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5.0 SUPPLEMENTARY ENGINEERING DATA

This section of the CDER contains background data used in the development of
the physical and technical design, as well as plant costs and schedules,
presented in the previous sections,

Included is a listing and discussion of major issues covering materials,
components, systems, and techniques which could influence the final ETF
design. Studies have been performed for some of the more significant issues
and are contained in Section 5.2.2. Also included are outlines of plans for a

performance assurance program and to perform an environmental analysis for the
chosen site.

Detail design information for the various systems which comprise the ETF
design is contained in the System Design Descriptions in Section 5.5.

(W) ]
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5.1 ISSUES

During the development of the conceptual design for the MHD-ETF, certain areas
(issues) were identified as lacking sufficient definition due to the
developmental nature of the ETF project. Each area was evaluated to determine
its impact on the ETF design and possible options and specific recommendations
were developed. The results of these evaluations have been tabulated into a
list of issues for the CDER.

The Issues List is included as an attachment to this section of the CDER. A
summary of the contents of this list is provided as follows:

Issue No. Description Sheet No.
1 Replace Steam Turbine 1

Drives with Electric Motor Drives

2 Development of ETF Compatible 1
High Technology Components
(Interface Compatibility)

3 Part Load ané Transient 2
Analysis

y ETF Instrumentation and Control 2

5 Thermal Growth of Large 2

Equipment and Piping During
Plant Operation

6 Electrical Isolation 3

7 Alternate MHD Power Train 3
Cooling

8 Seed Injection 3

9 Equipment Redundancy y

10 Utilization of By-Product y
Gases and Secondary Waste Heat

i ETF Heat Balance Improvement/ y
Optimization

12 Coal Drying Assessment 5

13 Recycle Seed 5

5-3
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Issue No.

L]

15

16
17
18

19

20

22

23

24
25
26

27

(Cont'd)

Description

Impact of New Magnetic Field
Exclusion for Personnel Access

Alternate Methods of Channel
Replacement

Secondary Flue Gas Ductwork
Environzental Analysis

Performance Assurance Program
Plan

Facility Cost Analysis

MHD Electrical Power Distribution
Malfunction Analysis

Seed Reprocessing

Utilization of Channel End
Regions

Multidimensional Channel Analysis
Channel Mach Number
Power Train Testing

Regenerative Combustor Cooling

5-4

Sheet No.
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| SSUES
1SSt .
NO OESCRIPTION/BACKGROUND INFORMATION IMPACT ON ETF DESIGN 0F
1 Replace Steam Turbine Drives with o Improve plant efficiency o Maintain ste
Electric Motor Drives oxygen plan
o Adopt standard main steam turbine drives and
generator design culty invol
custom desi
Eliminate custom design steam turbine gene
turbine drives required
o Simplify plant arrangement
o0 Facilitate plant startup
with electric motor drives
2 Development of ETF Compatible High Incompatibility with balance of o Redesign b

Technology Components (Interface
Compatibility)

EOLDOUT Filag I

plant and other high technology
systems may force redesign to
ensure compatibility

o0 Scaling to ETF size could produce

design problems that had not been
considered, which in turn could
result in potentially prohibitive
problems for the ETF design

o Scaling of ETIF to produce com-

patibility with high technology
components could compromise
ability to realistically scale
from ETF to commercial power
plant size

0 Resize the

systems to
high technol

to be consi
scale at wh
technology
being devel




MHD-ETF CONTRACT DEN 3-224

GAl REF. NO. 031-296-201

GINEERING SUPPORT ACTIVITIES ::sf;l:: X
ISSUES LIST e,
OPTIONS RECOMMENDAT | ONS RENARKS

t 0 Maintain steam turbines as
oxygen plant compressor
drives and determine diffi-
oculty involved in procuring
custom design main steam
turbine generator currently
required

0 Redesign balance of plant
systems to be compatible with
high technology components

o Resize the ETF power output
to be consistent with the
scale at which the high
technology components are
being developed

At least replace boiler feed
pump steam turbine drives by
constant speed electric motor
drives

Constant speed electric
motors should be substituted
for steam turbine drives for
oxygen plant compressors

Part load heat rate and
plant transient response
should be determined with
constant speed electric
motor alternatives

Control methods for oxygen
plant compressors should be
verified and optimized with
drive alternatives

Attentior should be given
by the component developers
regarding how design para-
meter selection will fit
into the integrated plant
design

Single person/group should
coordinate the development

of high technology components
to ensure compatibility when
integrated into one power
cycle

o Switch to all electric drives
will produce a major change to
heat and mass balance diagram

o Preliminary analysis of impact
on design point performance

issued in GAI report Engineering

Study 201(3), (GAI Ref.
No. 120-195-201)

EOLDOUT FrANity




3

NASA MHD-ETF CONT]
ETF ENGINEERING SUH

ISSUES j

_";

ISSUE
NO.

DESCRIPTION/BACKGROUND INFORMATION

IMPACT ON ETF DESIGN

oP

Part Load and Transient Analysis

ETF Instrumentation and Control

Thermal Growth of Large Equipment
and Piping During Plant Operation

EOLDOUT FRARME

o Results of analysis will contribute

to the steady state and transient
control logic definition and
instrumentation requirements

Results will also help define
impact that upset conditions will
have on equipment, leading to
definition of control steps
required to protect the plant

Results will define part load
operating parameters which will
contribute to the equipment
selections for base load opera-
tion and standby units

Proper instrumentation and control
logic required to protect person-
nel and equipment from transient
perturbations

Need to have adequate control to
efficient]ly operate the plant and
to optimize equipment cyclical
lifetime

Control equipment will have major
impact on design, safeguards, and
redundancy of major systems

Lack of accommodation for thermal
growth could seriously damage
equipment

—

g itk i PR e

o Specify the
I&C througho
system and
community®™ wi
ment ready wi

R i




HD-ETF CONTRACT DEN 3-224

GAl REF. NO, 031-296-201%

INEERING SUPPORT ACTIVITIES :’E':f;':: :
ISSUES LIST S e
OPTIONS RECOMMENDAT I ONS REMARKS

0 Specify the requirements of
I&C throughout the ETF power
system and assume the "MHD
community® will have equip-
ment ready when needed

0 Conduct a part load study to
define steady state and
transient operating parameters
for the ETF

0 Review malfunction analysis
established in Issue No. 21
to determine system opera-
tional limits and responses

o Establish startup and shutdown
procedure

o Conduct study as to system
response to fuel flow change

0 Review the plant instru-
mentation and control systems
to develop a system that can
safely and efficiently control
the plant operations, including
the detection and control of
malfunctions, as established in
Issue No. 21

o Review of MHD power train
equipment should be conducted
to ensure adequate arrange-
ments for thermal growth

o The technology of the balance
of plant equipment has been
established and thermal growth
problems are known but inter-
facing with the high technology
components should be reviewed
to account for thermal grcwth

o0 Load following of topping
to bottoaing oycle must
be characterized

o Topping side major subsystems
fall into similar categories
of uncertainty regarding I&C

o Consideration has been given to
the problem but no specific
design analyses have been
accomplished

L
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6 Electrical Isolation o 12R losses may be large o Review advar

ing at diff

0 Lack of adequate isolation could
be dangerous to personnel

o Protection of isolation interfaces
during transient and drop loads
may be necessary

7 Alternate MHD Power Train Cooling o0 Switching from feedwater cooling o Review varic

of combustor, channel, and of feedwater

diffuser to some alternate may ing systems,

introduce more system losses compromise ¥

cooling syst

0 Separate closed cooling loops bination of
with auxiliary heat sinks czn closed cooll
offer improved cooling control
of MHD components during upset
conditions and during normal
part load operation

o Feedwater polishing equipment
and piping for main feedwater
stream can be reduced

EOLDOUT FRAME

0 Separate cooling loops would
isolate MHD power train from main
feedwater stream, providing more
flexibility to maintain MHD power
train components while preserving
feedwater system integrity

8 Seed Injection o Improper seed injection could 0 Slurry (wet
produce a nonhomogeneous seed has been des
flow, upsetting the channel
operation

o Inadequate monitoring, control,
and feedback coordination with
fuel and oxidant can impair
proper plant control
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o0 Review advantages of isolat-
ing at diffuser end

0 Review various combinations
of feedwater and closed cool-
ing systems. May produce a
compromise MHD power train
coocling system that is a com-
bination of feedwater and
closed cooling loops

o Slurry (wet seed) injection
has been demonstrated

o In depth engineering study
of electrical isolation should
be conducted including effects
of slag, seed, and coal flow

o Effects of malfunction analy-
sis, Issue No. 21, should be
considered

o Impact of alternate cooling
schemes on plant performance,
cost, and complexity should
be reviewed

n Design and demonstrate
the pressurized seed feed
ropper and seed injection
system

5 Cesign of screw conveyors,
receiving hoppers, metering
bunkers and pulverizers should
be started with emphasis on
sec1 flow measurement and
control

0 Need for isoclation has been set
but design work not initiated.
Current design suggests
isolation of the combustor
and electric ground at the
diffuser

0 Closed loop channel cooling has
been evaluated for the 100%
rating point in a GAI report
unnumbered, (GAI Ref.

No. 040-086-001)

FOLDouT FRAME Z/

o Dry injection into an MHD
combustor has not been
demonstrated under
prototype conditions

o0 Wet sced injection may reduce
plant efficiency

o For further data review the
GAI report Engineering Study
304, (GAI Ref. No.
081-386-304)
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10

"

Equipment Redundancy

Utilization of By-Product Gases and
Secondary Waste Heat

ETF Heat Balance Improvement/
Optimization

EULLOUT FRAME/

o Not having adequate redundancy or

alternate operational procedures
could reduce plant availability,
compromising objectives of ETF

Lack of adequate redundancy on
certain components could produce
plant upsets with potential to
damage oritical equipment

Increased utilization of nitrogen
as transport gas, drying gas,
inerting gas, etc. would allow
increased use of flue gas for
steam cycle heat addition

Recovery of secondary waste heat
would reduce load on cooling
tower system and provide more
heat to steam cycle

Complexity of plant may be
increased as attempts are made to
use by-product streams heat and/or
mass flow

Improved bottoming cycle and
plant efficiencies

Bottoming cycle configuration
more like conventional power
plant

Refine heat and mass balance
to reflect data from high
technology components design
studies and from more detailed
review of the balance of plant
svstems

o Economic trad

oonducted to |
in providing

are 3 50% or
units more ed
build in redu

Alternate mod
e.g. oxygen £
storage coul

into plant t¢
dancy in lied
multiplicity |

Implementatia
streams mass !
would be pred
off of cycle
versus incre
plexity and ¢

Where high 1¢
exist in was
pimp" technol
used to brin
"high grade"j

Incorporate
performance
the economial
warrants
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jo Economic tradeoffs should be
conducted to optimize approach
in providing redundancy, e.g.
are 3 50% or 2 100§ rated
units more economical way to
build in redundancy

o Alternate modes of operation,
e.g. oxygen from liquid O
storage could be designed

into plaut to provide redun-
dancy in lieu of incorporating
multiplicity of units

0 Implementation of by-product
streams mass flow and heat
would be predicated on trade-
off of cycle performance gain
versus increased plant com-
plexity and cost

o Where high levels of enthalpy
exist in waste streams "heat
pump” technology could be
used tec bring streams to
"high grade"™ enthalpy levels

o Incorporate the potential
performance improvements if
the economic tradeoff
warrants

0 Review RBTF design to ensure
that asppropriate equipment is
redundant to protect oritical
plant components and provide
required availability

o Review cycle configuration to
determine what application can
be made of nitrogen by-product
gas and waste heat sources in
plant

0 Review for future potential
application the cogeneration
or regeneration schemes that
may improve total system
performance

o Plant performance optimiza-
tion should be reviewed in
light of modification to
design ambient conditions
and new design data from
both high technology systems
and balance of plant systems

o Bquipment redundancy should be
integrated with Instrumentation
and Control studies, Issue
No. 3, since redundant equipment
selections can be influenced by
I&C requirements

o Malfunction analysis, Issue
No. 21, will help to establish
minimum redundancy requirements
for equipment

R
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12 Coal Drying Assesanment Change to flue gas flow required o Modify the
for coal drying would increase/ required to
decrease heating duty of L.T. of updated 4§
economizer and ultimately the design para
power generated by steam cycle
Attempt to
If alternate drying gas is by=-product 8
selected (e.g. nitrogen), the or waste hea§
power required to drive the ID replace flue}
fan in the Flue Gas Discharge drying
System would increase
13 Recycle Seed Performance of the topping cycle Continue to ¥
will be influenced to some extent and performan
by the chemical, physical and through seed |
flow characteristics of the ]
recycled material Install size
equipment at
The size distribution of the seed the HR/SR sp
leaving the HR/SR may be such that ,
pneumatic transport may be Transport spd
difficult by means of
pneumatic cof
Transportation of spent seed by 3
truck will provide operational
flexibility but will result in
high labor costs
14 Impact of New Magnetic Field Components requiring frequent

Exclusion for Personnel Access

FOLDOUT FRAME

maintenance are to be located
outside of the 0.01 tesla magnetic
field boundary. This requies
changes to the ETF plot plan and
plant layout drawings

Or:ly approved personnel are allowed
within the 0.0005 tesla magnetic
field boundary. Time limits for
approved personnel in the various
magnetic field zones are specified
in the National Magnet Laboratory
Specification A4ul2, Rev. D,
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Modify the flue gas flow
required to meet constraints
of updated drying system
design parameters

Attempt to incorporate a
by-product stream mass flow
or waste heat to supplement/
replace flue gas for coal

drying

Continue to base ETF design
and performance on once
through seed flow

0 Install size reduction
equipment at the outlet of
the HR/SR spent seed hoppers

o Transport spent seed on-site
by means of a mechanical or
pneumatic conveyor system

0 Review the technique used for

coal drying to insure that a
practical, safe system is
selected for the ETF design

Carry out a chemical equili-
brium study to establish the
composition of the topping
cycle flow stream for the

Decide whether or not to
install size reduction equip-
ment after the HR/SR has been
designed and the physical
condition of its products
specified

Carry out a technical, environ-
mental and economic study to
decide whether trucks or
conveyors should be used for
recycling spent seed from the
spent seed silos

The alternative plant layout
and equipment arrangement
generated by the new magnetic
field exclusion requirements
should be incorporated into
the EFT plant design

The chemical equilibrium study
should provide input data for a
revised heat and material
balance, See issue 11

The physical condition of the
seed may have been an impact

on the cost of seed dissolution
(issue 22) and on the materials
handling equipment selected for
recycling spent seed

The GAI repcrt Engineering
Study 304, (GAI Ref. No.
081-386-304) may have some
impact on Recycle Seed

Performance of the ETF plant
is not affected by the new
magnetic field exclusion
requirements

The impact of the new magnetic
field exclusion guidelines on
the ETF configuration and
layout has been evaluated in a
GAI report Engineering Study
305, (GAI Ref. No. 071-368-305)

FOLDQUT F Z
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15

16

17

Impact of New Magnetic Field
Exclusion for Personnal Access
(Cont'd)

Alternate Methods of Channel

Replacement

Secondary Flue Gas Ductwork

Environmental Analysis

iuLSUUT'E&AME

© Unapproved personnel are limited to

areas where the magnetic field is
less than 0.0005 tesla (no time
limit). This requires relocation
of the security fence south of the
plant site and the installation of
nunerous caution signs along the
entire length of the security fence
that encompasses the plant island.

The MHD Building crane is to be
repositioned to a new storage
loncation at the maximum possible
distance from the magnet
centerline.

Arrangement and support of MHD
power train components will be
influenced by technique to be
employed for channel removal

Plant availability may be
affected by removal method

Fan and power requirements
Equipment cost

Installation cost

Size of cleanup system,
stoichiometry, amount or K2003
required, residence time for
tlue gas and temperatures in
HR/SR, and auxiliary equipment
will be affected by environ-
mental analysis

o Remove diffus
o Roll apart sp

o Roll aside ma

o Multiple stac

o Emerging tech
initial exemp
meeting EPA r
may allow opp
equipment req
be developed
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0 Remove diffuser
o Roll apart split-magnet

o0 Roll aside magnet

0 Multiple stack

0 Emerging technologies
initial exemption from
meeting EPA requirements
may allow opportunity for
equipmen: requirements to
be developed

o Roll apart split-magnet
arrangement requires least
calendar hours and man hours
to replace channel

0 Since channel total down time

o Effects are not our of line
with other components,
replacemant procedures and
subsystem arrangements should
be predicated on overall system
design and performanne criteria

o Review ducting system to
determine feasibility and
desirability of a multiple
stack exhaust for ETF

o An environmental analysis

study must be conducted to
support the ETF conceptual
design

o Channel outage times and
effacts on system availability
do not impose undue penalties
for the reference case or any
of the alternatives reviewed,

o This Arrangement and Support
Issue was addressed in GAI repor
Engineering Study 306(2), (GAI
Ref. No. 071-361-306)

o This plant availability was
addressed in GAI report
Engineering Study 306(1), (GAI
Ref. No. 071-361-306)

EOLDOUT FRAMg L
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18 Performance Assurance Program Plan o Performance Assurance plan could §
affect cost g
o Performance Assurance plan will ?
guide the design and development ;
of plant components and systeams j
§
19 Facility Cost Analysis o Optimization of major costs has o Improved |
not been included
o Improved i
projected:
tion date:
details
20 MHD Electrical Power Distribution o Performance and cost of major o Maintain j
MHD electrical systems from the 3
channel to the bus bar are o Redesign |
affected by changes to any of the distribut{
components compl exitf
reduction
mance an
21 Malfunction Analysis o Possible unsafe operating modes

or conditions will be identified

o Plant performance and availability

could be affected

0 Additional instrumentation and
control for malfunction response
may be required

0 Strengthening of equipment or
added personnel protection may
be required
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o Improved plant arrangement

o Improved equipment costs
projected to plant comple-
tion date
details

o Maintain present design

o Redesign the electrical power
distribution system to reduce
complexity at a possible
reduction in channel perfor-
mance and efficiency

o A Performance Assurance plan
should be developed

o Assessment of capital costs
for the commercial phase of
operation should evolve from
firmer definition of topping
side design and construction
details

o A coordinated study of the
MHD electrical power dis-
tribution system should be
conducted

o A malfunction analysis should
be conducted

o Currently an outline
of & Performance Assurance
plan has been developed

o Operating and maintenance costs

of the ETF during commercial
operation should be consistent
with those of new coal fired
conventional plants when
correlated on an equivalent
basis

o MHD electrical power distribu-
tion analysis involves several
high technology comoonents and
study should be coordinated by
one responsible group to insure
maximum compatibility and
consistency
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22 Seed Reprocessing 0 On site seed reprocessing will o Maintain preg
affect plant layout of f site seed
seed purchas¢
o An increase in plant auxiliary :
power requirement and decrease in ¢ Provide on sf
plant efficiency would be expected cessing by me
the following
o Net improvement in plant economics g
is possible a. The Resous
Co. (RCC);
process §
b. A modified
RCC proces
c. A seed reg
other than
process
23 Utilization of Channel End Regions - | ¢ Utilization of these channel end ETF design ir
Theoretical Channel design analysis regions will increase electrical regions to pr
does not include channel sections in power quantity delivered to the lating currer
magnetic fields between 0 to 4.0 grid :
tesla, and 3.5 to 0 tesla Extract addif
0 Gas stream exiting the Channel from end regl
will have reduced enthalpy.
Additional low-grade heat must be
accepted by the bottoming plant
o The Power Plant Heat and Mass
Balance will be affected and
] Component sizing and system
: configuration may be affected
24 Mulitidimensional Channel Analysis - o Results may modify design of
Theoretical MHD Channel and genera- Channel and diffuser
tor analysis is one dimensional.
Multidimensional analysis is desired | o ETF performance may be affected
to confirm design assumptions somewhat
FOLDCOUT FRAME
3
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% o Maintain present options of

off site seed reprocessing or
seed purchase

o Provide on site seed repro-
cessing by means of one of
the following:

a. The Resources Conservation
Co. (RCC) Engel-Precht
process

b. A modified version of the
RCC process

¢c. A seed reprocessing process
other than the Engel-Precht
process

o ETF design insulates end
regions to prevent circu-
lating currents

0o Extract additional power
from end regions

-

o An investment analysis should
be carried out based on the
results of Engineering Study
304 (GAI Ref. No. 081-386-304)
- (On site Integration of the
RCC Modified Engel-Precht Seed
Reprocessing System into ETF).

