acceptor of 503 than limestone for a lime-to-sulfur
stoichiometric ratio of about 2 to 1. This curve does not re-
flect the increased dolomite elutriation or explosion losses
that may be experienced in pressurized fluidized beis. With
dolomite injection, acceptable sulfur recoveries ar: achievable
over a wider temperature range (up to ~1200 F [131...1 K]).

Under PFB operating conditions, a sufficiently high bed tem-
perature must be maintained to calcine the calcium carbonate
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Table 6~7

PRESSURIZED FLUIDIZED BED ARRANGEMENT

Characteristics

® & 8 & @ 9 ©

Reduced size (about 10 percent plan area of conventiocnal
furnace)

Crushed-coal-fired (1/4 inch to 0)

Dolomite bed material for SOj control (1/4 inch to 0)
Reduced NOx emissions (1/3 specified limit)
Significant particulate removal control required

Low cold-end dew points

Good heat transfer characteristics

No coal-combustor ash corrosion

Auxiliary Equipment Included

Coal transport, storage, drying, crushing, feeding, and
pressure injection system

Dolomite transport, storage drying, crushing, feeding,
and pressure injection system

Bed material extraction, pressure letdown, transport,
and cooling system

Particulate removal equipment (mechanical and sand bed
filters)

Primary air system, cooling air, and exhaust fans
Combustion control and safety interlock system
Valves

Development Requirements

36

Alloys for high-temperature cycles
Process development for solids handling

High~temperature, high-efficiency particulate removal
system

Mechanical development for tower construction
Solids feeding and injection systems at pressure
High~temperature solids transport eguipment

Multi-tower (multibed) integrated gas turbine, steam
turbine, and combustion control system development

Rl 2
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Table 6-8

PRESSURIZED FLUID BED-GENERAL CONSIDERATIONS

Main Advantageé

Compact furnace—reduced size and weight
No coal-ash corrosion

No SOX:tail gas cleanup

No molten slag problems

Maximum modular shop fabrication

Burns any solid fuel

Reduced coal grinding and drying

Major Problems

le ©

; Startup and control of furnace and gas and steam turbines
i ® High alkali metal content in gases at high temperatures
} ® High dust emissions require extreme high-temperature gas
ﬂ cleanup for gas turbine; high dolomite elutriation losses,
. CaCO3 recombination
i ® High-temperature—tube sulfiding, corrosion -~ erosion
j @ Solids handling at high-pressure—injection, extraction
{ ® Increased alkaline spent solids disposal (dry)
: ° High-temperature cycle-materials fabrication, cost,
i availability, expansion, stress analysis, etc.
% Limitations
* ® Maximum surface packing, 10 ft2/ft3 bed volume with
o 1 inch o.d. tube
; ® 1600-1800 F maximum bed temperature set by dolomite
calcination and by S50y removal at 1750 F maximum; below
ash softening temperature
e Burns coal only, in this study
Turbine exhaust heat recovery required
° 1000 F minimum bed ignition temperature; minimum stable
operation 1300 F
. Special Design Considerations
{ * Tube vibration support, corrosion - erosion
e Differential thermal expansion
o Startup (auxiliary gas—turbine combustor)
@ Unit access '
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present in the feed material. This feature is indicated on the
equilibrium decomposition diagram of calcium carbonate in Fig-
ure 6-22. For the conditions selected in this study, bed tem-
perature of 1650 F (1172.2 K) is indicated to assure satisfactory
calcination and reaction with excess air in the range of 20 to
300 percent.

As the bed operating temperature is raised, alkali vapors
would increase in the gas. This will result in corrosion prob-
lems for the pressurizing gas turbine and may tend to be a
practical limit.

In order to ensure a gas-turbine-guality gas, considerahle
research and development work must be exerted in the removal of
high-temperature particulates from the exhaust gas stream from
these units. Additives and modified combustion conditions must
be experimented with to reduce the alkali compounds coming off
in this exhaust gas stream. Equilibrium analyses of typical
pressurized fluidized bed effluences are definitely roquired to
indicate how effluert ~hemistry maight be altered by modified
combustion conditions.

An example of nitrogen oxide emissions from pressurized
fluidized beds is indicated in Figure 6-23. The NOy emissions
also tend to increase as the lime~to-sulfur ~toichiometric ratio
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increases, and as bed operating temperature rises. The effect
of|higher lime-to-sulfur stoichiometric ratios on increased NOx
emissions is not fully understood but is thought to be related
to the increased COz partial pressure present from the products
of caleination of the feed, dolomites, and limestones tested.
Higher acceptor circulation rates also diminish the exposed coal-
ash species which adhere to the surface of the bed material and
are thought to have a catalytic effect on this process.

Typical parameters for fluidized bed arrangement for

pressurized units operating at 10 atmospheres (6.89 x 104 N/mz)
are presented in Table 6-9. These conditions reflect desirable
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Figure 6-22. Equilibrium Decompeosition of CaCOj3
in Fluidized Beds
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operating conditions for a steam boiler module. As with the
atmospheric flnidized bed, high-temperature advanced power cycles
with lower loy mean temperature differences than exit with the y
steam cycle reguire that considerably more heat transfer surfaces [
be installed in the bed combustion systems. The barrel type of
pressurized fluidized bed, previously discussed, permitted the
installation of more heat transfer surface in a given bed.

The following are general statements of characteristics of
the PFB combustion system studied:

1. Compact modular construction minimizes field labor.
2. Reduced size; the pressurized f£luid bed furnace is ap-

proximately 13 percent of the furnace plan area occupied
by a conventional furnace.
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; Figure 6-23. NOy Emissions from Pressurized
; Fluidized Beds
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Table 6-9

ARAMETERS FOR FLUIDIZED BED ARRANGEMENT
PRESSURIZED UWITS - 10 ATA

CARBON BURNUP

"CONDITIONS - MAIN BEDS CELL BEDS
Bed temperature (Pp), °F 1650° 2000 F
Excess air, % 20 20
Particle gize feed 1/4 inch - © 1/4 inch - 0
Velocities
Minimum Fluidizing (Upg), £t/s 1.3 1.4%
Control (Uc), ft/s 2.0 1.5
Design (Ud)' ft/s T{4.0)** 4.8{3.0)**
Terminal (Up), ft/s B.0 8,7
Transfer Coefficient
U Btu Tuhe 50 50
he-fel Wall 60 60
Heights
Static (hg), £t 6.0% 6.2%
Control (hc), £t 6.5 6.4
Dense Phase {(hg), ft 7.8 7.5
Design Bed (hy}, ft B.O** B.0**
Bed Densities
g - ib/ft3 - Bulk 66 66
pp — 1b/fe3 - Particulate 120 120
Geometry**+
fhn, £t .50 .50
ho, ft 1.5 1.5
he = hp, £t 8.0% 8. 0%
Ap/n. £t2/injector 9 3
Pressurce Drogs
Bed {aPg), in. H20 B4
orid {spg}, in. H0 28 28
Total APg, in. Hy0 112 112
Total APg, psi 4.04 4.04
Example
200 MW, Beds** 4 1
Tower diameter, ft i3.5 13.5
Fluid width, £t 9.5 9.5
Bed size depth, ft 9.5 9.5
area, ft2 80 90
No. of Injectors, min. ] 9

* Fluidizing condition estimates based on a single .05 inch

mean particle size. U

particle siZe to the 3 power.,

** Cartain high-temperature eycles are surface-controlled,
fluidizing velowities decreased, and bed heights increased
to f£it required heat transfer surfaces into beds. Maximum
surface packing about 10 ££2/ft3 of bed volume, when 1 inch

0.4, tubes are used.

will vary roughly with mean

=** The parameters are defiped in Figure 6-15 for AFB and PFB.

T

REPRCDU

ORIGINAL: 1200

OF THE

i POOR




Crushed coal is fired. The crushed coal in a PFB unit is
sized 1/8 inch (0.318 cm) to 0, as compared to 70 percent
less than 200 mesh for a conventional furnace. This siz-
ing requires considerably less grinding power but must
be injected at high pressure. _Injection air supply runs
about 100 psi (28.69 x 108 N/m2) above module pressure.

Dry dolomite bed material was used for S0 control. This
material is sized 1/4 inch (0.635 cm) by 28 mesh and re-
guires only nominal grinding power and drying to render
it suitable for use in a pressurized fluidized bed boiler.
Dolomite selection was BCR case 1337 or its equal, and
consumption was estimated by a 2:1 lime-to-sulfur stoi-
chiometric ratio, achieving a 90 percent sulfur removal

efficiency. Dolomite must be injected at pressure similar

to the coal.

Low NOyx emissions are typical to the pressurized fluid-
ized bed. Approximately one-half of the allowable study
limitation is emitted. Practically all of the nitrogen
oxides formed are derived from fuel-bhased nitrogen. Very
little thermal NOy is formed in the combustion process,
because of low combustion temperatures. The main fluid-
ized beds operate at 1650F (1172. 2 K) and the carbon
burnup cell operates at 2000 F (1366.7 K).

The pressurized fluidized bed requires greater control of
particulate emissions than does the conventional furnace.
In the combustion process approximately (.46 pounds

{(0.21 kg) of dolomite per pound (0.45 kg) of fuel is re-
quired. In addition to the stone reaction products that
are formed, the coal fly ash must be collected and re-
moved. Mechanical collectors are required following the
main combustion cells and the carbon burnup cell before
the gas is emitted to the granular bed filters. Approxi-
mately 0.19 pound (0.86 kg) of solids per pound (0.45

kg) of fuel is tapped from the unit as granular bed
material. Approximately 0.22 pound (0.1 kg) of dust per
pound (0.45 kg) of fuel is collected from the carbon
burnup cyclone, and approximately 0.02 pound (0,009 kg)
of dust per pound (0.45 kg)} of fuel is collected at the
granular bhed filters. The total solids produced by the
pressurized fluidized bed is approximately 0.43 pound
(0.2 kg) per pound (0.45 kg) of fuel. This material is
alkaline and should be handled in a dry state. Recupera-
tion of spent bed material, which was not considered in
this study, requires further development.

The pressurized fluidized bed operates in an alkaline en-
vironment at reduced temperature level, and very low
sulfuric acid cold-end dew points are attainable. This
realistically allows for the reduction of stack gas tem-
perature and improvement of efficiency.
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B.

The pressurized fluidized bhed achieves much improved heat
transfer coefficients on the average, as compared to a
conventional furnace. This permits lower installed heat
transfar surface and weight.

There is virtually no coal-ash corrosion problem within
the pressurized combustor typical to fluidized bed com-
bustion. The ash products produced are soft and will not
adhere to heat transfer surfaces, as with conventional
firing techniques, at very high temperature. Corrosion
of pressurizing gas turbine and particulate removal equip-
ment requires further study.

The auxiliary equipment required with a f£luid bed boiler,
which will be discussed in a later section, comprises the follow-

1.

Coal handling, drying, crushing, and pressurized feeding
system.

Dolomite handling, drying, crushing, and pressurized
feeding system.

Hot~bed-material handling and cooling system. In this
system, heat is recovered from the spent bed material with
an airstream and is used to accomplish the coal and lime-
stone drying duty.

Mechanical dust collectors. These mechanical collectors
must be highly efficient to produce gas-turbine-quality
gases at high temperature and pressure. Gas-turbine
dust limitations are severe, and performance of com-
mercial dust removal equipment must be demonstrated be-
fore major development proceeds. Combustion at pressure
results in higher alkali metal compositions than in at-
mospheric units and turbine blade corrosion-erosion is
potentially a serious problem. Further experiments with
modified combustion conditions are indicated.

Gas—-turbine air compressor, primary air recompressor,

and drying air forced and exhaust fans are required. The
power consumption of the compressors and fans on a pres-
surized unit is much higher than in a conventional
furnace, but is offset somewhat by reduced grinding power
consumption.

A combustion control and safety interlock system is re-
quired. Because of the multiplicity of heat transfer cir-
cuits and combustion stages or beds reguired in this sys-
tem, a more complex startup system and control valve
arrangement is required than for a conventional furnace.



Development Reguirements

The ErB is an advanced furnace concept. Development work
is required in the following areas, to reduce the cost and com-
Plexity of the PFB combustion systems:

1. Need for a major effort is indicated in establishing re-
quirements for the solids handling system associated with
the fluid bed unit. Much progress has been made in this
area, but optimization relative to the whole system and
its implied availability is not completa.

2. Purther review of the surfacing of the individual beds
in the unit relative to circulation requirements, pres-
sure drop limitations, and integration into the overall
unit control system is indicated.

3. The exhaust gas cleanup system which will produce a gas-
turbine-quality gas is required.

4. Mechanical Development Areas:
® Shutter type dampers for air inlet control
® Mechanical support of tube bundles

® Header cover: for headers in he* gas streams and in
fluidized beds

® OQutlet nozzles for high-temperature gas, allowing for
differential thermal expansions

@ BSolids drop lines and valves
® Bed startup and fuel injection systems

Boiler Rfficiency and Performance

Performance analyses inuicated the need for further improve-
ments in thermal efficiency, with additional solids cooling and
heat recovery for coal drying. There is room for improvement in
recovery of heat from solids and in reducing unburned combustible
losses in the system. One of the more important uncertainties
in fluid-bed boiler design at thisg point is comkustion losg and
heat release patterns in the main combustion beds of the boiler.
Depending upon bed operating depth and the fuel injection pattern
in the main combustion cells, the amount of heat released in
the lower bed and the amount of heat released in the upper bed
can vary significantly, resulting in temperature gradients. With
deeper beds, higher temperatures, and higher oxygen partial pres-
sures, combustion is expected to be more complete than in at-
mospheric units. Very low unburned hydrocarbon and carbon
monoxide emissions are expected. Development testing may



indicate the need for multilevel fuel injection and distribution
rather than simple injection at the base of the bed.

Estimated Emissions

The estimated emissions from the pressurized fluid bed are
within specified study limitations, with NOy emissions approxi-
mately one-third of the permitted level. 1In this study a lime-
to~sulfur stoichiometric ratio of 2 to 1 was provided. No salt
was added to activate the bed material.

Present experiment data indicate that this is a reasonable
arrangement for achieving a 90 percent sulfur capture. A
slightly higher lime-to-sulfur stoichiometric ratio may be re-
quired in practice, to allow some flexibility in bed tempera-
ture control. The effect of the addition of a salt catalyst may
permit the use of lime-to-sulfur stoichiometric ratios of less
than 2 to 1, but this requires further development testing. The
effect of salt and resulting HCR partial pressure in the bed and
their effect on highly stressed stainless steel tubing are not
fully known at this time.

PRESSURIZED FURNACE ARRANGEMENT

The characteristics, awnxiliary equipment included, and de-
velopment reguirements for pressurized (or supercharged) furnaces
are summarized in Table 6-10. The main advantages, major problem
areas, limitations and special design considerations for pres-
zurized or supercharged furnaces are summarized in Table 6-11.

An example of the pressurized furnace for one energy con-
version system application, advanced steam cycle, is presented
in Figure 6-24. 1In this type of furnace conventional type stean
bundles were used with internal refractory lining and support of
tube bundles from inlet and outlet headers. The pressurized
furnace (Figure 6-24) was used for low-Btu gas firing and featured
three stages of firing to control maximum gas temperatures and
velocities within the containment shell to limit absorption rates
and metal temperatures resulting in the heat transfer circuits.
The pressurized furnace shown in Figure 6-25 is an axample of !
another application to the closed-cycle gas turbine. This shows :
the post and stick type tubing arrangement on the working fluid
side to control pressure drops. The pressurized furnace shown
in Figure 6-26 fires high-Btu fuel in the closed gas-turbine .
cycle. 1In this pressurized furnace, 6 stages of firing were |
used to control gas temperatures and velocities within the module
and hence absorption rates in the tubing. i

A very real problem is experienced in these furnaces in

the inability to take advantage of the maximum absorption rates,
because of serious metal temperature limitations.
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Table 6-10
PRESSURIZED FURNACE ORIENTATION

Characteristics

Much reduced size

High heat transfer rates attainable

Clean gas fuel only (no particulates or sulfur)
NOy control by staged firing

Maximum shop assembly

Past control response

Auxiliary Eguipment Included

Valves
Combustion and burner controls

Development Regquirements

Diffusion burners

Serious materials limitations for high-temperature
cycles, limiting absorption rates

For high-temperature advanced power cycles, the need to
develop metals with 1500 to 1800 F (1088.9 to 1255.6 K) opera-
ting temperature and 6000 to 8000 psi (4.14 x 107 to 5.52 x
107 N/m2) allowable design stress is definitely indicated. Fig-
ure 6-27 indicates the general effect that pressure will have on
heat transfer surface requirements in pressurized or super-
charged furnaces.

OPEN-CYCLE MHD RADIANT FURNACE

In support of the open-~cycle MHD process the following
units were studied:

® Radiant furnace section

® Heat recovery boiler, including a superheated steam
section and a reheat steam section

® TIntermediate~temperature air heatex

® Heat recovery economilzer

Only the radiant furnace is discussed ig this subsection.
Although the main characteristics of the radiant furnace section

are similar to conventional furnace types discussed earlier, it
also includes special design features. A two-second holding time
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Table 6-11
PRESSURIZED FURNACE—GENERAL, CONSIDERATIONS

Main Advantages

Much reduced furnace size and weight
No coal-ash corrosion

Technology in hand

Good controllability

Fast response

Maximum modular shop fabrication

No gas cleanup

Major Problems

NOx control

Combustion control

High~temperature cycle-materials

Fabrication, cost, availability, expansion, stress analysis,
etc.

Limitations

Clean fuels only
Low sulfur, no ash

AFT 2200-2800 for NOy-control staged firing, and absorption
rate control

Turbine exhaust heat recovery required

Special Design Considerations

Tube vibration and support
Startup (auxiliary gas-turbine combustor)

Unit access

must be provided for the gases leaving the MHD channel, to per-
mit reactions started at the exit channel to go to completion.

As indicated in Section 2.8, this two-second holding time re-
duces the nitrogen oxides and allows time for seed reqctions.
Upon completion of this holding time, the secondary ailr necessary
to complete combustion is introduced.

The secondary air must be introduced at the top of the

furnace in such a fashion that it mixes more or less thoroughly
before the combustion products are ducted through the regenerative
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high-temperature air heaters, and an additional mixing volume
providing additional residence time must be provided £for this
purpase. Conditions in the open-cycle MHD combustion gas stream
are maintained near or slightly above stoichiometric conditions;
that is, oxygen content not exceeding about one-half percent.
This is required at the higher temperatures to prevent the forma-
tion of potassium pyrosulfates, which in a running liquid condi-
tion can be highly corrosive to ferrous and nickel bearing ma-
terials.

Special coal-ash and seed corrosion conditions are expected
to exist in the radiant furnace section. The environment in the
lower furnace is a reducing atmosphere, and slag deposition on ,
the tubes in the radiant furnace is expected to occur. Soot- o
blowers and wall blowers must be provided in the radiant furnace |
section to allow for cleaning and maintenance of heat transfer ;
surface. It is important that metal temperatures in the radiant
furnace section not exceed the 1000 to 1100 F (811 to B66.7 K) :
outside metal temperatures in the furnace environment. \\\

The main advantages, disadvantages, limitations, and special
design considerations for the open-cycle MHD radiant furnace are -4
indicated in Table 6-12. Figure 6-28 is a sketch indicating the Pt
design requirements of the radiant furnace.
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Table 6-12
OPEN~-CYCLE MHD RADIANT FURNACE ARRANGEMENT

Main Advantages

Simple in principle

Uses conventional materials in most of furnace

Disadvantages and Problems

Large furnace size and weight

Difficult NOy control; substoichiometric combustion
Seed corrosion—erosion, slagging

Coal-ash corrosion—erosion, slagging

Ash disposal, seed recovery required

50y, dust emissions require cleanup with dirty fuels

High~temperature cycle-materials, expansion, stress analysis

Limitations

Air injection after holding gases 2 seconds for NOy reduction

Control gas chemistry below or near stoichiometric at all
times

Special Design Considerations

Complex circulation analysis; difficult furnace heat balancing
Furnace cleaning, sootblowing

Slag, seed, and fly-ash removal and separation

i NOy control by staged firing

Secondary combustion stability, furnace mixing in large scale
Corrosion, erosion, refractory selection, and life

Arrangement to suit special air preheating requirements

Development Requirements

; Seed and coal-ash corrosion resistance
Materials at very high temperatures, velocities
® KpS0, melts at 1970 F

® Kp35307 melts at 450 F
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INTERMEDIATE INDIRECT HEAT EXCHANGERS AND
HEAT RECOVERY BOILER

The heat exchange between a prime-cycle working f£fluid and a
secondary-cycle working fluid is defined as an intermediate heat
exchange. When heat exchange occurs between products of com-
bustion and a secondary-cycle working fluid, the heat exchanger
is defined as a heat recovery boiler. WNo combustion occurs in
either heat exXchange device. Table 6-13 summarizes the main ad-
vantages and characteristics, major problems, limitations, and
special design considerations for these types of exchangers.

The intermediate heat exchangers were evaluated for the follow-
ing components relating to steam generation:

® Condenser for the liquid-metal topping cycle
® Argon cooler for the inert-gas MHD cycle
@ Helium cooler for liquid-metal MHD cycle
The heat recovery boilers were considered for:
® Insert-gas MHD cycle (after combustion in parallel cycle)
® Open-cycle MHD (after high-temperature air preheating)
® High-temperature fuel cell cycle.
Figure 6-29 demonstrates an intermediate heat exchanger

which was employed for the liquid-metal topping cycle. Figure
6-30 demonstrates a heat recovery boiler for the liquid-metal
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MHD cycle. Sketches of other equipment considered in this study
of the various cycles are shown in the individual cycle summary
parts of this section.,

Table 6-13
INTERMEDIATE INDIRECT HEAT EXCHANGER ARRANGEMENT

Main Advantages and Characteristics
Compact, leak-tight construction for gaseg, liguids
High transfer rates

Reduced size and weight
Modular design, maximum shop fabrication

Major Problems
Control difficulties, control systems

Very high heat fluxes, metal temperatures, and differential
temperatures

Cyclic thermal stresses, flow stability, ligquid-metal mass
transport

High temperature cycle—materials
Fabrication cost, availability, expansion, stress analysis

Limitations

Unit geometry and arrangement limited by complex struc-
tural problems

Special Design Considerations

Air in leakage in vacuum units
Tube vibration and support
Structural analysis

Unit access

Cycles Requiring Intermediate Heat Exchange
® Working fluid/steam
Liquid-metal topping—condenser

Inert-gas MHD-argon cooler

Liquid-metal MHD-helium cooler
o Combustion gases/steam

Inert-gas MHD

Open-cycle MHD

High-temperature fuel cells
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HIGH~TEMPERATURE ATIR PREHEATER

High~temperature air preheaters were employed for preheating
combustion air. These units were recuperative heat exchangers of
metal, tubular construction. The temperature ranges were from
700 F (644 X) to 1500 ¥ (1089 K). The higher temperature ceramic
air preheaters employed for final preheat in the open-cycle MHD
system are not discussed in this section. The major advantages,
disadvantages, limitations, and special design considerations
for this type of egquipment is summarized in Table 6-~14.

Table 6~14
HIGH~-TEMPERATURE AXR HEATER ORIENTATION

Major Advantages and Characteristics

Improved cycle thermal efficiency
Available technology

Disadvantages

Large size and weight
Inefficient heat transfer (tubular designs)
Considerable field fabrication (large units)

Limitations

Material strengths and properties at high temperature

Module size limited at higher pressure by shell design ;
considerations !

Special Design Considerations

Low heat transfer rates with low allowable pressure drops
Tube vibration

Gas-side safety; sootblowing
Maintenance accessibility

Startup requirements

Sketches indicating the application of these air heaters to i
proress cycles where required are indicated in Figures 6-31 ;
thr-ugh 6-34. Where high-pressure air must be heated by lower- i
pressure gases coming from a direct combustion process, the 1
dirtier gas stream flowed downward into the tube bundles. This 7
allows for a periodic cleaning of the inside of the tubes and is
a preferred arrangement for this type of exchanger. Where gases
are relatively clean they may flow on the shell side of an ex-
changer of this type, as indicated in Figure 6-33.

v T b e BT S
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Process requirements for the inert-gas MHD cycle indicated
that a special type of air heater/gas heater must be used. 1In
this unit, recirculated gas was blended with preheated air in
the air heater itself to allow for lower exit temperatures on
the unit and maintemance of the required combustor outlet tem-
perature for the process.