0 A detailed engineering design
and evaluation study should be
carried out on the RCC Engel-
Precht process with the sodium
removal module deleted.

o Pilot plant tests are needed
for the RCC Engel-Precht
process to reduce the technical
and economic risks of develop-
ment

o This integration of Magnet and
Channel performance should be
examined specifically in areas
of predictions of component
performance and development
data

o Evaluate net effect on plant
performance

o This work be included in
component development. After
component data is developed
the component data should be
integrated into the Power
Train System

o0 The investment analysis study,
detailed engineering design and
evaluation study, and the pilot
plant test study should be
carried out sequentially.

o For further data review the
GAI report Engineering
Study 304 (GAI Ref.

No. 081-386-304)

o For further data review paper
No. AIAA-82-0325 to be
presented at AIAA 20th
Aerospace Science Conference
Jan. 1982 by S. Wang (NASA)

%
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25 Channel Mach Number - MHD Power o Requirement for a lower magnetic 0 Subsonic |
Train utilizes subsonic flow. field strength will reduce magnet
A Supersonic Channel application design performance and economic 0 Supersoni
in ETF appears creditabie and requirements
merits analysis
0 Reduced magnetic field strength
will reduce personnel and
equipment exclusion areas
o0 Supersonic flow reduces probabil-
ity for acoustic instabilities in
Power Train
o There will be some loss in plant g
performance ‘3
26 Power Train Testing - requirements o Specific requirements may involve o Perform of

must be defined to establish the
facility demands

specialized equipment and may
affect equipment size and system
configuration. The resulting
engineering compromises may affect
Plant performance and operation

testing ‘!

o Perform ti
ETF i

o Perform t.q
facilitie

]
|
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o Subsonic Channel

o0 Supersonic Channel

o0 Perform component and system
testing at the mfg facilities

o Perform testing only at the
RTF

o Perform testing at both mfg
facilities and ETF

o Theoretical analysis should
be performed in this area to
establish values for relative
costs and plant performance

0 Review CDIF testing program
to identify probable test
requirements at 500 MWe

o Estimate impact of testing at
ETF on schedule, equipment,
Plant performance, hazards,
etc. Estimate cost of off-site
testing

o Test requirements at ETF should
be established by programmatin
decisions. Consider responsi-
bility if the component failure
delays plant operation

0 Most testing to date has been
on supersonic channel

0 For further data review
NASA paper No. AIAA-82-0325

0 Meaningful testing for evalua-
tion of MHD subsystems will

required bypass quench ducting
and major heat removal systems

of the bottoming side

EOLDOUT Fiuhhlﬁ¢zi~

*




NASA MHD-ETF CON

ETF ENGINEERING

| SSUES
ISSUE
NO. DESCRIPTION/BACKGROUND INFORMAT |ON IMPACT ON ETF DESIGN
27 Regenerative Combustor Cooling - The The Intermediate Temperature

ETF combustor is cooled with boiler
feedwater. The ETF design may be
simplified by using the combustor and
nozzle tube walls to preheat the
oxidant for the high temperature
combustion process.

HOLDOUX FRAME

Oxidant Heater (ITOH) and the high
temperature oxidant piping to
Combustor would be eliminated.

Possibility of acoustic upsets in
the oxidant supply lines to the
Combustor would be reduced.

Performance of both topping and
bottoming cycles are affected

Only minor changes are required to
the ETF configuration and plant
layout

b i

e
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o The concept of a regenerative
combustor for preheating the
oxidant should be incorporated
into the ETF plant design.

0 Further study is required to
evaluate the total uconomie
impact of regenerative combus-
tor cooling on the ETF design

o GE has developed a 5 MWt
regeneratively=-cooled combustor
for closed-cycle MHD applica-
tions

o The impact of regenerative
combustor cooling on the ETF
design has been evaluated in a
GAI report Engineering Study
307, (GAI Ref. No. 091-429-307)

o Reduced power output of the
cnannel could permit reduction
of the inverter capacity

EOLDOUT ERAME 2




5.2 BACKGROUND DATA

The dcta contained in this section consists of study results which provide the
design antecedents for the basic concepts of a 200 MWe, oxygen enriched,
combined cycle MHD power plant; pertinent studies which were performed to

resolve major issues affecting the final ETF design; and supplemental cost and
schedule data for the high technology equipment.



5.2.1 - Design Antecedents

A study was conducted to analytically evaluate a 200 MWe power plant
consisting of a MHD topping cycle integrated for combined oycle operation with
a steam power plant, The results of this study were used to generate a GAI
letter report which summarizes the design and performsnce requirements for the
MHD-ETF power plant. This report, "200 MWe Net Output - Magnetohydrodynamiocs/
Stean Power Plant - Heat and Mass Balance Diagram Desoription,® dated
February, 1981, is included as an attachment to th.s section of the CDER.



GAL Ref. No., 021-249-001

MAGNETOHYDRODYNAMICS
ETF ENGINEERING SUPPORT ACTIVITIES
SUBTASK WORK ORDER 202

200 Mwe NET OUTPUT

MAGNETOHYDRODYNAMIC/STEAM POWER PLANT
HEAT AND MASS BALANCE DIAGRAM DESCRIPTION

PREPARED FOR
MHD PROJECT OFFICE

NASA LEWIS RESEARCH CENTER
CONTRACT NO. DEN 3-224

PREPARED BY
GILBERT ASSOCIATES, INC.
P.0. BOX 1498

READING, PA 19603

FEBRUARY, 1981
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This power plant analysis report was previously Appendix A to Revision 1
(dated 3 Oct. 1980) of the Design Requirements Document (DRD) for the
Magnetohydrodynamics Engineering Test Facility (MHD-ETF) which is currestly
under conceptual design for the Department of Energy. It had been included in
the DRD to provide technical backup msterial for the design. The DRD has
since been revised, and in the process, the need for Appendix A was
eliminated. The former Appendix A is being issued as a letter report to
document the engineering changes that were included in the current updated MiD
ETF conceptual design heat and mass balance diagram (Dwg. 8270-1-540-314-001,
Revigion B).
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A 200 megawatt electrical (MWe) net output magnetohydrodynamic (MHD) power
plant has been conceptually defined for consideration as the Engineering Test

Facility (ETF). The plant has been scaled-up from s previous ETF design of a
166 MWe net output MHD planmt.

The MHD cycle is fired with subbituminous coal from the Montana Rosebud seam
and oxygen eanriched air (30 mole perceat oxygen). The enriched air is
preheated to 1100°F in a direct fired metallic recuperative heat exchanger.

Component and systems analyses determine a performance criteria for the major
components. The MHD generator produced a gross output of 87.1 MWe and its
exhaust provided the thermal input for the steam bottoming cycle. A 1813
psia/1000°F/1000°F reheat steam plant was chosen for the bottoming cycle. The
combined cycle produces 202 MWe net output from 532 MWt of coal input at a
plant etficiency of 38.0 percent (a heat rate of 8,972 Btu/Kwh).



S R R T

MHD-ETF Page 111

TABLE OF CONTENTS

Page No.
Foreword i
Abstract ii
1.0 Introduction ' 1=1
2.0 MHD Topping Cycle 2-1
3.0 Steam Bottoming Cycle 3-1
4.0 System Performance Estimates 4-1

5.0 References S-1



MHD-ETF o ~ Page No. __1-1

TABLE OF CONTENTS

SECTION 1
Page No.
Tatle of Contents - Section 1 1-1
1.0 Introduction 1-2
1.1 Scope : 1-2

1.2 Study Ground Rules 1-2



' MHD-ETF

1.0

1.1

1.2

Page Né. 1-2

Introduction

This study analytically evaluatcs a 200 MWe net output, oxygen
enriched MHD topping cycle integrated for combined cycle operation
with a steam pliht. This MHD cycle is fired with subbituminous coal
from the Montana Rosebud seam and air enriched to 30 mcle percent
oxygen and preheated to 1,100°F. The steam plant is an 1,815
psia/1,000°F/1,000°F reheat cycle. The MHD heat recovery system
generates all of the steam required by the turbine. Major MHD and
steam plant pumps and compressors are driven by steam turbines.
Major portions of this study were prepared under U.S. Department of
Energy Contract No. ET-78-C-01-2688.

Scope
The scope of this study is to provide:
o the identification of an ETF system,
o 4 preliminary performance evaluation of that system, and a

o documentation source for subsequent revisions.

Study Ground Rules

The ground rules under which this study was performed are:

a. Montana Rosebud coal is used as the fuel;
b. the nominal power plant net output is 200 MWe;
C. the oxidant preheat temperature is 1,100°F, with the oxidant

enriched to 30 mole percent oxygen;

d. local ambient conditions are 42°F, 13.0 psia at a specific

bumidity of 0.0037 1b of moisture per pound of dry air;

e. main condenser pressure is 2.0 in Hga at the design point.
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MHD Topping Cycle
The major subsystems of the MHD topping cycle are:

o Coal Preparation

o Oxidant Delivery

o Oxidant Preheater,

o Combustor,

o MHD Power Loop,

o Heat Recovery and Seed Recovery (HR/SK)

o Seed Reprocessing

These subsystems, with the exception of seed reprocessing, are

described below.

Coal Preparation:

Montana Rosebud coal with a moisture content of 22.7 percent is
crushed, introduced into the pulverizers, and then dried to

5 percent moisture using 480°F exhaust gas. The drying gas to coal
mass flow rate is approximately 3-to-1. The dryv pulverized coal at
150°F is separated from the drying gas in the mechanical collectors
and baghouse and is transported to the MHD combustor by a

pressurized exhaust gas bleed.

Oxidant Delivery

An energy efficient on-site oxygen plant produces the pressurized

70 mole percent oxygen which is blended with pressurized air to form
the 30 mole percent oxygen combustion oxidant. The oxygen plant was
scaled from plants in detailed oxygen production studies

(Reference 1). The oxygen plant requires 221 kWh/ton equivalent

pure 0, of compression power (at 58.6 psia delivery pressure) to

2
provide the cryogenic separation of the oxygen. The oxygen plant
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with a capacity to produce 1,600 tons of equivalent pure oxygen per
day is needed to meet the oxidant requirements of this 200 MWe MHD
plant.

The equivalent pure 02 is defined as the amount of pure 02 added to
normal dry air (which contains 21.0 mole percent 02) to produce a
70 mole percent O, mixture. Table 2.4.1 shows the air and oxidant

2
compositions used in the ETF design analysis.

Two compressor systems are required to deliver the pressurized ind
enriched oxidant to the combustor. These systems are: a highly
intercooled, steam turbine driven compressor to supply air to tte
air separation unit, and an uncooled steam turbine driven compressor
that pressurizes the blended mixture of ambient air and the 70 mole
percent pure 02 product gas from the air separation unit. These
compressors were estimated to require 12,275 kW, and 23,448 kW

power, respectively.
Oxidant Preheater

The oxidant preheater is designed to heat the pressurized combustion
oxidizer to 1,100°F. The heater is constructed of high temperature,
corrosion resistant tubes designed to withstand the pressure
differential between the oxidant and the hot MHD exhaust gas. The
chotce of 1,100°F preheat for these studies is considered reasonable
for a relrable, cost-effective unit that 1s to operate in the

corrosive and evosive envivonment of the MHD exhaust.
Combustorx

The combustor is pressurized and will operate at 90 percent
stoichiometry, 65 percent slag rejection, with 1 percent potassium
in the combustion gas, burning the pulverized coal described in
Table 2.4.2. A detailed assessment of combustor design was not
performed during this study. Combustor heat loss to the feedwater
cooled waterwalls was assumed to be 24.8 MWt, 4.7 percent of the

coal HHV input.



MHD-ETF

Nitrogen, N2

Oxygen, 02

Argon, Ar
Water Vapor, H20

Carbon Dioxide, CO2

Nitrogen, N,

Oxygen, 0,
Argon, Ar
Water Vapor, H20

Carbon Dioxide, CO2

Molecular Weight

Nitrogen, N2

Oxygen, 02

Argon, Ar
Water Vapor, H20
Carbon Dioxide, CO

Based on

Tdry
Twet

TABLE 2.4.1

Page No.

AIR AND OXIDANT COMPOSITIONS

Mole Percent

Dry Air Ambient Air¥*
78.084 77.626
20.950 20.827

0.934 C.928

0 0.587

0.032 0.032

100.000 100.000
Weight Percent

Dry Air Ambient Air*
75.519 75.238
23.144 23.062

1.288 1.283
0 0.368
0.049 _0.049
100.000 100.000
-- 28.013
-- 31.999
-- 39.948
-- 18.016
2 - 44.0101
42F
36F

70% O
ASU Proauct
26.88
70.00
3.12

0
35, S
100.000

70% O
ASU Prosuct
24.152
71.850

3.998
0

. -
100.000

2en

30% O
Oxida%t

68.160
30.000
1.336
0.478
_0.02
100.000

30% O

Oxidant
65.111
32.737

1.820
0.293

0.039
100.000
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TABLE 2.4.2
ETF COAL PROPERTIES
COAL: RANK: Subbituminous B
Weight*
Percent
PROXIMATE ANALYSIS: As Received
Moisture 247
Volatile Matter 29.4
Fixed Carbon 39.2
Ash 8.7
100.0
Weight™* Weight Weight
Percent Percent Percent
As Received As Fired Dry
ULTIMATE ANALYSIS: (base) (derived) (derived)
Carbon 52.13 64.0666 67.4385
Hydrogen 3.46 4.2523 4.4761
Oxygen 11.36 13.9612 14.6960
Nitrogen 0.79 0.9709 1.0220
Sulfur 0.85 1.0446 1.0996
Ash 8.71 10.7044 11.2678
Moisture 22.70 5.0000 0.
100.00 100.0000 100.0000
Higher Heating Value, Btu/lb 8,920 10,962.5 11,539.5
Weight*
ASH ANALYSIS: Percent
Si0, 38.68
Al,,Oi 17.80
Fe,u‘ 5.2%
Ti0, 0.72
ons 0.41
Ca0 11.32
Mg0 4.12
Na 0 3.19
Kzo 0.51
50, 18.00
100.00
Initial Deformation Temperature, °F 2,190 * 230
Softening Temperature, °F 2,230 * 240
Fluid Temperature, °F 2,280 * 240

* Source: Letter Rigo (NASA/LeRC) to Guy (G/C); "ETF Coal Properties";

February 1, 1980.
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Properties of the MHD channel plasma used for these evaluations were

calculated under the following assumptions:

a) 5 percent moist Montana coal (see Table 2.4.2) is used as tuel.

b) one percent potassium by weight is injected into combustor

discharge gas.

c¢) oxidant contains 30 mole percent oxygen.

d) combustion occurs at 90 percent stoichiometry.

e) 65.3 percent of the original coal ash is removed as slag.

f) chemical equilibrium is attained.

The characteristics of this plasma were calculated by Gilbert

Associates' CEC computer code.

outputs are:

TABLE 2.4.3

COMBUSTOR INPUTS AND OUTPUTS

Coal feed (5 percent moist)
Coal transport gas

30 mole percent 0, oxidant feed
K,CO, feed )

2 3

xlso“ feed

Slag rejected

Channel gas produced

o ©O © © UV O -

Per Pound
Coal Feed
1b/1b Coal
.000000
.033003
.239990
. 049585
.078598
.069574
.331060

The resulting combustor inputs and

For 532 Mwt
Coal Input

lb/hr

165,622
5,466

867,852
8,212
13,018
) QO

1,048,509
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Figure 2.4.1 presents the Mollier chart of this piasma. Figure

2.4.2 indicates the plasma electrical conductivity.

K2C03 is used for sulfur capture. To assure sulfur capture, K2003

in excess of stoichiometric K2C03 was supplied such that 1.1 moles

of K2C03 was injected for each mole of sulfur in the coal.
Thus K2C03 injection was set at 0.04959 pounds for each pound coal.
KZSOA was used as the additional seed material to provide the

required one percent potassium by weight in the MHD exhaust gas.

This results in a K2C03/K2504 mass ratio of 0.631:1.

The combustion flame temperature attained by this plasma is a

function of the following parameters:

a) oxidant preheat of 1,100°F

b) combustor inlet pressure of 70 psia
c) coal temperature of 150°F

d) seed temperature of 150°F

e) combustor heat loss of 4.67 percent of coal HHV (= 10,962.5
Btu/1b)

f) combustor pressure drop of 5.0 percent

For the design combustor discharge pressure of 4.516 atm abs, the

flame temperature is 4,381°F (2,690K).
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MOLLIER DIAGRAM FOR COMBUSTION PRODUCTS

MONTANA COAL COMBUSTION PRODUCTS

§ PERCENT MOIST COAL

90 PERCENT STOICHIOMETRY

30 MOLE PERCENT OXYGEN CONTENT
| PERCENT POTASSIUM SEED

PRESSURE ATM .1

1.60

I !
2.00 2.40 2.80 3.20 3.60
S-ENTROPY KCAL/KG-K




:

Page No. 2-9

ELECTRICAL CONDUCTIVITY MHOS/M

FIGURE 2.4.2
ELECTRICAL CONDUCTIVITY VS. TEMPERATURE
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MHD Power Loop

Major components of the MHD power system are the nozzle, channel,
dc-to-ac inverter, and diffuser/transition section. For the 532 Mwt
of coal input to the combustor, the MHD channel produces an output
of 87.1 MWe. The channel inlet pressure was established to be
consistent with an active channel length of 12.1 meters. The
channel was assumed to be a subsonic, constant Mach number (0.90),
Faraday connection design. The Hall field was limited to 2,500
volts/meter by varying the transverse loading parameter from 0.75
near the channel entrance to the level required to maintain the
limiting maximum Hall field further along the channel. The magnetic
field used was based on National Magnet Laboratory estimates, and is
illustrated in Figure 2.4.3. This magnet has a peak field strength
of 6 tesla. Figure 2.5 illustrates the geometry, flow rates, and
performance e: timated for the channel under these conditions, while
Table 2.5 summarizes these results. The channel was assumed to be
water cooled with 214°F feedwater that is allowed to attain a
maximum water temperature of . 6°F before leaving the channel

cooling loops.