Figure 6-34 indicates an application of higher temperature
alr heaters to the open-cycle MHD case. This heat exchanger de-
velops running liquid slag through the tube bundle which, it was
hoped, would be compensated for by sootblowing as the seed soli-
dified. The potassium sulfate seed in combination with coal ash
will be highly corrosive in the running liquid condition, tend-
ing to attack iron and nickel constituents of the tubes used in
construction. In future efforts this air heater should be rede-
signed to chill the gas stream and solidify these seed and ash
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constituents before they pass over ccnvection surfaces at high
temperatures,

AUXILIARY EQUIPMENT

The auxiliary equipment required to support the different
combustion and heat exchange systems studied is summarized in
Table 6-15. The two furnace systems requiring the most extensive
auxiliary equipment system are the atmospheric fluidized bed and
the pressurized fluidized bed. These are described here in more
detail.

Solids Handling and Hot Gas Cleanup Process
Train for AFB Furnaces

In the AFB process, coal and limestone are injected into a
fluidized bed on a continuous basis to provide steady combustion
conditions and environmentally acceptable SO2 emissions. S0, ab-
sorption and bed operating levels are maintained by continuously
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Table 6-~15
AUXILIARY EQUIPMENT

Conventional Furnaces and Combustion Chambers

Regenerative ai-heaters (low-temperatures < 850 F [727.8 K]
gas inlet)

Steam coil airheaters (high-sulfur coal and semiclean
ligquid firing)

Fans

Forced draft

Primary air (coal firing)

Induced draft

Gas recirculation {inert-gas MHD coal combustors)
Burners, ignitors, burner front piping, and valves

Combustion control and safety interlock systems
{including control, safety, miscellanecus valves and
sensors, regulator and devices)

Pulverizers and feeders {coal firing)

0il pumping and heating sets (semiclean liguid firing)
Sootblowers (coal, semiclean liquid firing)

Wall blowers and deslaggers (cocal firing)

Open-Cycle MHD Combustors and Furnaces

® Combustors
Pulverizers and feeders
Pressurized coal injection system
Booster compressor for coal injection
Coal processing equipment
® Heat recovery furnaces
Combustion control and safety interlock systems
Steam temperature, pressure, and flow control systems
Soot and wall blowers

Pressurized Furnaces

® Combustion control and safety interlock systems

¢ Fluid temperature, pressure, and flow control systems
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withdrawing spent sorbent materials from the AFB, whereas elutri-
ated bed materials are captured in the hot gas cleanup equipment.

Limestone Handling System. Limestone will be delivered to
the plant site by rail, unloaded, transferred to, stored in, and
reclaimed from a storage pile for drying and crushing prior to
AFB injection {(a balance-of-plant responsibility). The lime-
stone processing is similar to the coal handling process.

Coal and Blend Handling and Processing System, Coal will
be withdrawn on a continuous basis from a day storage silo and
dried to provide proper screening and blend transport properties.
Once the AFB's solids removal system has reached steady-state
operation, the hot exhaust gases from the spent solids cooler
is employed for the coal and limestone driers. The 2 inches
(5.08 cm} x 0 dried coal will then be ¢rushed to 1/8 inch (0.318
cm) x 0 by a Gundlach Cage-Paktor crusher with prescreening and
recirculation used to minimize the amount of fines. It has been
estimated that with the above arrangement the amount of coal less
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than 500 microns or 28 mesh in size can be reduced to 20 percent
or less.

After being crushed to size, the coal and limestone flows
are mixed in a blender and transported by belt conveyors and
bucket elevators to 4~hour blend holding hoppers positioned above
each steam generator module. The blended material is withdrawn
from the holding hoppers by vibrating feeders, which discharge
to vibrating conveyor/tables, positioned on each side of a module
and containing multiple outlet pipes that feed the module's -
fluidized beds. Primary air is injected into the vibrating
tables to pneumatically assist the blend bed injection process.

In addition toc the above described blend-feed arrangement a

separate limestone holding hopper and feeder is provided for the

carbor burnup cell (CBC). This arrangement permits the latter \\
£0 be operated without coal injection in the event of high carbon

carryover from the other beds. D

Spent Sorbent Handling System. Spent sorbent material will L
be withdrawn from the AFB process by the use of a butterfly valve
and a high-temperature vibrating feeder. After being withdrawn
from the module the spent material is transported via a high-
temperature vibrating conveyor to the spent-solids cooler. 1In
the latter unit the hot bed material is cooled to approximately
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300 F (422.2 R) in an air fluidized bed. The hot exhaust gases
from the solids cooler will be ducted to the dryer units to dry
the coal and limestone.

Hot Gas Cleanup Eguipment. Solid material elutriated from
the AFB beds will be removed from the gas stream in two stages.
The first stage of gas cleanup equipment will consist of nulti-
tube cyclones, whereas electrostatic precipitators will be pro-
vided as the second and final stage cleanup device. Solid ma-
terial captured in the cyclones will be returned to the AFB pro
cess by injecting suci. into the 2000 F (1366.7 X) CBC for com-
bustion of previously unburned carbon.

The gases exiting from the CBC will pass through multitube
cyvclones before mixing with the module's main gas stream, up-
stream of the electrostatic precipitators. 8o0lid material cap-
tured in the CBC cyclones will be transported to the solids
cooler and removed from the process after cooling. High-temper-
ature, tubular air preheaters will be provided as required to
limit cyclone/precipitator gas inlet temperatures to 730 F
(661 K). Low-temperature recuperative alr preheaters will be
provided as required to minimize stack temperature losses.

Forced draft, induced draft, and booster fans are included
to supply all necessary primary and secondary air streams.

Solids Handling and Hot Gas Cleanup Process
for PFB Furnaces

In the PFB process, coal and dolomite are injected into a
fluidized bed on a continuous basis to provide steady combustion
conditions and environmentally acceptable SO, emissions. The
S02 absorption and bed operating levels are maintained by con-
tinuously withdrawing spent sorbent materials from the PFB;

elutriated bed materials are captured in the hot gas cleanup
equipment.

Dolomite Handling System. Dolomite will be delivered to the
plant site by rail; it will then be unloaded, transferred to,
stored in, and reclaimed from a storage pile for drying and crush-
ing prior to PFB injection {a balance-of-plant responsibility).
Dolomite processing is similar to the coal handling process,
which is next described in detail,

Coal Handling and Processing System. Coal will be withdrawn
on a continuocus basis from a day storage silo and dried to a sur-
face moisture of less than 1 percent, as required by the Petro-
carb injection system. Once the PFB's solids removal system has
reached steady-state operation, the hot exhaust gases from the
spent-solids cooler will be used for drying. The 2 inch (5.08
cm) x 0 dried coal will then be crushed to 1/4 inch (0.635 cm) x
0 by a Gundlach Cage~Paktor crusher, with prescreening and recir-
culation used to minimize the amount of fines. Gundlach has
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estimated that with the above arrangement the amount of coal less
than 500 microns or 28 mesh in size can be reduced to 20 percent
or less,

After being crushed to size, the coal will be transported
to a holding hopper located above the system. Although coal is
withdrawn from this hopper in batch amounts, the coal drying and
crushing is done on a continuous basis. The coal storage in the
intermediate hopper will vary from a minimum of 2 hours to a max-
imum of 4 hours. Level indicators in this hopper will signal the
coal processing egquipment to speed up or slow down to match with-
drawal rates, while still maintaining at least 2 hours of storage
at all times. Before entering the lock hoppers, the coal will be
put through a final stage of cleanup consisting of screening and
magnetic scalping.

Spent Sorbent Handling Svstem. Spent PFB sorbent materials
will be withdrawn from the process and cooled to approximately
300 F (422.2 K) by the use of surge hoppers, lock hoppers, high-
temperature vibrating feeders and conveyors, and a f£luidized bed
cooler., The spent material will drain through a refractory lined
pipeline provided at the bottom of the beds and collect in a
pressurized lock hopper. A butterfly valve will be provided up-
stream of the surge hopper to control the amount of solids drain-
ing out of the PFB by gravity. When a predetermined solids level
is reached in the lock hopper, the butterfly valve will close
momentarily, to stop the flow of solids as the upstream lock
hopper valve is closed to isolate such from process conditions.

Having completed the isolation, the butterfly valve will be
opened to its previous position to resume solids draining but
with such now collecting in the surge hopper. The lock hopper
will be depressurized, the outlet valve opened, and collected
material fed onto a high-temperature vibrating conveyor by a
vibrating feeder, The lock hopper will fill during the first 30
minutes of evexry hour and empty during the last 30 minutes of the
hour. When the lock hopper's fill cycle starts up again, the ma-
terial collected in the surge hopper during the latter 30 minute
interval will discharge into the lock hopper. Depressurized
solids material will be transported to an air-fluidized solids
cooler, where the unburned coal (PFB may contain up to 1 percent
coal by weight at any point in time) will be combusted and the
material cooled to 300 F (422,2 K). To avoid loss of the heat
content of the solids, the exhaust gas from the solids cooler will
be ducted to the coal dryer.

Although this could be considered a conventicnal approach
for depressurizing hot solids, it does require the use of leak-
tight valving at the lock hoppers. The valving selected and
costed for this preliminary design possesses a water-cooled
stainless steel body and utilizes gas blast cleaning of the
seats and a seat wiping movement of the plug.

66

o T

T



TR O RETERE T Teesh

Hot Gas Cleanup Equipment., The hot gas cleanup equipment
selected and costed consists of Aerodyne two-stage cyclone col-
lectors followed by Ducon granular bed filters. The PFB and CBC
exhaust gases pass through the cyclone separators and into the
granular bed filters through refractory lined carbon steel pip-
ing. Solid material captured in the PFB combustor cyclones will
drain through trickle valves into a collecting hopper that feeds
by gravity to the CBC injector vessel, A butterfly valve pro-

vided in the interconnecting piping will control the hopper drain-

ing and, when closed, will permit the CBC injector vessel to be
pressurized and fluidized for fines injection into the carbon
burnup cell.

Solid material elutriated from the CBC and escaping from
the PFB combustor cyclones is expected to contain a negligible
amount of unburned carbon. As a result, fines captured in the
CBC cyclone and granular bed filters will not be injected into
the CBC, but instead will be depressurized in surge hoppers and

lock hoppers. Since these particles have already been elutriated

once, it is expected that an attempt to cool this material and
recover its heat by introducing it into the spent-sorbent-solids
cooler would result in re—elutriation and pneumatic transport to
the coal dryer. Solids elutriated from the coal dryer will be
captured in the dryer's cyclone system and returned to the coal
stream, going on to the Petrocarb unit and into the PFB combus-
tor. Rather than recirculate the CBC cyclone and granular bed
Eilter fines, these materials will be pneumatically transported
to a water slurry vessel for slurrying and transport to the
spent—-ash pond.

FURNACE ANALYSIS CONSIDERATIONS

An analysis procedure was established for each of the fur-
nace types previously described. Their purpose was to develop
the furnace performance, size and weight, auxiliary energy re-
quirements, and capital costs. Table 6-16 is an outline of the
analytical procedures that were followed.

FURNACE SIZING, HEAT AND MASS BALANCES

The module sizes of the various types of furnaces investi-
gated depended on various considerations. The arrangement and
construction technique which is employed for each energy con-
version system is identified in a later subsection, where each
energy conversion system is individually discussed.

The sizes of the atmospheric fluidized bed towers were set
by the maximum shippable tube bundle module. This was not more
than about 12 to 13 feet (3.66 to 3.97 meters) wide by 25 to 35
feet (7.63 to 10.68 meters) deep. The height of a tower unit
(consisting of multiple beds) was set by the number of beds, the
depth of the individual bed, the freeboard allowance, and the
height of the convection sections installed in each cell of the
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Table 6~16

SEQUENTIAL ANALYTICAL PROCEDURE OUTLINE FOR
COMBUSTORS AND PRIMARY HEAT EXCHANGERS

I. Combustion Analysis (per unit of fuel basis)

A. Se’ect excess air for good combustion.

Atmospheric fluidized bed - Coal 20%
Pressurized fluidized bed — Coal 20%

Pressurized furnace ~ LBtu 15%
Pressurized furnace — HBtu 109
Conventional furnace - Coal 20%
Conventional furnace — SRC 20%
Combustion chamber — Coal 20%
Combustion chamber -~ IBtu i5%

Perform combustion analyses
B. Determine mass balance.

Air required, lb/1lb of fuel
Gas produced, l1lb/1b of fuel
Solids out, lb/1lb of fuel

C. Set unit exit temperature for gas and solids streams.
D. Calculate total sensible heat input.

Net heat released, Btu/lb of fuel
Heat content of air abkove B0 F, Btu/lb of fuel

E. Calculate: Furnace heat absorption or output to working
fluids, Btu/lb of fuel = D, - C.

F. Establish emissions.

SOx, 1b/10%® Btu
NOy, 1b/10% Btu
co, 1b/10% Btu
bust, 1b/1lb fuel
Percent solids as bottom ash, 1lb/lb of fuel

G. Calculate: Furnace efficiency.
Qout/Qin # E./D.
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II.
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Table 6-16 (Cont'd)

H. Select number of firing stages to control NOx or heat
absorption rates or module size.

Set: Output required to prime cycle and/or output per

gas,

and solids

A. Select furnace gas velocities for good combustion,
absorption rates, NOx contreol, fluidization.

5
2
30
30
30

to
to
to
to
to

10 ft/s
7 £ft/s
40 ft/s
50 ft/s
35 £t/s

Determine furnace dimensions for gas passage at reas-

Select containment shell type, casing type.

Calculate weights and select material compositions for

Determination of Flow Rates
AI
standard module
B. Calculate: Fuel input required, lb/hr
C. Calculate: Flow rates of air,
Furnace Sizing
Atmospheric fluidized bed
Pressurized fluidized bed
Pressurized furnace
Conventional furnace
Combustion chamber
BI
onable velocities,
C.
Heat transfer monowall
Refractory lined casing
Refractory lined casing with air gap
D'
casings per foot of height.

Heat Transfer Surface Requirements

A,

B.

CB

Define heat transfer services and determine duty of each.

Select location of each service in gas passage.

Calculate hot fluid temperatures, determine log mean
temperature differentials, and set overall heat trans-

fer coefficients.

Calculate surface area requirements.
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Table 6-16 (Cont'd)
Determine volume reguired for heat transfer surface.
Set dimensions of heat transfer surface and containment

shell or walls, allowing free space for access, staged
firing, scotblowing, etc.

V. Materials Selection and Weights

A,

B.

Determine or judge peak absorption rates and estimate
inside fluid film and metal conductances for each heat
transfer circuit.

Determine or judge mean metal temperatures.

Select material to give practical tube wall thickness
and corrosion resistance for design pressures and temper-
atures.

Determine heat transfer surface weights and add 5 to 30
percent for tube stubs, headers, piping, etc., depending
uoon complexity.

VI. Cost Estimating

A.

Combustors and heat exchangers:

+ surface weight x cost rate
+ casing, shell, etc. weight x cost rate

+ allowance for flues, ducts, valves, buckstays,
hanger, insulation, lagging, etc.

+ allowance for burners, grids, needles

Heat exchanger costs

B. Buxiliary equipment:
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boiler., Additional allowance must be made for inlet and gas out-
let areas in sach cell.

The size of the pressurized fluidized bed depended upon a
maximum shippable module that was 13.5 feet (4.12 meters) in out-
side diameter. Within this containment shell configuration, cerxr-
tain sizes of beds were permitted. A 9,5 x 9,5 foot (2.9 x 2.9
meter) sguare bed with waterwall-type enclosures was permitted
for a vertical tower arrangement. With refractory lining a simi-
lar type construction was permitted. The height of the pressur-
ized fluidized bed tower depended upon bed height, allowable
freeboard height, space for convection tubes, and gas outlet and
air inlet areas of the unit,

A barrel type of design was also considered for the pressur-
ized fluidized bed. The actual bed area installed in each barrel
is limited by maximum allowable gas outlet velocities in the out-~
let sector at the top of the bed. These units were limited to a
bed height of 6 feet (1.83 meters) and a reduced Ffreeboard sec-
tion considered, with the lower fluidizing velocities used in
these designs. For a given quantity of fuel fired and gas gen-
erated at these lower fluidizing velocities, this type of fluid-
ized bed permits the installation of more heat transfer surface
than the tower type with an equal number of beds. The tower type
of design permitted maximum bed heights of 8 to 10 feet (2.44 to

3.05 meters), as compared with the 6 foot (1.83 meter) maximum in
the barrel design.

The pressurized furnace sizing was based on the maximum
shippable diameter, with deductions for internal refractory lin-
ing and/or air-gap cooling in combination with refractory linings.
The height of the pressurized furnace was mainly determined by

the space required for installed heat transfer surfaces, burner
staging, and access areas.

The conventional furnace sizing depended on conventional
practice, the allowable input per unit of plan area and furnace
surfacing considerations governing height. With the conventional
furnace type of construction, waterwall panels wider than 100
feet (30.5 meters) are to be avoided because of thermal expansion
and the difficulty in staying and bracing so long a span on the
boiler. The height of the conventional furnace is determined by
the amount of heat transfer surface that can be installed and by
surrounding waterwalls, partition walls, and division walls in
the design, with allowance for burner zones within the furnace.

The combustion chambers considered for the inert~gas MHD cy-
cle were of special design concept. In these furnaces fuel is
fired around the circumference, to create centrifugal forces that
will throw slag toward the refractory surfaces of the unit. It
was assumed that a running liquid slag layer on a partially frozen
slag layer would be maintained within this type of unit. The pro-
cess conditions required a 90 percent slag rejection in the com-
bustion chamber before passage of gases into the high-temperature
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working £luid heaters. After this tangential injection in the
main furnace, gases recombine and drift upward at lower veloci-
ties, reducing the entrainment of slag, fog, and liguid droplets
to the upper zone of the furnace. The height of this unit is
set by the burner space required in the unit.

A detailed estimate of NOx emissions from the various fur-
naces was not made. It is felt, however, that such emissions
are within the capacity of the combustion systems described.
The basic weight, cost, and performance of the combustion systems
given are not expected to be affected by redesign which might be
required for NOy reduction from the evaluated design concepts.

REVIEW OF FUELS AND COMBUSTION

A combustion analysis was performed for all the fuels and
appropriate excess air rates under consideration. These analyses
were used to estimate enthalpies of the combustion gases.

To estimate the quantity of gases for AFE and PFB processes
a conventional coal combustion analysis was conducted which as-
sumes complete combustion of all species. The gas weight and
molecular weights were adjusted to compensate for the products
of limestone-sulfur trioxide reaction. For the AFB and PFB
cases, the moisture removed in the coal and limestone drying pro-
cesses was considered to be fired with the fuel in the boiler.
This is an approximation, the net effect being to raise the gas
quantity and percentage of moisture in the exhaust gases. Table
6-17 lists the fuels that were analyzed. Table 6-18 summarizes
the results of the combustion analyses that were performed.

Table 6-17
FUELS FIRED
Coals
e Illinois No, 6
@ Montana Subbituminous
@ North Dakota Lignite
© Semiclean fuel (solvent refined coal)

Low-Btu Gases (from all three coals)

Intermediate-Btu Gases (from all three coals)

High~Btu Gases (from Illinois No. &)

Fuel Cell Waste Gas
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Table 6-18
SUMMARY COMBUSTION RESULTS
Coals Illinois No. 6 Montana Subbituminous North Dakota Lignite Semiclean Fuel

HHV, Btu/lb fuel 10788 8944 6890 15602

Furnaces CF AFB PFB CF AFB PFR CF AFB PFB CF CH
Lb combn air/lb fuel 9.951¢% 9.9521 9.9518 8.1755 B8.1755 8.1756 6.3258 6.3262 6.3258+ 14.3611
Excess air, § 20 20+ 204+ 20 20 20 20 20 20 20
Lb gas/1b fuel 10.8555 10.B738 10.9729 9.1005 9.0993 9.1222 7.2638 7.2637 7.2832 15.3211
W/W, % Hy0 6.8% 6.1 6.03 7.14 7.1 7.14 9.61 9.6 9.61 6.81
Lb ash/1b fuel 0.096 0.096 0.096 0.075 0.075 0.075 0.062 0.062 0.062 0.001
Lb stone products/lb fuel -— 0,233 6.3301 —_— 0.051% G.0701 —_ 0.0445 6.0610 -_—
Teotal solids, lb/lb fuel 0.096 0.3290 0.4261 0,075 0.1269 0.1451 0,062 0.1065 0.1230 0.01
Acceptor Stone Dolomite Stone Dolomite Stone bolomite
Lb/1b fuel ¢.2512 0.4475 0.0512 0.5451 0.0451 0.6166

Fuel Ga Low-Btu Gas High

ue ses " - - — i Temperatu

Illinois No. 6 Montana Subbituminous North Dakota Lignite guel Cgilat e

HHV, Btu/lb fuel 2340 23148 2047 1402

Furnaces PF PF PP
Lb combn air/lb fuel 2.8132 2.33711 2.1978 2.1596
Excess air, % 15 15 13 —_—
Lb/gas/1b fuel 3.8132 3.3371 3.1978 3.1596
W/W 3 Hy0 15.14 16.53 16.87 Jo—

Intermediate-Btu Gas iah
Fuel Gases Illinois No. © Montana Subbituminous North Dakota Lignite High-Btu Gas

HHV, Btu/lb fuel
LB combn air/lbh fuel
Excess air, 8

LB gas/1b fuel
W/W, % Ha0

6673

5.0171
15

6.0171
1].15

6534

4.7264
15

5.7264
11.34

6333

4.5202
15

5.5202
11.35

22651

17.8949
B

18.8949
12.52

22651

18.2263
10

19.2263
12,33

R o

=1




Table 6-19

HEAT TRANSFER PARAMETERS FOR PRIMARY AND
INTERMEDIATE AIR PREHEATER HEAT EXCHANGERS

Uo (Btu/hr-~ft2-°F) T1~-T5 (°F) Gas.Temperature
Range Utilized Ranges
AFB
Bed 35 - 45 40 1550
Convection 12 - 15 13 1550 - 730
PFB
Bed 45 -~ 55 50 1650
Convection 15 - 20 17 1650 - 1600
BF
Convection v - 60 55 2800 - 1800
2800 - 1150
cE
Radiation 15 - 25 20 4000 -~ 2000
Convection 12 - 15 13 2000 - 700
HTAH
LP Convection| 4 - 6 5 850 - 250
HP Convection] 6 - 9 7 1700 - 730
VHP Convection|l2 - 15 13 2200 - 700
Cycle Service Uo Range Utilized T1-T2(°F) Ranges
THX
LM-MHD He - Cooler 55 - &5 60 1300 - 200
K TOoP K - Cond. 210 - 230 220 1100 - 1000
IG-MHD Ar - Cooler 20 - 30 25 1800 - 260
WHB
IG~MHD Gas Cooler 15 ~ 25 20 1930 - 5490
0OC-MHD Economizer 12 - 15 13 700 ~ 300
NOTE :
HTAH = High-temperature air preheater
IHX = Intermediate heat exchanger
Lp = Low pressure
HP = High pressure
VHP = Very high pressure
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Table 6-20

SUPER ALLOYS AND ALLOYS

Rough Chemicals Densitg
Chromium | Nickel Other (1b/in->)
Carhon steel +
low alloy 0-5 - - 0.286
Austenitic stainless
steel 18 8 — 0.290
Hastelloy X 22 45 19 Fe, 2 Co, 0.297
9 Mo
Mo-Re 2 34 48 16 W, 0.75 81| 0.330
0.3 Mn, 0.2 C
Inconel 601 23 61 1.521, 1 Cu 0.291

1o Fluid Beds

S, - Maximm Surface Packing (107 £t?/Bed)

Surface Density ftszt‘?'