The diffuser and transition sections are designed to decelerate the
high velocity gases leaving the channel to acceptable levels
(approximately 30 meters/secoid) at the entrance to the heat and
seed recovery section. The transition section, which connects the
diffuser and steam generator, is a constant area duct with a cross
sectional area large enougn to complete the deceleration. For this
application, the diffuser/transition section is expected to have a
pressure recovery coefficient equal to 0.46 and to discharge into
the radiant boiler at ambient pressure (13.0 psia). Diffuser heat

loss was estimated to be 26.5 MWt.
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MHD CHANNEL/PERFORMANCE

TABLE 2.5

COMBUSTOR:

Preheat

Moles Oxygen in Oxidant
Stoichiometry

Gas Flow

Coal Input

Discharge Prescure
Discharge Temperature

Heat Loss

CHANNEL:

Length

Constant Mach Number
Inlet Velocity
Discharge Velocity
Inlet Cross Section
Exit Cross Section
L/D, inlet

Gross Power Output

Heat Loss

Extraction Ratio

Inlet Loading Parameter
Discharge Loading Parameter
Maximum Magnetic Field
Maximum Jy

Maximum Ex

Maximum Ey

Maximum Hall Parameter

DIFFUISER:

Pressure Recovery
Exit Pressure
Exit Temperature

Heat Loss

°F

%

kg/s

MWt

atm abs

K

°F

MWt

% coal input

m/s
m/s
mXx m
mXxX m

MWe
MWt

tesla
A/m}
V/m
V/m

atm abs

°F
MWt

Page No.

200 Mwe
Plant
Channel

Estimate

1,100
30
0.90
132.1
532
4.52
2,689
4,381
264.8
4.67

12.1

0.90

809

776
0.63x0.063
1.21x1.21
17.0

87.1
22.9
0.173
0.75
0.84
6
5,833
2,500
3,623
4.08

0.46
0.88
2,218
3,532
26.54

2-13
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Heat Recovery and Seed Recovery Components

The hot gases from the diffuser enter the heat recovery boiler
(steam generator) with sufficient temperature (3,532°F) and thermal
energy to generate steam and to provide the oxidant preheat
requirements. The arrangement of the major components for the heat
recovery system is illustrated in the system heat and mass balance
diagram, Figure 2.6. The components are: the radiant boiler,
superheater, oxidant preheater, reheater, and high pressure

coonomiLzer.

Flue gases exit from the d.ffuser and enter the water-cooled primary
radiant boiler. A portion of the slag is extracted in this furnace.
The gas, at reducing conditions, transfers heat to the water-cooled
walls, and slowly cools at a rate which allows conversion of NOx to
elemental N2 and other oxides. This bLoiler was assumed to have a
heat loss of 3.617 MWt, which is 2.5 percent of its total heat

transter.

Secondary air, along with recycle gas (used as a temperature
control), is 1njected into the hot gases downstream of the primary
radiant turnace to complete the combustion of the MHD exhaust gases.
Combustion of carbon monoxide and other species not fully oxidized
in the main MHD combustor heats the gas. The flue gac, now at

oxitdizing conditions, is cooled to 2,400°F with recycle gas.

Atter passing through the economizer sections, the flue gas enters
the gas cleanup system for final seed recovery and particulate
removal This 481°F gas 1s used for coal drying, for recycle gas,
and for low pressure economizing. The gas leaving the low
temperature economizer mixes with coal drying return gas and air

heater exhaust gas, aud discharges to the atmosphere at about 230°F.
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The MHD system is designed to recover the seed material injected

into the combustor. A portion of the potassium sulfate recovered in
the downstream boiler components may be regenerated offsite to
sulfur free potassium salts for reinjection into the combustor. The
sulfur in the coal readily combines to form potassium sulfates. In
this manner, sulfur removal from the exhaust gases is continuous
and, by adjusting the ratio of regenerated seed to potassium

sulfate, the EPA sulfur emission limits for the plant will be met.
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Steam Bottoming Cycle

Selection Basis

The steam generated in the waste heat recovery equipment can supply
a 125 MWe class steam turbine generator. Steam throttle conditions
of 1,815 psia pressure and 1,000°F temperature were selected for
this plant. A reheat to 1,000°F was included to improve cycle
performance (1.5 points improvement in net plant efficiency compared

to a nonreheat configuration).

Component Sequence

Figure 2.6 illustrates the steam plant flow sequence. Steam
condensate is boosted (to a pressure sufficient to overcome line
pressure drop), demineralized, and deaerated. From the deaerator
the feedwater is further boosted in pressure and circulated through
the MHD cannel as coolant. The hot, low pressure feedwater then
picks up heat from the MHD exhaust gas in the low pressure
economizer of the MHD heat recovery system and is piped to the
bottoming cycle for further pressurization in the boiler feed pump.
This high pressure feedwater then passes through a string of high
pressure regenerative feedwater heaters and is returned to the high
pressure economizer of the topping cycle heat recovery system for
further heat addition. The feedwater then passes through the MHD
combustor, cooling this component, and is converted to steam in the
radiant boiler and diffuser using heat from the MHD exhaust gas.

The steam is then superheated. The superheated steam is partially
expanded in the high pressure section of the turbine and returned to
the topping cycle for reheating. After reheat, the steam is split
into four flows, one supplying the boiler feed pump drive turbines,
the second supplying the ASU air compressor drive turbine, the third
supplying the Oxidant compressor drive turbines, and the forth

expanding in the low pressure section of the main steam turbine.
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Turbine/Generator

The main steam turbine is a 3,600 rpm, tandem compound, reheat
turbine with a double flow low pressure section (TCDF26.0). At full
load, the turbine operates at 1,815 psia, 1,000°F design throttle
steam conditions. Turbine last stage bucket size (26.0 inches) was
selected to minimize exhaust hood loss. The back-end loading for

the last stage was 44.4 percent. The used energy end point is at

6.7 percent moisture.

The electric generator is hydrogen cooled and rated for 153,400 kVA
at 60 Hz. 1Its full load output is 128,044 kW.
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System Performance Estimates

The MHD/steam power plant generates 202.3 MWe of net electrical
pewer at the net plant heat rate of 8,972 Btu/kWh (38.0 percent
afficiency). Gross electrical output of the MHD generator is

87.1 MWe. The total mechanical power output of the steam turbines
totals 168.6 MW, with a total of 35.7 MW produced by the ASU and the
Oxidant compressor drive turbines, 2.6 MW by the boiler feed pump
drive turbines, and 130.3 MW by the generator drive turbine.
Generator mechanical and electrical losses total 2.3 MW, resulting

in a gross steam generator electrical output of 128.0 MWe.

Losses must be deducted from gross plant output to account for
mechanical auxiliaries, electrical auxiliaries, and generator
losses. Mechanical auxiliary loads are 35.7 MW for the steam driven
compressor drives, and 2.6 MW for the boiler feed pump drives.
Electrical auxiliary loads total 12.8 MWe. Electrical and
mechanical losses in the bottoming cycle electrical generator are
2.3 MW, resulting in a total system power loss of 53.4 MW. The
estimated performance characteristics are summarized in Table 4.1

and 4.2, and the system heat balance is shown in Figure 2.6.

The design coal flow rate to the MHD combustor is 165,622 lb/hr
(532.0 MWt). The coal is burned in the MHD combustor at 90 percent
stoichiometery with 1,100°F preheated air enriched to 30 mole
percent oxygen. The product gas, seeded with potassium carbonate
and potassium sulfate, passes through the MHD generator and

diffuser.

In order to keep the coolant water temperature below 300°F in the
MHD channel, demineralized and deaerated low pressure feedwater is

sent directly to the channel.
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GROSS OUTPUT: MW

MHD Power
Steam Mechanical Power

Turbine Mechanical Power
Compressor Drive Power
Feed Pump Drive Power

LOSSES: MW

Topping Losses

Compressor Power
Bottoming Losses
Feed Pump Power

NET OUTPUT: MWe

Net Plant Output

INPUT: MWt

Coal to Combustor

NET PLANT PERFORMANCE:

Efficiency, Percent
Heat Rate, Btu/kWh

TABLE 4.1

SYSTEM PERFORMANCE ESTIMATE

130.3
35.7
2.6

168.6

4-3

87.1

168.6

-53.4

202.3

532.0

38.0
8,972
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SYSTEM POWER LOSS SUMMARY

TABLE 4.2

Toppi..g Losses:

Fuel Handling
MHD Transformer
MHD Inverter
Magnet

Seed Regeneration
Secondary Air Fan

Recirculation Flue Gas Fans

Coal Drying Flue Gas Fan
Transport Gas Compressor
Induced Draft Fan
Cleanup System

lotal MHD Losses

Bottoming Losses:

Ash Handling

Service Water System
Steam Turbine
Transformer

Cooling Tower Fans
Condensate Pump
Booster Pump
Circulating Water Pump
Miscellaneous
Generator Mechanical
Generator Electrical

Total Steam Plant Losses

Page No. __ 4-4

Kilowatts

1,288
1,742
871
139
198
38

46
244
200
707

1,397

6,870

334
60

98
1,280
1,982
56
291
1,417
396
696

1,604

8,214

P ————
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High pressure feedwater is used to cool the MHD combustor and
nozzle. The coolant flow rate is 1,070,992 1b/hr. After cooling
the nozzle, the feedwater is converted to steam in the radiant
furnace and diffuser using heat from the MHD exhaust gas. It is
then superheated by the exhaust gas in a convective heater. The
design steam turbine throttle flow of 1,070,992 1b/hr is then
delivered to the turbine high pressure section at 1,815 psia,
1,000°F. The steam exhaust from the high pressure turbine section
is reheated to 1,000°F prior to expansion in the reheat turbine

section.

The ASU compressor and Oxidant compressor power 35.7 MW, and the
bottoming cycle boiler feed pump power, 2.6 MW, are provided by
condensing steam turbine drives with 2.5 inches HgA back pressure.
About 30.0 percent of the reheated steam from the main turbine high
pressure section is expanded in the compressor drive turbines and
2.1 percent is nsed in the boiler feed pump drive turbines. The
remaining 67.9 percent of the reheat flow expands through the reheat

and low pressure turbine sections.
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5.2.2 Pertinent Studies

A number of studies, investigations, and/or document reviews were conducted in
the course of developing the CDER in order to provide the detail analyses
required for resolution of critical or complex plant requirements. One of
these studies, which established the heat and mass balance requirements of the
plant, has been included in Section 5.2.7 as the Design Antecedent for this
CDER. Another, which supported the design of the MHD Power Train channel, has
been included as Appendix C to SDD-502, "MHD Power Train". A number of other
studies were alsc conducted to evaluate possible improvements to plant design
cost and/or efficiency. However, it should be understood that results of
these studies are not included in the descriptive text of the CDER.

Reports of the results of these studies are included as the following
attachments to this section of the CDER:

Subtask Work Order No. Title

201(3) Evaluation of Electric Motor
Drivers to Replace Steam
Turbine Drivers

206(1) GAI Review of UTSI Topical
Report FE-10815-45 -
"Evaluation of a Coriolis Mass
Flow Meter for Pulverized
Coal Flows"

304 On-Site Integration of the RCC
Modified Engel-Precht Seed
Reprocessing System Into ETF

305 Impact of New Magnetic Field Exclusion
for Personnel Access

306(1) Channel Replarement-Channel
Downtime and Its Effects on System
Availabiiity

306(2) Channel Replacement - Arrangement
and Evaluation of Alternatives

307 Regenerative Combustor Cooling

308(1) Operational Costs of the MHD-ETF

for the Commercial Phase

308(2) Pre-Operational Tests of the ETF
Topping Side Components
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TITLE: Evaluation of the MHD ETF with Electric Motor Drivers
Replacing Steam Turbine Drivers

SCOPE:
An analytical evaluation was made of the effect an all electric motor driver

configuration would have on efficiency and cost of the MHD ETF conceptual
design.

FINDINGS:

1) Net power output for the all electric motor driver cycle increased
3.9 MWe compared to the steam turbine driver cycle. This increased plant
efficiency 0.74 points to 38.76 percent.

2) There would be essentially no increase in ETF cost for the all electric
motor driver configuration.

3) The plant arrangement could be simplified by replacing the condensers and
steam/condensate piping for the steam turbine drivers by cabling,
switchgear, and transformers for the electric motor drivers.

4) Custom design steam turbine drivers are required for the air and oxidant
compressors. "Off the shelf" steam turbines using 1000°F steam are not
available.

5) The boiler feed pump (BFP) drivers need 1.25 MW class steam turbines. No
steam turbine supplier would offer a 1.25 MW unit, either standard or
custom design, that uses 1000°F steam. Highest temperature steam for
1.25 MW units was 900°F.

RECOMMENDATIONS :

o The BFP driver design should be revised to incorporate either constant
speed electric motors or steam turbines with a lower temperature steam
source (e.g. turbine crossover, or prirary reheat).

o Constant speed electric motors should be substituted for industrial steam
turbines as the drivers for the oxygen plant compressors.

o Details of compressor control mechanisms need to be established to insure
that the oxygen plaunt compressors can be controlled when powered by
constant speed drivers.

o The impact of constant speed electric motors on part load heat rate and
plant transient response should be determined.
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PROCEDURE :

ETF plant performance was analytically evaluated using the GAI PROTEUS
computer code. Constant speed electric motor drivers with 98 percent
efficiencies (as quoted by General Electric) were substituted for the steam
turbines currently employed to drive the air separation unit ASU air
compressor, the oxidant compressors and the boiler feed pumps. The reheat and
low pressure sections of the main steam turbine generator set were resized to
pass the additional steam that was previously used by the turbine drivers.

Costs for the equipmert modified for the all electric motor driver
configuration were compared with the steam turbine driver configuration to
determine impact on plant cost.

DISCUSSION:

The base configuration for the ETF has three steam turbine driver systems that
use nearly 32 percent of the hot reheat steam to meet the power requirements
of the BFP and ASU air and oxidant compressors. This amount of steam
extraction produces a steam flow difference between the high pressure section
and the intermediate/low pressure sections of the steam turbine which is not
typical in standard power plant main steam turbines. The 128 MWe rating for
the turbine generator is also smaller than the steam turbines being ordered
for today's power plants. This smaller size and the turbine section flow
difference will require a custom designed turbine generator set. The oxygen
plant supplier has also indicated that constant speed drivers are adequate to
power the ASU air and oxidant compressors. Drivers with variable speed
capability to achieve compressor control are not required. The oxygen plant
supplier has indicated that compressor flow and pressure control with constant
speed drivers can be achieved by employing control techniques such as:
variable compressor inlet guide vanes and stators, gas recirculation,
throttling, and multiple compressor units. It was then decided to evaluate
the MHD ETF cycle with all electric motor drivers to attempt to simplify the
steam turbine equipment design requirements and facilitate procurability. The
ETF cycle evaluation with all electric motor drivers was conducted at steady
state 100 percent load condition. Part load heat rate and plant transient
response were not reviewed to determine what impact constant speed electric
motor drivers will have on the design.

Figure 1 1s a detailed heat and mass balance diagram of the ETF with an all
electric motor driver configuration. Figure 2 is the heat and mass balance
diagram of the ETF with steam turbine drivers. A comparison of the two
dragrams sho.: the steam flow increase (310, 550 lbm/hr additicnal) to the
reheat turbine. The turbine efficiency for the main steam turbine is over
11 points higher than for the smaller industrial steam turbine drivers,
therefore, redistributing the steam to pass entirely through the main steam
turbine 1s a more efficient use of the energy in the steam. In addition,
increasing reheat steam flow through the turbine increused the size of the
reheat and low pressure sections, improving the overall turbine section
efficiency 0.4 points. The more efficient use of the reheat steam flow and
the increased steam turbine efficiency combined to increase steam bottoming
cycle efficiency 2 points to 41.6 percent and also increased main steam
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turbine generator gross power output by 43.6 MWe. Offsetting this gross power
output increase is a 39.7 MWe increase in plant auxiliary load, due mainly to
the added electric drivers for the BFP and ASU air and oxidant compresso.s.
The net result is a 3.9 MWe increase in net power output compared to the steam
turbine driver case. The 3.9 MWe increase improved plant efficiency

0.74 points to 38.76 percent.

The 43.6 MWe increase in gross power for the all electric motor driver cycle
increased steam turbine generator rating to 172 MWe. This turbine generator
would then fall in the 200 MWe turbine generator class, a level more
representative of units built for today's power plant market. The steam flows
through the turbine for the all electric motor driver cycle also reflect
levels typical of standard design steam turbines. The all electric motor
driver cycle would then require a steam turbine generator that is a standard
design in a size closer to the range of units being built today. For the
steam turbine driver configuration a custom main steam turbine design in a
size smaller than being built today would be required. Choosing a standard
design steam turbine in a size more typical of today's market has the
following advantages compared to a custom design, smaller size steam turbine.

o Improved procurability through standard design selection.

o Demoastrated reliability from similar commercial units already in
service.

o Improved utility recognition and familiarity with the steam cycle
operation and control.

o Improved manufacturer warranty.

Although there are no compensating disadvantages in selecting a standard
design steam turbine over a custom design, the increased class size (200 MWe
versus 125 MWe) for the all electric motor drive cycle turbine results in a
$2-4 MM increase in turbine generator cost (see Table 1). Some adjustment in
total plant rating may also be required to insure that the rating for the
standard steam turbine design matches a si1ze for which engineering drawings
already exist.

Table 1 compares the costs for the mechanical drivers. The steam turbine
costs 1nclude the condenser but not the cost of the steam/condensate piping
runs to and from the industrial steam turbines. The electric motor costs
include the associated switchgear, transformers and busses but not the cost of
the additional cabling or cable trays. At the time this study was conducted
data was uol available that would permit the evaluation of the piping run
costs for the steam turbine drivers. It was felt that a detailed evaluation
of pipe length, number «f valves and elbows to determine piping cost for the
turbine drivers was also beyond the scope and level of detail of this study.
For the same reasons cabling and cable tray costs for the electric motor
drivers were not estimated. GAI feels that although cabling to supply the
electric motor drivers and the piping to carry 1000°F steam to the steam
turbine drivers are expensive items, their costs would be approximately the
same and, therefore, would not influence the overall plant cost. The net
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result of the driver cost estimates indicate that the constant speed electric
motors cost $3.2 MM less than the steam turbine drivers. This roughly offsets
the $2-4 MM increase for the larger turbine generator required for the all
electric motor driver configuration, producing no increase in overall plant
cost when taken in context with the estimated total plant cost of $600 MM.

Plant arrangement will be simplified by the use of electric motor drivers.
The steam/condensate piping runs and condenser systems for the steam turbines
drivers will be eliminated. Cabling and cable tcays will, however, be needed
to accommodate the electric motor drivers. In general, a simpler, neater
plant arrangement would result by using all electric motor drivers.

In summary the study has shown the following:

o Improved plant efficiency for the electric motor driver cycle compared to
the steam turbine driver cycle.

o Several advantages for the standard design main steam turbine generator
of the electric motor driver cycle compared to the custom design main
steam turbine generator of steam turbine driver cycle.

o No increase in total plant cost for the electric motor driver cycle
compared to the steam turbine driver cycle.

o Elimination of the need for special desien industrial steam turbine
drivers with the electric motor driver cycle.

o Simpler, neater plant arrangement with the electric motor driver cycle
compared to the steam turbine driver cycle.