Outside Tube Diamater (inches)

Figure 6-35. Surfacing Arrangements for Fluidized Bed Cases
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HEAT TRANSFER AND SURFACING

A detailed determination of heat transfer cuefficients for
each energy conversion system was not made. Judjyments were made
as to the magnitude of heat transfer coefficients in individual
cases. As an example, the overall average coefficient throughout
the convection pass on a large utility beoiler at atmospheric pres-
sure will be approximately 12 to 15. These judgment values w2are
employed for heat exchanger analysis. Boiling heat transfer co-
efficients were not the controlling thermal resistance and were
neglected for most determinations. Likewise, where gases heat
ligquids the inside film resistance is not controlling and was
neglected. The metal selections were not optimized and practical
judgments based on experience were made,

Table 6-19 indicates the overall coetficients used for the
various energy conversion systems in this study. Shortcuts taken
in estimating temperature differences or log-mean temperature dif-
ferences early in the study resulted in eventual changes when
time was available for reviewing the method of surfacing and tem-
perature difference calculation.

Where parametric variations affected only capacity, heat
transfer element weights and costs were prorated on a capacity
ratio., Where parametric variations affected only allowable pres-
sure drops through the banks, prorations of heat transfer surface
were made for changes in tube diameters, and resulting weights
were required to stay within new pressure drop limits.

Curves are presented in Figure 6-35 indicating surface pack-
ings and surface densities attainable in fluidized bed arrange-
ments. Where fluidized bed designs for heat transfer were lim-
ited, these curves were employed to establish the number of beds
and bed volume required to accomplish the required heat transfer
duty for the cycles.

METAIL SELECTICN AND PRESSURE PART WEIGHT

A brief procedure for estimating weights of heat transfer
surfaces and pressure parts includes the following steps:

1. Determine average absorption rates, considering overall
heat transfer coefficients and linear varlation of
fluid temperatures, at hot end, middle, and end of
surface,

Increase absorption rates by a factor to determine
spot or local rates for metals selection:

Furnace Typical Factors
AFB Bed 1.4 - 1.6
AFB Convection 1.4 - 1.6
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Furnace Typical Factors :
PFB Bed 1.4 - 1.6
PFB Convection 1.4 - 1.6 b
PF Convection l.4 - 1.6
CF Radiation 1.8 - 2.2 ;
CF Convection 1.2 - 1.6

2. Estimate inside fluid f£ilm and metal conductances.
3. Determine mean mecal temperatures.

4, Select practical metal wall thicknesses for regquired
design pressures and temperatures, and pressure drop
limits.

5. Determine surface weights and material compositions.

6. Determine pressure part weights, adding 5 to 30 percent
to surface weights for manifolding, headers, piping,
etc., reflecting circuit complexity.

The composition and densities of the materials utilized for these
parts is given in Table 6-20.

The curves shown in Figure 6-36 indicate the allowable de-
sign stresses considered for the materials of construction in
this study. Figures 6-37 through 6-39 show the curves that were
used in estimating required ratios of average wall thickness to
diameter as a function of design temperature and pressure. Some
representative minimum wall limits are also indicated on these
diagrams. The maximum practical ratio of average wall thickness
to diameter considered in this study was about 0,375. The curve
presented in Figure 6-40 indicates the weight, in tons per mil-
lion sguare fest, of outside heat transfer surface from the wall-
thickness selection procedure and the internal flow area for 1000
tubes of the sizes indicated and average wall thickness required
(see Table 6-21). No analysis of startup requirements and load i
changing requirsments were performed in this study. 1In the heat 1
exchangers studied, no more than one metals change was consid- !
ered within one tube bank.

Table 7 21

HEAT EXCHANGER SURFACE WEIGHT AND FLOW AREA

Surface Weight Internal Flow Area
-20)24.2
= 20592 a{l-a)dy%C —pi9BE o ¢ = l.000 cs  |Ag = TH=28L0” 4 000 £e2/
= vte = 1.0l4 55 4(144) 1000 tubes
- = 1.063 I601
_ AW = 1.039 HX .
4 = 1,154 MO-RE2
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Maximum Allowable Stress (1000 psi)

18

16

14

12

10

SA-213-T?
5A-213-T11
S5A-213-T22
S5A-210-Al

5a-210-C

HK

HT

Incoloy 800
Mo-Re 1
Mo-Re 2
Hastelloy X
22H

Inconel 600
Haynes 188
RA-333
Inconel 601

€00 800 1000 1200 1400 1600 1800 2000
Mean Tube Wall Temperature {OF)

Figure 6-36, Primary Combustor Materials and Allowable Design Stress

SA-213 TP-304H

SA-213 TP-316H
5A-213 TP-347H
SA-213 TP-321H
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COST ESTIMATING

The cost estimate procedure in this study was integrated :
with the design evaluations. An outline for this procedure is f
given in Figure 6-41, Table 6-22 summarizes the basic materials .
and welding costs. It was assumed that one weld would be re-
quired every 22 feet (6.8 meters). This permitted the generation
of a cost value per foot of welded pipe. When cost estimates
were obtained early ir, 1975, these were prorated back to mid-1974
conditions.

Table 6=-22

PRIMARY COMBUSTOR MATERIAL COSTS
In 1974 Dollars

Material 5/1b 5/Weld#* Remarks i.
SA-210 Al 0.40 14.20 Conventional §
SA-213 T2 0.51 15.45 Conventional !
SA-213 T12 0.54 15.45 Conventional ;
SA-213 T22 0.69 15.45 Conventional g
SA-213 TP304H 3,12 14.90 Conventional |
SA--213 TP347H 4,15 14,90 Conventional
Inconel 601 3.48 16.40 Heat to bend
Hastelloy-X: 6.90 17.50 Can cold-bend
Mo-Re~2 7.50 25.00 Welding not recommended

Subject to cracks J
Refractory 0.65 — Clips, ties, barriers T
included :

*Cost for 2-1/2-inch diameter, 1/4~inch wall tube or equivalent.

The selling price for a heat exchange device was derived -
from the required heat transfer surface area and subsequent ma-
terial weight. A process cost between 30 and 120 man-hours per
ton of material, depending upon the difficulty and complexity
of the manufacturing process required for the material, was
added. A multiplication factor of 1.27 was utilized to cover
product engineering and management, genesral overhead and admin-
istration, and profit.

g

Some typical examples of prime heat transfer surface costs
are given in Table 6-23,

Cost Analysis of Auxiliary Systems

In setting up the solids processing tr§ins for the atmos-~
pheric fluidized beds and pressurized fluidized bed systems the
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Inpui case

reguirements

Prepart bsic

furnace design
configurations.

Analyze case requirements,
calculate amount of heat
transfer surface required

by primary heat exchangers,
high-temperature air heaters
IHX, and select necessary
tube materials and base de-

sign configuration.

Add for headers,
internal piping,
ducting, inter-
connects {except
PFB and PF), efc.

Calculate material
and fabrication
costs,

h

Adjust case equip-
ment costs to a mid-
year "sell price. "

Total
cost

Determine basic
auxiliary equipment
requirements.

Determine basic auxiliary
equipment costs via vendor

Determine casing
size and material
necessary to enclose
the calculated heat
transfer surface.
Determine struc-
tural and insulating
requirements.

quotes in hand experience.

Figure 6-41.

4

Adjust basic auxiliary
equipment costs 1o re-
flect case requirements,
using mass flow rate, |
duty, and fan power as
rationing factors.

Adjust case auxiliary
equipment costs to

a midyear "sell price.”” |

Cost Estimating Procedure for Heat Exchanger Systems




Table 6-23

TYPICAL PRIME TRANSFER SURFACE COSTS

Material $/Ton
Carbon steel 2800
Low alloy T2 3200
Low alloy T22 4000
Stainless steel TP304H 9432
'Stainless steel TP347H 12050
Inconel 601 12050
Hastelloy X 19050
Mo~Re 2 19050
High-temperature air heaters (tubular) 2781 ~ 3250
Low-temperature air heaters (recuperative) | 1842 - 1972

approach was taken to build in surplus capacity in on-line eguip-
ment, surge hoppers, and conveying equipment, to provide for the
worst coal and limestone and solids disposal conditions. Thus,
when hoppers and bunkers were operating at full capacity, reason-
able down times could be permitted for equipment repair and ser-
vicing., Where repair times were long and components subject to
failure, full-capacity spare replacements were provided for such
components as crushers and dryers. A completely full train of
solid processing equipment was not installed.

AFB Furnace. Assuming coal and limestone flow rates of 158
and 40 TPH to a total of two modules, vendor pricing was obtained
for all major components, whereas on smaller items such as air
coolers and belt conveyors, where vendor pricing was already
available for similar process conditions, the referenced pricing
was scaled up or down to reflect new conditions in accordance
with capacity factors recommended by Guthrie (ref. 1). For the
most part the vendor prices obtained were of a budget type, as
opposed to firm price quotations. The major equipment costs to-
gether with overall system costs are tabulated in Table 6-24.

To account for variations in process flow rates, the com-
piled equipment costs were varied in accordance with the follow-
ing assumptions:

® Air fan costs were assumed to vary linearly with power
consumption.

® Low-~temperature air heater costs were assumed to vary
linearly with heat transfer duty.

A}
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Table 6-24
MAJOR EQUIPMENT COSTS TOGETHER WITH
QVERALL SYSTEM COSTS
FOR AFB FURNACE

The major equipment cost items proved to be:

Limestone dryer system per train s 296,700
Coal dryer system per train 679,000
Coal crusher per train 90,700
Spent-solids cooler per train 268,600
Blend bucket elevator per module 122,100
Blend distributor tables per module 393,200
Cyclone collectors per module 196,300
Electrostatic precipitators per module 977,000
Low-temperature air heater per module 718,000
Forced draft, induced draft and boocstex

fans per module 696,100
Control system and valving per module 572,000

System equipment costs per two-module train:

Limestone processing system $ 414,200
Coal processing and feed system 2,316,100
Spent solids handling system 791,600
Hot gas c¢leanup and air supply system 5,658,700
Boiler control system and valving 1,144,000
Coal drver system (spares) 339,500
Solids cooler system (spares) 67,200

Total Cost $10,761,300

($5,365,700 per Mcdule)

® Steam generator control system and valving costs were
assumed insensitive to process conditions and flow rates.

® All other equipment costs were assumed to vary linearly
with process flow rates.

PFE Furnace. Assuming coal and dolomite flow rates of 138
and 62 tons per hour (34.77 and 15.62 kg/s) to a total of two
modules, the costs of the depicted equipment was compiled by the
same techniques utilized for the AFB. The major equipmen:t costs
together with overall system costs are tabulated in Table 6-25.
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Table 6~25
MAJOR EQUIPMENT COSTS TOGETHER WITH
OVERALL SYSTEM COSTS
FOR PFB FURNACE

The major equipment cost items proved to be:

Dolomite dryer system per train 5 342,300
Petrocarb dolomite injection system

per train 1,337,800
Coal dryer system per train 599,100
Coal crusher system per train 90,700
Petrocarb coal injection system per train 2,500,000
Spent-solids cooler per train 308,100
Aerodyne 2-in-1 cyclones per module 1,528,100
Ducon granular bed filters per module 4,004,900
Fines removal system per module 305,300
Surge and lock hoppers per module 236,900
Booster air compressor for Petrocarb

per module 103,500
Contrel system and valving per module 381,000

System equipment costs per two-module train:

Dolomite processing system 1,856,000
Coal processing system | 3,340,700
Spent solids handling system 1,589,600
Hot gas cleanup systam 12,084,100
High-pressure air system 384,900
Boiler control system and valving 762,000
Coal dryer system (spares) 299,500
Solids cooler (spares) 77,000

Total Cost $20,793,800
(510,396,900 per Module)
To account for variations in process flow rates, the compiled

equipment costs were varied in accordance with the following as-
sumptions:

e Since the coal and dolomits processing system costs are
dominated by the Petrocarb injectors, the system costs
were assumed proportional to mass flow rate raised to
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the 0.6 power, the latter cost relationship being rec-
ommended by the wvendor.

@ Control system and valving costs were assumed insensitive
to process condition and flow rates.

® All other eguipment costs were assumed to vary linearly
with process flow rate.

Conventional and Semiclean Liguid (8RC) Fueled Furnaces. The
costs of the auxiliary equipment associated with the 800 MWe fur-~
naces were obtained from Foster Wheeler Energy Corporation (FWEC)
marketing curve averages for pulverized ccal fired units. The
costs used were as follows:

Air heater $ 2,525,000
Forced draft and induced draft fans 1,525,000
Primary air fan 300,000
Combustion controls 643,800
Burner controls 406,300
Pulverizers and feeders 3,056,300
Valwves 275,000
Soot and wall blowers 1,056,300
Preheater coils 106,300

Total § 9,894,000

FPor the case of SRC fuel, the above pulverizer/feeder cost
was replaced by the cost of a No. 6 fuel oil pumping and heating
set, budy_. priced at $456,500.

Pressurized Furnaces. The auxiliaries costed for the pres-
surized furnaces were burner controls, combustion controls, and
valving. Using FWEC marketing curve averages for pulverized coal
fired units, it was assumed that the above would cost approxi-
mately half of that required for pulverized units; a cost of
$191,000 was used and such was asscumed insensitive to flow rate.

Closed~Cycle, Inert-Gas MHD. The auxiliaries included with
the closed-cycle inert-gas MHD process were the same as those
listed for the conveniional and SRC furnaces. For costing pur-
poses, air fan prices werz obtained by scaling up 800 MWe con-
ventional furnace fan costs by the ratio of the cycle fan power
required to that of the conventional furnace. Pulverizer and oil
pumping and heating set costs were similarly varied, but with fuel
flow rates as the ratio factor.

Open-Cycle MHD, The coal processing system proposed for the
subject cycle was identical with that proposed for the PFB pro-
cess, with the exception that the Gundlach crushers were replaced
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by FWEC ball-mill type pulverizers to provide the 70 percent minus
200 mesh coal that would be pneumatically transported to the hold-
ing hoppers positioned above the Petrocarb injection system. Bud-
get estimates were obtained from Petrocarb, Inc. for a 160 ton/
hour (40.31 kg/s) pulverized coal injector sxstem for both 8 and
20 atmospheres (8,1 x 102 and 2,02 x 106 N/m<) operating pressures.
For other pressures, injector costs were determined by interpola-
tion/extrapolation as recommended by the vendor. A 160 T/hr
(40.31 kg/s) flow rate injector is not currently available but

is envisioned as being a near term possibility as improved tech-
niques are developed. In order to achieve the larger mass flow
rates required by the open-cycle MHD process, additional injec-
tor units must be provided. As a result 160 T/hr (40.31 kg/s)
coal processing and injector unit costs were scaled up, assuming
direct proportionality between cost and mass flov rate. The sub-
ject cycle auxiliary costs also include allowances for steam con-
trol valving and sootblowers associated with the indirect-heated
steam generators. The following costs were used:

FWEC ball mill pulverizers for

160 T/hr (40,31 kg/s) $ 1,896,200
Petrocarb 160 T/hr (40.31 kg/s) pul-
verized coal injector for 8 atmospheres 2,282,200 *

Booster compressor for pulverized coal
transport air 45,000

Cost of balance of plant coal
processing equipment: 1,294,300

5 5,517,700

*For 20 atmospheres (2.02 x 106 N/m2) coal injectors,
cost is $3,423,400.

SUMMARY—PRIMARY HEAT INPUT SYSTEMS

The primary heat input systems were evaluated for eight
energy conversion systems. The furnaces were designed for the
base cases and critical parametric case; extrapolations were em-
ployed for the other parametric points. The performance and cost
data for these systems are given in Appendices A through C of
this part of Volume III. Four basic furnace types were employed
for the closed-cycle systems. The conventional furnace was util-
ized oniy for the advanced steam case.

CONVENTIONAL FURNACE

The conveniional furnace has a temperature of 3500 to 730 F
(2200 to 661.1 K). In this type of furnace approximately 55 per-
cent of the heat transfer is accomplished before the gas tempera-
ture falls below 2100 F (1422.2 K), the approximate ash solidifi-
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cation temperature when firing Illinois No. 6 coal. In the gas
temperature region of 2100 F (1422.2 K), an attempt is made to
keep the outside metal temperatures well below 1100 F (866.7 K).
After the gases are chilled below the ash scolidification tempera-
ture an attempt is made to match the high~temperature services to
the gas temperature.

In the advanced steam power cycle, however, heat balance
limits on the boiler resulted in employment of high-temperature
platens in the furnace. 1In these platens steam temperatures are
raiged from approximately 1000 to 1200 F (811 to 922.2 K), indi-
cating that metal surfaces might fall within the coal-ash corro-
sion range and Hastelloy X surfacing was used for these platens.

ATMOSPHERIC FLUIDIZED BED

The atmospheric fluidized bed firing coal with limestone has
a temperature potential nf 1550 to 2000 F (1116.7 to 1366.7 K)
in the carbon burnup cell. The hot precipitation of the alkaline
dust produced in the process was accomplished at 730 F (661.1 K).
Where the exit temperature from the bed is greater than 730 F
(661l,1 K), heat was recovered in high-temperature air heaters
following the furnaces, to bring the exhaust gas temperature to
730 F (661.1 K). With a 730 F (661l.1 K} end temperature, approxi-
mately 65 percent of the heat transfer is done in the fluidized
beds and the balance in the convection space, When 1100 F
(866.7 K) exit temperatures are indicated, approximately 77
percent of the heat transfer occurs in the beds and 23 percent
in the convection space. When 1420 F (1044.4 K) exit tempera-
tures are indicated, as with the liquid metal topping cycle, ap-
proximately 91 percent of the duty is done in the beds and 9 per-
cent in the convection space., With 730 F (661l.1 K} exit tempera-
tures, approximately 5.8 percent of the heat transfer occurs in
the 2000 F (1366.7 X) CBC bed. This changes to approximately
7.1 percent at an exit temperature of 1420 F (1044.4 K). There-
fore in all cases for the atmospheric fluidized bed not more than
about 8 percent of the heat transfer can occur above the 1550 F
(1116.7 K} temperature level which occurs in the main combustion
beds.

PRESSURIZED FLUIDIZED BED

The pressurized fluidized bed operates with a temperature of
1650 F (1172.2 K) in the main beds and 2000 F (1366.7 K) in the
CBC cell. With this furnace concept, no convection space heat
transfer is normally utilized. For the pressurized fluidized
bed not more than about 3 percent of the duty is available in
the CBC and only about 2 percent or less available above the
1650 F (1172.2 K} main bed temperature.

PRESSURIZED FURNACE

The pressurized furnaces firing only clean gases from coal
were considered. The operational furnaces were 2200 to 1150 F
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(L677.8 to 894.4 K). The maximum combustion gas temperatures in
this system are limited, to control the heat transfer rates to
the tubes in the pressurized furnaces and thus limit metal tem~
peratures and to stay within the study specified limit on NOx
production. For high-temperature cycles heat transfer rates are
primarily limited by metals temperatures and secondarily by cir-
culation requirements of boiling liquids.

HEAT EXCHANGER DESIGN CONSIDERATIONS

Tube sizes and wall thicknesses were set by pressure, temper-—
ature, and corrosion criteria, with materials selected to give
reasonable wall thicknesses and corrosion resistance. Flow pres-
sure drops were evaluated for the basic types of furnaces. A
mora detailed review of circulation requirements was not per-
formed. This may indicate that different tube sizes should be
used and other surfacing arrangements considered. The designs
are considered capable of meeting the individuai cycle pressure
drop limitations, and any further changes are not con51dered to
significantly affect the weight, cost, or approx1mate size of
the equipment studied.

The Advanced Steam Cycle had rather liberal pressure drop
allowances for the supercritical steam surface and reheated steam
surface when going to higher temperatures. Heavy wall tubing and
headers result at supercritical pressures when advanced steam
conditions are required., This heavier wall tubing results in in-
creased costs and pressure drops in flow circuits. For the lower
pressure reheat surfaces at higher temperatures, increased heat
transfer surface area is required, resulting in higher costs and
somewhat higher pressure drops. It appears to be economic £rom
a furnace standpoint to reheat steam to hlgher temperat ures at
moderate design pressures (up to 1500 psi [10.34 x 106 N/m2]).

Therz appears to be no major limitation in producing re-
heated steam at 1200 F (922.2 K) temperature levels in fluidized
bed combustion processes., In conventional furnace designs this
also appears to be technically feasible, but with some increased
difficulty in clrcultlng and surfa01ng the furnaces to aVOld
coal—-ash corrosion, -

Pressure drop considerations for the Supercritical CO2 Cycle
were strict for the type of furnaces studied. When heating gases
such as CO2, pressure drop limits limit the maximum working f£luid
velocities, and therefore heat transfer coefficient, inside the
tubes. This subsequently controls the operating mean metal tem-
peratures of heat transfer surfaces. When the allowable pressure
drop was reduced by 30 percent the heat exchanger cost increased
by 20 percent. When the allowable pressure drop was doubled, the
cost reduction was 10 percent. In the pressurized furnace cases
an attempt was made to control heat transfer rates, hence metal
temperatures, by limiting maximum gas temperature and. veloclty
through the tube bundles by staged firing techniques.
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The general type of circuiting in the supercritical COjz cy-
cle to control pressure drop was a "stick" tube with "posted"
feeders from inlet headers, This type of construction requires
censiderable welding,

The Closed Cycle Helium Gas Turbine combustors and heat ex-
changers studied required similar circuiting and metals tempera-
ture control as with th2 supercritical CO3 cycle. When heating
helium to 1700 F (1200 X) in a pressurized furnace, extensive
use of Mo-Re-2 material was required. This material is difficult
to weld and basically unproven in high-pressure service. Heat-
ing helium to 1500 F (1088.9 K) in atmospheric fluidized beds
resulted in low log mean temperature difference and required
dispropcrtionately large heat transfer surfaces. For economic
heating of gases as process working fluids, a 200 F (366.7 K)
temperature difference should be allowed between the working
fluid and the mean operating temperature of a fluidized bhed in
order to limit the required heat transfer area.

Circulation requirements for thr Liguid-Metal Topping Cycle
were perhaps the most critical. It is necessary with ligquid me-
tal boilers to control the pressure drop from the boiling tube
elements to the discharge tube separators to as low a value as
possible. Potassium, for example, experlences roughly a 10 ¥
{ K) increase for every 1 psi (6894.7 N/m2) of pressure drop
above the discharge pressure. Because of the limited temperature
differences available in atmospheric fluidized bed furnaces, and
to a lesser degree in pressurized f£luidized beds, the amount of
heat transfer surface required varies directly with the boiling-
to~bed temperature difference. Circulating pumps were indicated
to ensure positive circulation in all circuits,

Stable flow regimes were required in order to prevent the
formulation of a vapor blanket and cause overheating of the tube.
Considering elevation effects, pressure drop in headers and mani-
folds and tube bundles, and pressure drops in risers, separators,
and outlet headers and manifolds, a pressure drop of 25 psi (1.72
x 105 N/m2) was allowed for on each boiling circuit. The pressure
drop in the ligquid-metal circuit varies very strongly with the
vapor specific volume. The lower the ligquid-metal boiling tem-
perature and pressure the higher the vapor specific volume is.

As a result, very high circulation ratios were required at the
lower boiling pressures and temperatures. As the boiling tem-
perature was ralsed, the required circulation ratio decreased.
This resulted in lower auxiliary power consumption and cost for
these cases.

Circulation requirements for the Ligquid-Metal MHD cycle are
complicated because of the necessity to provide heating of three
separate fluids in the primary heat exchangers; heating helium
and sodium to the 1500 F (1088,9 X) and reheating steam to 1000 F
(811 K).. This arrangement of multiple heat transfer duties would
be very difficult to start up and control, and a detailed circula-
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ticn and startup review was not performed on this system. Heat-
ing helium to 1500 F (1088.9 XK) in an atmospheric fluidized bed
operating at 1550 F (1116.7 K) repreeents a rather severe temper—
ature pinch, and consequently raises the heat transfer require-
ments significantly.

Circulation requirements for the Inert-Gas MHD cycle are
similar to conventional practice and place no severe restrictions
on the process, The argon gas coolers requlred were not reviewed
for mass transport effects of cesium present in the argon being
cooled, although some condensation of cesium would be expected.
Slag carryover in the argon heaters could be a serious design
limitation.