Driver
Application

Oxidant Compressor
(2 50% units)

ASU Air Compressor
(1 100% unit)

Boiler Feed Pump
(2 50% units)
Subtotal (Drivers)

Main Turbine Generator

Engineering Study 201(3)

Table 1

TABLE 1
COST COMPARISON
ELECTRIC MOTOR VERSUS STEAM TURBINE DRIVERS
(Janury 1981 Dollars)

Steam1
Turbines

$2,402,000

$1,203,000

s 950,000°
$4,550,000
$11,540,000-$13,849,000*"3

Total (Turbine Generator

& Drivers)

$16,090,000-$18,399,000

1 Includes condenser
2 Includes switchgear and transformers
3 Cost estimate

4 Cost based on

Electric2
Motors

$ 762,000

$ 381,000

$ 202,000

$1,345,000
4

$15,696,000

$17,041,000

based on 900°F steam to turbine. Vendors would not supply
1.3 MW steam turbine using 1000°F steam.

General Electric price list. Escalated from $1975 to
51981 using Equipment Cost Index Factors published in Chemical Engineering,

by McGraw-Hill Publications

5 UAl estimated cost range iLor a custom designed 125 MWe steam turbine

generator.
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EfF DS Review No. 206(1)

ABSTRACT

The University of Tennessee Space Institute (UTSI) conducted performance
testing on a Micro Motion Coriolis flow meter using pulverized coal in a gas
stream as the fiow medium. Their evaluation report has been reviewed by
Gilbert Associates (GAI) &¢n' the reviewers, based on the (UTSI) test results
and on corroborating evalua:ions of similar flow meters by GAI perscnnel
concur in the recommendations that the flow meter has good potential for use
in MHD coal and seed injection systems. Areas of concern with regard to
gas-particle ratios and vibration effects and probable solutions are discussed

and the types of additional testing needed to resolve equipment uncertainties
are outlined.
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SUMMARY

Coal fired MHD generating systems require continuous monitoring and accurate
control of multiphase mass flows of pulverized coal/gas and seed/gas mixtures
to the combustion chamber to insure uniformity of the high temperature plasma.
As a means of providing that capability the University of Tennessee Space
Institute (U1SI) recently tested the Micro Motion Coriolis flow meter by
monitoring multiphase flows of pulverized coal and its nitrogen gas carrier.
This flow meter showed promise as a practical means for monitoring mass flows
cirectly. The operation of the flow meter is based on imparting a Coriolis
acceleration to the fluid flowing through a U-shaped sensor tube within the
meter and measuring the angular deflection of the U-tube resulting from the
forces acting upon the tube.

The UTSI coal feed system was used to monitor pulverized coal/nitrogen gas
mixtures at flow rates varying from 0.45 to 1.34 lbm/sec and with coal/gas
mass ratios varying from dense phase coal down to a coal/gas mass ratio of
49:1. Test results showed that the Micro Motion flow meter accurately
monitored dense phase coal flow and followed flow fluctuations and minor
slugging in the flow with good response, for coal/gas mass ratios down to
about 130:1. Below coal/gas mass ratios of 130:1 <lugging in the flow became
severe and the flow meter behaved erratically w’th 'ncorrelated response to
flow.

Slugging flow is not desired in MHD coal feed systems and the sensitivity of
the Micro Motion flow meter to fluctuations in the flow makes it a promising
design aid for determ:n ng flow limitations in new MHD coal feed systems as
well as a device for adjusting and steadying flows in estalished systems.

The preliminary tests conducted at UTSI indicate good performance potential of
the flow meter for MHD application. UTSI was successful in ut_lizing the
Micro Motion flow meter to establish the desired coal flow rate without
slugging or other flow oscillations in their MHD coal flow system. However,
the flow ranges and conditions considered during testing are not those
presently defined for the Engineering Test Facility (ETF), which is to be a
200 megawatt electrical (MWe) net output MHD power plant.

The Micro Motion Coriolis flow meter has proven successful in hundreds of
various applications and preliminary assessment by Gilbert Associates (GAI)
concurs with the findings ot UTSI that the Micro Motion flow meter shows high
potential for use in monitoring pulverized coal flows in MHD coal supply
systems. GAI also feels that this flow meter looks promising for use in the
ETF and recommends that further testing under ETF simulated conditions be
conducted.
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IBJECTIVE

[he objective of this report was a preliminary assessment of the report
"EVALUATION OF A CORIOLIS MASS FLOW METER FOR PULVERIZED COAL FLOWS".
The evaluation was performed by the University of Tennessee Space
Institute (UTSI) and the assessment is part of the investigation as to
the potential value of the mass flow meter for measuring flow rates of
transport gas - particulate mediums.

INTRODUCTION AND BACKGROUND

Ceal fired Magnetohydrodynamic (MHD) energy conversion systems require
continuous monitoring of the multiphase mass flows of pulverized coal/
gas and seed/gas mixtures. Accurate control of the admission rate cf
these mixtures to the combustion chamber is required to insure uniformity
of the high temperature plasma and smooth operation of the MHD generator.

The University of Tennessee Space Institute (UTSI) recently conducted
performance testing on the Micro Motion Coriolis flow meter by monitoring
pulverized coal flow. The pulverized coal stream consisted of a
multiphase mixture of pulverized coal and its nitrogen gas carrier.

The Micro Motion mass flow meter was tested by UTSI because it sheowed
promise as a practical means for continuously monitoring mass flow
directly without dependence on the properties of the flowing medium. The
purpose of the UTSI investigation was to determine the applicability of
this flow meter to an operational MHD power system and to assess the
meter's ability to continuously monitor the mass flow of pulverized
coal/nitrogen gas mixtures and to identify and correct operational
problems.

Principle of Operation

A number of technigues have been developed for measurement of multiphace
flows. For coal feeding, a timed measurement of the supply hopper weight
or volume has been used to measure the average mass flow in situations
where high frequency fluctuations are not critical. For seed, there is
no previous operational measurement experience. Most conventional
techniques measure a quantity that implies mass rather than measuring the
mass directly and rnione of these techniques has been demonstrated to be
applicavle to the measurement of coal on a continuous basis.

The principal sensing element of the Micro Motion flow meter is an
cbstructionless U-shaped tube that is vibrated by an electromagnetic
oscillator while the flow passes through it. Each moving particle within
the tube is thereby subjected to a Coriolis acceleration. The resulting
forces angularly deflect the U-tube by an amount that is inversely
proportional to the stitftness of the tube and directly proportional to
the mass flow rate within the tube. This angular deflection is measured
with an optical detector twice during each cycle of tube oscillation.
The output from the optical detector is a pulse that is width mcdulated
proportional to the mass flow rate. An oscillator/counter digitizes the
pulse width and a mass flow rate signal is generated for display or
control use.
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ihe tollowing reference literature, descriptive of the apparatus is
included in the appendix of this report:

o Coriolis/Gyroscopic Flow Meter, reprinted from MECHANICAL
ENGINEERING, March 1979.

o Gyroscopic principle key to mass flow meter, reprinted from
CANADIAN CONTROLS + INSTRUMENTS, January 1978.

UTST Coal Feed System

The UTSI coal feed systen was designed* to deliver pulverized coal to the
UTS1 MHD Research Facility combustor at adjustable rates between 0.3 and
1.1 lbm/sec. By pressurizing a supply hopper with nitrogen, coal is
forced through 3/4" diameter (0.652" I.D.) stainless steel tubing. Near
the base of the hopper, nitrogen transport gas can be injected into the
tubing to aid in transporting thke pulverized coal through the supply
tubing. The coal flow rate is controlled by adjusting the hopper
pressure (up to 100 psig) and the transport gas pressure (up to

115 psig). Most of the testing was conducted with the Micro Motion flow
meter installed in the supply tubing just downstream of the transport gas
injection point, thereby measuring multiphase coal/gas mixtures. Tests
were also conducted with the flow meter installed upstream of the
tranpsort gas injection point where a steady flow of pulverized coal
existed.

Calibration of the flow meter for coal/nitrogen gas flows was performed
by diverting the desired coal flow to a weighing barrel for two minutes.
The coal flow rate obtained from the timed weight change was used to
calibrate the average reading of the flow for that same rate.

[11 TECHNICAL EVALUATION AND REVIEW

] Evaination of UTSI Report and Tests

Before attempting to measure coal flow rates, UTSI adjusted and
calibrated the flow meter using water as the flowing medium. Initial
adjustment is done by obtaining a stable meter output signal of zero at
no flow with the flow tube completely filled with fluid. The meter
output was recorded for water flow rates ranging from 0.17 to

1.25 lbm/sec. Results were analyzed and they confirmed the
manufacturer's claim that the flow meter does respond linearly to mass
flow rate.

The flow meter was calibrated by compacing meter output with load cell
measurements of coal hopper weight loss. The supply hopper and coal feed
line were vibrated to simulate MHD power generating conditions and load
cell measurements of coal hopper weight loss were averaged over 7 second
intervals in an effort to eliminate vibration effects from actual weight
loss measurements. The flow meter was installed downstream of the
nitrogen gas injection point and UTSI test results indicated the flow
meter followed the flow fluctuations of the pulverized coal/nitrogen gas
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mixtures for high coal to nitrogen gas ratios (where slugging was minor)
with good response. Slugging was minor at a coal to gas ratio greater
than about 250:1. Testing was continued as the coal to nitrogen gas
ratio was decreased. Slugging of the flow became more pronounced and at
a coal/gas ratio below 128:1 the flow meter exhibited erratic behavior
with uncorrelated response to coal flow. With the aid of the
manufacturer this problem was traced to damping of the U-tube oscillation
by the slugging flow. Slugging flow is not desired in MHD coal feed
systems and in this sense the meter may become valuable as a design aid
for new MHD coal supply systems as well as a device for adjusting and
steadying flows in established systems.

The flow meter was later installed upstream of the transport gas
injection point where a steady flow of coal existed, and observed in two
actual MHD power generation experiments. Vibration problems were
initially encountered because the meter was not rigidly mounted and the
vibration caused a drift in the calibrated zero reading. The problem was
corrected with firmer remounting and there was no mention of the problem
reoccurring.

GAI personnel have used the Micro Motion flow meter for monitoring flows
in a developmental gas fired absorbtion heat pump. The flow system
contained a high pressure solution pump which pulsated during operation.
The pulsations of the fluid were minor and did not affect the accuracy of
the meter. However, some minor piping support changes were made and the
stable meter output signal was no longer obtainable. Instability
resulted from the presence of external vibrations being transmitted to
the meter. The problem was solved by restraining the flanges at the
inlet and outlet of the meter flow tube. The ability of the meter to
identify vibration interference will be necessary in MHD applications
because once the flow meter is installed in an operating MHD system,
changes in operating conditions may form new vibration mechanisms that
could begin to affect the meter stability. However, based on other
operational experiences, as described above, GAI does nuoi feel that
vibration will be a major problem in applying the m=ter to MHD
applications. GAI does feel that more operating and additional
installation experience is needed.

Subsequent tests with the meter installed downstream of the nitrogen gas
injection point again showed that the meter output became completely
erratic when the coal/gas ratio decreased below 128:1. For higher
coal/gas mass ratios the Micro Motion flow meter indicated the 2xistance
of periods of fairly uniform frequency fluctuations in the flow with
slugs of coal and nitrogen gas alternately flowing in the coal line. The
observable correlation by UTSI indicated that the Micro Motion flow meter
has a good frequency response to variation in mass flow for high to
moderate coal/gas mixture ratios where slugging flow is not pronounced
enough to damp U-tube oscillation.

The flow meter has also been used in recent UTSI research facility coal
burning experiments without problems. They have developed a procedure to
control coal and nitrogen flow from startup using the flow meter as a
monitor. When the approximate desired coal flow rate is established the
nitrogen content is adjusted until the flow becomes steady. By
monitoring the U-tube osciilation frequency, changes in the pulverized
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coal Lo nitrogen ratio is immediately detected. The flow meter has also
been used to confirm established steady fuel flow and monitor fuel flow
in the UTSI MHD research facility experiments.

Application to Commercial MHD Systems

The preliminary tests conducted at UTSI are encouraging and they indicate
good performance of the flow meter. However, only limited conclusions
can be drawn to the applicability of the flow meter to a commercial size
system. Test results also indicate to GAI that the UTSI coal feed system
is limited in its ability to convey coal/gas mixtures below a ratio of
128:1 without the flow becoming unsteady. The operating conditions and
limitations of the UTSI coal feed system were identified during testing
of the Micro Motion flow meter.

The major benefit of this flow meter could be its ability to perform two
needed functions in a MHD coal feed system:

0 Monitoring and control of the true mass flow rate of pulverized
coal mixtures with measurements virtually unaffected by the
mixture properties. Tests have shown that the manufacturer's
claim of true linearity between meter output and mass flow is
valid. However, severe slugging will have a detrimental effect
on instrument performance.

0 Detection and the accurate measurements of flow fluctuations
from first appearance of fluctuations up to severe slugging.
Even minor flow fluctuations could be detrimental to MHD
operation and the ability to quickly detect and control these
fluctuations is critical. This ability will permit evaluation
of operational conditions when the coal and transport gas are
well mixed and is a valuable design aid for evaluating new and
existing MHD coal feeding systems and for mapping out systen
flow range and slugging limits.

In addition to the meters analog and/or frequency output which
is proportional to mass flow rate, the meter is also equipped
with an output for determining the time period of the U-tube
oscillation. The natural frequency of the U-tube is a function
of the pipe geometry and materials and is also related to the
density of the fluid within the pipe. Without knowing the
actual temperature of the flowing fluid or the temperature
distribution of the U-tube itself, one may not obtain an exact
correiation between density and the natural frequency of the
U-tube. However, as the density of the flowing medium
decreases the oscillation frequency will increase. This output
could be used to monitor and control any relative density
changes and thus the coal to transport gas ratio thereby
eliminating potential problems associated with fluctuations in
the plasma properties.
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Development Requirements

The Engineering Test Facility (ETF) has been conceptually defined as a
200 megawatt electrical (MWe) net output MHD power plant. This size ETF
will require a coal input of 47 lbm/sec. The largest size flow meter
that Micro Motion currently produces contains a 2" flow tube and has a
flow rating of 33 lbm/sec. This is not the meter's maximum rating but is
based on a nominal flow rate of water that produces a 10 psi pressure
drop. The maximum flow rate of this meter is limited only by the
allowahle pressure drop up to a flow rate of about 65 lbm/sec. If the
resutling pressure drop is higher than described in the ETF coal supply
system, two flow meters could be installed in parallel for a coal flow
measucement.

Micro Motion specifies the temperature limitation of the medium flowing
through the meter as 257°F (125°C). At higher temperatures forced
circulation cooling is required to prevent thermal damage to the optical
detector system. This limitation is due to the small distance between
the U-tube and the optical detector which has a maximum temperature
rating of 347°F (175°C). However, Micro Motion also informs GAI that
there are several successful installations where higher fluid
temperatures are accommodated by piping nitrogen or cooling air through
the meter. For direct application to the ETF the following operating
conditions as presently defined should be considered for further testing:

Mixture temperature range: 100 to 400°F

Pressure conditions: 1 to 10 Atm.

Coal/gas mass ratio: 10:1 to 350:1

Seed/gas mass ratio: 10:1 to 350:1

Coal types: Eastern bituminous and western sub-bituminous*
0 Design coal flow rate: 169056 lbm/hr (47 1lbm/sec)

©c O ¢CcC © o

The minimum density of the flowing me¢ium required for accurate meter
response should also be determined as the flow meter may impose a minimum
coal to gas mixture ratio.

The application of the Coriolis Flow Meter to gas-particle flow
measurement in MHD systems is promising. Micro Mction has experience in
designing electronic laboratory equipment, electromechanical products and
weighing instruments. The method that Micro Motion uses to measure tube
deflection is based on well accepted engineering principles. Results
indicate that t'ey have produced an accurate flow meter with no moving
parts to wear. Solid state electronics are used throughout.

The flow meter has proven successful in hundreds of applications and
according to the limited UTSI test vesults the Micro Motion flow meter
was successfully used for establishing the desired coal flow rate without
slugging or other flow oscillations in their MHD coal supply system.

In addition to the meter's accuracy and linearity, the design simplicity
offers many advantage. Completely non-intrusive, there are no moving
parts in contact with the flowing medium.

“UTST did not indicate the type of coal utilized in their tests.
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The flow meter provides accurate measurement with wide rangeability. The
meter is easily calibrated and simple procedures for respanning and
rescaling the flow meter are provided by the manufacturer.

RECOMMENDAT [ONS AND CONCLUSIONS

Preliminary assessment concludes that the Micro Motioa flow meter
demonstrated the capability of continuous metering of the mass flow of
pulverized coal/nitrogen gas mixtures in a MHD supply system. The UTSI
test results showed the flow meter followed the flow fluctuations with
good response. The flow meter also shows the additional capabilities
covered in this report.

GAI recommends that further testing under ETF simulated conditions be
conducted where coal/gas and seed/gas flows into a pressurized combustor
may be monitored and evaluated. The accuracy, and equally impcrtant, the
stability of the flow meter during actual coal-fired MHD operation should
be assessed. Installation and operational procedure guidelines are
needed for application to commercial size MHD generating systems.

At this time the flow meter cost impact on plant economics appears
negligible and the potential for improvement of system performance and
reliability would warrent a fairly substantial development effort.

Facilities that have ordered the Micro Motion flow meter for use with
either a coal slurry or a coal/nitrogen mixture include:

Adelphi University, Garden City, NY; Amoco, Naperville, IL; Pittsburgh
Energy Technology Center, Pittsburgh, PA and Texaco, El Monte, CA. It
may prove worthwhile to contact these facilities for arv operating data
that they may have already obtained.

Rl e
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Coriolis/
Gyroscopic
-low Meter

K. 0. PLACHE'
Micro Motion, Inc., Boulder, Colo.
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Here’s a unique mass flow meter that
monitors the motion of each molecule of
flowing material and sums all of the flow
forces to generate a total force that is an
accurate, linear measurement of mass
flow. The meter, which can be used to
measure the flow of gases, liquids, or non-
homogeneous substances, uses electro-
optical techniques to sense the forces.

To measure the rate of mass passing through pipe, it
is first necessary to fully comprehend how mass itself
can be measured. Newton's second law (F=MA) pro-
vides the means of measuring mass. The law states that
vhen an unbalanced system of forces acts on a body, it
produces an acceleration in the direction of the unbal-
anced forces that varies inversely.and proportionally to
the mass of the body. The important concept is that
mass cannot be measured without applying a force on
the system and then measuring the resulting accelera-
tion.

There are obvious difficulties in measuring the ac-
celeration of a fluid due to a given force. Therefore,
most flow meters on the market today measure a
quantity that implies mass—instead of measuring that
mass directly. One example of an inferred mass flow
meter is the thermal type meter which measures the
implied mass rate of flow under certain restrictions such
as constant specific heat. Another inferred method is
by use of a volume-type meter with proper corrections
for temperature, specific gravity, and pressure. The
mass flow rate is based on a computation using these
several parameters.

There is a need to measure mass flow directly, and
devices have been developed to accomplish this difficult
task. The angular momentum mass flow meter consists
of an impeller to impart a swirl to the flowing fluid and
a means to measure the amount of torque required to
remove the swirl that is generated. The concepts of
measuring Coriolis forces and measuring gyroscopic
precession have been investigated and development
work has been going on for mary years. The major
problems associated with such meters is the difficulty
in measuring the extremely small forces produced.

This article describes a mass flow meter that suc-
cessfully uses the gyroscopic or Coriolis principle in
directly measuring the mass flow rate. It also describes
the development of a new and simpie method of
applying electro-optical techniques to make use of these
concepts practical.

The new gv1 2scopic mass flow meter developed by the
author's company employs a C-shaped pipe?and a T-
shaped leaf-spring as opposite legs of a tuning fork, Fig.
1. An electromagnetic forcer excites the tuning fork,
thereby subjecting each moving g)article within the pipe
to a Coriolis-type acceleration.® The resulting forces
angularly deflect the C-shaped pipe an amount that is
inversely proportional to the siiffness of the pipe and
proportional to the mass fiow rate witlin the pipe.

! Mem. ASME.
? This C-shaped configuration can be recognized as one-half of the

loop of the dussical gyroscopic mass flow meter.
“Coriolie acceleration, due 1o angular rotation, is described later




The angular deflection of the pipe is optically mea-
sured twice during each cycle of the tuning-fork oscil-
lation. The output of the optical detector is a pulse that
is width modulated proportional to the mass flow rate,
An oscillator/counter digitizes the pulse width and
displays a numerical indication of mass flow rate.

The total mass flow over a given time interval is ob-
tained using a digital integrator to sum the pulses of the
flow rate indicator. In this way totalized flow is
updated each oscillation of the tuning fork.

This mass flow meter eliminates the many problems
associated with mass flow measurement. The output
of the meter is directly proportional to mass flow rate;
consequently, there is no need to measure the critical
parameters of pressure, velocity, temperature, viscosity,
or density. There are no parts in the flowing fluid and
accuracy of the meter is unaffected by erosion, corro-
sion, or scale buildup in the flow sensor.

In laboratory tests on prototype units, accuracies in
the order of £0.2 percent FS have been recorded using
fluids ranging in specific gravity from 0.5 to 2.5 and in
flow rates from 0.1 to 25 Ib/min, Fig. 2. The flow meter
is linear to within £0.2 percent FS over the total flow
range. Tests have been conducted using both Newto-
nian and non-Newtonian fluids with a wide range of
viscosities; the results indicate the meter is totally in-
sensitive to viscosity. With the meter it is now possible
to measure pulsating flow and two-phase flow.

In discussing the concepts for measuring mass flow
with a meter based upon the principles of Coriolis force
or gyroscopic precession, an explanation of Coriolis
force, the force that cause a gyroscope to precess, is in
order.

Coriolis force is generally associated with a contin-
uously rotating system. Coriolis force due to the earth’s
rotation causes winds from a high-pressure area to spiral
outward in a clockwise direction in the northern hemi-
sphere and counterclockwise in the southern hemi-
sphere. Depending on location, a projectile fired from
a gun in the northern hemisphere will appear to veer
slightly to its right, and to the left in the southern
hemisphere. Figure 3 illustrates how the effect of Co-
riolis force can be experienced. A body moving on a
rotating frame of reference such as a turntable or a
merrv-go-round will experience a lateral force and one
must lean sideways in order to move forward when
walking outward along a radius.

Gyroscopic Precession

Gyroscopic precession is a property of gyroscopes that
1s exhibited when a torque is applied at right angles to
the spin axis. The torque will produce a rotation at
right angles both to the spin axis and the applied torque
axis. To better understand this, imagine a gyroscope
with its flywheel in a vertical plane, spinning about its
horizontal axis, and supported at one of its ends. The
spinning flywheel is apparently resisting the force of
gravity and at the same time it moves around its point
of support in the horizontal plane. This movement is
called precession.

In essence the Coriolis force and gyroscopic preces-
sion are a result of the s2me principle. Viewed in a
simplified manner, Corialis force involves the radial
movement of mass from one point on a rotating body to
a second point.  As a result of such movement, the pe-
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Fig. 1 Mechanical configuration of the inside of the
mass flow meler including the U-shaped tube, the
which vibrates the tube, and the

optical pickofis 10 detect the amount of twist the
mass impans on the tube
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Fig. 2 Labora'oy tests using boin Newlonan ang
non-Newionian iquids with & wide range o'
viscostes ingicate accuracies wuhin =02 percen'
o' Uil scale readings
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Fig. 3 1 a person were \
standing at the centerof &
merry-go-round and ined 1o

walk in a straight ine toward
the edge, he or she would
have 10 lean sideways
sgainst the Coriolis force 10
stay o1 kne. The Conolis
foroe, Fe. can be calculated
using the mass of the
person's body, M, the
velocity of travel, V, loward
the adge, and the angular

velocity of the W
round, @. Fe = Mo xV.

Fig. 4 1t a section of pipe is placed
oN *he eanth gt Showr with a mass.
M, moving through it at a velocity, V.
the angular veiocty. © of the eanth
would ¢ eate a force, Fe, that would
twist ine contents of the pipe
castward. Tniee things sre
necessary for the Conolis force Fe
10 appEa’r — & Mass, 8 rolating
vehicie, and 8 moLon relative 10
the vehicle
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ripheral velocity of the mass changes, which means the
mass is accelerated. The acceleration of the mass, in
turn, generates a force in the plane of rotation and
perpendicular to the instantaneous radial movement.
Such forces are responsible for precession in gyro-
scopes.

General Operation

Operation of the Coriolis or gyroscopic mass flow
meter is most easily explained by referring to Fig. 4,
which depicts a section of pipe located on a revolving
earth with a north/south orientation. As a mass travels
longitudinally through the pipe with a velocity V, a
Coriolis force F is present that tends to rotate the pipe
about an axis that is parallel to the axis of the earth's
rotation. The magnitude of this force F is extremely
small and can be calculated as follows:

F = 2MaXV- (1)

where: M is the mass of the fluid in the pipe; @ is the
angular velocity of the earth; V is the velocity of the fluid
in the pipe; and X is the vector cross product opera-
tion.

In Eq. 1, it should be noted that the angular velocity
term w is not restricted to the domain of constant an-
gular velocity. The Coriolis force is also present if the
platform angularly oscillates with a peak angular ve-
locity wp. The associated Coriolis force Fy, is now an
oscillatory force, but nevertheless, it is a f:roe with a
peak value proportional to the mass and its velocity.

The sketch in Fig. 5 is of the C-shaped pipe and shows
both the axis of oscillation («) and a unit length of fluid
within each leg of the pipe.

It is seen that the velocity vectors V; and V', are per-
pendicular to the angular-rotation vector (w), and that
the Coriolis force vectors f; and f.; are opposite in di-
rection since the velocit, vectors, V; and Vy, are in op-
posite directions. When the flow meter is in operation,
the angular velocity («) is a sinusoidal function, as with
any tuning fork, and the forces {.; and f; are therefore
sinusoidal and 180 deg out of phase with each other.
Forces f.; and f.; create an oscillating moment, M,
about axis 0, as illustrated in Fig. 5. The moment can
be expressed as a force times a distance.

AM = {1y + feor2 (2)

Jf we assume a symmetrical geometry, the two terms are
the same, and:

AM = 2&1!’1 = 4M1V1Ur1 (3)

by substituting for f. from Eq. 1. If the units of M;V,
are examined:

LU Mass

v Unit Length
Unit Length

Sec

Lb Mass
Sec =Q

where AQ is the incremental mass flow rate. Thus Eq.
3 becomes:

Ahn - 4U'TAQ (‘)

The total moment, M, about axis 0 due to Coriolis ac-
celeration on all moving particles ‘s given by:




M= [AM = [4urAQ = 4ur1Q (6)

where Q is the mass flow rate in the C-shaped pipe.

The moment, M, due to Coriolis acceleration causes
an angular deflecton of the C-shaped pipe about the
central axis. This angular deflection can be examined
using an end view of the C-shaped pipe, Fig. 8, which
shows the resultant twist-type motion.

The deflection angle 0 due to the moment M is de-
termined by the spring constant of the C-shaped pipe
svstem. This spring constant is a function of the can-
tilever stiffness of each longitudinal pipe and also the
torsional stiffness of each longitudinal pipe. For any
given pipe system:

Torque = K,0 (6)

where 4 is the pipe-system deflection angle and K, is the
pipe system angular spring constant.

Using this equation, one can relate the mass flow rate,
Q, to the pipe deflection angle as follows:

Qe (1)

4ur

Thus, the mass flow rate, Q, is directly proportional
to the deflection angle, 6, and inversely proportional to
the angular velocity, «, of the C-shaped pipe system. In
considering the optical pickoff system, Fig. 7, one can
express Q as a function of At, the time interval between
optical pulses. The excursion of the C-pipe can be ex-
pressed as its velocity times the time interval, At, be-
tween photo-pulses py and pa.

g = = y
VpAt = 2rfl or At Vp (8)
where Vp is the velocity of pipe at the position of optical
pickoffs and At is the time interval that photo pickoff
P, leads or lags P,.
Vp, the vertical velocity of the end of the C-pipe,
depends on the angular velocity, w.

Vp=Lw (9)

where L is the length of the C-shaped pipe.
By combining Eqs. 8 and 9,
LawAr

G-T (10)

and by combining Egs. 7 and 10,

genimdl B (1)
8 rlw 8r?

The mass flow rate is seen to be a function of pipe
geometry constants and At, the time interval between
photo-pulses. It can also be shown that, if the pipe has
a zero-fiow deflection angle 6p, this error is easily re-
moved by comparing the time interval Aty of the
downward pipe movement with time interval At; of the
upward pipe mcvement. If a “no-flow” condition ex-
iste, these time intervals subtract out, whereas a fluid
flowing in the pipe causes different time intervals (de-
pending on the direction of angular travel) that are
detected as flow-induced pipe moments.

An important feature of the optical detection system
is that deflection-angle measurements are made near
the center position of the C-pipe travel. This is im-
portant because this is the time when the velocity and
the deflection angle are the greatest. Also, this center

Fig. 5 in operation, the mass flow meter forces, i, and fe,, 4
creale an oscilating moment, M, about axis, 0.

Fig. 7 The excursion of the C-nipe can be
exprussed as s velocity tmes the ume interval
A1 between photo-puises p, and p,
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position of the C-pipe is the position where the angular
acceleration of the pipe i* near zero, and any unbalance
between pipes is least likely to cause an angular de-
flection that could be interpreted as a flow signal.

Mechanica! Configuration

The mechanical co lg\mt.«m of the gyroscopic mass
flow meter is shown in

The T-shaped leaf spring is clamped or welded to the
stationary inlet/outlet end of the C-shaped flow pipe.
A magnetic sensor/forcer coil is mounted on the leg of
the leaf spring. A ent magnet, suspended from
the center of the C-shaped pipe, passes through the
middle of the sensor/force coil. In oper..tion, the ve-
locity of the leaf spring relative to the C-pipe generates
a voltage in the sensor coil that is amp!ified and used to
drive the concentric force coil. The force-coil amplifier
is gain-controlled using a peak-detector circuit that
compares the peak-velocity signal from the sensor coil
with a reference voltage, Fig. 8.

Mass Flow Rate Logic

Figure 9 illustrates a slightly warped *C" pipe with
two photo pickoifs and some circuitry.

Photo Pickoff Logic Circult

Figure 10 is a timing diagram illustrating the photo
pickoff wave forms P; and P and aiso the flip-flop wave
forms f; and f; for both a flow and a no-flow condition
of the unit.

Mass Flow Meter Timing Diagram

On the timing diagram, Fig. 10, the continuous ver-
tical iines represent time intervals where photo pickeffs
P; and P, would switch if the deflection angle 6 of the
“(C" pipe was equal to zero. In the first sequence, that

f no flow, photo sensor Py switches prior to the vertical
time reference on the downward pipe stroke because of

a constant deflection angle O in either t}n phato sensor
aiignment or “C" pipe warp angle. On the upward
stroke, photo sensor P, nwiu:gu late with respect to the
time reference for the same reason. Photo sensor P
switches late on the downwa.d stroke of the “C"-tlnpe:
pipe and early on the upward stroke because of the no-
flow angle 6o. If one sets and resets flip-flop f) with the
up-going edges of photo sensor Py and P;, the waveform
chown is easily derived. Similarly, flip-flop f is set and
reset with the up-going edges of the inverted
sensor signals P; and P;. As illustrated on the timing
diagram, the positive area of waveforms f; and f; are
equal, and if we use these signals to gate an oscillator
into an up-down counter, the net count will be zero
foliowing each pair of oscillator bursts.

If the same waveforms are now exarined for a flow
~ondition, the following situation is found to exist:
‘2hoto sensor P; switches even earlier due to a coun-
terclockwise Coriolis torque on the down stroke of the
“C" pipe and P, switches slightly earlier on the up
stroke due to a clockwise Coriolis torque on the “c” pipe.
The seme Coriolis torque causes photo sensor P; to
switcii a little later on the down stroke and slightly later
on the up stroke. The waveforms of flip-flops f; and f;
ars modified due to the flow forces, and as illustrated
in the lower portion of Fig. 10, the positive area of flip-
flop f; is now much larger than that of f; and, hence, the
up-down counter will display a positive count that is
proportional to the difference ir. pulse widths of the two
flip-flops. As is obvious, the number accumulated in
the up-down counter after a given number of “C" pipe
cycles will be directly proportional to the time interval,
At, and, therelore, directly proportional to the mass low
rate in the “C" pipe. This number is not dependent
upon pipe oscillation frequency or amplitude; it is not
dependent upon cross-sectional area of the pipe,; it is
only a function of pipe geometry, spring stiffness, and
mass flow rate Q, as seen in Eq. 11.

o e e
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Flow Totalizer Circuit

The total mass flow between time t, and t, is given by

the equation:
Total flow = j: " Qde (12)
2
where Q is the mass flow rate during the time interval
d‘-

If one examines the lower portion of the timing di-
agram of Fig. 10 it is easy to see that the above integra-
tion can be performed digitally if we take the up count
pulses from the first burst of flip-flop f;, and subtract
those pulses from the first burst of flip-flop f, and then
multiply this difference by the d, time interval that
represents one total pipe oscillation cycle. Since the
time interval of one “C" pipe cycle is the inverse of the
pipe frequency, it is an easy matter to simply divide the
pulse difference by the pipe frequency and then con-
tinuously accumulate the quotient in a resetable counter
that then provides a real time display of the totalized
flow following any preset zero reference time.

Density Measurement

The natural frequency of the “C-T" tuning fork (a
function of the pipe geometry and materials) is also
related to the density of the material within the pipe.
Thus, for a given pipe geometry and material, the spe-
cific gravity (density) of the fluid within the p:pe may
be determined by measuring the natural frequency of
the tuning fork.

The pipe and leaf spring oscillate 180 deg out of phase
with each other in the same manner as the times of a
tuning fork oscillate and, as in the case of the tuning
fork, little or no vibration is co'ipled into the base. The
trequency of oscillation is determined by the natural
frequency of the pipe/leaf spring; the amplitude is
controlled by the peak detector circuit.

-
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The period of oscillation of a spring mass/system is

given by:
r = V2x M/ko (13)

where 7 is the period of oscillation, M is the mass of the
system being oscillated, and ko is the system spring
contant.

In the case of the pipe/leaf spring tuning fork of the
gyroscopic/Coriolis flow meter, the mass being oscillated
can be divided into two parts: the mass of the pipe, Mp,
and the mass of the fluid in the pipe, Mf. In this case
the period of oscillation is:

7= Vk; ﬁp+Mf (14)
where 7 is the period of oscillation of pipe/leaf spring
and:

kx = vV 2x/ko (15)

Since the mass of the fluid, Mf, is equal to the volume
multiplied by the mass density, one can restate Eq. 14
as:

7 = k; Vkg + kaDfm (16,

where kj, ko, k3 are all fixed constants, defined by the
geometry of the flowmeter; and Dfm is the density of the
fluid in the “C” pipe.

Conclusion

The Coriolis/gyroscopic mass flow meter can be used
to measure the flow of gases, liquids, or nonhomo-
geneous substances. It is insensitive to temperature
and pressure and car: be constructed using a variety of
materials to provide the necessary corrosion resistance.
The unit provides a solution to the problems associated
with the n»ass flow measurement of multiphase flow and
cryvogenic mass flow.

Based on a paper contributed by the ASME Research
Commitiee on Fluid Meters.

———— —— - —

NO-FLOW CONDITION

p——j

Fig. 10 Timing diagram showing the photo
pick-0ff wave forms p, and p, and the

o

fhp-tiop wave forms {, and 1, in both the flow
(botiom diagram) and no-flow (1op chagram)
conditions. The photo pick-offs are

=

staggered so that the system can easily
detect subtie changes in mass flow rate.
Under no-fiow conditions, the areas under

the wave forms {, and 1; are equal and the
area under p, and p, are unequal. Under
flow conditions, the fiip-fiops 1, and f; show a
discrepancy in areas and the up-and-down
counter will d:splay a count proportional 10
the difference in their pulse widths. The

accumulaled number in the up-down
counter afier a given number of pipe cycles
will be proportional to the tme interval and
the mass fiow rate in the pipe
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Gyroscopic principle

key to mass flowmeter

Hurricane forces could be translated into mass flow data, if
the parameters were sufficiently controlled for analysis. On a
much smaller scale, this idea yields a novel approach to
measuring lower-volume flows . . .

by Murray D. Willer, President

Willer Engineering Ltd., Toronto

Murray D. Willer is president of
Willer Engineering Ltd., Toronto
and is currently vice-president,
District 13, of the Instrument
Society of America. He is also a
member of IEEE. After graduating,

The gyroscopic effect, long

used in navigational instruments is
now being applied to the
industrial field in a mass
flowmeter developed by Micro
Motion Inc., of Boulder, Colo.

Its origin can be traced to
Gaspard Coriolis, who, in 1835
demonstrated that on a rotating
surface, there is an inertial force
acting on a body at right angles to
its direciion of motion, in addition
to the ordinary effects of motion
of the body. This became known
as the Coriolis force.

On the Earth, which rotates
eastward, an object that moves
along a north-south path, or
longitudinal iine, will attempt to
undergo deflection to the right in
the Northern hemisphere and to
‘he left in the Southern

emisphere

The Coriolis force on Earth
determines the general wind
directions and i1s responsible for
the rotation of hurricanes and
tornadoes. The flight path of
aircraft and rockets, and the
orbiting of space vehicles must
also be compensated for the
Coriolis effect. Another example is
that force which causes a
gyroscope to precess when
angular inputs are applied to axes
other than the spin axis. In
essence the Coriolis force and
precession in a gyroscope are a
result of the same principle

An excited fork . ..

The mass flowmeter developed by
Micro Motion Inc. uses this
Coriolis or gyroscopic principle for
measuring mass flow directly

This instrument employs a C-
shaped flow tube and a T-shaped

in mechanical EngineerinF (UofT,
1935) he held a number of senior
administrative and executive posts
with several Canadian aircraft
companies, notably National Steel
Car, Victory Aircraft and A. V. Roe.

leaf spring as opposite legs of a
tuning fork. The C-shaped
configuration can be considered
as one half of the loop of the
classical gyroscopic mass
flowmeter.