The Open-Cycle MHD cases studied represent rather serious
circulation considerations for furnace design. The steam circuit-
ing of these furnaces must provide a low—temperature £luid sink
with which to cool the combustion gases in the radiant furnace,
intermediate-temperature air heater, and heat recovery boiler
below the seed solidification temperature of 1950 F (1338.9 K)
before passing the gases over compact convection surfaces. It
is desirable to avoid "running liquid" seed and slag mixtures
on heat transfer surfaces because of the affinity of these liquids
to iron and nickel constituents of the materials of construction
used in surfacing the unit. With the series circuiting suggested,
it was difficult to accomplish this goal in the units and still
maintain outside metal temperatures below 1100 F (866.7 K).

The circulation of steam and water in the High Temperature
Fuel Cell heat recovery boiler is more conventional. The surface.
arrangement and circuitry of thi- heat recovery boiler follows
more conventional designs for box type units firing natural gas
fuels.

REFERENCE
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pp. 114-142., .

93




Section 7

HEAT EXCHANGERS

Three types of heat exchangers were used in the cycles anal-
yzed in Task I: conventional tube/shell designs, plate/fin design,
and refractory designs. The refractory exchangers were employed
when temperatures exceeded 1250 F (950 K), where the use of con-
ventional units was either impossible or, because of the need to
employ superalloys in their construction, their cost was prohibi-
tive. The plate/fin designs were used only for the open—~cycle gas
turbine regenerator and are described in Section 2.1.

The refractory units were arranged as cylindrical columns
with checker-brick matrices of alumina for moderate temperatures
or zirconia for high temperatures and were designed and cousted
for the specific system by the cycle advocate. They were used in
the open MHD cycle, the inert gas closed MHD cycle, and the high-
temperature tuel cell, and are discussed in the sections of Volume
II which describe these cycles.

The conventional tube/shell designs include regenerators,
precoolers and compressor intercoolers as prime-cycle components
and vapor generators, condensers, and regenerators as organic
bottoming cycle components. The organic bottoming cycle heat
exchangers were designed by Thermo Electron Corporation, Waltham,
Massachusetts. The prime cycle heat exchangers were designed by
General Electric {(Heat Transfer Products Department), who, for
consistency, estimated the cost of all units.

Because of the large number of parametric variations studied,
it was not feasible to develop a design for each case. Conse-~
quently, only a few specific configurations were actually selected
for detailed thermodynamic analysis and costing. The selection
was, however, organized so that the parameters which influence
heat exchanger design (i.e., pressure drop, temperature differ-
ence, and temperature and pressure levels) were varied over a suf-
ficiently broad range to enable cost estimates of all other cases
to be made by interpolation,

* heat exchangers in prime cycles were designed as cross-—
count . flow units. Configurations included rectangular tube
bundles in a round shell, fixed tube sheets, conventional U-~tube
and, when thermal expansion was expected to cresate problems dur-
ing startup, U~tube/U-shell designs. A schematic of the latter
is shown in Pigure 7-1, and the component configurations for the
various cycles are listed in Table 7-1.

‘Shell size was dictated either by shipping limitations (max-
imum 12 feet diameter [3.7 m]) or tube sheet thickness (14 inches

© [0.36 m] maximum). Tube spacing was arranged in a staggered
(triangular) array and tube thickness was selected to suit the

pressure differential and 18 gauge material was adopted as a
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Figure 7-1. U-Tube, U~Shell Heat Exchanger

minimum thickness because of mechanical design and construction
limitations. Generally the tube and shell sides accommodated

high- and low-pressure fluids, respectively. However, in the case
of the closed-cycle helium gas turbine regenerator, it was found
that better overall cycle performance could be obtained with this
situation reversed. Nominally the pressure loss was split in the
ratio 2/1 between the low-pressure (high-temperature} and the
high-pressure (low-temperature) sides, respectively. However,

this ratio was intended merely as a suggestion to cycle advocates,
who ultimately modified its value to give the best cycle per-
formance. Operating pressures and temperatures were within the
limits specified for the selected materials by the ASME Section 8
Code. Fouling factors of 0.0003 and 0.001 hr f£t2 F/Btu (5.29 x
10-5 to 1.76 x 10-4 ft2 K/watt) were assumed throughout for the
process side and water side, respectively. Standard heat transfer
and fluid flow correlations were used to predict heat transfer co-
efficients and determine heat exchanger configurations from given
input values of pressure drop. These correlations, which were mod-
ified to reflect manufacturing practice, are proprietary information
of the heat exchanger designer.

Cost estimates were basad primarily on the total tube length
with allowances factored in for shells, channels, and tube sheets.
Estimates of heat exchanger costs for selected base case cycles
are given along with a physical description of the heat exchangers
in Table 7-2. The material selection for the component parts of
all tube shell heat exchangers used in this study is given in
Table 7-3. Clearly there are large incremental changes in total
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Table 7-1

HEAT EXCHANGER CONFIGURATIONS

Heat-Exchanger

Cycle/Component Configuration
® (Closed-cycle gas turbine/Helium Conventional U-tube
regenerator {(case 40) (straight shell)
® Closed-cycle gas turbine/Helium h
precoclers and intercoolers L Fixed tube sheets
(cases 10-13) (straight tubes,

straight shell)
® (COp-cycle/precoolers and intercoolers

® Closed-cycle liquid metal MHD/Helium )
regenerator (case 17)

® CO,-cycle/high-temp & low-temp

regenerators r U~tube/U-shell

® (Closed-cycle gas turbine/Helium
regenerators except cases 10-13 -

® Closed-cycle liquid metal MHD/Helium
precooler (case 17) :

® (Closed~-cycle inert gas MHD/argon \.| Rectangulai tube
precoolers bundle in round
shell

® Open-cycle air-cooled gas turbine
combined cycle/air intercooler
{case 20) A

cost due to the different materials selected for different oper-
ating temperatures. Carbon steel was selected for temperatures
below 800 F (700 K). Between 800 F (700 X) and 1100 F (867 K)
stainless steels were used. Above this range, inconel alloys

were necessary. The precoolers and intercoolers used in each
cycle were all fabricated with SB111 tubes and carbon steel shells,
channels, and tube sheets at a cost of between $3.3/ft ($10.7/m)
and $4.5/ft ($814.6/m) for unfinned tubes and about §7/ft ($22.7/m)
for finned tubes (finning on outside of tubes only). Price varia-
tions are due to different tube densities and tube sizes within
shells. Regenerators of carbon steel throughout cost between
$3.46/ft ($11.25/m; CO2 cycle) and $5.02/ft ($16.3/m; liquid me-
tal MHD cycle). When stainless steel tubes were combined with
carbon steel shells, regenerator costs increased to $12/ft ($39/m),
and to over $16/ft ($52/m) when stainless steel was used through-
out, as in the high-temperature CO2 regenerator. In this task no
attempt was made to estimate the cost of composite regenerators,
i.e., single regenerators made up of both high- and low-temperature
alloys. If gas temperatures warranted the use of high-temperature
alloys, then these alloys were used throughout.

97



HO0d §1 HHVA TTVNIDIEO
qonaoEdeyd

THL J40 AL

86

Table 7-2

PHYSICAL DESCRIPTION OF HEAT EXCHANGERS

Para- Size 1 Tube
metric|{ Each We. Count | Tube | Tube | Area/ Total
Case (£t) each No. Per |ZLength| Dia. Unit Cost Cost**
Unit Number| (HXWxL) (1b) |units| unit | {in.) | (in.) | (£&2) $ x 1078 | 3/f¢
Supercritical CO3
C0y regenerator {(high temp) 1 4x14x34 170,000]| 160 1342 582 0.5 9050 166.4 15.8
CC» regenerator (low temp) 1 Tx23x42 300,000 32 4821 720 0.5 37800 32.0 3.46
CC2 precooler 1 8xBx60 170,000 10 6522 554 0.5 39400 9.9 3.29
Closed Cycle & Gas Turbine
He regenerator/closed cycle : )
gas turbine 1 7x24x45 200,000 20 | los2 703 1.0 16100 15.2 12.33
He precooler/closed cycle o
gas turbine 1 6x18x28 45,000 10 1734 360 0.75 10206 2.3 4.42
Organic condenser/closed : . :
cycle gas turbine 37 12x12x42 400,000 4 116379 384 0.625| 849087* 6.8 3.24
Liguid Metal MHD
He regenerator/liquid :
metal MHD 17 20%6x386 125,000( 40 | 1992 480 0.75 14600 15.0 5.02
He precooler/liguid . | ‘
metal MHD 17 12x12x40 210,000 4 3844 324 1.0 70369* 3.0 7.23
Open Cycle Gas Turbine Combined '
Air intercooler/open-cycle
air-cooled gas turbine : ‘
combined cycle 20 10x10x40 125,000 1 2700 312 1.0 47600* 0.5 7.12
Closed Cycle Inert Gas MHD
Argon precooler/inert
gas MHD 1 12x12x8BS 500,000 2 3696 840 l.0 351000* 3.6 6.95
Open Cycle Gas Turbine-
Recuperative
Organic boiler/open cycle
gas turbine 34 11.:8x13 160,000 4 | 3120 276 1.0 72000% 0.8 2.78
Organic regenerator/open
cycle gas turbine 34 TxIxr45 200, 000 2 783 480 1.0 96000*% 0.5 7.98

*Finned tubes (outside only)

**pverage cost per linear faot, of heat exchanger tube
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Table 7-3

MATERIAL SELECTION FOR HEAT EXCHANGER COMPONENT PARTS

Heat Exchanger Tubes Shell Channel & Tube Sheets
* All precoclers and intercoolers 58111 Carbon Steel
(90/10CuNi)
* §gperéritical CO2 Cycle
® High-temperature regenerator 321HSS 321HSS

Case 10
8 Tow-temperature regenerator

* Closed-Cycle Helium Gas Turbine

Cycle

® Regenerator
Cases 12,13,25,28,31 & 32

e Organic boiler & condenser

* Liguid Metal MHD Cycle
® Regeneratoxr

*# Qpen-Cycle Gas Turbine

@ Organic regenevator, boiler
and condenser

Inconel 800
Carbon Steel

30488

30488

Carbon Steel

Carbon Steel

Carbon Steel

Inconel 800
Carbon Steel

Shells 1C-1/2MO Channel &
tube sheet 1/2Cr-1/2MO

Shells 2-1/2Cr-1MO Channsl &
tube sheet 30458 '

Carbon Steel

Carbon Steel

Carbon Steel




SRENC | it

All organic heat exchangers employed finned tubes and were
constructed of carbon steel. In the closed gas turbine cycle,
the organic fluid was contained within the tubes of the organic
boiler. The tubes were externally finned with a pitch of 2 fins
- per inch (78 fins/m) and a fin height of 0.125 inches (0.0032 m).
The tube arrangement was staggered with a pitch of 1.375 inches
{0.035 m). The external flow was multipass cross-counter flcw,.

The organic boiler for the open gas turbine cycle again
contained the organic fluid within the tubes, with exhaust gas
flow from the gas turbine on the shell side. The tubes were
externally finned (6 fins/inch [234 fins/m}, fin height 0.375
inches {0.0096 m]) and the tubes were arranged in a staggered
formation on & 2-inch (0.05 m) pitch.

In the organic condensers, the condensation process occurred
on the shell side. Again tubes were staggered on a 0.9375-inch
pitch (0.024 m). Fin spacing was 19 fins/inch (741 fins/m) and
the f£in height was 0.0625 inches (0.0016 m). The costs of the
organic boiler and the organic condenser were approximately the
same at about $3/ft ($9.75/m) of tube length.

An organic regenerator was used in the open gas turbine re-
generative cycle at a cost of about $8/ft ($26/m).
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APPENDIX A

DESIGN DATA AND EQUIPMENT OUTLINES
FOR PRIMARY HEAT INPUT SYSIEMS

An example is given here of the design data for each energy

conversion system under study. Line drawings denote the furnace
configurations that were evaluated.
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Table A-1

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS
ADVANCED STEAM CYCLE

Coal foal
[AFR  Tower IFFH  Tower FF 1o Btu CF_ coal APH

Surfacing

Cycle Point . 1 2l 21 17 1

Gas ~ Hot Fluid Tlow (1064/hr) 1.749 1.606 1.852 7.118 -

Sectional Area (ft2) 2520 y23.2 113 3427 -

Purnace Velocity (ft/sec) 9.21 5.29 30.11 33.05 -

Gas T,/T> (°F) 1550/730 1650/1600 2200/1800 | 1950/730 730/252

Working Fluid t1/tp (F) 1200/510 655/86

LMID - AT) Awg. (°F) ~ 332 ~ 647 937 Avg{ 1798 Aug- 15

To (Btu/hr-ft= OF) ~ 25 ~ 45 60 13 Ge

Q"o (Btu/hr-rt2) 8280 29102 56208 10370 575 -

So §10§ -£$2) .186 .0334 011k} .59 371

Qo (10° -Btu/hr) 1540 972 641 6160 213

Surface Wt.(tons/106-££2) 1,269 6587 3509 -

Tube size OO (in 13" & 1-3/4 | 3R & 1-3/4" | 1A & 1-3/4" |1dvey 23 Rege.
Weights

Pressure Part Wt.(tons) 913 286 52 - 397

Caring, ete. Wt. {tons) 287 134 168 - :

Total Wt. (tons) 1200 L20 220 6600 397
Costs

Unit cost § x 106 5.62 2.796 1.006 25,881 T3

Cost rate §/ton L687 6657 L1573 L3k, 183

Cost rate 8/ft§ 30.24 83.71 88.25 43.57 1.97

Cost rate $/10° Btu/hr 3652 2877 1570 L202 3432
Pregsure Part Composition - :

Service (W&.-Tens) SE(173) RH(37) SH(150)RH(10)| SH(38) RE(S) [SH(L50)RE(L50)

Fluid Temperature Exit 1200 1000 | 1200 1000 [1200 1000 {1200 1000

W&, % MO-RE 2

Wt. 9% Hastelloy X - - - - - - e -

Wt. % Inconel 601 50 - 3}k - B - - -

Wt. % TP 347H 32 - a5 - 23 - B -

Wt. % TP 0L - T - 50 - 60 - 30

V. % T-22 18 - 20 - 20 4o & 30

Wi, 9 T2 - 29 20 50 20 - - 20

Wt. % ¢S - - - - - - - - 100
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Tott

Surfacing
Cyele Point

Gas - Hot Fluid 'Flgw (1082/r)

Sectional Area (ft
Purnace Velocity (ft/sec)
Gas Tyfm, (OF)

Working Fiuid £1/tp  (OF)

INED - AT) Awg. (OF)
To (Btu/hr-£t2 °F)
o (Btu/hp-rt2)
So-}lO“-it )

Qo {106~ Btu/hr)

Tube size OD (in)
Weights

Pressure Paxt V. (tons)

Caring, etc. Wt. (tons)

Total Wo. (tons)

Cogts -
Unit cost § x 106
Cost rate $/ton
Cost rate $/fte
Cost rate $/10° Btu/hr

Preasure Part Composition

Wt. % MO-RE 2

Wt. % Hastelloy X
Wt. % Inconel 601
Wt.
WE.
Wh.a
Wt.
Wt.

ARG

LI

o 1 =R
WLy
25
R

SUPERCRITICAL 002 T:iCLE

Table A-2
BASIC FURNACE SIZING AND SURFACING Cn§SIDERATIONS

Surface Wt. (tons/106-£t2)

Coal Coal " THL Temp APH | W3 Temp APH
AFB  Tower o] Bammel- Ff lo Biu FF hi Biu. HEP . o5y
3 5 6 9 | 1 1
1749 1.6063 - 1.889 1.173
[7x360 = 2520 [L4%270 = 1080 | 113 113 . = x
: 9.21 2,073 35.140 22:79 T
1550/1100 1650/1600 2200/1800 2200/1150 | 1100/730 730/300
1350/987 1350/963 1350/980 1200/855 1025/600 ‘600,86
| e B.02 Cis0) 15,9 g %
.66 LB.02 «50 9.93 - =)
6833 21511 . (LoTLT) 30556 501 845
202 | L0koL (.0173) 032} 4389 .226
1517 1086.2 701y - 990 é%g : 191
V" 1 (23) 2 2|
1467 293 (115) 66l; 910 397
865 Lho {260} 396 :
2332 733 675 1060 - 910 397
25.117 6,409 (9.322) 11;.71'8' ' . 2,531 .731
10,772 BTl gamg 13,885 2781 16l
113 131 558 L5k 6.51 1.97
16557 6068 (13233) 22166 12,980 3432
(20) 50
50 50 (80} 50
50 50
Lo
60 100
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Table A-3

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS
CLOSED~-CYCLE HELIUM GAS TURBINE

Surfacing
Cycle Point

Gas - Hot Fluid Flow (108%/nr)

Sectional Area (ft?)

TFurnace Velocity {ft/sec)

Gas T1/T5 (°F)

Woz'km.g Fluid t1/tp (°F)
-AT) A (°F)

To (thl/]h/r-ft 20

q"o (Bt £42)

é 10° fl::x'é

QO 106- Btu/hr)

Surface Wt. (tons/los—-ftg)

Tube size 0D {in)

Weights
Pressure Part Wi.(tons)
Caring, etc. Wt. (tons)
Total Wt. (tons)

Cogts
Unit cost § x Job
Cost rate 3/1:011
Cost rate $/ft2
Cost rate $/10° Btu/hr

Pressure Part Composition

Wi. % MO-RE 2
Wi % Hastelloy X
Wt. % Inconel 601
Wt. % TP 3LTH

Wt. % TP 30LH
W, % T-22

WE. % T-2

Wt. % CS

Coal Coal Hi Temp APH | Hi Temp APH
AFB _Tower PIB _ Barrel | PP 1o Btu FT hi Biu HP P
1 8 7 1 1
1.749 1.6063 1.8590 1.173
Tx360 = 2520 | Lx310 = 1240} 2113 113
9.21 1.810 2B, 22.8
1550/919 1650/1600 2200/1800 2200/1150 919/730 730/297
1507/876 1507/876 1507/876 1507/876 8hh/602 . 602/86
196 358 687 687 99 166
29,34 51.22 49.90 50.01 5 Se
5751 18337 34.278 34354 495 830
+2643 0576 .0187 029} JA7L 233
1520 1056.2 6L1 1010 8Ll 193.6
3916 2951 11176 11130 2295 -
l%" an t 2.%1! 2 Heg.
122 200 251 395 471 Lyl
920 473 263 340
2162 671 514 735 kn by
20.038 5.362 5.908 9.20L 1.073 .709
9268 7920 11,49 12,522 2278 1597
76 93 316 313 6.27 3.0
13183 5077 9217 2113 12713 3662
20
40 8o 100 8o
60 20
30
70 100
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Table A-4

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS

Surfacing
Cycle Point
Gas - Hot Fluid Flow (1084/hr)
Sectional Area (f1%)
Furnace Velocity (ft/sec)
Gas Ty /T, (OF)
Working Fluid t1/tp (°F)
IMTD - AT) Av%. (°F)
Jo (Btu/hr-ft A
9" (Btu/hp-ft
So émé—fﬁ) )
Qo (106- Btu/hr)
Surface Wt. (tong/100-£t2)
Tube size 0D (in)

Weights
Pressure Part Wt.{tons)
Casing, etc. Wi. (tons)
Total Wt. (tons)

Costs ~
Unit cost § x 106
Cost rate §/ton
Cost rate §/ft2
Cost rate 3/106 Btu/hr

Pressure Part Composition

Wt. % MO-RE 2

Wt. % Hastelloy X
Wt. % Incanel 601
Wt. % TP 3L7H

Wt. % TP 30LH
Wt. % T-22
Wt. % T

Wt. % C

-~

AT

2
2

A

o

S

LIQUID-METAL TOPPING CYCLE

Hi Temp APH

Coal Coal
ATH  Tawer PF3  Tower PF lo Biu PI* hi Btu ITX + WHB HP P
1 9 I T 1 Condenser 1 1
1.749 1.6063 1.859 1.173
15x360 = 5400| 11x90.3 = 993 113 113
4.3 2.25 28. 22.8
1550/11,20 1650/1600 2200/1800 2200/1750 1100/1100  1}20/730 730/362
1400/1100 1400/2100 1400/1100 1400/1100 1pks/52l 521,/86
153 260 606 588 27 130 21
38 5.8 60 50 220 5 Be
5820 11.895 36.355 29.378 60.275 69 1203
.256 .086 .0203 .0282 .0218 522 A7
1&92 1223 m'?g 5227 1314 339 206
2 12 3 10 -
331.};n 3 in 2.%11 2%11 1.;}7:! ou Reg.
1129 392 104 202 98 835 381 |
1535 561 273 10l
266 953 377 606 98 835 381
27.008 9.649 2.982 6.739 A179 L.555  .660
104137 10,125 7910 11,121 1,868 ohBs 1732
105.49 112720 146.9 239.97 21.97 B.73  3.86
18.12) 9L32 Lol 8149 365 13437 3204
100 100 100 100
40
60 20
Lo 4o
100
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BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS

Surfacing
Cycle Point
Gas - Hot Fluid Flow (10%%/hr)
Sectional Area (ft2)
Furnace Velocity (ft/sec)
Gas Ty/To  (°F)
Vorking Fluid t1/tp (°F)
IMTD - AT} Avg. (OF)

a"o (Btu/hr-£12)

So élo -£5°)

Qo {106 Btu/nr)

Surface Wt. (tons/108-£t2)
Tube size 0D (in)

Weights
Pressure Part Wt.(tons)
Cacing, etc. Wt. (bons)
Total Wi. (tons)

Costs _
Tnit cost § x 106
Cost rate $/ton
Cost rate 8/ft2
Cost rate $/10° Btu/nr

Pressure Part Composition

Wi.
Wt.
Wt, %
Wi
Wt
Wt.
Wi,
Wt.

_

2 MO-RE 2
Hastelloy X
5 Inconel 601
> TP 3LTH

% TP 304H
T-22
=2
C

TURR

Table A-5

LIQUID-METAL MHD

THi Temp APH

Coal Coal )
ATR _ Tower PFB Tower  |#F 1o Btu PF Hi Btu IHX + WHB P
i 10 6 ' 9 1 1
1.7h9 1.859 1.173
7x360 = 2520 | 7%90.3 = 632 | 113 113 _
9.21 .5h 28.9 29.8
1550/730 1650/1600 2200/1800 2200/1360 1278/197 730/252
1300/610 1300/620 1.300/610 1300/610 1000/117 655/86
(192 (Lo2 (828; (468 159 115
(35 (50 (60 (50 60 Se
6716 20103 49690 23388 9540 575
«2293 .0L8L .0129 .0366 .1086 371
;gho 973 Gghl ' 6852 12%& 213.5
30 2913 22 17 3 -
l’i‘" + 1_3/&_" 1 1_3/]_'_11 zé.u 2%.!# 1%:1! Re%.
1522 169 105 297 393 -
Li3 2.93 2.45 2.h6 606
2h3L 544 306 653 871 L52
15.962 3.0L5 1.688 h.560 L.558 .782
6558 5598 6170 983 5233 1730
69.61 62.91 146.36 124,60 hp.25 2,11
10.365 3130 2945 5327 9 3663
2 3
52 80 78 80
L 2 2 2 20
38 i 16 12 60
6 L 2 3 -
20 100
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Table A-6

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS

Surfacing
Cycle Point
Gas - Hot Fluid Flgw (106#/nr)
Sectional Area (f£t2)
TFurnace Velocity {(f£t/sec)
Ges T1/Tp (°F)
Working Fluid t,/t; {°F)
LMTD - AT} Avwg. (OF)
To (Btu/hr-ft< OF)
Q"o (Btu/hzé—ft2)
So (10%-ft°)
Qo {106~ Btu/nr)
Surface Wt. (tons/106-£t2)
Tube size OD (in)

Weights
Pressure Part Wi.(tons)
Caring, etc. Wi. (tons)
Total Wt. (tons)

Costs _
Unit cost § x 106
Cost rate $/ton
Cost rate §/ft2
Cost rate §/10° Btu/hr

Pressure Part Composition

Wt. % MO-RE 2

Wt. % Hastelloy X
Wt. % Inconel 601
Wt. % TP 347H

Wt TP 30LH

Wt. ¢ =22

wt. T-2
Wt.

TREWRmY

cs

CLOSED~CYCLE INERT GAS MHD

Hi Temp AFH
MAD-CC Coal |[MHD-CC SRC JIHK + WHB HP
16 1 1 16 1
11.407 6.621 - 11.107
9556 5027 196k 4600 -
20.7 22.87 30 Ko
3200 3200 1800/262 1930/5L0 972/
- - 1000/510 1000/510 897/125
- - 238 262 122
- - 25 16 7.5
- - 5945 177 018
- - ol 1.117 1.225
9906 L713 2937 Léee llﬁ
- - 3h61 3461 19
- - I;;”" + 1...3/ " 1%}! + 1_3/ 1 ou
- - 1966 3864 285l
3266 2215 257 102 L76
3266 2215 2223 3966 285l
15.247 10.341 9.692 18.182 8.358
4699 L4669 4360 L4585 2929
- - 19-62 16.28 6n82
1539 2194 3300 3900 Th36
835 834
Refractory Refractory 15 20
35 ko 20
25 20 20
17 17 25 20 60
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’_to Argon
Heater

e QOverfire
Air Poris

Burners
6 Rows
4 per Row

Figure A-22.

Siag Top

Closed-Cycle Inert Gas MHD in Combustion

Chamber
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Figure A-23,
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Closed-Cycle Inert Gas MHD in Argon Heat

Recovery Boiler
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SET

Surfacing
Cycle Point

Gas - Hot Fluid Flow (2084/nr)

Sectional Area (ft%)
Furnace Velocity (ft/sec)
Gas T /T2 (°F)

Working Fluid t1/ts (°F)
INTD - AT) m%. (°F)

To (Btu,:;r-ft- 2°F)

"o (Btw/'hr-ft2)

So élot’-f?é)

Qo (106~ Btu/hr)

Surface Wt. (tons/106-£t2)

Tube size 0D (in)

Weights
Pressure Part Wi.(tons)
Casing, etc. Wt. {tons)
Total Wt. (tons)

Costs .
Unit cost § x 106
Cost rate $/ton
Cost rate $/ft2
Cost rate $/10° Btu/hr

Pressure Part Composition
Service (Wt.)
Fluid Temperature
Wt. % MO-RE 2
Wb, % Hastelloy X
Wt. % Inconel 6031

ot

F
TRRRW

Table A-7

OPEN-CYCLE MHD

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS

RAD. FURN. CONV. IFURN. ECON. 10 - T AFH
1 1 1 1
10.8 6.97 10.8 3.83
50l0 3096 2616 2368
58.2 29.9 1.8 28.1
3650/2950 2254%25 'mo/3 00 2250/700
T15/545 1000/600 417/232 1400/621
2633 373 151 325
17 19.6 12 10
LLT6L 7316 1812 3246
.059L(f1at) k6 .565 552
2659 . 3263 102l 1792
ThT5 10.1h1 1689 1919
140 1% - 23 2" Ken Tube 2
66 L7L9 0L 1171
23 i3 L8 L78
L89 k62 1097 1649
3.14% 22,728 1.645 12,256
643 L773 50 Th32
52.96 50.96 2.91 22,21
1183 6965 1606 6639
7 20 38
21 62 20
57 18 L2
15 - 100 -
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Gas from
High-Temperature,
Air Heater

to Convection

/
SH/RH and T

Low-Temperature

Air Heater BN
.o

ESP
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/ Economizer
\/\/W L 10 Stack
~270" -
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Figure A~25. Open-Cycle MHD in Convection Boiler and

Economlzer Arrangement
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—(5—~ SH Outlet
Note '
Some K50, in High \)“' :
Temp. Airheater & \
Flue to Convection 1
SH/RH
X
= x Sooiblower Locations
SH Outl
| = x A X
utlet - ‘
RH O O | . r Region of
C : ; 1 ‘ Condensing
{ | Il | K2504
E I
L
[ I
il
[ ]
11!
[ ]
x i T
[ i ]
L ————41— SH Inlet
Upper RH [ i j Cé
Inlet ¢ I
. S
Lower RH | Gas Flow Proportioning Dampers
Qutlet L l
L O Lower RH Inlet

36' Width ——%
80’ Depth
SH Inlet //{

to Electrostaiic
18’ Precipitator

K2504 & Fiyash Tap
Figure A-27. Open~Cycle MHD in Convection Superheater-Reheater
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x_' Sootblower Locations
80" Depth

N T ST e
; -

Air
Quilet

o
g5 Inlet
[ale]

\‘ to Electrostatic
Precipitator

K50, & Fiyash Tap

Noie Some KZSO4 will Condense in the High Temperature
Air Heater and in the flue to the Low Tempergture
Air Heater,

Pigure A-28. Open-Cycle MHD in Low-Temperature Air Heater
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Figure A~29. Open-Cycle MHD with Econonmizer
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Tabla A-8

BASIC FURNACE SIZING AND SURFACING CONSIDERATIONS
HIGH-TEMPERATURE FUEL CELLS

CF_GAS

Surfacing

Cycle Point 1

Gas - Hot Fluid Flow (108%/hr) 9.482

Sectional Area (£t2) 80x77 = 6160

Furnace Velocity (ft/sec) 27.8

Gas T1/T» (OF) 2033/540

Working Fluid t1/t; (OF) 1000/510

IMID - AT) A\%. (°m) 231

To (Btu/hr-ft< °F) 18.7

Q"o (Btu/h:;é-fta) 3

So (10°-£t%) 9705

Qo {106~ Btu/hr) 1187

Surface Wt. (tons/106-£t2) 329),

Tube size 0D (in) 1tw - il
Weights

Pressure Part Wt.(tons) 3677

Caring, etc. Wt. (tons) 537

Potal Wt. {tons) 121
Costs ~

Tnit cost § x 106 16.230

Cosi rate $/ton 3852

Cost rate 8/ft2 16.72

Cost rate $/10° Btu/hr 3676
Pressure Part Composition

Service (Wt.)

Fluid Temperature

Wt. % MO-RE 2

Wt. % Hastelloy X

Wt. % Inconel 601

Wt. % TP 347H

Wt. % TP 30L4H 6

Wt. % P-22 37

Wt. % T-2 37

Wt. % CS 20




O
RH outr lf_ = ] —
RHin & ' —
SH outCF = — —0
— P#H;ﬁ |  Eecon
SHin ar O
g2’ 14"
36'
O O
Diffusion_. -~ 1= Afr
Burner
— Fuel

Figure A~30. High-Temperature Fuel Cell in Steam Generator
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APPENDIX B
EQUIPMENT PERFORMANCE DATA FOR PRIMARY HEAT INPUT SYSTEMS

The technical data for each energy conversion system studied,
are supplied on a modular basis. Tne final number of modules

utilized for each parametric case are given in Volume II in the
section describing the specific energy conversion system. The
parametric point designation is also found in Volume II.
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Table B-1 {Page 1 of 5)
ADVANCED STEAM CYCLE
Furnace Type ATB —-»
Case NumberF_u'E1 Gode 1 ";_- 2 3 L [ 6
Qutput per Module, 105 Btu/Er 1540 | 1slo 1500 | 1510 1507 11481
Heat Exchenger Efficiency, Q,4/@ in | 0.8878 | 0.8878|0.8878 | 0.8678 | 0.8878|0.8678
Number of Modules I 3 6 8 I L
Fuel Input, 108 1W/HT G.1608 0.1573 [ 0.1547
Combustion Air Input, 1061.1:/11:: 1.6003 1.8650 | 1.5393
Combustion Gas Flow, 100 Lb/fir 1.748 1709 | 1.681
Stone Imput, 100 Lb/m&%ﬁgﬁgze org .ohoi - t 0.039: 0.0382
Total Solids Output 106 Lb/Hr 0529 0.0529 | 0.099
Percent Solids as Tap or Bottom Ash €3 g3 53
S0, at Exit, Lb/10° Btu input 1.08
NO, at Exit, 1:n/106 Btu input .27
¢ 0 at Exit, m:/lo6 Btu inputb .21 Y
Solids at inlet to Final removal equip.| 2,07
1b/10° Btu
Final particulate removal eff. reg'd. t| g,9517
meet 0.1 113/106 Btu solids emissiona
Fan Power Requivements, Mie 5.161 N 5.05 1,_965
Other Auxiliary Equip. Power, MiWe 3,09 ‘ 2,98, | 2.93%
Heavr xchanger Width, Ft. 12 12 12 12 12 12
Heat Exch. Depth or 0.D., Ft. 0 0 0 0 29.L 28.9
Heat Exchanger Height, Ft. 1% 1% 1% 150 1% 150
No. Cells or Combustion Stages/Module 7 7 7 -7 7 7
Heat exchanger weight, Tons/Module 1200 1200 1200 1200 1211 1162
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Table B-1 {(Page 2 of 5)

ADVANCED STEAM CYCLE

Furnace Type AFB ——w ;
Fuel Code 6 —= :
Case Number——— ki |3 9 10 11 12
Cutput per Module, 106 Btu/fir 1h2 1831 15ho+ 1649 1606 1566
Heat Exchanger Effjociency, Qout/ Q in 0.8878 10,8878 1 0.8878 | 0.8878 (0.8878 | 0.BB78
Number of Modules b L by GE l L L
Fuel Input, 108 10/8” ; 0.1483 [0.1598 } 0,1608 | 0,1722 [0.1677 | 0.1635
Combustion Air Input, 10°Lb/Hr 1.4764 {1.5%8 | 1.6003 | 1.702L [ 1.6688 | 1.6275
Combustion Gas Flow, 108 1b/ir 1.6132 11,7362 | 1,785 | 1.8600 | 1.8233 | 1.7782
6 ELimestone or;
Stone Input, 10° Lb/Hr(Dolomite 0313 | .0lo2 oloy | .oum| .ou ol10
Total Solids Output 108 Lv/ur 088 | 0926 | omag | 0563| o501 | .05
Percent Solids as Tap or Bottom Ash 53 53 g3 g3 g3 g3 :
_502 at Exit, Lb/lOG Btu input 1.08 1.08 | 1.08
NO, at Exit, .I..b/lO6 Btu input .27 .27 .27
C 0 at Exit, Lb/106 Btu input .21 .21 .21 \
>

Solido at inlet to Final rnmovgl equip. 2.07 2.07 | 2.07 ;
1b/10° Btu

Final particulate removal eff. reg'd. ¥ 0.9517 0.9517 0.9517
moet 0.1 1b/106 Btu solids emicoiona

Fan Power Requirements, MdWa L. 761 5,131 5.6 S.L%0 5.382 5.2Lh9

Other Auxillary Equip. Power, MWe 2,81k | 3.032 | 3.09% | L.4s3 |38 3.102

Heat Exchanger Width, Ft. 12 12 12 12 12 12

licat Exch. Depth or Q.D., Fi. 27.7 29,8 0+ 3.9 1.3 0.5

lieat Exchanger Helght, Fi. 150 150 150 19 150 190

No. Cells or Combustion Stdges/Module 7 7 7 7 7 ? -
Heat exchanger weight, Tons/l'[odule 118Y 1293 1200+ | 1091 1172 1137

REPRODUCT 1Y OF THE
ORIGINAL LAGi IS POOR
l4g
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Table B-1 (Page 3 of 5)

ADVANCED STEAM CYCLE

Furnace Type AFE [T ———,
Cave Humbepy Tuel Gode I 13__1-!:; N])1 "M's16 I61'? Im18
Ouiput per Hedwle, 10% Dlufir 1900 | 147 | 1sko 1540 &g | 16
Hoat Fxchanger Effleiency, Qout/Q in 0.86878 0.8878| 0.8216 | 0.B637| 0.8793] 0.6314
funber of Moduleo L L L L 1 1
Fuel Input, 106 P/ 0.1566 | 0.1536| 0.2721 | 0.199L | 0.655k | 0.075)
Combustion Air Input, 106Lb/1£r 1.5592 | 1.5289] 1.7213 ] 1.6202 | 6.5220 | 6.802L
Combustion Gas 16"1“- lqii:n:ft.'-gno or; 1.7036 | 1.6M5| 1,976k | 1.814L | 7.1k | 7.B112
Slone Input, 10 Lb/llr Dolomite 039Y 0386 0123 0102 — .
Total Golida Output 108 Lb/ie 055] .oms| .02 | .0253]0.0629 | 0.0667
Yercent Golidn as Tap ov linitom Ach 53 53 25 24 25 2g
50, at Bxit, Lb/10° Blu input 1.08 0.0 | 0.27 | 7.22 2,03
05 at Exit, l;h/l()6 Dt input 27 0.26 0.26 0.7 0.7
C 0 at Exit, Lb/l()G Blu inputb .21 .23 22 — —
fielids at inleb bo Final xl';‘r;i;glﬂiuuip. 2,07 _+ 1.47 1.39 8.9 9,00
et 07 1100 ok ol Lo emiowtans | O 0.9 | 0.9262 | 0.96% | 0.985
Fan Power Hequircments, e 5.029 h.93 5.9%0 S.hély | 5.3001D| 6.2001D
Othor Auxiliney Bquip. Powor, Mo 2.972 2.91L { 3.281 3,229 g:osggm 115:',510(?]?:D
Heal Exclongar Widll, rh., 12 12 12 12 7h.5 81.7
Heat Exch. Deplh or 0.0, L. 29,3 2B.7 33.8 3.3 Lé k6
Hleat Exchanger Hedight, ¥t. 19 150 150 150 185 185
Ho. Cello or Combuation Ul.:,geu/r‘iodulc 7 7 7 7 32 32
ltcat exehanger weipght, Tons/Module 1156 | 1075 1350 12L5 €000 6hél
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Table B-~1l (Page £ of 5)

ADVANCED STEAM CYCLE

Furnace Type CP Pr PFB
i Tey  222x Bode S - se - L121 m22 mez; LT -

guiput per Hodwle, 10° plu/ir 6160 140 & 616 639 972
Heat Exchanger EXficlency, Quue/@ in | 0.8739 | 9.9155 10,426k | 0.L385 Jo.uLD [0.6158
Huber of Modulrn 1 1 k L L [N
Fuel Input, w5 1/l 0.7881 | 0.L291 (0,488 | 0.623 | 0.599 | 0.1k6h
Combustion Air Input, 106Lb/1u: 60032 | 6.2132 1 1,371 1.368 1.399 | 1.L568
Gombustien Gag Flov, w?”‘,j%’gm o 7.1721 | 6.6l16(1.85% | 1.9910 | 1.9980 | 1.6063
Stone lnput, 10‘J I.h/lh' l;nfomito % - _— - . _— 0.0655
Total olidn Output 108 Lb/ilr 0.0591 | a.000k | - -- -~ | 0.062}
Irpcent Tolidno ay Tap or Hottom Ach 25 g . . . 5
50, at Exit, 1.h/10° Blu input 1.79 0.89 L . . 0.72
0, at Lxit, 1.1»/106 Bta Input 0.1 0.3 | 0.20 |o0.20 0.20 0.14

¢ 0 at Fuit, 1.b/10c' Blu inpul - - - - — 0.1
Gollda at inlel to Flual :'mnnvﬁl enuiye | 8,39 0.06 . - - 1.09

1b/10% Buu
T e v Kt il A M M Mk
Fan Tower Reauwiresenty, iMe 5. l0or 8.20 - - - -
5.70017T

Othor Auxilinry Pqulp. Pewnr, MWo 9,257 | 0.599 — -- - 2,182
Henl Pxcluoyrer Whdth, P, 75.8 69.5 - “- - -
lleat Fxch, Depth or 0.h., IL, L6 L6 13.5(12) 13.5(12]13.5(12) 13.5 95:2
lieat Exchanger llelght, Ft. 185 185 L2 L2 L2 8L 72
Me. Cello or Combuslion Ltidges/Hodule 32 32 3 3 3 g
lleat exchanger weight, Tunc/Module €39 5676 220 212 219 Lo
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Table B-1 (Page 5 of 5)

ADVANCED STEAM CYCLE j
Fernace Type PFB CF '.
Puel Code ND MS I6 I8 I6
Cie Jlumber 2g 25 27" a7 17A :
Qutput per Hodule, 100 BLu/ir 02 960 1086 | o2 | eual
llant Exchanger Efficlency, Qout/Q in -5l 02k L6689 | 6689 | .8793
lhueber of Hodwien L L I L 1
Fucl Input, 106 18/ 0.2102 { 0.1781 |0.1L6L | 0.1348 | .6939
Combustion Air Input, lUGLb/m: 1.5196 | 1.k561 | 1.4568 | 1.249 6.8015 ‘
Combustion Gao Flow, J,O(5 Lb/lir 1.7496 | 1.62h7|1.6063 | 1.4785 T.14193
: 6 E!.imnntonc or
g Slone Iuput, 10 Lb/lh: Inlomito 0193 018k 06558 0603 - :
] Tolal $olida Cutput 105 Lb/iiz 0296 | 0298 | .o6ck | oz | 0656
Percenb Sotide ag Pap or Doltom Ach 32 3. 51 51 25
50y ab Exit, 1/16° uLu input 0.20 0.18 | 0.72 0.72 {7.22
N0, at Exit, /108 Btu inpui 0.13 | 0.3 { 0.1} oak | -7 :
C 0 al Ixit, l.b/lOG Ntu inpud 0.1 0.1 0.11 0.1 - ;
Golldo at inlel to Flnad 1'r:|nov61 cquip. | 0.8 0.7 1.09 1.09 8.9
15/10% Bin

¢ Final particulale removal off. reg'd, L) 0.8579 0.86}4% 0.9475( 0.9475 | .9850
i meet Q.1 107107 Be volidn emloolony

: Fan Power Hequirementu, MWe - - - -  [5.735FD
; 5.527TD
b Othor Awelllary FBquip. lawor, o 2.076 | 1.808 | 2.182 2,009 B.l1g
Henl Excluungoer Widih, FL. _— - — 1T
(9.8 (9.3 (9.2 (8.5

: Jieat bxelh. Deplh or U.f., ¥, 13.5 x {13.5 x|13.5x {13.5x hé

i 9.8) 9.3 9.2 8.5

: lleat Exchanger lelght, FL. 8l Blpe Bl 8 185

: Ho. Cells or Combuzijion [,‘Lalgeu/l-lodule g g Gt g I

% lieat exchanger weight, Tone/Module In3 377 L27 423 choo
Same Rev. “

Qutput | Conv.
ag cage | Steam

2

35 POOR 145




Table B-2 (Page 1 of 6)

SUPERCRITICAL CO.?. CYCLE

1590

Furnace e AFB ¥rB IR
Fuel Code I6 —————e MS ND 16 1T
Case Number 1 4 BER [ ) 2]
Output pez Module, 108 Btu/ir 1517 | 157 | o1s20 | o1ugo | 1086.2] L.k
Heat Exchanger Efficiency, Quup/@ in 8700 ) L8744 | L8520 | L79LL | L6685 § .L6B7
ttumber of Modules 2.]3 [5.626 | 2.851 3.121 | h.t03 6.081
Fuel Input, 206 1b/ET 4681 608 | 199k | .20k | .1L6k | .67
X 6
Combustion Air Input, 10 Lb/Hr 1,603 [1.603 { 1.6m2 | 1.7103 1 1.L568 8985
Conbustion Gas Flow, 10° Ln/fr 1.7485 | 1.7485 | 1.81Lk | 1.9637{1.6063 | 1.859
6 ELimestone or;
Stone Input, 107 Lb/Hr(Dolomite ooy | olok | 01027 | 01218 06551) -
Total Solids Output 10° Lo/iir 0529 | L0529 | 0253 02889 062k —
Percent Solids as Tap or Bottom Ash .0283 L0283 L00& L 00728 .038L ——
50, ab Exit, Lb/IOFBtu inpub 1.08k5 | 1.08L5 | .2683 o) IT: B -~
N02 at Bxit, Lb/106 Btu input L2711 .27l .26L5 L2575 L1371 .2
C 0 at Exit, Lb/106 Btu input L2102 2112 2178 2292 0T -
Solids at imlet to Final removgl equip.| 2 am3|2.0®3 |1.3919 | 1.L745 | 1.0936 -
1b/10° Btu
Final particulate removal eff. reg'd. % 9517 L9517 .g282% 9322 { .9L75 -
meet 0.1 1b/106 Btu solids emissions
Fan Power Requirements, MiWe 6.82 6,82 6.89 7.13 _— L2678
Other Auxiliary Bquip. Power, Mve 3,050 3.040 3.229 3,261 2.182 .
Heat Exchenger Width, Ft. 13 13 13 13 - -
Heat Exch. Depth or 0.D., Ft. 1 1 32.1 3.8 13.5 13.5
e c pith o ’ 3 3 (10x27)
Heat Exchanger Height, Pt. 110 110 110 110 128 88
{Note 1)
No. Cells or Combustion Stages/Module 7 7 7 7 L 3
(Note 1)
Heat exchanger weight, Tons/Module 1753 1783 | 18ks |12 733 6768

Note 1; TFor all AFB units - increase height By 1L' and weight by 3%%.