An electro magnetic coil or
forcer excites the tuning fork thus
subjecting each particle in the
flow tube to a Coriolis type
acceleration. The resulting forces
angularly deflect the C-shaped
flow tube an amount inversely
proportional to the stiffness of the
pipe, and proportional to the mass
flow rate within the flow tube.

Optical detectors measure the
angular deflection of the flow
tube during each cycle of the
tuning fork oscillation. The output
of the optical detector is a pulse-
width modulated signal
proprrtional to the mass flow rate.

Since the output of the meter is
directly proportional to mass flow,
there is no need to measure the
critical parameters of velocity,
temperature, viscosity or density.

The meter can be used to
measure two-phase flow and can
also handle Newtonian and non-
Newtonian liquids with a wide
range of viscosities.

... and a precise tune

The natural frequency of the
tuning fork (flow-pipe/leaf-spring
combination) 1< related to the
density of the fluid within the
flow tube. For a specific pipe
geometry and material, the
specific %rawty {density) of the
fluid within the pipe may be
determined from the natural
irequency of the tuning fork.

An oscillator/counter digitizes
the pulse-width signal and
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displays the mass flow rate in Ib/
min. The total mass flow in
pounds over a given time is
obtained using an integrator to
sum the pulses of the flow rate
indicator.

The displar (whichis ina
separate enclosure) has three
readouts for mass flow rate,
totalized mass flow, and specific
gravity.

Accuracies in lab tests are about
=.2% fs with fluids in the specific
gravity range of 0.5 to 2.5 and flow
range from 0.2 to 25 Ib/min.
Linearity is within =0.2% fs over
the flow range.

The mathematics and other grey
areas are provided by James E.
Smith of Micro Motion Inc. below.
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b ‘ james E. Smith, Micro Motion, Inc.
The Gyroscopic Mass Flow Meter
employs a C-shaped pipe anda T-
shaped leaf-spring as oposite legs of
atuning fork (Fig. 2). An electro
magnetic forcer excites the tuning
fork, thereby subjecting each moving
particle within the pipe to a Coriolis-

angularly deflect the C-shaped pipe
an amount that is inversely
proportional to the stifiness of the
pipe and proportional tc the mass
tflow rate within the pipe.

The angular deflection of the pipe
15 oRucally measured twice during
each cvcle of the tuning-fork
oscillation. The output of the-optical
detector 1s a pulse that is width
modulated proportional to the mass
fiow rate An oscillator/counter
digitizes the pulse width and displays
a numer.cal indication of mass flow
rate.

The natura! frequency of the C-T
tuning-fork (a function of the pipe
geometry and mater 2!) is relaied to
the density of the material within the
pipe. Thus, for a given pipe geometry
and material, the specific gravity of
the fluid within the pipe may be
determined by measuring the natural
frequency of the tuning fork. The
flow meter described has three digital
displays for (1) specific gravity, (2)
mass flow rate, and (3) totalized mass
flow.

The Cyroscopic Mass Flow Meter
can be used to measure the flow of
gases hquids, or non-homogeneous
substances. Itis insensitive 1O
temperature and pressure and can be
constructed using a variety of
materials to provide the necessary
corrosion resistance. The unit is
perhaps the first real solution to the
problems «ssociated with the mass

——
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type acceleration. The resulting forces
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flow measurement of multiphase flow
and cryogenic materials.

In laboratory tests on prototype
units, accuracies in the order of
=0.2% fs have been recorded using
fluids ranging in specifit gravity from
0.5t0 2.5 and flow rates from 0.1 to 25
Ib/min. The flow meter is linear to
within =0.2% fs over the total flow
range. Tests have been conducted
using both Newtonian and non-
Newtonian fluids with a wide range
of viscosities; the results indicate the
meter is totally insensitive to
viscosity.

1%/- OPTICAL PICKOFF

The period of oscillation of a spring
mass/system is given by:

T=2am/k, Equation (1)
Where 7 is the period of oscillation, m
is mass being oscillated, k, is spring
constant.

In the case of the pipe/leaf spring
tuning fork of the Gyroscopic/
Corniolis Flow Meter, the mass being
oscillated can be divided into two
parts:

(1) the mass of the pipe (m,) and (2)
the mass of the fluid in the pipe (m,).
In this case the period of oscillation
is:

oo

PERMANENT —]
MAGNET

DRIVE POWLR

PtAK
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& FILTER

GAIN
CONTROL

oo

Fig 3 :

How it works

The T-shaped leaf spring is clamped
or welded to the stationary inlet/
outlet end ~‘ 'he C-shaped flow pipe.
A magn: isor/forcer coil is
mount
A permanent magnet, suspended
from the center of the C-shaped pipe,
passes through the middle of the
sensor/force coil. In operation, the
velocity of the leaf spring relative to
the C-pipe generates a voltage in the
sense coil that 1s amplified and used
to drive the concentric force coil. The
force-coill amplifier is gain-controlled
using a peak-detector circuit that
compares the peak-veioci'y signa
from the sense coil with a reference
voltage (Fig. 3)

The pipe and leaf spring oscillate
180° out of phase with each other 1n
the same way the tines of a tuning
fork oscillate and, as in the tuning
fork, littie or no vi* ration 1s coupled
into the base The trequen: ,
oscillation 1s determined by the
natura! frequency of the pipe/leaf
spring. the amplitude is controlled by
xﬁe peak detector circuit

the ler of the leaf spring.

T, = km+ m, Equation (2)
Where 7, 15 the period of oscillation
of pipe/leaf spring and:

b= 2=/ Kk, teuation (3)
Since the mass of the fliid (Mr1) is
equal to the volume multiplied by the
mass density, we can re-state Eq. (2)
as:

=k k, + k,D,. Equation (4)
Where k,, k;, k, are all fixed constants
(defined by the geometry of the
flowmeter), Dfm is the density of the
fluid in the “C" pipe.

By counting the oscillations of a
fixed-frequency oscillator during the
tme period (), a density factor (d,)
can be generated as follows
do=t,f,=1fF, kyx kyd,n

Where d, 1s an indicated density
factor and {, 15 the frequency of the
reference oscillator

Although measuring density is not
the primary objective of the mass
flow meter, it is simple to display a
density factor as outlined above
Grven this density factor d,, one may
use £q (4) to determine the density
of the fluid in the meter. As discussed
in the following section, the accuracy



ol the mass flow measurement does
not depend on this density
measuremes.

AMass flow rate

Coriohis acceleration 1s associated
with the movement of a body on a
surtace which 1s revolving, such as a
moving body on the earth’s surtace
Another example 1s that of a man
walking radially outward on a rotating
merry-go-round A third example of
Coniolis acceleration is that force
which causes a gyroscope:lo precess
when angular inputs are applied to
axes other than the spin axis In each
of the above examples, the angular
velocity of the reference surface (1e.,
the angular velocity of the earth or of
the merry-go-round) 1s constant
\With reference to Figure 4, the force
on a particle due to Conohs
acceleration s given by:

fo=2muwxyv,

Equation (6)

Fig. 4
Where f, =
lorce on
particle due to
Coriolis accel- v
eration, m, =
mass of
particle, v, =
velocity of
particle, w =
angular velocity of reference plane.

A< implied by the cross product (w
x\vp). the Coriolis force (f,) 1s
perpendicular to the plane of « and
v, Two important factors should be
noted from this (1) the Coriohs force
(1,) 15 a hinear tunction of the product
m,v, and (2) there are no restrictions
on the angular velocily (w) a negative
«would produce a negative Corniohs
torce (1) and, more important, an
osoiflating « produces oscillating
Corohis torce

fig 515 asketchof the C-shaped
pipe. showing both the axis ot
oscillanon (w) and a umit length of
tluid within each leg of the pipe

The velocity vectors (v,) and (v,) are
perpendicular to the angular-rotation
vector (). and that the Conohs force
vectors (1, and 1) are opposite in
firection since the velocity vectors (v,
ondy.) are opposite directions In

ype ation of the flow meter, the
ancular veloCity (w) 18 a sinusordal
runction (as with any tuning 1ork) and
the torces (1,,) and (1,,) are therelore
sinusoidal and 180° out of phase with
each other fForces!, andf  credte an
oscillating moment (m) about axis

O The momen: can be expressed
as A 10rce lime a distance
2%, TRE AN NN

s fquation (7)
e assume a symmetnical

ety the twotlerms are the

and

e oy

amo
= dm \ ., [quation (B)
by substityting for t from equation 6
twe evamine theumits ol my, we
nno

Ao

\ il wngth
W here & Qe the incremental mass
tiow rate Thus equation (8) becomes
Lmoe darl Equation (9)
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The total mcment (m) about axis “Q"

due to Coriolis acceleration on all

moving particles is given by

me=sAma=dor,l AQ = 4urQ
Equation (10)

\Where Q 15 the mass flow rate in the

C-shaped pipe.

The moment M due to Coriolis

Fig. 6 0"

acceleration causes an angular
deflection of the C-shaped pipe
about the central axis. This angular
deflection can be examined using an
erd view of the C-shaped pipe (Fig 6)
which shows the resuitant iwist-type
motion

The deflection angle due to the
moment M s determined by the
spring constant of the C-shaped pipe
svstem This spring constant 15 a
function of the cantilever stifiness of
each longitudinal pipe and the
torsional stifiness of each
longitud:nal pipe For any given uipe
system
Torque = k.86 Equation (11)

\Where 6 1s the pipe-system
deflection ang' s the pipe system
angular spri- tant

Us.ng thy atin  we canrelate
the mass flow rate (Q) 1o the pipe
defiection angle as follows

Equation (12)

At this point we find the mass flow
rate (Q) directly proportional 1o the
deflection angle (Q) and inversely

hg.?w\ Vo

2 D |

A J ‘
L -

proportional to the angular velocity
(w) of the C-shaped pipe system. ii we
consider the optical pick-off system
(Fig 7). we canerpress Q as a
function of At, the time interval
between optical pulses as follows:
The excursion of the C-pipe can be
expressed as its velocity times the
time interval (A t) between
photopulses (p, and p,):
vAOL = 2r8
218
or At =TS tquation (13)
Where ', = velocity of pipe at position
of optical pick-offs, At = time
interval that photo pick-off p, leads or
lags p..
'p. the vertical velocity ef the end of
the C-pipe, depends on the angular
velocity (w):
v, = L& Equation (14)
Where L 1s the length of the C-shaped
pipe.
Combining equations (13 and 14):

¢ = %A1 fquation (15)
Combining equations (12 and 15):

K, Llwat KL
Q= G‘e— = 5‘7'" A Equation (16)

The mass flow rate 1s seen to be a
function of pipe geometry constants
at At the time interval between
photo-pulses It can also be shown
that, if the pipe has a zero-flow
deflection angle 6,, this error is easily
removed by comparing the time
interval at At, of the downw *d pupe
movement with time interval & of
the upward pipe movement. If a no-
flow condition exists, these ime
intervals subtract out, whereas a fluid
flowing in the pipe causes different
time intervals (depending on the
direction of angular travel) that are
detected as flow-induced pipe
moments

An important feature of the optical
detecticn system 1s that detlection-
angle measurements are made near
the center posikon of the C-pipe
travel This 1 important because this
18 the time when the velocity and the
deflection angle are the greatest
Also, this center position of the C
pipe 1s the position where the angular
acceleration of the pipe 1s near zero,
and any unbalance between pipes s
least likely to cause an angular
deflection that could be interpreled
as flow signal
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TITLE: On=Site Integration of the RCC Modified Engel-Precht Seed
Reprocessing System Into ETF

SCOPE:

A study was carried out to determine the deairsbility, feasibility and
efficiency/cost impact of integrating the Resources Conservation Company (RCC)
Modified Engel-Precht Seed Reprocessing System! into the ETF. The conoceptual
design described in the RCC Task #2 Report(1) and the conceptual design
described in the MHD-ETF CDER(2) were combined by scaling the results
published by RCC and by making minimal changes to each system. The goal in
making changes was to maintain a high integrated plant efficiency and minimize
costs,

FINDINGS:

The size and complexity of the Engel-Precht process results in a 5.8 percent
increase in the capital cost, a 14.4 percent increase in the O&M costs, a
decrease in efficiency from 38.03 to 37.15 percent and a 4.7 MW decrease in
net power output., These impacts are offset by an operating expense savings of
not buying fresh seed. The net effect is a small decrease in the cost of
electricity of leas than one percent (0.8 mills/kWhr). For the offsite
nonintegrated plant, the savings are less and result in a decrease in the cost
of electricity of less than one-half percent (0.4 mills/k¥nhr).

The effect of a nunber of process changes on the RCC design was also
evaluated. The only change that has more than a minor effect on cost and
performance is the removal of the module to separate sodium from spent seed.
Removing this module leads to a net savings in the cost of electricity of
2.7 percent.

The integrated case involves risk exposure due to the additional capital
involved and tc the fact that the Modified Engel-Precht Process has not yet
been developed for commercial use, consequently the options of purchasing seed
and/or off site processing of seed, which entail a relatively small economic
penalty should be considered as alternatives.

RECOMMENDATIONS:

This study has emphasized the engineering and economic (as opposed to the
investment) aspects of seed regeneration. Prior to selecting a specific
approach it is recommended that a self-consistent investment analysis be
performed before a choice is made among the on-site, off-site and purchasing
options. (Levelized costing analyses should also be conducted to see if the
econoiic trade-offs remain the same.)

The economics of the Engel-Precht Process with the sodium removal module
deleted seem favorable. A detailed engineering evaluation and design of this
option should be performed.

Additional process analyses and pilot plant tests are needed for this process
to reduce the technical and economic risks of development. However, prior to
paking a final decision in favor of the Engel-Precht Process, an on-site
integration study for the Formate Process should be carried out.
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PROCEDURE :

The Statemeant of Work for the study may bs summarigzed as follows:

Subtask 1 - Establish a base case zonfiguration for an integrated plant.

Subtask 2 - Prepare heat and mass balance diagrans for the base ocase
conceptual design.

Subtask 3 - Prepare prelininary layout drawings for the base case
conceptual design.

Subtask 4 - Assess the technical and economic impacts of integrating the

Modified Engel«Precht Process into ETF.

Subtask 6 - Evaluate the 2fficiency and cost impacts of making changes to
the Modified Engel-Precht Process.

Subtask' 1 was completed early in order to provide a basis for carrying out the
process engineering portion of Subtask 2. The resulting process mass balance
was then used as a basis for carrying out the power engineering analyses
nesded to complete Subtask 2. The process enginesring and power engineering
portions of Subtask 2 were executed sequentially, and the remaining subtasks
were executed in parallel.

The basic references for this study are the RCC Task #2 Report{!) and the KHD-
ETF CDER(2), spD-342,

The MHD-ETF CDER, SDD-342, describes the MHD-ETF Reference System which trucks
spent seed to an off-site location for sale or reprocessing. The chemical
process is unspecified. The RCC Task #2 Report describes the preferred
process for reprocessing the spent seed,

The conceptual design described in tne RCC Task #2 Report and the conceptual
design deacribed in the MID-ETF CDER were integrated by making minor changes
to each system. The flow rates of seed and ash from the MHD-ETF system were
assumed as described in the MHD-ETF CDER, SOD-342. To the exient possible,
the equipment described in the MHD-ETF CDEP was retoined. With minor
exceptions, the RCC process was scaled {rom the results published in the RCC
Task #2 Report.

In the area of MHD-ETF impact analysis, a rigorous analysis of the topping
cycle using reprocessed seed was not carried out, but the steam cycle and flue
gas distribution state points were rebalanced and revised. Similar
limitations in scope were imposed in othLer areas of engineering analysis, but
in all cases sufficient analysis work was carried out to make sure that no
significant errors were introduced in the final cost and efficiency esiimates
for the integrated plant.
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DISCUSSION:

1.0 SUMMARY:
1.1 PURPOSE

The ETF open-cycle MHD process uses potassium seeding (potassium carbonate and
potassium sulfate) to increase the conductivity of the combustion gas.
Potassium carbonate removes sulfur introduced by the coal. The purpose of the
Engel-Precht Process is to transform the spent potassium sulfate back into
potassium carbonate for re-injection into the MHD combustor in order to remove
sulfur from the MiD gas stream.

The purpose of this study is to determine the desirability, feasibility and
efficiency/cost impact of on-site integration of the Resources Conservation
Company (RCC) Modified Engel-Precht Seed Reprocessing System into the ETF.

1.2 SUMMARY DESCRIPTION OF THE INTEGRATED SYSTEM

MID power generation is based on the direct conversion of chemical heat energy
to electricity by passing a high temperature, high velocity, electrically
conducting fluid through a magnetic field.

Open cycle MHD has an advantage with respect to sulfur removal in that the
potassium carbonate portion of the seed (which is injected into the combustion
gas to increase its conductivity) reacts with the sulfur from the coal to form
solid potassium sulfate (Kzsdu). In the MHD-ETF system, which is described in
the MHD-ETF CDER, the KpSOy collects in the Heat Recovery/Seed Recovery
(HR/SR) system and in the Electrostatic Precipitator (ESP), and a fraction is
truced off-site for reprocessing, sale, or disposal.

In the integrated system which is shown in Figure 1-1, a reprocessing plant is
integrated with the MHD topping and steam bottoming cycles. The process shown
in the figure is a modified Engel-Precht Process. Essentially pure potassium
carbonate is produced. Very little potassium loss is foreseen, and there are
no hazardous materials or high temperatures involved. Potassium losses from
both the MHD cycle and the regeneration process are made up as KCi.

In the Engel-Precht Process, the sulfur from the coal is separated as calcium
sulfate (CaSOy), and the sodium which is an impurity from the coal, is removed
as sodium chloride (NaCl). The potassium chloride (KCl) is converted to
potassium bicarbonate (KHCO3) and the magnesium (which is a necessary
participant in the Engel salt formation and decomposition reactions) is
recovered.

On the basis of previous studies, the choice between available seed
regeneration processes was narrowed down to two - the Formate Process and the
Engel-Precht Process. Based on the results of the RCC Task #1 Report(3), the
Modified Engel-Precht Process was selected and fully described in the RCC Task
#2 Report(1),
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In order to provide the ETF system with the necessary 7,992 lb/hr of fresh
seed the modified Engel-Precht requirsments were found to be as follows:

Electrical Power 2,585 kw

Steam (100 psig) 5,735 1b/hr dry saturated
Stean (60 psig) 15,130 1*/hr dry saturated
Flue Gas (COp) 27,331 1b/hr at 150°F

Flue Gas (drying) 80,286 1b/hr at 482.90F
Heat Rejection (cooling tower) 22.6 x 106 Btu/hr

Integrating the seed reprocessing unit into the ETF cycle reduces the steam
turbine generator power produced due to new steam extractions for process use.
Steam extraction is also required for heating feedwater which was previously
heated by means of flue gas. 1In addition, auxiliary power was increased to
meet the electrical demand of the process.

The net result of integrating the seed reprocessing plant into the ETF oycle
is a 0,88 point drop in efficiency to 37.15 percent and a 4.7 MW decrease in
net power output. The reduced efficiency and added cost for the on-site
regeneration plant were offset by an operating expense savings of not buying
fresh seed on the open market. The net effect was a cost of electricity
savings of less than cne percent (0.8 mills/kWh).

Several possibilities for extracting low grade heat from the ETF power plant
were considered, but in all cases the impact on net plant efficiency or on
equipment cost (due to inadequate temperature differences) could not be
Jjustified in terms of reduced cost of electricity.

1.3 SUMMARY ASSESSMENT OF POTENTIAL FOR PROCESS MODIFICATIONS

The oniy process change that has more than a minor impact on performance and
cost is the removal of the sodium rejection module. Removing the module
resulted in a net savings in the cost of electricity of 2.7 percent .

(2.6 mills/kWhr). For this study, the sodium concentration reported in the
MHD-ETF, SDD-342, for the case of steady state recycle of the sced was
assumed. Removing the sodium rejection module would cause the steady state
value of the sodium content in the recycled seed stream to increase somewhat.
Removing this module would alst complicate the solid waste disposal problem
since soluble sodium would ¢ontaminate this waste. A detsiled engineering
evaluation is needed to determine the effects of deleting the sodium rejection
module on both the Engel-Precht Process and the MHD cycle. A detailed
engineering evaluation is needed to determine the effects:on the MHD cycle and
the Engel-Precht Process. Pilot plant tests are needed to provide process and
cost data, but the potential economic benefits warrant the additional work
necessary to accomplish this.
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2.0 PROCCSS ENGI
2.1 BASIS FOR DESIGN
2.1.1

The spent seed composition assumed by RCC was specified in terms of K350y,
K2C03 and fly ash mass flow rates. In addition, the flow rates of a number of
1ons (K, Na, Pb, Zn, Cl, Fe and P) were specified.

In order for RCC to initiate their study it was necessary for them to estimate
a spent seed composition in terms of specific compounds. An estimated
composition was established early in the RCC study as a result of discussions
between RCC and Argonne National Laborstory. The resulting composition is
shown in Table 2-1.

For comparison purposes the spent seed composition from the MHD-ETF CDER is
shown in Table 2-1. The two compositions are different. This is because the
concentrations of Na, 2n, Pb, Fe and P given to RCC were estimated by assuming
that these impurities had accumulated in the seed recycled many timea through a
regeneration process that separated sulfur from the potassium but did not
separate the impurity elements. The RCC process separates a higher fraction
of impurities, especially scdium, than would be required to maintain
acceptable steady state impurity levels in recycled seed. In addition, the
chemical composition of the spent seed depends upon coal composition, the
ratio of K2C03 to the sulfur in the coal, the species that are assumed to be
present when the equilibrium compositions are estimated, and the assumed
impurity accumulation rate.

As a result of the limited scope of the study, the spent seed composition
shown in the MHD-ETF CDER, SDD-342, was assumed. This seed composition is
based on the ETF coal composition and assumed the steady state recycle of
spent seed. This leads to a high sodium concentration due to the fact that
concentrations reported in SDD-342 were not based on the Engel-Precht Process.
However, the differences between these high sodium seed compositions and the
lower sodium seed composition attainable do not affect the results of this
study significantly.

2.1.2 The Engel-Precht/ETF Interface

The "Seed Management System" (SDD-342 CDER(2)) includes a partial recycle of
recovered spent seed and flyash to the combustor along with makeup of K2C03.
An alternative to this makeup is to regenerate the previously discarded
material. Consider Figure 1-1 in SDD-342, here reproduced as Figure 2-1. The
16,821 1b/hr direct recycle stream is continued. The 11,068 1b/hr discard
stream is now directed to regeneration as shown in Figure 2-2. The
regeneration plant utilizes CO, from the MAD/ETF combustion gas.
Approximately 75 percent of the flue gas is used for product drying and 25%
supplies CO> to the Engel-Precht Process Plant. Fresh KC1, HC1, MgO, Ca0 and
steam are fed into the Engel-Precht Process to convert KpsOy to K2C03 and to
remove sulfur as gypsum filter cake and sodium as NaCi.
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TABLE 2+1

SPENT SEED PERCENTAGE COMPOSITION BY WEIGHT

K2C03
K280y
Nazsoy
KPO3
K2s103
K2S1y09
KoA1S10y
Fep03
ZnCl2
PbSi03
Al203
CaC03
Fe30y
MgC03
NapCO3

KA1S1308

RCC Study MID-ETF

Montana Coal (SDD-342)

1.49 1.29

70.40 77.53
20.88 N
0.76 )
0.0 )
0.08 )
1.70 )

4.55

0.09 )
0.01 )

- 0.47

- 1.08

- 1.13

- 0.43

- 14,48

- 3.59
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To achieve the necessary plasmé conductivity in the MiD channel regquires a
potassium concentration of about one percent by weight in the combustion gas.
To remove the required amount of 302 from the Rosebud coal {1.05 percent S)
requires 8,209 1b/hr of K3C03. The balance of the required potassium,
asounting to 13,067 lb/hr, can be supplied as K2804.

The 16,821 1b/hr dirsct recycle strean provides all the K2504. It also
provides 217 1b/hr of K2C04, leaving 7,992 lb/hr to be obtained from
regeneration and makeup. For the purpose of this atudy, it was assumed that
the ash can be recycled as desoribed in SDD-342,

The 11,068 1b/hr regeneration stresm contains 8,581 lb/hr of X280y which will
yield 6,797 1b/hr of K2C03 at a 99.88 percent conversion efficiency as given
by the Engel-Precht process report.(1) The regeneration strean also
contributes 144 1b/hr of cho§. Thus, 1,051 1b/hr of makeup K2C03 18 needed.
This will be obtained from 1,138 1b/hr of KC1, which also makes up other
system losses.

Thus, regeneration has replaced the fresh supply of 7,992 1b/hr of KpCO3 with
a fresh supply of 1,138 1lb/hr of KC1. The disposable stream has been changed
from 11,068 1b/hr contained in a single stream (to be trucked off-site) to two
new streams. An insolubles stream of 22,180 1lb/hr containing 50 percent
solids can go to a settling pond and on to a landfill. The CaCO3 in the
insoluble stream arises from the NapCO3 in the input stream. This carbonate
is disposed of as CaCO3. The RCC design assumed NaySOy as the input stream
and thus had much less carbonate in the insoluble stream. A solubles stream
of 2,564 1b/hr containing 75 percent solids can go to a lined, leachate
controlled evaporation pond or to deep well injestion,

The amount of chloride impurity returned to the MHD topping cycle with the
recycled seed material must be severely limited, because small amounts of
chlorine reduce the plasma conductivity and therefore the efficiency of the
MHD system.

2.1.3 Basis for Process Equipment Scaling

Since the seed reprocessing system described in the RCC Task #2 Report(1) is
based upon different sizing criteria (450 MWt) than is the MHD plant (532 MWt)
described in the MHD-ETF CDER(2), it was necessary to scale the smaller RCC
design to fit the larger MHD design. The RCC plant hac a lower sulfur content
in its coal than does the ETF plant, which results in a lower seed
regeneration requirement for the RCC plant. Generally, equipment was scaled
based on flow rates.

The requirements for seed and the production of spent seed were taken from the
MHD-ETF CDER. The spent seed amount and analysis were assumed to be available
for input to the reprocessing system., The reprocessing system was scaled from
the input given in the RCC Task #2 Report to this larger input. Scaling was
generally done by ratio of Gilbert Associates, Inc. amounts to RCC amounts
with attention to proper balancing of chemical reactions. Additionally, since
the RCC and GAI coal analyses vere different, allowances for this difference
were made. These occasionally called for adjustments in the RCC amounts
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before scaling., Liquid flows were simply raticed, but the amounts of water
retained in filter and centrifuge cakes were increased from 20 percent and
3 percent to 50 percent and 25 percent, respectively.

These are conservative estimates based upon GAI experience in designing ash
handling and flue gas desulfurization sludge disposal systems. The MHD flue
gas, which contained 31 percent CO, was the source of the CO; needed in the
process. Also, the process steam condensate was used as makeup, eliminating
any need for process water makeup. The remaining RCC assumptions were
retained. They are as follows:

0.3 1b. washwater/lb. crystels on filters

2 1b washwater/lb crystals in Mg(OH),> wash tower
10% Mg(OH)2 slurry from thickener

40% slurry from decomposer

2.43 1b. water/lb. Engsl salt decomposed

40% of CO2 in stack gas absorbed

2.2 ENGEL-PRECHT PROCESS DESCRIPTION

A simplified block diagram of the process is shown in Figure 2-3. In Module I
spent seed is dissolved and mixed with calcium and potassium chlorides. The
calcium sulfate and other insolubles are discarded, and the nhlorides of
sodiun and potassium are sent to Module II.

In Module II the chlorides are concentrated by evaporation and separated, and
the sodium chloride is sold as a by-product.

In Module III, in the presence of magnesium carbonate and carbon dioxide, the
potassium chloride is converted to Engel salt (KHCOy « M=CO3 « 4H20) at 65°F.
At 160°F the Engel salt breaks down into potassium bicarbonate and magnesium
carbcnate.

In Module VII, potassium carbonate is recovered from the bicarbonate, and in
Modules IV, V and VI the magnesium is recovered for re-use and the
calecium/potassiun chlorides are recycled back to Module I.

A brief description of each module follows.

2.2.1 Module I - Dissolution of Spent Seed

The Module I subsystem is shown in Figure 2-4, Spent seed is slurried in a
slurrying tank, and pumped into a baffled mix tank along with the caleium
chloride/potassium chloride recycle stream (4) from Module V, gypsum,
potassium/sodium chlorides from Module II, and combined blowdowns (6).

Overflow from the aissolver/reactor flows into a settling tank. The bottoms
drain into a filter where they are washed with stream (8) and dewatered to
about 50 percent mo!sture. The “Llter cake (9) is conveyed to the battery
limits and the filtrute is returned to the slurrying tank.

The overflow (7) from the settling tank flows to a feed tank in Module II.
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FIGURE 2-3
THE MODIFIED ENGEL-PRECHT PROCESS
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2.2.2 Module II - Crystallization and Separation of
Sodiun and Potassium Chlorides

The primary purpose of Module II, which is shown in Figure 2.5, is to
evaporate water from the KC1l solution. At the same time sodium chloride is
orystallized out of solution and removed from the system.

KC1/NaCl solution (7) from Module I enters a feed tank from which it is pumped
through a heat exchanger into a vapor compression pre-evaporator. Hot
condensate from the evaporator and following crystallizer is cooled by haat
exchangs with the feed, and is saved for use as wash water (15).

The concentrated potassium/sodium chloride solution, nearly saturated with
respect to potassium chloride, is run into a multiple effect crystallizer.
The fourth effect of the orystr .iizer concentrates the solution near the KCl
saturation level. KCl crystals which are removed from the third effect are
dewatered to about 25 percent (18) and sent to Module III. Further
concentration occurs in the second effect to the point of NaCl
crystallization. NaCl crystals settle into an elutriation leg and flow to a
centrifuge where they are washed and dewvatered to 25 percent moisture (17).
Liquor is drawn off the first effect and sent to a cyclone separator. The
cyclone bottoms, containing NaCl orystals, are sent back to the first effect,
and the clarified stream is flashed to a lower temperature, where KCl is now
less soluble than NaCl. KCl crystals are settled out in the settling tank & ad
sent to the KC1 centrifuge. Hot condensate from the last three effects is
cooled and used as wash water (15).

2.2.3 Module III - Engel Salt Reactor/Decomposer

The primary purpose of this module, which is shown in Figure 2-6, is to
convert potassium chloride (18) into potassium bicarbonate (43).

Potassium chloride is mixed with cold recycled magnesium carbonate slurry and
make-up potassium chloride. In the presence of COp, Engel salt, and magnesium
carbonate crystals settle out. The finer magnesium carbonate crystals are
washed back up into the reactor, and the Engel salt flows from the elutriation
leg to a centrifuge. These crystals are reslurried with water at a higher
temperature in order to decompose them into potassium bicarbonate and
magnesium carbonate. The potassium bicardbonate overflow is pumped to

Module VII. The underflow (mainly MgCO3 « 3H20) is saturated with carbon
dioxide, flash cooled to 105°F, mixed wzt.h magnesiun carbonate from the
carbonating tower (33) and vacuum flashed to 32°F before being returned to the
Engel salt reactor.

As & result of the reactions taking place in the Engel salt reactor, magnesium
chloride is formed. This (together with potassium chloride and some magnesium
bicarbonate) is sent to Module IV,
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2.2.4 Module IV - Decarbonation of Magnesium Bicarbonate

The purpose of this module, which is shown in Figure 2-7, is to convert the
magnesium bicarbonate in stream 24 to magnesium chloride in stream 37. The
feed solution (24) is mixed with hydrochloric acid in a mix tank, and run
through a stripping column where the carbon dioxide is stripped off by means
of a countercurrent flow of air (35).

2.2.5 Module V - Magnesium Hydroxide Recovery

The purpose of this module is to recover the magnesium as the hydroxide, and
to return the KC1 and CaCly to Module I, as shown in Figure 2-8.

The decarbonated stream (37) flows into a lime treat tank where iime and make-
up magnesia are added. Magnesium, in solution as chloride, is precipitated as
hydroxide and the slurry sent to a clarifier/thickener. The overflow ()
containing calcium and potassium chlorides is returned to Module I. The
underflow, Mg(OH)5, is pumped to a wash tower (in order to remove any
remaining brine) and then sent to Module VI.

2.2.6 Module VI - Conversion of Magnesium Hydroxide to Magnesium Carbonate

Module VI is shown in Figure 2-9. The washed magnesium hydroxide is pumped to
the top of a carbonating tower. Stack gas, assumed to contain 31 percent
carbon dioxide, is bubbled through the tower, which is designed to absord

40 percent of the carbon dioxide. Magnesium carbonate flows from the bottom
of the carbonating tower into an age tank. The purpose of the age tank is to
allow the growth of larger magnesium carbonate trihydrate crystals, which
prevent excessive thickening in the Engel salt reactor. The overflow,
containing the smaller crystals, is recycled back to the carbonating tower.
The larger crystals are pumped out near the bottom (33) and sent to

Module III.

2.2.7 Module VII - Potassium Carbonate Recovery

The primary purpose of this modrle, which is shown in Figure 2-10, is to
evaporate water from the potassium bicarbonate stream (43) and return carbon
dioxide to the Engel salt reactor. The amount of carbon dioxide required,
however, is short by one-half the carbon dioxide lost in Module IV, stream 36.
In order to make up for this caruvon dioxide, a slip stream of feed (stream 43)
is reconverted to bicarbonate by running it through an absorber in contact
with stack gas. The subsequent decomposition of the bicarbonate in the vapor
recompression evaporator then supplies the necessary make-up carbon dioxide
(26) for the Engel salt reaction.

The main potassium bicarbonate feed stream (43) is concentrated in a vapor
recompression evaporator where the bicarbonate is decomposed to potassium
carbonate and carbon dioxide. The potassium carbonate then flows to a steam
heated, falling film, vertical tube evaporator. The concentrate is sent to a
steam heated forced circulation erystallizer. From the crystallizer, a stream
containing potassium carbonate crystals is centrifuged to nearly dry potassium
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carbonate, which is conveyed to the rotary dryer near the MHD combustor. The
seed is dried, like the MHD coal, by using hot (49TOF) MHD flue gas.

The carbon dioxide, which is vented from the top of the vapor recompression
svaporator, is contacted with wara condensate to heat and saturate the
decomposition reactor wash water with CO2. The vapor is then cooled to 85F
in a barometric condenser, compressed, and delivered to the Engel salt
reactor, ;

2.3 PROCESS SCALING TO ETF REQUIREMENIS

Although scaling was generally done module by module, following the RCC Task
#2 Report, certain items were individually socaled to refleot the changes in
solids and/or water contents of certain streams. Generally, equipment was
scaled based on liquid flow rates.

In Module I, a general scaling factor of 2 was used, except for the dissolver-
reactor and conveyor which were scaled at 1.5, since the flows through them
were not as large as the other flows.

A general scaling factor of 1.46 was used in Module II. A factor of 1.74 was
used for the KC1 centrifuge with 1.88 for the NaCl centrifuge and the sump
pump since cake water contents were increased. The KCl conveyor was scaled by
1.33 and the NaCl conveyor by 0.20, based on masses carried. Thus, the two
conveyors are different sizes in the scaled plant.

The third, fourth, fifth, and sixth modules each had a single scaling factor
for every item, 1.55 in the third, 1.44 in the fourth, 1.41 in the fifth, and
1.43 in the sixth. All were scaled on fluid flows.

Only two items in the last module, VII, had individual scaling factors. The
centrifuge was scaled at 1.75, based on water content, and the conveyor at
2.14, due to the increased mass carried. All other items were scaled at 1.44.

The Engel-Precht reprocessing plan*t will also require utilities from the MAD
plant. Two steam lines are needed, one for 5,735 lb/hr of 100 psig steam and
one for 15,130 1b/hr of 60 psig steam.

Two flue gas lines are also needed. One will supply 27, 332 1lb/hr of 150°F
flue gas as a source of COp. The other will supply 80,280 1b/hr of 497SF flue

gas to dry the regenerated KCO03.
A cooling water flow of 904,105 lb/hr or 1,807 gpm is also needed.

Finally, the scaled reprocessing plant contains approximately 2,600 horsepower
identified in various items. To this was added additional demands for
centrifuges, conveyors, clarifier rakes, etc., not included in the RCC report,
in the amount of 865 horsepower for a total of 3,465 horsepower. This
represents a demand of 2.58 MW from the MHD plant electrical output.

The above scaling factors and utility requirements have been used in the cost
and the MHD plani efficiency calculations.
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2.4 PROCESS MASS AND ENERGY BALANCE
2.1 Proocess Ma lanoe

The MHD plant will put out 27,889 1b/hr of spent seed from the HR/SR and BSP

units. Of this, 16,821 1b/hr will be directly recycled to the MiD combustor.

This will provide all the K2S04 needed for plasma conductivity purposes. It

will also provide 217 lb/hr of the 8,209 1b/hr of K2 needed for sulfur

::ntrol. Thus, 7,992 1b/hr of KoCO3 must be obtained from the seed processing
ant.

The 11,068 1b/hr of spent seed remaining after direct recycle constitutes the
primary input for reprocessing. Other inputs required are 3,749 lb/hr of Ca0,
79 1b/hr of Mgd, 2,033 lb/hr of 36 wt. percent HC1, 1,138 io/hr of KCl, and
3,412 1b/hr of CO2 derived from MID flue gas.

The primary output of the reprocessing plant is the 7,992 1b/hr of KpC03
required. There are also two waste streams totaling 24,772 1b/hr. An
insolubles waste stream of 22,208 1b/hr contains 8,596 1b/hr of gypsum (CaSOy
2H20), 1,624 1b/hr of CaC03, 741 1b/hr of insolubles, 101 1b/hr of Mg(OH)2,
28 1b/hr of Engel salt (KHCO3 « MgCO3 » 4H20), and 11,118 1b/hr of H0. A
solubles waste stream of 2,52& 1b/hr contains 1,769 1b/hr of NaCl, 148 lb/hr
of CaClp, 8 1b/hr of MgClpy, and 639 lb/hr of Hp0.

The reprocessing plant uses 903,000 lb/hr of 1,807 gpm of cooling water.