Case 1 - L, 11 -~ 32
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Table B-2 (Page 2 of 6)

SUPERCRITICAL CO o CYCLE

Furnace Type PE AFB ———=
Tuel Code Tal N HT oL 6 ———
Case Number 1 ] 9 10 11 12
Output per Module, 106 Btu/Hr 698.2 | 672 9% 827 1317 }_‘
Heat Exchanger Efficiency, Quui/® in 4835 { .L783 | 9979 | 8997 .BB78
¥umber of Modules €.097 |6.645 | L.585 | h.7hs  2.7l0 | 2.889
| Fuel Input, 108 10/Hr .93 | L7243 | L0607 | o7 | L1608 )]
| Conbustion Air Input, 10°Lb/tr Bl29 1 L7972 [1.1065 [1.1065 | 1.6003
Gombustion Ges Flow, 10° Lp/ite 1,998 {1.991 hat:m fra7m | 1.7485 | e
6 EL:Lmeatone org B i
Stone Input, 10° Lb/Hx(Dolomite - — _— .0loh
Total Solids Output 106 Lb/Hr - - - - 08529
Percent Solids as Tap or Bottom Ash - —— - - 0283 |/
S0, at Exit, Lb/10° Btu input - - - - ToBks N
NO, at Exit, 15/10% Btu input 2 .2 .2 .2 .27
; ¢ 0 at Exit, I{n/].O6 Btu input - - — _— 2102
! Solids at inlet to Final removal equip. - —— _— _— 2.03 ?—.
i 1b/10° Btu
% Final particulate remov:j\.lleff: rg?g'd.. 4 w— - - ——— 9517 J
: meet 0.1 ZI.b/lO6 Btu molids emissions
% Fan Power Reguirements, Mis 1p.033 |[37.867 | k5.7 | 38,08 6.82 _"__
; Other Auwxiliary Equip. Power, Mie - - —— - 3,050 §
% Heat Exchanger Width, Ft. - - - - 13
Heat Exch. Depth or 0.D., Ft. 13.5 & e 3 L__
Heat Exchanger Heignt, Ft. 87 86 1h0 130 110
E No. Cells or Combustion Steges/Module 3 3 6 6 (ay
1 .Heat exchanger weight, Tons/Module 5T 559 1060 1041 1773 1727
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Table B-2 (Page 3 of 6)

SUPERCRITICAL CO 5 CYCLE

Furnace Type ATH
Fuel Cede I6

Case Number _ T3 Th 15 6 7 13
Qutput per Module, 108 Btu/fir 1517 }w_ -
Heat Exchanger Bffioclency, Q+/Q in .8878
Number of Modules 2.792 2,919 | 3.030 3.1kb 2,911 | 2.822
Fuel Input, 106 1b/Hr 1608 ]
Combustion Air Input, 106L'b/H:.' 1.6003 !
Combustion Gas Flow, 10° Ly/fr 1.78% , A N B

6 ELimes?one or; r
Stone Input, 10° Lb/Hr(Dolomite olok 1
Total Solids Output 106 Lb/ir o529 !
Parcent Solids as Tap or Botitom Ash 0283 |/
S0, at Exit, Lb/10° Btu input 1.0845 !
NO, at Bxit, Ll)/l!.{:l6 Btu input .27k
¢ 0 at Exit, Lh/lo6 Btu input L2142 } -
Solids at inlet to Final removgl equip. |2.07%3
1b/10° Btu

Tinal particulate removal eff. reg'd. t| ,9517
meet 0.1 1b/106 Btu solida emissions
Fan Power Requirements, Mwa 6.82 —
Other Auxiliary Equip. Power, Miwe 3,090
Heat Exchanger Width, F4. 13
Beat Exch. Depth or 0.D., Ft. 31
Heat Exchanger Height, Ft. 110 i o
No. Cells or Combustion Stages/Module 7
Heat exchanger weight, Tons/Module 1832 | 1667 1588 1515 | 1532 1643
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Table B-2 (Page 4 of 6)

SUPERCRITICAL C‘Oz CYCLE

Furnace Type _gg'.p_ —
Case Number Feel Gote . 19—'—-‘*20 21 22 23 2L
Output per Module, 106 Btu/ir 1517 } -
Heat Exchanger Efficiency, Qout/g' in .8878
Number of Modules 2.813 | 2.800 | 2.73h [3.412 | 2.813 | 2.813
Fuel Input, 106 1h/H1’ 1608 ']
Combustion Air Input, 106Lb/Hr 1.6003
Combustion Gas Flow, 106.Lb/Hr 1.7485 s | R
Stone Tnput, 106 Lb/&égollig;;gge or; olok [
Total Solids Output 108 Lb/Hr .0529
Percent Solids as Tap or Bottem Ash 0283 J
50, at Exit, Lb/10° Btu input 1.0845 |)
B0, &t Exit, Lb/106 Btu input 270
¢ 0 at Exit, Lb/10° Btu input L2142 I N R S
Solids at inlet to Final removzl equip.| 2,073 T_
1h/10" Btu
Final particulate removal eff. reg'd. t| ,9g917
meet 0.1 1b/100 Btu solids emissions J
Fan Powar Requirements, MWa 6,82
Other Auxiliary Equip. Power, Mie 3,09 J .
Heat Exchanger Width, It. 13 -"
Heat Exch. Depth or 0.D., Ft. 31 |
Teat Exchanger Height, Ft. 1l o e -
No. Cells or Combustion Stages/Module 7
Heat exchanger weight, Tons/Modile 1753 1753 | 1946 1839 1753 | 19L3
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Table B-2 (Page 5 of 6)

SUPERCRITICAL CO2 CYCLE

P Wm— PV

Furnace Type [AFB
Puel Code T —
Case Number 25 26 27 28 29 EY
Output per Module, 10% Btu/Hr 1517 |3
Heat Exchanger Efficlency, Q*out/Q' in 8878 |
Number of Modules 2,816 | 2.8L8 | 2.845 | 2.860 | 2.833 | 2.856
Fuel Input, 106 10/ET 1608 |
Combusbion Air Input, 10°Lb/Er 1.6003 | |
Combugtion Gas Flow, 108 Lb/Hr 1.7L8g L
¢ %Limestone or) F—
Stone Input, 10% Lb/Hr{Dolomite ) okol |
Total Solids Output 106 Lb/Hr 0529 l
Percent Solids as Tap or Botitom Ash 0283 *'
S0, at Exit, Lb/10° Btu input 1.0845 |7
NO, at Bxit, 1.13/106 Btu input .27k f
C O at Bxit, Lb/106 Btu input L2142 —_
Solids at inlet to Final removgl egquip.{ 2.0703
1b/10° Btu
Final particulate removal eff. reg'd. t L9517 J
meet 0.1 lb/lO6 Btu solids emissions
Fan Power Requirements, Mye 6.82 1
Other Auxiliary Equip. Power, MWe 3.050 §:
Heat Exchanger Width, Ft. i3 -
i
Heat Exch, Depth or 0.D., Ft. 31 L
Heat Exchanger Height, Ft. 1
i
No. Cells or Combustion Stages/Module 7 Jl
Heat exchanger weight, Tons/Module 1643 1753 1879 1679 1753 1759
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Table B~2 (Page 6 of §6)

SUPERCRITICAL 002 CYCLE

Furnace—-fme @_—-—-—*
Fuel Code 6 2 —
Case Number Eil 32
Output per todule, 108 Btu/HEr 1:7 | 1517
Heat Bxchanger Efficiency, Qout/a in .B878 .B878
Humber of Modules 2,818 | 2.83
Foel Input, 100 1B/ET a608 | 1608
Gombustion Air Input, 106Lb/H:: 1.6003 |1.6003
Combustion Gas Flow, 105 Lb/r 1788 {17488
Limestone or
Stone Input, 208 Lb/HrEDolomita 3 olot | .olok
Total Solids Output 106 Tb/iir 0529 | L0529
Percent Solids as Tap or Bottom Ash 0283 0283
S0, at Exit, Lb/10° Btu input 1 .08k |1.08L8
NO, at Exit, 10/10% Btu input 27 | .27
C 0 at Exit, 1b/10° Btu input 22 | 2e
Solids at inlet to Final ;e;gg B:guip. 2.003 [2.0703
Bocs 0.1 Toi0% wbe sotids enisesone. | 57| 95T
P'an Power Requirements, Mis 6.82 6.82
(ther Auxiliary Equip. Power, Mie 3.0 3,080
Heat Exchenger Width, Ft. 13 13
Heat Exch. Dapth or 0.D., Ff. 31 3
Heat Exchanger Height, Ft. 110 140
No. Cells or Combustion Stages/Module 7 7
Heat exchanger waight, Pons/Module 1753 1759
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Table B~3 (Page 1 of 8}

CLOSED-CYCLE HELIUM GAS TURBINE

Purnace Type |AFB PF-10 -
Tuel Code 16 WD S LI LH iN
Case Number — 1 2 3 5 a
OQutput per Module, 108 Btufir 1520 | 136 | 1519 | em 6k 616
Heat Exchanger Bfficiency, Quup/Q in 8762 | .B379 | .8517 | .k26h | .hh3l | .L38L
Humber of Modules 1.800 [t.792 (1.8 [ L.36h | h.37h | k.5
Fue: Input, 100 10/EX 608 | 2ml | oaesh | Letm | .93 723
Compusticn 4ir Input, 1061.'0/}11: 1.603 | 1.7106 |1.612 | .898% Bu2o | .7u72
Combustion Gas Flow, 108 Lb/ur 1.7L485 | 1,96k }1.81LL [1.85% | 1.9980 }1.9910
6 ELj_mestone or;
Stone Input, 10° Lb/Hr{Dolomite Olob 101218 ] otz — — -
Totai Solids Output 108 Lb/ir 0529 | 02884 | .02526| -- — -
Percent Solids as Tap or Bottom Ash sk 25 25 -~ —— -
$0, at Exit, Lo/10° Btu input 1.0845 | .oL8 | 2683 | - - -
N0, at Txit, 1.b/106 Btu input 27 .2575 | .2éLs .2 .2 .2
C 0 at Exit, L‘n/106 Dtu input 2142 .2292 | 2178 - _— —
Solido at inlet to IFinal mmovgl onuip. | 2,073 | 1.k7k5 {1.3919 - - —
1b/10° Btu
Final particulate removal eff. reg'd. ¢| .9%17 L0322 L9282 - - —
meet 0.1 1b/106 Dtu nolids cmiosions
Fan Power Requiremesnto, Mde 6.62 7.k3 6.89 o 0 0
Othor Auxilinry BRquip. Powar, MWo 3,050 3.261 3.229 - _— -
ftoant Fxchangor Widih, Ft. 13 13 13 - _— -
Heas Exch. Depth or 0.D., Ft. 3 35 32 13.5012)13.5(12) {13.5(12)
Heat Exchanger lelght, Fb. 198 198 198 100 100 96
llo. Cells or Combustion Stages/Module 9 9 g 3 3 3
Heat exchanger weight, Teng/Module 2162 2161 2195 Stk 512 (X1
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Table B~3 (Page 2 of 8)

CLOSED~-CYCLE

HELIUM GAS TURBINE

Furnace Tyme PF-HT _ |PTB AFH — PP-HT
Tuel Code HI 16 I6 HT
Case Number K ) 9 10 1 12
Cutput per Module, 20° Btu/tr 1010 | 1056 | 1520 | 1520 | 1528 | 9%0
Heat Bxchanger Effiolency, Quui/Q 1n | .7247 | .6686 | .6762 | .8762 | .BBOB | .7103
Nurber of Modules 2.769 {2.8L0 2,761 3,681 1.628 | 3.225
Fuel Input, 100 10/Hr 06138 | .1kéh | L1608 06138
Combusbion Air Tnput, 10°Lb/Hr 117 134568 |1.6003 1,1117
Combustion Gas Flow, 106 Lv/Hr 1.1731 | 1.6063 [1.7.88 1.173
P Limestone or
Stone Input, 10° Lb/Hr(Dolomite - 06851 .0lok -=
Total Solids Output 106 Lb/Hr - 06238} 0529 --
Percent Solids as Tap or Bottom Ash - 51 sk " -
: [ N

50, at Exit, Lb/10° Btu input - L7231 | 1.08L4% --
NO, at Exit, Lb/m'5 Btu input .2 37 2741 .2
¢ 0 at Exit, 1,1:/106 Btw input - JA07 2102 --
S50lids at inlet to Final removal equip. — 1.0936 | 2.0703 -

1b/10" Btu
Final particulate removal eff. reg'd. t| -- L9l7s L9517 -
meet 0.1 1b/106 Btu solids emissions
Fan Power Requirements, Mve 0 - &.620 6.820 |6.820 o)
Other Auxiliary Equip. Power, MiWe - 2.182 | 3.0%0 3.0 {3.09 -
Heat Exchanger Width, Ft. . 2 -

! barrels 13 13 13
Heat Exch. Depth or 0.D., Fi. 13.5(1 2)"3(],.;0 JSlJ 31 3 n 13.5{12)
X

Heat Exchanger Height, #t. 132 1Ll 198 198 184 212
No. Cells or Combustion Stages/Module é L 9 9 7 &
Heat exchanger weight, Tons/Module 735 677 2162 2162 1619 1129
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Table B-3 (Page 3 of 8)

CLOSED-CYCLE HELIUM GAS TURBINE

Furnace Type

AFB

Fuel Code I6 ——n

Cace Number 13 1 15 16 17 18
Output per Nodule, 10° Bu/iir 1520 | 1538 | 1520 | 1520 1520 1520
Heat Exchanger Bfficiency, Qout/q in 8762 .B8866 | .8762 8762 | 8762 B762
llumber of Hodules 1.438 | 2135 | 1.816 | 1.791 {1.840 | 1.819
Fuel Input, 106 1b/Hr 168
Combustion Air Input, 10°Lb/ur 1.6003
Combustion Gas Flow, 108 Lb/Hr 1.7485
Stone linput, 106 Lb,’l{ré;ﬁg;igge org LOlok
Total Selids Output 108 Lb/Hr .0529
Poercent Solids as Tap or Botiom Ash o4 "
50, at Exit, Lb/106 Btu input 1.0845 -
NO, at Exit, 1.13/10'5 Btu input 2701
C O at Exit, 1,13/106 Btu input 212
Solidc at inlet Lo Final l‘nmovgl cquip, | 2.0M3

1b/10° Btu

Final particulatce rcemoval eff, reg'd. t L9517
meet 0.1 11)/106 Btu nelids cmiopiong
Fan Power Regiirements, Mdie 6.820 \
Other Auwxiliary Equip. Power, MWe 3.0% f
Heat Exchanger Width, I't. 13 4?
Heat Exen. Depth or 0.D., ¥, 3 IL;
fleat Exchanger Height, Ft. 286 242 264 26k 198 26l
No. Cel.o or Combuation St.ages/ﬂudule 13 11 12 12 9 12
Hieat cxchanger weight, Tong/Module 2820 2322 2459 2hh3 2162 2463
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Table B~-3 (Page 4 of 8)

CLOSED~CYCLE HELIUM GAS TURBINE

[P P

Furnace Type I|AUR PF-HI
Fuel Code 5 — HI
Cane Number 19 20 21 22 23 2}
Output per Module, 10° Btu/iir 1520 1500 | 150 1520 | 1520 9%0
Heat Exchanger Effieiency, cht/Q, in B762 L8878 | .8878 8762 | 8762 .1o3
Humber of HModules 1.931 2.0 [2.798 1.438 n.665 3.613
Fuel Input, 106 L0/Hr 1608 06138
Combustion Air Input, 10°Lb/Hr 1.6003 1.117
Combustion Gas Flow, 10° Lb/Hr 1.7488 1.473
. 6 %Limestone or
Stone Input, 10° Lu/Hr(Dolomite .0lok _—
1 Total Solids Output 106 Lb/Hr 0529 -
é Percent Solids as Tap or Bottom Ash ly « —
50, at Bxit, Lb/10° Btu input 1.08LS 4 .
NO, at Exit, Lb/l(}6 Btu input .27 .2
C 0 at Exit, Lh/lO6 Btu input 212 -
i S0llds at inlet Lo Final rcmovgl enuip, 1 2,003 -
; 1b/10° Btu
J Final particulate removal eff. reg'd. t| 9517 —
moel 0.1 167100 Blu vol Lin omicolons
l Fan Power Regquirements, Mve 6.820 o
Othor Auxiliery Bquip. Pawer, MWe 3,05 }' —
fleat Bxchanger Width, Ft. 13 . -
licat Exch. Depth or 0.D., Ft. 3 } 4 13.5{12)
lleat Exchanger feight, Ft. 26l 220 | 198 | 286 | 286 | 196 ;
No. Cells or Combustion Stdges/Module 12 10 9 13 13 6
Heat exchanger weight, Tons/Module 23z 213, 1754 | 2620 2876 1035
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Table B-3 (Page 5 of 8)

CLOSED-CYCLE HELIUM GAS TURBINE

Furrxge Type PF-HET AFB
Fuel Code | BT 6 ——
Cace lumber 25 26 27 28 29 n
Output per Module, 10° Btu/ir 90 | 1520 | 1537 | 1520 | 1520 |[15%0
Heat Exchanger Efficlency, 8,,+/R in .Mm03 | .B762 | .8Bé0 | .B762 | .B762 | .BYG2
tumber of Modules 2.848 |2.835 [1.,797 {1.438 |1.h38 [1.Lh38
Fuel Input, 106 1b/Hr 06138 | 1608
Combustion Air Input, 106Lb/Hr 1.9117 |1.6003
Combustion Gas Flow, 106 1b/Hr 1473 [1.7488
6 {Limestone or;
Stone Input, 10° Lb/lr(nolomite - oloh
Total Solids Output 106 Lb/Hr - 0529
Percent Solids as Tap or Bottom Ash o 5k -
S0, at Exit, Lb/10° Btu input -~ |1.08k5 ‘
§0, at Exit, Lb/106 Btu input .2 .27
C 0 at Exit, Lb/lo6 Btu input - 2112
do/ Lo ot inlel to Flaal rnmovgl equip. | __ 2.0703
1b/10° Btu
Final particulate removal eff. reg'd. t] __ L9517
meel G.1 1b/106 Blu polids emlosionu
Fan Power Requirements, Mie 0 6.820
%
Other Auxilinry Equip. Power, Mue - 3.05% 4
licat BExchanger Width, Ft. - 13 ;»,
Heat Exch. Depth er 0.D., Ft. 13,5{12) 3 ‘i{
licat Exchanger Heignt, Ft. 238 18} 15h 08 08 ko))
fo. Cells or Combustion Stdges/Module é 7 7 14 1k 1k
fleat oxchanger weight, Tons/Module 1288 1599 1629 | 2690 2650 2690
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Table B~3 (Page 6 of 8)

CLOSED-CYCLE HELIUM GAS TURBINE

Purnace Type |PP-HE AFB
Fuel Cods HE HT HT ib
Case Number 3 32 33 3L 35 36
Output per Module, 106 Btu/ir 950 9% 950 1520
Heat Exchanger Efficiency, Qow/Q, in .T03 .703 1 .703 .B762 —_——'}
Humber of Modules 2.652 | 3.127 [3.516 |[1.438
Fuel Input, 108 1o/Hr 06138 1608
Combustion Air input, lOGLb/H.r 1.4117 1.6003
Combustion Gas Flow, 10% Lb/Hr 1.4 1.7h85
¢ ELimestone or;
Stone Input, 10° Lb/Hr{Dolomite — LOloh
Total Solids Output 108 Lb/tr - .0529
Percent Solids s Tap or Bottom Ash . 5l
— h
- [ R 7 7
80, at Exit, Lb/10° Btu input - 1.0845
N0, at Exit, Lh/lo6 Btu input 2 L2701
C 0 at Exit, m:/w6 Btu input — 2142
Colido at inlet to Final J'mnovgl oqudp. . 2.073
1b/10° Btu
I'inal particulate romoval eff. regld. & . L9517
moet 0.1 15/100 Btu wolidn eminoiono
Fan Power Reguiremento, MWe 0 0 0 &.620
Other Auxilinry Equip. Powor, MWo _— - - 3.0 "
flcat Bxchanger Width, Ft. — — —— 13 5‘
Heat Bxeh. Deplh or 0.D., Ft. 13.5(12) 13.5(12Y13.5012)] ™ —
lleat Exchanger Height, Fti. 25l 223 201 286 —%
lo. Cells or Combuation St.:lges/ﬁodule 6 6 & 13 —_——
Heat cxchanger weight, Tons/Module 1385 1196 1062 2820 .
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Table B-3 (Page 7 of 8)
CLOSED-CYCLE HELIUM GAS TURBINE
Furnace Type AFB
Fuel Code 6 ——
Guse Number 37 38 39 lo Il L2
Output per Module, 108 Btu/Hx 1520 1537 {1520
feat Exchanger Efficiency, Qouf/Q' in .B762 ——————y | 8860 L8762 -—
Yumber of Hodules 1.L38 2,267 |1.L3B
Fuel Input, 10° 10/Bx A68
Combustion Air Input, 106Lb/H.r 1.6003
Cowbustion Gas Flow, 10° Lb/Hr 1.7L85
) ¢ ELimeatane or;
Stone Input, 10° Lb/Hr(Dolomite .olol
Total Solida Cutput 106 Lb/ir .0529
Percent Solids as Tap or Bottom Ash el .
£0, at Exit, Lb/10° Btu input 1085 | [ ‘
No, at Exit, m:/m6 Btu input .27
¢ 0 at Exit, Lb/106 Btu input .21k
Selido at inlet Lo Final removal equip. {2.0703
1b/10% Btu
Final particulate removal eff. reg'd. +| 9517
mect 0.1 1b/100 Btu solids eminniong
Fan Power Requirements, Mye 6.820 v
Other Auxiliary Bquip. Fower, MWe 3.0%0 ‘
Heat Bxchanger Width, ¥Ft. 13 4
Heat Bxch. Depth or 0.D., Ft. 3 )-“
Heat Exchanger Height, Ft. 286 ._____..____} 220 ok} 286
No. Gells or Combustion Stages/Module 13 —t 3 10 11 13
Heat exghanger weight, Tons/Module 2820 —_—— | 2275 | 26% 2820
i
EPROTTOT ol THE
ORIGINAL & OOR
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Table B-3 (Page 8 of 8)

CLOSED-CYCLE HELIUM GAS TURBINE

Furnece Type ATB
Fuel Code I6
Case Number L3 Lh L5 U6

Output per Module, 10° Btu/Hr 1520 | 1537 | 1520 | 15
Heat Exchanger Efficiei.s, Quut/Q in .B762 | .B8& | .B762 | .B762
Number of Modules 1.h38 12,267 [1.438 [3.37
Fuel Input, ZLC!6 1b/Hr L1608
Combustion Air Input, 106Lb/H:c 1.6003
Combustion Gas Flow, 10® Lb/tir 1.7488
. 6 &Limestone or;
Stone Input, 10° In/Hr(Dolomita 0lok
Total Solids Output 105 Lb/Hr 0529
Percent Solids as Tap or Bottom Ash 5l \
S0, at Exit, 1b/10° Btu input 1.08L5 f
NO, at Exit, 11/10° Bu input 2741
€ 0 at Exit, 1,1)/106 Btu input 2142
Solids at inlet to Final removal equip.! 2 o703

1b/10° Btu
Final particulate removal eff. reg'd. &| 9597
meet 0.1 1b/100 Biu colids emipsions
Fan Power Requiremenis, Mue 6.820 N
Other Auxiltiary Equip. Power, MWa 3.09 (
Heat Exchanger Width, Ft. 13 N
Heat Exch. Deplh or 0.D., Ft. 3 ‘
Heat Exchanger Height, Ft. 286 220 08 176
No. Cells or Combustion Stdges/Module 13 10 14 8
Heat exchanger weight, Tons/Module 2820 2275 2690 151%
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Table B-4 (Page 1 of 3)

LIQUID-METAL TOPPING CYCLE

Furnzce Type | AT PF .
Fuel Code I6 M ND LT B LN
Case Number 1 2 3 L 5 6
Output per Module, 108 Bty/fr 1507 | 1481 | 1hkdh e | 748 723
{(Includes Pump Work)
Eeat Exchanger Efficiency, Q,,/@ iy .B588 | .86 | .76n5 | .6h6B | 5750 | .5€01
Number of Modules 5.6H1 }5.599 | 5.748 | 8.072 | 8.056 |B8.3L2
Fuel Input, 105 1B/Er A8 | 199k | .2mh | 1875 | .5987 | .6226
. . 6
Goubustion Air Input, 10"Lb/fr 1.6003 [1.602 [1.706 [1.3:175 [1.3993 |1.368)
i 6
Combustion Gas Flow, 10° Lb/Hr 1.7485 1.6k 1 1.96ln 11.85% [1.9980 |1.9910
6 Limestone or)
Stene Input, 10° Lb/Hr(Dolomite ) oloh | 0102 | L0122 | - — -
Total Solids Output 105 Lb/Hr 0529 | 0253 | .0288 | -- - -
Percent Solids as Tap or Bottom Ash 53,5 24.3 25.3 - - -
$0, at Exit, Lb/10° Btu input 1.08L5 | .2683 | .U | -- - -
. & -
NO, at Exit, 1b/10” Btu input 27 | .26k8 .2575 2 .2 2
¢ 0 at BExit, Lb/lO6 Btu input L2102 2178 2292 .- - -
Solids at inlet to Final removal equip.i » o3 {1, 1. - a -
re /mngtu 3 (1.3919 [1.4745
Finai particulate removal eff. regfd. t{ 928 22 - -— -—
meet 0.1 1b/106 Btu solids emissions T | -5 73
Fan Power Requirements, MiWe 7.88 7.958 |8.585 — - -
Recirculation Pump Power, Mwe 5.1,50 S.Sg{) 5.?5 2.65 2,600 2.75
Other Auxiliary Equip. Power, Mue 3.9 1,229 | 3.2 _— - _—
Heat Exchenger Width, Ft. 13xM HM3x 32|13 x35) -- -— _—
Heat Exch. Depth or 0.D., Ft. - - - 13.0012 —-_—1;.
Heat Exchanger Height, Ft. 33 1 30 91 92 90
No. Cells or Combustion Stages/Modi.le 15 15 15 3 2 3
Heat exchanger weight, Tona/Module 2684, 2612 2616 377 382 373
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Table B-4 (Page 2 of 3)
LIQUID-METAL TOPPING CYCLE |
Furnace Type | PP ATB PIB PP A¥E ————
Tuel Code HI 16 i6 HI I6 ;
Case Number 7 8 9 10 11 12
Qutput per Module, 10° Btu/ir 836 1507 | 103y | 832 | 1soy | 1.98 ,
]
Heat Exchenger Efficiency, §,4/Q in 5878 | .B588( .€h79 [ .9878 | .8611| .B536 :
Number of Modules 7.203 | B8.252 | L.7hé | 5.568 | 5.0k | 5.533
Fuel Input, 100 1b/Hr 0621 | 168} L8 | o555 | L1608
i . 6
Combustion Air Input, 10 Lb/Br 1.0110 | 1.6003|1.4568 | .9922 |1.6003
Combustion Gas Flow, 10° Ln/tr 1,473 | 1.7485 [ 1.6063 | 1.0L477 |1.7485
6 2Lmestone o:r:g
Stene Input, 10° Lb/Er(Dolomite — oloht L0655 [ - .olol
Total Solids Output 106 Lb/Hr - .0529 1 .062L _— .0529
Percent Solids as Tap or Bottom Ash _— 53.5 51.0 — 53,5
S0, at Exit, Lb/10° Btu input — | r.o8ug| em | - 1.08L5
NO, at Exit, Lb/106 Btu input 2 271 A37 .2 L2701
€ 0 at Bxit, Lb/106 Btu input - 21k2 | .0m — 2102
Solide at inlet to Final removgl equip. — 2.0M3)]1.0936 - 2.003
1b/10° Btu
Final particulate removal eff. reg'd. t - L9517 | .9h75 _— L9517
meet 0.1 11::/106 Btu golids emissions
Fan Power Reguirements, Mue - 7.88 - - i1.429 7.880
Regirculation Pump Power, Mwe 2.802 S.4501 3.650 .80) 3.200 S.450
Other Auxiliary Eaquip. Povwer, MWe - 3.050 | 2.182 - 3.050 3.05%
Heat Bxchanger Width, Ft. - 13x 3 - _— 13x 3] 13x 3
feat Exch. Depth or 0.D., Ft. 13.5(12)| — 3.5 13.5{+} — —_— ,
. (9.5%9.5) !
Heat Bxchanger Height, Ft. 161 330 183 195 510 30 '
No. Cells or Combustion Stages/Module 6 15 1 6 15 }
Heat exchangér weight, Tons/Module €06 2661 953 812 5495 75
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Tahle B-4 (Page 3 of 3)

LIQUID-METAL TOPPING CYCLE

Furnace Type | AFB
I

Case Number Tuel Code 61 3 14 195 16 17 18
Output per Modwle, 106 Btu/iir 1507 | 1507 | aso7 | 1so7 | wer | w:
Heat Exchanger Efficiency, Qoui/Q' in 8588 .8588 .8588 | .B588 .8588 .8588
Number of Modules 5.501 LY
Fuel. Input, 10° 1b/Hr Y-
] Combustion Air Inpui, 106L'D/H.r 1.603
Combustion Gas Flow, 108 Lb/Hr 1. 7485
. 6 ELimestone or;
Stone Input, 107 Lb/Hr{Dolomite olol
Total Solids Output 106 Lb/dr 0529
; Percent Solids as Tap or Bottom Ash 53.5 v
' 80, at Exit, Lb/10° Btu input 1.08L5 4
1 NO, at Exit, 15/10° Btu input .27l
¢ 0 at Exit, 1,13/106 Btu input 21k2

Solids at inlet to Final removal equip. |2.0T03
1b/10° Btu

Final particulate removal eff. reg'd. t| .9517
meet 0.1 lb/106 Btu sclids emissions

Fan Power Requirements, MWe 7.880 1 7.880 7.880
Recirculation Pump Power, Mwe 5.450 5 [ -300 . 300.
Other Auxiliary Bquip. Power, MWe 3.090 j 3.050 3.050
Heat Exchanger Width, Ft. i3x 3 e
5 Heat Exch. Depth or 0.D., Fb. - - -- - - -
Heat Exchanger Height, Ft, i v
; ra
{ No. Cells or Combustion Stages/Module 15 3
Heat exchanger weight, Tons/Module 3561 > | 3k97 3501
!

REPRODUCTIRILITY OF THE
ORICINAL PAGE IS POOR
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Table B-5 (Page 1 of 3)

CLOSED-CYCLE LIQUID-METAL MHD

Furnace Type AFB 3y [T
Fuel Code 16 y 118 ND LI
) Case Number 1 2 3 L 3 [
Output per Module, 106 Btu/Hr 1540 10 | 180 | eh1.0
Heat Exchanger Effioiency, Qu;+/Q in .B878 8635 | 8266 5619
Number of Modules 2.766 1.383 5.532 | 2.766 2.766 G5
Fuel Input, 106 1b/HT ) .1600 .99 | o.270h | 1875
Combustion Air Input, 10 Lb/Hr 1.6003 1.6302 | 2.7106 | 1.3178
: 6 !
Combustion Gas Flow, 10° Lb/Hr
. Limestone or) |t 7¥85 L - 1.814) | 1.9641 | 1.85%0
Stone Input, 10° Lb/Hr(Dolomite ) o0 | 0102 0122 B
Total Solids Output 108 Lb/Hr 0529 0253 | 0288 _
Percent Solids as Tap or Bottom Ash £3.5 _)' 21,3 2,3 _
504 at Exit, 1b/10° Btu input 10845 O 2683 3048 _
MO, at Exit, Lb/10% Btu input ot | 2605 | .os7s | .2
¢ 0 at Exit, 16/20% Biu input o2 || 2178 | L2292 _
Solids at inlet to Final removal equip. ! =
16/10° Btu | 50703 | 1.3919 | L.4ThS| -
Final particulate removal eff. reg'd. tq
meet 0.1 1b/100 Btu solids emicaions aerg | _gofil qumol -
Pan Power Requiremenis, Mie 6.82 ‘z 6.89 7.43 -
Other Awxiliary Equip. Power, Mie 3.0% | 3229 | 3261 | -
Heat Exchamger Width, Ft. 13 13 13 13 13 _
Heat Exch. Depth or G.D., Ft. 31 31 31 32 5 13 5(12'
Heat Exchanger Height, Ft. 196 196 196 196 196 75
No. Cells or Combugtion Stages/Module 7 7 7 7 7 3
Heat exchanger weight, Tons/Module 243, 2u3h 2434 2L3, 2434 106
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Table B~5 (Page 2 of 3)

CLOSED-CYCLE LIQUID~METAI, MHD

B

Furnace Type FF > | DFB AFR =)
Fuel Code M IN HI 36 Por ——p————% ,
Cage Number 7 ] g 10 11 12 3
1 Output per Module, 10° Btu/tir 639.5 | 626.1 | 855.6 | o72.5 | 1500 4—
2 Heat Exchanger Efficiency, Uut/® in 4973 .83y .608L | .6158 ,8876
3 Number of Modules 6.662 | 6,915 |4.980 | L.381 | 2.687 | 2.786
4 Juel Input, 100 1b/HT ; 5987 | .6226} .0621 | .146lh | L1608
5 Ccombustion Air Input, 10 Lb/Hr 1.3993 | 1.3681 1.1120 | 1.4568 | 1.6003
5 : 6
5  Combustion Gas Flow, 10° Lb/Hr
6 " "(Lizmestone org 1.9980 1.99100 1.1731 | 1.6063 | 1.7485 -
7 Stone Input, 10° Lb/Hr(Dolomite _ _ _ 0655 Kol
. . '
8 Total Solids Output 106 Lb/ir - - - 062l 0529 |
9 Percent Solids as Tap or Bottom Ash - = - 51 53,5
19 80, at Exit, Lb/10° Btu input _ ) ) 231 | v.o8ls |
. 6 . ;
11 w0, at Exit, Lb/10” Blu input 2 2 2 \1371 2l |
12 ¢ 0 at Exit, Lb/lo6 Btu input - - - .1071 2142 I}
13  splide at inlet to Final removal equip. _ _ B :
16200 Btw 1.0936 | 2.0703
14 PpPinal particulate removal eff. reg'd. t
meet 0.1 1b/100 Btu solids emissions - B - -9U75 9517 |
15 pan Power Requirements, Mie _ _ _ _ 6.82 i
16 Other Auxiliary Bquip. Power, Mie _ - - 2282 {3085 |,
17 Heat Exchanger width, Ft. _ B _ _ 13 A
9.4
13 Heat Exch. Depth or 0.D., Ft. 13'5(12) 13.5(10) 13.5(3R) 13.§ }5§ 31 +—
19  Heat Exchanger Height, Ft. 75 72 138 120(9.5 273 1092
20 No. Cells or Combustion Stages/Module 3 3 6 7 7 1l \
-
2L feat exchanger weight, Tong/Module 305 295 653 UL 3843 11,216 !
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Table B~5 (Page 3 of 3)

CLOSED-CYCLE LIQUID-METATL MHD

Furnace Type AFB *;
. Fuel Code I6 =
fase Wumber 13 1 15 16 17
1 Qutput per Module, 10° Btu/Hr 1540
2 Heat Exchanger Efficiency, Q,,1/Q 1n  |.8878 } )
3 Number of Modules 2.802 2.629 2.766 2.766 3.956
Fuel Input, 106 10/Er 1,608 |7
Combustion Air Input, 1061,1:/3: 1.6003
6 Combustion Gas Flow, 108 Lb/Hr L_ I R
7 &tone Input, 10° Lb/mﬁlﬁili‘ii’i‘éﬁe °r§ 1:3‘;3;{
8 Total Solids Output 105 Lb/Hr L0229
9 Percent Solids as Tap or Bottom Ash 53.5
10 50, st Exit, Lb/10° Btu input 1,085 |1
11 mo, at Exit, 1b/20° Btu input 271
12 ¢ 0 at Exit, Lb/106 Btu input .2142
13 Bolids at inlet to Final removg.l equip. | 2,0703 1 -
lb 10~ Biu
14 PFinal part:.culate removal eff. reg'd. ¢ .9517
meet 0.1 1b/108 Btu aclids emissiona
15 Fan Power Requirements, MwWe 6.82 )
16 Other Auxiliary Equip. Power, Mie 3.050 }
17 Heat BExchanger Width, Ft. 13
18 Heat Exch. Depth or 0.D., Ft. 31 } -
19 Heat Exchanger Height, Ft. L7 140 196 196 182
20 Ho. Cells or Combustion Stages/Module 7 7 7 7 7
21 Heat exchanger weight, Tons/Module 204k 1940 2h3h 2434 215k
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Table B-6 (Page 1 of 4)

CLOSED-CYCLE INERT GAS MHD (Argon + Cs Mist)

Series - €ilven Fuels

Turnace Type CH -
Fuel (ade sC — IT T IH
Case Number 1 2 3 h S [

Output per Module, 108 Btw/Hr 4713 | 9h26 1277 | sooB | k93 | 4929
Heat Exchanger Efficiency, Q.,,4/® in 29079 | L9079 | L9411 | .B215| .B217 | .B226
Humber of Moduwles 29194 | .9193 6421 .B652 | L8787 .8791
Fued Input, 105 20/HT .3310 | .6620 | .0865 | .8869 | .91k | .9k62
Combustion Air Input, 10('Lu/}{r u.ng 9.506 1.242 L.50 | h.308 L.227

(Excess Air %) (20 (20) (20) (15) (15) (15)
Combustion Gas Flow, Lb/Hr 5.08L Po W68 | 1.329 | 5.337 5.223

(Ges Recirculated %) (30.23) ] {30.23) | (LB.23}] (=25.08) (25.00) (2u 90)
Total Solida Output 108 Lb/Hr 331 662 87 - - -
Percen! Solids as Tap or Bottom Ash () |NILL 1.
S0, at Exit, Lb/10° Btu input .8919 - R N
N0, at Exit, Lb/lo6 Btu input .3 .3 8- .2 .2 .2
C 0 at Exit, m;/mf’ Btu input - - - - - -
Solids at inlet to Argu. Heater .0638 - - -

1b/10° Btu
Final particulate removal eff. reg'd t§9 - - - - - -
meet 0.1 lb/lO Btu polids emicaions
Fan Power Requwirements, Mya 38.892 |77.785 | 12.795 | 37.592 [36.514 | 36.096
Other Auxiliary Equip. Paower, IMWe L7 .93 .12 - - -
Combustor Dia., Ft. 82 2-82 LB 86 86 86
Combustor Height, Ft. 130 130 30 130 130 130
Burners - Combustion Stages/combustor 2L 2h@ I 2L
Combustor weight, tons/module 2215 LL30 Lot 2336 2336 2336
Intermediate HX size WxDxH, Ft 50'@x75!2-501x | - sord  |so'd | sog
151

Intermediate HX Weight (tons) (2223) | (4h4t) { - (2223) |[(2223) | (2223)
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Table B-6 (Page 2 of 4)

CLOSED-CYCLE INERT GAS MHD (Argon + Cs Mist)

Sgries - ¢l .an Puelp

Furnace Type CH — ;
Fuel Coade 80 —— e ;
Case Number 7 8 ] i 1 15 ;
Oubput pex Hodule, 105 Btu/itr T3 | 5093 | 4303 | Lsez | L6T3 | 5810 :
Heat Exchanger Efficlency, Qu/Q 3, | -9079 | .9265 | .8939 | .9287 | .o13h | .B929 !
Numbexr of Modules 9194 | .9089 | .9672 | .9096 | .8729 | .8572
!
Fuel Input, 108 1b/Hr .3310 | .3505 { .3070 | .3115 | L3262 | .41L9
Combustion Air Input, 106Lb/[ir L.753 | 5.034 | L.4O9 | L.T731 | L.021 | 5.958 :
(Exoess Air %) p (20) {20) (20) [(26.9)ni| (3.0} ézo.o) :
Combustion Gas Flow, 10° Lb/Hr 5.08; | 5.385 L.716 5.0145; |Z.31;7 +373 :
(Gas Recirculated %) 30.23) | (5h.88)[14-Tina) (0.0 0.0) |{37.26)
Total Solids Output 10% Lb/Hr n 351 307 312 326 INE
Percent Solids as Tap or Bettom Ash Nill ‘l
§0, at Exit, 1b/10° Btu input .19 | .8919 | .8o19 | .8019 | .8919 | .B919 '
NO, at Bxit, 1b/10° Btu input .3 3 64 T TP TRR I
C 0 at Exit, Lb/106 Btu input - - - - - -
Solids at inlet to Final removgl equip. | .0638 .0639 06308 0638 L0638 | 0638
1b/10° Btu
Final particulate removal eff. reg'd t9 - - - - - -
meet 0.% 1b/106 Btu solids emisaions
Fan Power Requirements, Mye 38.892 | 50.275 [29.662 }25.7i) | 21.917 | 52.97h4
Other Auxiliary Equip. Power, Mve AT A9 A7 43 A .57
Combustor Dia., Ft. 82 80 82 82 B2 l2x70 , )
Combustor Height, Ft. 130 130 130 130 130 150
Bwmers - Combustion Stages/combustor 2l 3 1h3 %
Combustor weight, tons/module 2215 1780 2492 21,92 2676 | L4066 A
i i
Intermediate HX size WxDxH, ft. 367¢x23001,21 @x1 33| 50 #x1 33| L6 tPx72 | 52 Px52| 250 |
7 g
Intermediate HX welght tons) (2223) (32010) | (2727) | (1718)) {2355) (2885% \
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Table B-6 (Page 3 of 4)

CLOSED~CYCLE INERT GAS MHD (Argon + Cs Mist)

Series - ClemrPuels Slagginge Coala
Purnace Type CH GH
Fuel Cnde SC — I6 HS NB
Case Number 13 1) 15 16 17 18
Output per Hoduwle, 10° Btu/ir Lks9 | us09 | 4803 | ovos | 9706 | 9398
Heat Exchanger Efficiency, Qout/Q. in .9323 | .9078 9097 L8882 | .8742 8459
Number of Modules .9195 | .9308 .gol2 L7831, ) .B132 | .8h99
Fuel Input, 108 1b/Hr L3047 | .3167 | .3367 |1.0338 [1.2h1 |1.6125
Combustion Air Input, IOBLhﬂk L.376 [4.548  |L.B38  10.373 ho.062 ]9.236hL
{Excess Air %) 6 (20) {20) (20? (22; (20) {10}
Combustion Gas Flow, 10° Lb/iir L.681 |4.B65 |5.172  R1.LOT7  jil.30L  .10.809
(Gas Recirculated f) (25.95) 1(27.73) {(30.68) | (0} @ )
Total Solids Gutput "o Lb/Hr 108 317 337 99200 | 93105 | 98978
Percenl Solids as Tap or Bottam Ash Nill 505 -
80, at Exit, Lb/20° Btu input .8919 3}28936 8.3855 | 8.9986
+Fed
N0, at Exit, Lb/106 Btu input 3 .7 3 .7 .7
€ 0 at Exit, 1,17/106 Btu input - - - -
5olids at inlet to Argorn Heate 0638 .890 LBL0 .900
lb/IOE'Btu { +Fepy
Final particulate removal e{f. reg'd tJ - BYGE + - ——t—=
meet 0.1 1p/106 Btu solido emissions
Fan Power Requirements, Ife 33,568 | 35.550 139.490 59,389 | 68.065 | SL.023
Other Auxiliary Equip. Power, IWe 42 ol 7 8.1 10.17 13.21
Combustor Dia., ft. 8z 82 B6 2-B0 2-fi0 2-B0
Combustor height, It. 130 130 130 130 130 130
Burners - Combustion Stages/combustor 2k 24 2k 2 4+ - ——
Combustor weight, tons/module 2215 2215 | 2336 3266 3266 3266
Intermediate BX size WxDxH, ft. 11¢@x93 L5 1Ex30! Sl'¢x75'h0x115x36 e
Intermediate HX weight {tons) (1976) | (2079) { (2250) | {3051} | (3051) | (3051}
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CLOSED-CYCLE INERT GAS MHD (Argon + Cs Mist)

Furnace Type EH
Fuel (ndn 6 ——
Case Numbexr 19 20 31 25

Output per Modute, 108 Btu/Hr 10666 | 9906 9hTL 9906 .
Heat BExchanger Bfficiency, Qout/q in 8874 .a882 8872 .8882 *
Kumber of Modules 1337 7834 .7851 L7834 ¢ *
Fuel Input, 106 10/Ee . 11131 [1.0338 | .9898 | 1.0338
Combustion Air Input, 10 Lb/Hr 11,169 See 9,9320 Sea

(Excess Air %) 6 (22) Case 22 Case
Combustion Gas Flow, 10° Lb/Hr 12,282 16 [10.9220 16

{Gas Recirculated %) (o) (0) (0)
Total Solids Cutput Lb/Hr 06,858 l 95,021 l
Percent Solids as Tap or Bottom Ash 90%%
§0, at Exit, Lb/10° Btu input see |
NO, at Exit, 1o/10% Btu input Dase
C 0 at Exit, Lb/10° Btu input 16 —
So0lids at inlet to 6

1b/10° Btu
TFinal particulate removal eff. reg'd 4 gyem )
meet 0.1 lb/ll)6 Btu solids emissions
Fan Power Requirements, lMwe 63.945 }59.389 | 56.863 | 59.389
Other Auxiliary Pquip. Power, MWe 9.12 8.47 8.11 8.47
Combugtor Dia., ft. 2-80 Rough
Combustor height, ft. 130 i e eizing
Burners - Combustion Stages/combustor 21,@
Combustor weight, tons/module L}30 3266 3266 3266
Intermediate HX size WxIxH, ft. LOx135x l;OxJ.lSBC ——y
29 3

Intermediate HY weight (tons) | (3389} | (3051) | (2903) | (3051)
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Table B~7 (Page 1 of 5)

OPEN-CYCLE MHD

Tuarmece Type
Fuel Code 16 1S WD 16
Case Number 3 2 3 N i [ [

Radiant Purnace

Duty 105Btu/hr 2659 1594 809 3829 3625 2768

Width, ft 80 80 65 80 ——

Depth, ft 63 37.3 25.6 67.8 75.9 65.1

height, It 100 -

weight, tons 4L88.9 330.6 203.2 619.4 600.1 499.3
Convection Furnace

SH Duty, 10%Btu/nr 2021 1258 680 1722 21i9 1900

RH Duty, 10%tu/nr 1242 191 105 1343 1326 125,

Vidth, ft an 8o (11 8o -

Depth, ft 38.7 2.3 15.8 31.5 42.6 38.7

Height, ft 70 | 70.9 70.2 61.6 57.2 69.4

Veignht, tons !ﬂ61.ﬂ 3022.8 1599.8 L057.4 LoL6. L692.8
Economizex f

Duty, 109Btu/hr 102 | 683 307 751 178 1093

Width, Tt 80 i 80 e 80

Depth, ft 32,7 30.6 13.2 33.8 37.2 32.7

Height, ft T+9 8.4 6.9 L.6 2.5 8.6

Weight, tons 1096.7] 7h1. 3 3.3 656 3 390.4 1202.6
Auxiliary Equipment Power, MWe 15.14 9.787] 5,037 16.8,1 23.883 15.124
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Table B-7 (Page 2 of 5)
OPEN-CYCLE MHD
Purnace Type
Fuel Code 16
Cagy Number 7 8 g 10 71 12

Radiant Furnace

puty 106Btu/nr 2768 an 591 5460 1642 181

Width, ft 30 —

Depth, [t 65.1 L9.2 hh.8 29.7 66.8 6€.8

height, ft 100 - 82

weight, tons LY9.3 410.3 958.7 1833.5 353.5 273.6
Convection Furnace

SH Duty, 10°Btu/nr 1900 1543 Lol - 200) 2360

RE Duty, 106mu,/m~ 1254 ‘ 995 1530 853 1116 1050

idth, ft 80

Dopth, It 38.7 30.2 23.7 16.7 11.8 141.8

Height, Ft 69.} 1.3 89.3 3.5 53.5 53.8

Weight, tony L692.8 ITLT. 2309.9 shly. 4577, uéLs.2
Economizer

Duty, 10®Btu/hr 1093 853 785 32353% 922 922

Width, £t 80 -

Depth, ft 32.7 25.4 25.2 30.9 32.7 A~

Height, £t 8.6 8.6 6.3 7.0 6.4 6.6

Weight, tons 1202.6 926. 675.5 870.6 892.9 913.4
Auxiliary Equipment rower, Mg 15,124 | 12.290 16,498 15,124 15.12lf  15.124
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Table B—~7 (Page 3 of 5)

OPEN--CYCLE MHD

Furnace Type
i Fuel Code 16
i Cage Number 13 [ 15 6 _ 17 S
Radiant Purnace
: Duty 10%tu/nr 7154 2335 3358 5594 2795 2829
] width, £t 80
Depth, £t 57.5 62.3 63.7 6l 63. 62.8
height, £t 100 -
weight, tons 1137.8 Lh6,.2 559.2 800,12 495.5 501.2
Convection Furnace
SH Duty, 108ptu/hr 190 2050 1930 1587 2023 2015
RH Dnty, .0%Btu/n- 1701 1213 1333 1676 1242 1218
Width, £t 80
Depih, ft 34.9 38.7
Height, ft 97.7 69.7 72.8 83.9 72.6 72.7
Weipht, tonu 3h54.9 LTu6.2 4647.8 L772.7 5057.5 | s0s2.
Econromizer
Duty, 108ptu/ur 939 1024 -
Width, ft 80
Depth, It 32.7
Height, £t 5.9 7.9 T.7 7.2 7.9 7.9
Weight, tong g21.2 1104.1 1068.4 997.6 1096.8 | 1096.8
Auxiliary Equipment Power, MWg 15.124
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Table B-7 (Page 4 of 5) ;:
OPEN-CYCLE MHD :
Furnace Type :
: Tuel Code 16 SRC
Case Number 19 P20 21 2o [ 23 2k
. Radiant Furnace
Tty 10%Btu/hr 2761 2522 2659 - 2659 1966
\ Wiath, ft 80 - 80 ——
J 9epth, ft 63.7 62.5 62.8 - 63.7 5B.5
i height, ft 100 - 100 -
weight, tons 1199.0 466.7 481 - 1857 380.6
‘ Cenvection Turnace ’
; SIL Duty, 10%Btw/hr 1997 2028 2014 - 2021 1858
Ril Duty, 10%Btu/nr 1266 1235 1219 - 1242 1057
! Width, £1 80 - g0 A
i Depth, ft 38.7 - 38.7 36.5
- Height, ft 73.5 70.1 70.5 - 70.3 56.2
: Weight, lons 5125.5 L4760.5 k782.6 - L771.2 4038.3
Economizer
Duty, 10%Btu/hr 102 —f——e 1058 - 102 939
width, ft 80 —- - o
Depth, £t 32.7 —— - 32.7 26.8
lHeight, ft 7.8 7.9 8.2 - 7.9 6.1
Weight, tons 1089.9 1096.8 1148.2 - 1096.8 752.1 ;
Auxiliary Equipment Power, Mg 15.12} (1.906Mw, A
+45.36 D
mBtu/hr :
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Table B-7 (Page 5 of 5)

OPEN-CYCLE MHD

Furnace Type
Fuel Gode SRC
Case Number 25 26 27 28 f__ 29 30

Radiant Furnace

Daty 10%Btu/hr 2983 - 1966 1932 1898 203,

Width, ft 8o - 8o

Depth, ft 55.3 - 58.5 58.5 58.6 58.4

height, ft 100 - 100

weight, tons 5L43.8 - 380.5 374.5 374.9 3742
Convection Furnace

SH. Duty, 10%Btu/hr 1582 2699 1854 1867 1871 1846

Rd Duty, 10%Btu/hr 1169 78 1061 1048 104 1069

Width, ft 8o —_ o~

Depth, ft 33.7 38.7 36.5

Heignt, I+ 60.0 27.4 56.3 56.1 56.0 56.4

Weight, tons 3619.6 2641.2 | LOlh.7 Lo1k.2 Lo13. 14023.6
Economizer

Duty, 10%Btu/hr 939 3 939

Width, ft 80 -

Depth, 1t 28.8 - '

Height, ft T4 1.9 6.1 ——— — — -

Weight, tons 904.1 233.4 7520 4+— —— o — - - ThT.6
Auxillory Equipment Power, Me| (1.906 er + 145.369 jpm Btu/hr) .
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Table B-8

HIGH-TEMPERATURE FUEL CELLS

Furnace Type CE CF CF CF

Case Number Tued Code 1 2 3 "
Output per Module, 108 Btu/mr 4167 187 | 16 | 126k
Heat Exchanger Efficiency, Qouf/Q in 0.995 | 0.995 ! 0.995 |0.996
Number of Modules 1 1 1 1
Fuel Input, 10° 1b/Hr 3.001 3.001 | 2.039 | 2.425
Combustion Air Input, 10°Lb/ir 6,481 | 6.481 | L.887 |5.526
Combustion Gas Flow, 108 Lb/Hr 9.482 | 9.482 | 6.926 |7.951

¢ ELmeei:.one or)

Stone Input, 10° Lb/Hr{Dolomite ) - - - -
Total Soiide Output 108 Lb/ar - - - _
Percent Solide as Tap or Bottom Ash - - - -
50, at Exit, Lb/10° Btu input 0 0 o 0
NO, at Exit, 15/10° Btu input ? 2 2 2
¢ 0 at Bxit, Lb/106 Btu input 0 0 0 0
Solids at inlet to Final ﬁ%gglﬁ&uip. 0 0 0 o
Final particulate removal eff. reg'd., t4
meet 0.1 1b/106 Btu solids emissions - - - -
Pan Power Requirements, M - - - -
Other Auxiltiary Equip. Power, MWe .052 .052 .038 .Olihy
Heat Exchanger Width, Ft. 80 80 80 80
Heat Exch. Depth or 0.D., F&. 77.1 7.1 6h.0] 69.3
Heat Exchanger Height, Ft. 82.0 82.0 69.5 75.2
No. Cells or Combustion Stages/Module 1 1 1 1
Heat exchanger weight, Tons/Module 121k 421l 21,80 1069
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APPENDIX C
COST DATA FOR PRIMARY HEAT INPUT SYSTEMS

A tabulation of cost data for each energy conversion system
studied is presented here on a modular basis. The final number
of modules utilized for each parametric case is given in Volume II
in the section describing the specific energy conversion system.
The parametric point designation is also found in Volume IT.

¢
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Table C-1 (Page 1 of 2)

ADVANCED STEAM CYCLE

COST T 197}, MILLIONS OF DOLLARS

CASE # MODULES HEAT EXCHANGER LOW TEMP. AUXTLIARY TOTAL PER TOTAL
AIR HEATER EQUIFMENT MODULE COST
1 L 5.624 LT3 h.79 11.074 Lh.296
2 3 5.68 731 h.79 11.130 33.3%
3 6 5.51h 731 L.79 10.96l 65.78L
i 8 5.108 731 L.719 10.858 86.86L
5 b 5.669 .75 L.6% 11.01}4 LL.056
6 L 5.62h .03 l.561 10.888 L3.552
7 L 5.709 67k 4.398 10.781 L3.124
8 i 6.018 727 h.695 11.400 hs. 760
9 by GE
10 L 5.481 .778 5.52k 11.783 47.132
11 h 5.32h . 762 L.897 10.983 L3.932
12 b 5.483 .7h3 L.7%0 11.016 L),.06h
13 b 5.663 T2 4.612 10.987 bk .0L8
1k L 5.087 .698 L.53k 10.319 11.276
15 L 6.357 .828 5.366 12.551 50.204
16 L 5.836 . 761 }.583 11.130 k. 720

-
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Table C-1 {Page 2 of 2)

ADVANCED STEAM CYCLE

COST TN 1974 MILLIONS OF DOLLARS

CASE # MODULES HEAT EXCHANGER LOW TEMP. AUXILIARY TOTAL PER TOTAL
ATR HEATER EQUIPMENT MODULE COST
17 1 25.881 2.525 7.100 35.806 35.806
17 A 1 19.239 2.633 7.717 29.589 29,589
18 1 28.113 2.63 9.L37 Lo . L8Y 0. L8k
19 1 26.104 2,495 B.689 37.288 37.288
20 1 2L.1v55 2.06 5.32hL 31.885 31.885
21 L 1.006 - RE- 1.197 L,.788
22 L .9B6 - 191 1.177 L.708
23 Iy 1.004 - 191 1.195 Y. 780
2l N 2,796 - 10.718 13.51h cl;.056
25 kL 2.759 - 10.817 13.576 sh.0L
26 A 2.593 - 10.000 12,593 50,372
27 h 3.076 - 10.718 15.961
27* L 3.047 - 9.865 14.907
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Table C-2 (Page 1 of 3)

SUPERCRITICAL CO, CYCLE

2

COST IN 197k  MILLIONS OF DOLLARS

CASE # | MODULES | HEAT HIGH TEMP, LOW TEMP. AUXILIARY TOTAL PER TOTAL

EXCHANGER ATR HEATER ATR HEATER EQUIPMENT MODULE COST
1 2,813 25,180 2.531 L73 L.9h3 33.385 93.912
2 5. 626 25.180 2,53 &Y li,9h3 33.385 87.824
3 2.851 26,557 2,6l2 761 L7 3.7 99.018
l 3129 26.91h 2.67 .823 S.h21 35.858 111.913
5 L.103 8.5L5 1.00 - 10.78 20,353 83.908
6 6.081 10.6L3 126 - A9 11.260 68.h72
7 6.097 10,547 L3 - A9 11.172 68.116
8 6.6L5 10.283 b2 - A9 10.916 72.537
9 L.585 19.62h - - 191 19.815 %0 .852
10 L.7hs 20.Blo .868 - A9 21.899 103.911
11 2.70 25,655 2.531 .731 L.9h3 33.860 92.776
12 2,889 2L.672 2.531 L7131 L.9L3 32.877 9h.982
13 2,792 26,79 2.531 LT3 L.9L3 3k.996 97.709
10 2.919 23.1485 2.531 T3 L.9h3 31.69%0 92.503
15 3.00 21.961 2.531 TN L.9L3 30.166 n.lo3
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Table C-2 (Page 2 of 3)

SUPERCRITICAL CO, CYCLE

2

COST TN 197, MILLIONS GF DOLLARS

HEAT HIGH TEMP, LOW TEMP. AUXILIARY TOTAL PER TOTAL
CASE # | MODULES | EXCHANGER ATR HEATER ATIR HEATER | TEQUIPMENT MODULE COoST
16 3.0k 20.515 2,53 LT3 L.5h3 28.720 90.296
17 2.811 29.507 2,53 LT3 L.oh3 37.712 106.008
18 2.822 23.005 2.531 LA L.oL3 31.210 88.075
19 2.813 25,180 2.531 i L.gh3 33. 385 93,912
0 2.800 25.17L 2.57 LT3 h.9L3 33.379 93.h61
21 2.734 28.917 2.531 L7310 L.9L3 37.122 101.492
22 3.112 26,868 2.53 ey Li.oh3 35.073 109.1h7
23 2.813 25.180 2,531 T3 L.9L3 33.365 93.912
2k 2.813 28.50L 2.53 LT3 L.9h3 36.7L9 103.375
25 2.816 23.017 2.53 LT3 Li,9kL3 3t.222 87.921
26 2.8L:8 25,174 2.531 A L.9k3 33.379 95.063
27 2.8L5 23.775 2.531 kY L.9h3 31.980 %0.983
23 2.8& 23.775 2.5% LT3 L.5kh3 31.980 91.163
29 2.833 25.17h 2,531 731 L.9k3 33.379 9L .563
0 2.856 25.3LL 2.531 LT3 L.9k3 33.5L9 95.816
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Table C-2 (Page 3 of 3)

SUPERCRITICAL CO

2

CYCLE

COST IN 1974 MILLIONS OF DOLLARS

HEAT HIGH TEMP. LOW TEMP. AUXTLIARY TOTAL PER TOTAL

CASE # MODULES EXCHANGER AIR HEATER ATR HEATER BQUIPMENT MODULE COST
3 2.818 25.34LL 2,53 .731 L. 9L3 33.5L9 ol. 5l
32 2,831 25.17h 2.53 Rk L.ok3 33.379 9l,,162
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Table C-3 (Page 1 of 3)

CLOSED-CYCLE GAS TURBINE

COST IN 197 MIILIONS OF DOLLARS

CASE # | MODULES | HEAT HIGH TEMP. LOW TEMP, AUXILIARY TOTAL PER TOTAL
EXCHANGER AIR HEATER ATR HEATER | EQUIPMENT MODULE COST

1 1.8lo 20.038 1.073 .09 L.9L3 :26.763 L9.2lh
2 1.7¢92 20.053 1.427 .697 c.h21 27.598 L9.hs6
3 1.8l1 20.567 1.167 .9 b7 27.22h 50.119
L .36, 5.508 - - A9 6.099 26.616
S .37k 5.891 - - 191 6.082 26.603
6 k.5l 5.720 - - A9 5.911 26.8h2
7 2.769 9.02} - - 191 9.215 25.515
8 2.6l0 5.362 866 - 10.7168 16.9L6 Lh.75h
9 2.761 20.037 1.073 .09 L.9h3 26. 764 73.895
10 3.681 20.038 1.073 .09 li.9h3 26.763 98.515
1 1.628 § 1h.7hk - .08 h.9h3 20.595 33.529
12 3.225 | 13.663 - - 191 13.8ck Lh.679
13 1.438 | 25.972 1.564 .7 L.9h3 33.186 L7.721
14 2.135 21.360 - 950 Li.9h3 27.273 58.228
15 1.816 | 21.873 1.901 .09 L.9k3 29.426 53.138
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Table C-3 (Page 2 of 3)

CLOSED-CYCLE GAS TURBINE

COST T 197, MILLIONS OF DOLLARS

CASE # |MODULES | HEAT HIGH TEMP. LOW TEMP, AUXTLIARY TOTAL PER TOTAL
EXCHANGER AIR HEATER ATR HEATER EQUIPMENT MODULE COST
16 1.791 22,1437 1.287 .709 L.9kL3 29.1426 52,702
17 1.8l0 20.038 1.073 .09 h.9L3 26.763 L9.2Lh
18 1.879 21.899 1.507 .09 L.9L3 29.152 53.573
19 1.931 22,062 1.001 .709 L.9h3 28.75 55.LL%
20 2.10 18.875 - .783 L.oh3 2. 601 59.288
21 2.798 15.776 - .785 L.oL3 21.504 60,168
22 1.438 25.972 1.56L .07 h.oh3 33.186 L7.721
23 1.665 23.895 1.kLos .79 L.9k3 30.952 51.535
2k 3.613 12.558 - - 191 12.7L9 16.062
25 2.848 15.532 - - 19 15.723 bh.779
26 2.835 16.80h 1.08L .09 L.5k3 23.510 66.651
27 1.797 1h.7hh - .81 L.9h3 20 .528 36.889
28 1.438 25.369 1.735 .709 L.9k3 32.756 Li7.103
29 1.438 25.369 1.735 .09 L.9k3 32.756 47.103
£V 1.5438 25.369 1.735 .09 L.9L3 32,756 47.103

R
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Table C-3 (Page 3 of 3)

CLOSED-CYCLE GAS TURBINE

COST IN 197l MILLIONS OF DOLLARS

CASE # | MODULES | HEAT HIGH TEMP. LOW TEMP. AUXILIARY TOTAL PER TOTAL
EXCHANGER ATR HEATER ATR HEATER EQUIPMENT MODULE COST
3 2.652 16.676 - - 191 16.867 W73 1
32 3.127 14.451 - - 91 1h.642 145,786
33 3.516 12.875 - - R 13.066 L5.900
3k 1.438 25.972 1.56k .07 L. 9L3 33.186 L7.721
35 1.438 25,972 1.56h .07 h.9L3 33.186 W7, 721
36 1.L38 25.972 1.564 L7 L.9L3 33.186 W7.721
37 1.438 25,972 1.56L L7 L.9k3 33.186 L7.721
38 1.438 25.972 1.564 .07 L.9L3 33.186 h7.721
39 1.438 25.972 1.56k .07 L.9k3 33.186 47,721
Lo 2.267 20.082 - .932 h.oL3 25.957 58.8L5
1 1.1438 25,368 1.735 .M9 L.9L3 32.755 L7.102
L2 1.438 25,972 1,56k L7 L.9L3 33.186 h7.721
L3 1.438 25.972 1,56 .07 h.9L3 33.186 L7.721
Lk 2.267 .082 - 932 4,943 25,957 58.845
L5 1.438 25.368 1.735 .09 b.9k3 32.755 h7.102
L6 3.37 14,007 - .783 L.ok3 19.733 66.520
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Table C-4 (Page 1 of 2)

LIQUID-METAL TOPPING CYCLE

COST TN 1974 MILLIONS OF DOLLARS
HEAT HIGH TEMP. !1OW IEME, INTERMED] AUXTE'Y |THEX PUMP SEP-~ | TOTAL PER TOTAL
CASE # { MODULES EXCHANGER ATR HEATER | ATR HEATER | HEAT EXCH EQUIP'T| ARATOR COSTS | MODULE COST
1 5.501 27.005 L.555 .66 79 | 5.086 | 6.6 Lh.os - 2,272
2 5.599 26.585 3.988 .3kl Lo | b.oi3 6.720 113,020 210,865
3 5.78 | 26.09 3.623 377 6 | 5556 | 7.0 13.112 247,808
L 8.072 2.982 .988 - .255 191 3.21p 7.571 61.113
5 8.056 3.010 977 - .255 RE 3.180 7.528 60,646
6 8.342 2.921 .955 - .2Lh5 A9 3.360 7.596 63.3%6
7 7.203 6.739 - - .28l AN 3.381 10.595 76.316
8 8.252 27.007 3.988 B0 L0 | 5.006 6.620 h3.83 361.693
9 L.7h6 9.649 - .183 .396 10,718 h.héo 25.h06 120.577
1 5.568 7.772 - - .28} A9 .880 9.127 50.619
1 5.304 67.847 L.25%0 | .685 59 | 5.564 3.920 82,725 138,773
12 5.533 26,309 L.975 61 A7k | 5.086 6.620 L. 29) 388.937
13 5.501 27,008 L.555 660 Jné | 5.086 6.620 . 3k5 23,942
1k 5.501 27,008 L.555 660 k79 | 5.086 6.620 Lh.)o8 2lih.288
15 5.501 27.008 L.555 660 D79 | 5.086 6.620 Lh.1o8 - 2hik.288
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Table C-4

(Page 2 of 2)

LIQUID-METAL TOPPING CYCLE

COST T 1974 MILLIONS OF DOLLARS

HEAT

HIGH TEMP,

LOW TEMP. INTERMED, | AUXTL'Y | THX PUMP SEP-| TOTAL PER | TOTAL
CASE # | MODULES | EXCHANGER ! AIR HEATER | AIR HEATER | HEAT EXCH.{ EQUIF'T | ARATOR COSTS | MODULE CoST -
16 5.501 27.008 ).555 660 479 | 5.086 6.620 L. ko8 21),.288
17 5.501 26,928 Li.555 L6680 .636 5.086 . 390 38,255 210 .11
18 5.501 27.008 h.555 660 A79 | 5.086 .3% 38.+78 210.017




€61

Table C-5

CLOSED-CYCLE LIQUID-METAL MHD

COST IN 197 MILLIONS OF DOLLARS

HEAT LOW TEMP, AUXILIARY | INTERMEDIATE ' | TOTAL PER TOTAL
CASE # | MODULES EXCHANGER ATR HEATER - EQUIPMENT HEAT EXCHANGE- MODULE - CosT
1. 2,766 15.962 .782 L.9h3 L.558 26,245 L T2.59h
2 1.383 15,962 . 782 L.9L3 . L.558 26,245 - 36,297
3 5.5z | 15.962 762 1,513 558 26,25 145187
b | 2766 | 15.962 798 7 hsse | 26089 | e
g 2.766 15.962 .811 5.h21 1.558 26.752 .13.996
6 6.646 1.888 - A9 1.9 | hos " 26.9%
7 6.662 1.883 - A9 1.967 h.ohé - 26,954
8 6.915 1.827 - A9 9.8k - 3.912 27,051 _*
9 980 L.560 - 91 2.5 7.3 36,558
10 h.381 3.0k5 - 10.718 2.930 : o 16.693 73432
1 2,687 29.323 .782 b3 | past 39.229 108.108
12 2,786 80.727 782 h.9L3 3.767 90.219 251.3%
13 2.802 .| 14016 .782 haok3 nego | 2hozr 67.307
14 2,629 13.776 782 hob3 | bS8 2059 | 63.231
15 2,766 15.962 .782 4.oh3 - h.B58 . §  26.2h5 7255k
16 2,766 15.962 782 L.9k3 L.558 26.2h5 72.59L
17 3.956 11.921 782 L.9k3 - 5ask 22.800  90.197
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Table C-6 (Page 1 of 2)

CLOSED-CYCLE INERT GAS MED

COST IN 197L MILLIONS OF DOLLARS . _
CASE # | MODULES | coMBUSTOR ﬁanﬁ% MR AEATHR %ﬁ%}éﬁ P ERGRANGER | WOIITE | GosP
1 919k 10,31 N 8.358 2.517 9.692 .58 | 28.17
2 <9193 20,682 16.7M6 l:.08k 19..385 61.816 56.827 :
3 6421 1.501 12,929 1.01k - 15.88 | 10.173
L .8652 10.506 6.233 91 9.696 27.026 |23.383
5 8787 10.906 6.155 191 9.696 26.948 23.679
6 8791 10.906 6.1 A9 9.696 26.943 . { 23.686
7 99 10,311 B8.358 2.517 9.692 0.9508 28.n7
8 .9089 8.311 7.192 2,623 13.521 3.6h7 | 28.792
9 .9672 11.634 8.003 2.517 11.8%0 3L.0LkL 32.927
10 .5096 11.63L . 5.826 2.h20 7.478 27.358 21,.885
7 8729 12,493 14.088 2.5h0 5.908 2L.989 21.813
12 8572 18.982 15,08 2.9% 12,579 0.219 | 13.048
13 9195 10,34 6.600 2.3® 8.615 27.936 | 25.687
1 .9%08 10.3W 6.699 2,450 9.065 28.555 26.579
15 5042 10,906 9.362 2.59% 9.810 32,628 29,502




Table C~6 {(Page 2 of Z}

.CLOSED~CYCLE INERT GAS MHD

COST T 197l MILLIONS OF DOLLARS
HIGH TEMP. LOW TEMP. AUXILIARY | INTERMEDIATE . | TOTAL PER | TOTAL
CASE # |MODULES COMBUSTOR | AIR HEATER AR HEATER | EQUIPMENT - {HEAT EXCHANGER | MODULE - [ COST.

16 .783L 15,247 L.083 ~ 8.195 18.182 L8707 | 35.807
17 8132 15.247 L.li72 9.583 18.151 | b7.b53 38.589
18 | .Blg9 15.247 5.062 _ 12.005 17.800 50.11h h2.592
19 | 7337 20,681 k. 39h B.730 . '21_.-191; 54,999 10.353
20 . 783k 15.247 11,083 B8.195 18;182 1 Lhs.07 _35.607
21 .'1851 15.247 3.907 1 7.800 17.388 Lh. 342 3.813
22 783k 15.247 L.083 | 8.195 82 | 1507 35.807
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Table C-7 (Page 1 of 2)

OPEN-CYCLE MHD

COST I 197, MILLIONS OF DOLLARS

7
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RADIANT | CONVECTION | 1LOW TEMP, AUXILIARY TOTAL
CASE # FURNACE | FURNACE AIR HEATER { ECONOMIZER FLUES EQUIFPMENT COST

1 3.146 22,728 12.256 g 1.645 3.21n 2. 162 67.178
2 2.12L 14,128 8.418 1.112 2.57M 15.190 L3.843
3 1.2 7.626 10.596 72 1.861 7.407 29.26L
L 3.994 19.87 9.287 .585 3.29L 2. 666 62,097
g 3.868 22,976 9.962 .586 3.L56 36.164 77.012
6 3.21h 22.n6 13121 1.80L 3.2l 2h.162 67.958
7 3.21k 22.h16 13.121 1.6804 3.2l1 24.162 67.956
8 2,60 17.669 7.860 1.389 2.855 18.199 0.612
9 6.8 15.285 14.285 1.013 2.8LL 26,813 67.080
10 14.866 3.095 25,003 1.206 3.149 25.073 71,492
1 2,26 22,762 12.060 1.339 3.2l 25.073 66.’?39
12 1.7L8 24.203 12,101 1.37 3.2l 26.079 68.786
13 8.158 20.299 5.L99 1.232 3.2l 23.349 61.778
14 2.868 22.613 11.979 1.656 3.2l 2h,162 66.519
15 3.60L 23.080 12,252 1.603 3.2ln 2h.162 67.9h2
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Table C-7 {Page 2 of 2)

OPEN-CYCLE MHD

COST TN 197}, MILLIONS OF DOLLARS

RADIANT { CONVECTION | LOW TEMP. AUYTLIARY TOTAL
CASE # FURNACE | FURNACE ATR HEATER | ECONOMIZER FLUES BEQUIEMENT COST

16 L.626 22,035 12.252 1.496 3.2kt 2L.162 67.812
17 3.1%0 2h.187 12,252 1,645 3.2l 21;.162. 68.677
18 3.226 2,163 12,252 1.6h5 3.2h1 2k, 162 65.138
19 3.212 2}.539 12.252 1.635 3.2l 2h.162 65.800
20 3.002 22.695 12.252 1.645 3.2k 2L,,162 63.756
21 3.098 22.813 12.252 1.722 3.2l 2),.162 él.oL7
22 - - h3.429 - 6.092 2L, 162 73.683
23 3.126 22,753 | 12.252 1.645 el | anee | 67,179
2}, 2.0 19.913 10. 75k 1.128 3.0l0 2,235 39.51h
25 3.106 17.775 10.259 1.356 3.0l0 2.235 38.17
26 - 13.h32 6.353 3% 3.0l0 2,235 25,110
27 2.hhh 19.897 10,589 1.128 3.0l0 2.235 39.733
28 2.loh 19.868 10.589 1.128 3.0k0 2.235 39.264
29 2.h06 19.8% 10,589 1.128 3.0l0 2.235 39.278
0 2.402 19.5h6 10.589 1.121 3.0l0 2,235 39.333
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Table C~8

HIGH~-TEMPERATURE FUEL CELLS

COST IN 1974 MILLIONS OF DOLLARS
CASE # MODULES HEAT LOW TEMP. AUXTLIARY TOTAL PER TOTAL
EXCHANGER AIR HEATER EQUIPMENT PER MODULE COST
1 1 16.230 2.2 .250 18.710 18.710
2 1 16.20 2.2 250 18.710 18.710
3 1 10.610 1.629 250 12.L89 12.L89
L 1 12.800 1.8 .25 14.920 14.920