The 6,706 1b/hr of process water needed is supplied by the water in the HCl
solution, Stream 34, the booster steam in Stream 30, and the condensate from
Streams 48 and 49. Other water needs are supplied by internal generation and
recirculation., In fact, the water balance is slightly positive with more
water into the reprocessing plant than out. However, several vents have not
been considered, nor has a leakage account been taken. Hence, the water
balance can be considered closed.

Details of the above are contained in Figures 2-4 through 2-10 aad Table 2-2.
Figures 2-4 through 2-10 have bzen taken from the RCC Task #2 Report, but have
been renumbered, since consideration has been given in the scaling only to
those streams crossing module boundaries. This rezulted in elimination of
some internal streams and addition of streams from vunts, etc.

2.4.2 Process Energy Balance

The ETF design was modified where necessary in order to accommodate the energy
requirements of the scaled RCC process. All heat balance calculations were
restricted to the interface between the Engel-Precht Process and the bottoming
cycle of the MID-ETF system. These are described in Section 3.3. As shown in
Attachment A, the hea: (1lance performed by RCC used an overall approach. A
heat and material balance -ver each item of equipment should be carried out
during any detailed design phase which may be initiated at a later date.
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2.5 PROCESS ECONOMICS FOR ON-SITE REGENERATION.

2.5.1 Capital Costs

Cepacity modifications to the Engel-Precht Process were made as described in
Section 2.3. The results, which are in the form of the material balance shown
in Table 2-2, were obtained by applying soaling faotors to the RCC 450 Mt
Rosebud Coal Case. With few exceptions, the same soaling factors were applied
to the equipment costs listed by RCC for the 450 MWt Rosebud Coal Case. The
resulting total plant inveatment, which is shown in Table 2-3, is based on the
following assuaptions:

1. All costs in the estimate are based on present day costs (lst quarter,
1981) to coincide with the MHD-ETF cost summary.

2. All major esquipment, less the rotary dryer, were extrapolated from the
RCC 450 MWt Rosebud Coal Case. Each item was resigzed to oorrespond to a
spent seed rate of 11,068 1b/hr, and then exponentially costed and
escalated one year for each specific major component.

3. Cost for the rotary dryer is a vendor budget cost with installation cost
provided by in-house erection data.

4, Balance of Account (BOA) costs are taken as 30 percent of the major
components cost. This is the same percentage used in the MID-ETF boiler
plant cost estimate. These costs include bulk materials, e.g., piping,
cable, wiring, instrumentation, valving, and others.

5. Installation costs are 67 percent of major components and BOA as shown in
the above mentioned case.

6. Indirect costs are 70 percent of installation labor and represent
censtructor's home office project support, field supervision, field
office, temporary facilities, small tools, consumables, construction
equipment, ete.

7. Engineering costs for professional services are 8 percent of total direct
and indirect costs less contingency.

8. Other costs are an allowance of 2.5 percent of the sum of the direct,
indirect, and professional services for government field staff and
owner's legal fees,

9. Contingency is 20 percent of total plant cost because there is a high
risk due to the developmental nature of the process.

With the exception of item 5, these assumptions are the same as those used in
the MHD-ETF CDER Cost Summary. Item 5 was based upon the MiD Commecial Plant
Study.
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ENGEL-PRECHT PROCESS MASS EALANCE - Page 1 of 2
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Q-SITE ENGEL~PRECHT PROCESS CAPITAL COST

Materials

Major Components
BOA

Sudbtotal
Erection

Labor Installation

Total Direot Ccat

Indirects

Subtotal

Engineering
Other Costs

Total Plant Cost

Contingency

Total Plant Inveatwent (1/81)

$ 5,346,000
1,550, 000

$ 6,896,000
§, 62¢, 000

$ 11,516,000
3,234, 000

$ 14,750,000
1,180, 000
398, 000

$ 16,328,000
3,266.000

$ 19,594,000
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The followi.ag items are not included in the sstimate

o Interest during construction

©  Sales and use taxes

° Capital spare parts

©  Scheduled overtise

o Escalation
2.5.2 rating and Maintenance (O8M) Costs
O & M oosts, excluding fixed capital charges, are estimated in Table 2-4, and
the basis for each unit ocost is listed in Table 2-5. Chemiocal ocosts in
Table 2-5 were taken from the Chemiocal Marketing Reporter. Utility and lador
costs are based on current Gilbert in-house costing data.
2.5.3 Product Cost
Fixes Charges
Assuaing the same fixed chargs rate and ocapacity factor as was used in the MHD

ETF CDER, 0.22 per year, and 65 percent (5,698 hr/yr) the fixed charges for
producing 7,992 1b/hr of K2 CO3 on-site were estinated a3 follows:

— ;.;92 x 5?00 x 109 s 9.47 ¢/1d

Operating and Maintenance

Based on the annual net operating and maintenance oost shown in Table 2-4, the
corresponding cost in oents per pound of KxCO3 produced was estimated as
follows:

'] x 100
7,992 x°5, . 9.62 ¢/1b

Product Cost Estimate

Based on the assumption that spent seed i2 availabla to the Engsl-Precht
Process at no cost, the cost of the product will be 9.47 + 9.62 = 19.1 ¢/1b.

The current 1981 cost of K5C03 on the open market 1s 26.3 ¢/1b ($325/ton).
The market value of K3SOy is approximately 5¢/1b ($100/ton). Based on the
assumption that the spent seed is worth 2.5¢/1b, it follows that the cost of
shipping the seed chemicals on and off site is 23.8 ¢/1b.
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ANNUAL OPERATING AND MAINTENANCE COSTS, ON-SITE SEED REPROCESSING

Plant Capacity: 11,000 1b/hr Spent Seed

Annual Availability: 5,698 hrs/yr

Raw Materials

Lime, ton

Potassium Chloride, ton
Magnesia, ton

Hydrochloric Acid (36%), ton
Freight, ton, ST/mi

Utilities

Power, KiWh

Consumption
Daily Annual Unit Cost

45
14

0.95
24. 4

Cooling Water, gals 2,601,744

Steam, lb/hr
60 psig
130 psig

084
Operating Personnel, hrs.
Supervision
Maintenaace
Insurance & Taxes Allowance

Waste Disposal

Gypsw and Flyash, ton

GROSS OPERATING, MM$/yr.

By-Product Credits

Sodium Chloride, ton

NET OPERATING, MM$/yr.

(a)pistance, miles 300

363, 120
137,640

96

21.2

§§5§*‘%

10,
3
5,
20,

1.7 x 106
617.7 x 106

63,296

5,033

$ ('81)

5
65
55

78
0.07(8)

0.036
0.00015

0.0073
0. 0073

- 17.00
20% Op. Labor
.08 TDC
1.08 TPI1

50

0. 481
0.216
0.012
0.452
0. 420

0.529
0.093

0.629
0.239

0.596
0.119
0.461
0.196

0.190

4.633

(0.251)

4,382
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TABLE 2-5
BASIS FOR QN-SITE OPERATION 00s1s(a)

Lime $45/¢ton
Potassium Chloride $65/ton
Magnesia $55 /ton
Hydrochloric acid (36%) | $78/ton
Electricity $0.036/k¥n
Industrial Cooling Water $0.15/1,000 gal.
Stean € 100 psig, OF $7.30/1,000 1b.
Steam @ 60 psig, °F $7.30/1,000 1b.
Operating labor (incl. fringe & overhead) $17.00/hr
Supervision 20% of labor
Maintenance (Mat'l + labor) 4% of capital/year
By-products

Waste disposal cost $3.00/ton

Sodium chloride credit $50/ton

(a) These operating costs are based on data from the Chemical Marketing Reporter
and current Gilbert in-house costing data as of 1st quarter 1981.
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2.6 PROCESS ECONOMICS FOR OFF-SITE REGENERAT.ON

The stand alone regeneration plant would have to supply its owm utilities
including:

100 psig stomm 5,735 1o/

60 psig steam 15,130 1b/hr

Cooling Water 903,000 1b/hr
1,807 gm

Boiler feed water makeup 21,000 1b/hr
42 gpm

Carbon dioxide 3,400 1b/hr
Power 2.58 MW

The additional equipment needed for the stand alone plant is a small, oil
fired package boiler, including feed water treatment, a cooling water

recirculation and heat rejection system, a CO2 Supply system, and storage
silos with associated conveyors.

Since there is not enough CO; in the boiler flue gas to supply the plant, a
separate C0; storage and supply system was assumed. It was also assumed that
the power needed was purchased from the grid.

The capital costs of the package boiler and the cooling tower replace the
operating costs for steam and cooling water. However, additional operating
costs are picked up for fuel oil and for carbon dioxide.

Using the same assumptions as in Section 2.5, the total plant investaent,
including the additional equipment, is tabulated in Table 2-6. The 0 & M
costs and basis are tabulated in Tables 2-7 and 2-8.

The product cost for off-site regeneration was estimated in the same manner as
for on site regeneration.

0.22 x 22,500,000 x 100

Fixed Charges = 77992 % 5,698 s 10.87 ¢/1b
5,447,000 x 100 _
Operating and Maintencance = 992 x 5,69 = 11.96 ¢/1b
Spent Seed Cost = 1,008 x 2.5 3.46 ¢/1b K2C03 produced
7,992
Total Product Cost = 10.87 + 11.96 + 3.46 = 26.3 ¢/1b

The current cost of K;C03, if purchased in the open market, is approyimately
26.3 ¢/1b ($525/ton).
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TABLE 2-6
: OFP-SITE ENGEL-PRECHT PROCESS CAPITAL COST(a)
v Adaitionsl
= site ofrf-Site
ﬂ Materials
| Major Components $ 5,346,000 1,000, 000
BOA 1,5%0,000 550,000
Subtotal $ 6,896,000 1,550,000
Erection
Labor Installation 4,620,000 370,000
Total Direct Cost (IDC) $ 11,516,000 1,920,000
Indirects 3,234,000 260,000
Subtotal $ 14,750,000 2,180, 000
Engineering 1,180,000 170,000
Other Costs 398, 000 60, 000
Total Plant Cost $ 16, 328, 000 2,410,000
Contingency 3,266, 000 490,000
Total Plant Investment (TPI) (1/81) $ 19,594,000 2,900,0C0
Total Off-Site Plant Investaent $ 22,494,000

(a) These on-site major components costs ure based primarily upon scaled up

RCC data. Additional capital costs are estimated by Gilbert.
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TABLE 2-7
ANNUAL OPERATING AND MAINTENANCZ COST, OFF-3ITE SEED REPROCESSING

Plant Capacity: 11,000 1b/hr Spent Seed
Annual Aveilability: 65,698 hrs/yr

Consumption

Daily Annual Unit Cost Annual Cost
$ (81) MM

Raw Materials

Lime, ton 45 10,684 4s 0.481

Potassium Chloride, ton L 3,324 65 0.216

Magnesia, ton 0.95 226 -1 0.012

Hydrochloric Acid (36%), ton 24.4 5,793 78 0.452

Carbon Dioxide 41 9,722 7 0.690

Freight, T, T/ml - 20,026 0.07(a) 0. 420
Utilities

Power, Wh 62,040 14.7 x 106 0.036 0.529

Fuel 0il, gal 5,863 1.39 x 106 0.81 1.128
o

Operating Personnel, hrs. 120 43,800 17.00 0.745

Maintenance - - 4,08 TDC 0. 461

Insurance & Taxes Allowance - - 1.0% TPI 0.225%
Waste Disposal

Gypsum and Flyash, ton 266.6 63,296 3 0.190
GRGSS OPERATING, MM$/yr. 5.698
By-Product Credits

Sodiua Chloride, ton 21.2 5,033 50 (0.251)
NET OPERATING, MM$/yr. 5.447

(3)pistance, 300 miles
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TABLE 2-8
BASIS POR OFF-SITE OPERATING OOSTS(a)

Lime $45/ton
Potassium Chloride $65/ton
Magnesia $55/ton
Hydrochlaric acid (36%) $78/ton
Carbon Dioxide $71/ton
Eleotricity $ 0.036/h
Fuel 011 $ 0.81/gmd
Operating labor (incl. fringe & OHD) $17.00/r
Supervision 20% of labor
Maintenance (Mat'l + labor) 4% of capital/year
By-products

Waste disposal cost $3.00/ton

Sodium chloride credit $50/ton

(a) These operating costs are based on data from the Cheamical Marketing Reporter
and current Gilbert in-house costing data.
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3.0 PROCESS INTEGRATION
3.1 SYSTEM INTEGRATION CRITERIA

The ETF system heat and material balance, as shown on Drawing

No. 8270-1-540-314-001, was based on a once-through ocalculation. Recycling
increases the more volatile constituents of the fresh ash, and the different
chemiocal oomposition of the reprocessed seed stream will further change the
state points along the flow path through the channel and HR/SR. Some changes
in the topping cycle state points (from the once-through case) will ocour, but
the changes are expected to be small by comparison with uncertainties caused
by lack of general agreement on the chemical oomposition of the condensed
species. For this reason a rigorous evaluation on the impact of reprocessed
seed on the topping cycle was not conducted; and, without a rigorous
evaluation of the topping cycle, it was decided that it would be inappropriate
to generate a new heat and mass balance diagram of the ETIF oyole for the
integrated case. This study was limited to the assessment of the cost and
technical impact of ETF/Engel-Precht integration by making the maximum use of
studies already reported in the MHD-ETF CDER and the RCC Task #2 Report.

Although no overall heat and mass balance diagram was generated, the stean
cycle was rebalanced, and the flue gas distribution downstream of the heat
recovery equipment was revised to reflect the on-site reprooessing
requireasents,

3.2 INTEGRATED SYSTEM DESCRIPTION

3.2.1 Systems Analysis

3.2.1.1 Summary of Process Requirements

Based on the process mass balance the process requirements to regenerate spent
seed are as follows:

Electrical Power 2,585 kW

Steam 5,735 l1tm/hr dry saturated at
100 psig
15,130 lbm/hr dry saturated at
60 psig

Flue Gas for COp 8,531 1bm/hr COp (27,331 lbm/hr
flue gas at 2280F stack
temperature

Flue Gas for Seed Drying 80,280 lom/hr at 480.9°F

Cooling Tower Heat Rejection 22.6 x 106 Btwhr
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3.2.1.2 Procedure

ETF plant performance was analytioally svaluated using the GAI PROTEUS
computer code. Seed reprocessing process requirements for sleotrical power,
steam, flue gas, and heat rejection were integrated into the current ETP
configuration to evaluate the plant efficiency impact. For the integrated
on-site seed reprocessing cycle, the MHD combustor would be seeded with
reprocessed seed. The composition and flow rate of the seed stream in thia
case is somewhat different than for the current ETF oycle. For this study the
impact that reprocessed seed stream composition and flow rate would have on
the gas path performance were assumed to be negligible. Performance
evaluation of the ETF cycle with integrated seed reprocessing was limited to
modifications to the steam cycle, auxiliary power, and flue gas distribution.

3.2.1.3 Discussion

The MHD ETF cycle computer analyses carried out to date assumed once-through
seed flow with off-site reprocessing of spent seed. Figure 2-1 shows the
solids flow diagram for the Conceptual Design Engineering Report (CDER)
configuration. For the current study, on-site reprocessed seed was to be
used. The solids flow diagram for this configuration is shown on Figure 2-2.
The sclids flows in these figures are essentially the same as the solids flows
for the once-through case, except for an added ash flow of 3,537 lte/hr which
was included in the reprocessed seed sent to the MID combustor. The
additional ash flow was considered negligible and all design parameters for
the topping cycle were assumed to remain unchanged. Actually, this additional
ash flow would increase flue gas flow 0.34 percent. Studies on the impact of
the added ash flow on combustor performance have indicated that flame
temperature and conductivity decrease by 15°F and 4.6 percent, respectively.
The flame temperature decrease is not large but the 4.6 percent decrease in
conductivity is more than a negligible change. However, compensating any loss
in MHD channel power due to reduced conductivity is the increase in both
channel and steam turbine power that would be generated by the increased flue
gas flow produced by the higher seed flow rate. Considering the scope of work
for thi- task the assumption that the added ash flow will not impact the
topping cycle operating characteristics seems to be appropriate. The seed
reprocessing integration analysis, therefore, concentrated on the modification
of the steam cycle and fiue gas flow distribution to meet the seed
reprocessing requirements. These ;.quirements were integrated into the ETF
cycle as follows:

1. Electrical

To meet the electrical power needs, the plant auxiliary power
requirements were increased the appropriate amount.

2. Steam

The seed reprocessing system requires 5,755 ltm/hr of dry saturatud steam
at 113 psia (100 psig) as well as 15,130 lba/hr of dry saturated steam a:
73 psia (60 psig). To provide this dry saturated steam for seed
reprocessing the steam turbine generator set was reconfigured slightly
from the CDER design as shown in Figure 3-3. The unit remai::i a tandem
compound reheat type steam turbine with 1,815 psia/1,0000F thro*tle
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conditions with a 1,0000F reheat. However, the lov pressure turbine
orossover steam pressure was increased from the 58.6 psis used in the
CDER design to 80.8 psia. This provided a more accessible stemm turbine
extraction point to supply the 73 psia steam flow for seed reprooessing.
To meet the 113 psia steam flow requirement, another steam extraction
point at 129.5 psia was added to the reheat steam turbine seoticn. These
stean turbine modifications are consistent with atandard steam turbine
practice and would not require a custom turbine design. The extraction
pressures acoount for the anticipated steam line and dasup rheater
pressure drops that would be expecoted in the atcan supplied to the seed
reprocessing site,

The two steam extractions required to meet the seed reprocessing flow
requirements are esch superheated, therefore, desuperheaters are required
to reduce the steam to dry saturated oconditions. Feedwater extraction
after the steam cycle booster pump was seleoted for desuperheating the
extracted superheated steam. Feedwater pressure at this point was

250 psia which was sufficient to allow for line pressure drop to the
desuperheater while prnoviding adequate pressure drop in the desuperheater
spray nozzle. Total feesdwater extraction to desuperheat both steam
streams was 2,979 lom/hr or 0.28 percent of the feedwater flow. The
129.5 psia steam extraction was 4,794 lba/hr, to which 941 lbm/hr as
fesdwater spray was used to desuperheat the steam for the 113 paia
delivery. The 80.8 psia crossover point supplied 13,092 ibm/hr steam to
which 2,038 1bm/hr of spray was added to supply the 73 psia delivery.

Flue Gas for CO,

The flue gas extracted as a COp source for process use was drawn from the
duct leading to the stack. Seed reprocessing needs CO, at 150°F and

16 psia, and flue gas at the stack was the coolest source in the plant
(231°F). After allowing for temperature rise in the compressor the
temperature of this flue gas reached 280°F. An aftercooler to bring the
flue gas to the 150°F temperature requirement was needed. Considering
the flue gas flow rate involved (27,331 lbm/hr) to supply the required
CO0p (8,531 lbm/hr) an air aftercooler was assumed.

Flue Gas for Seed Drying

Flue gas for reprocessed seed drying was drawn from the main flue gas
stream between the electrostatic precipitator and low temperature
economizer. This extraction is similar to flue gas extractions required
for other ETF process and heating needs. The 80,280 lbav/hr of flue gas
required for seed drying was based on dryer design requirements
established by the dryer manufacturer and assumptions made in

Section 2.1.3 regarding the water in the wet reprocessed ceed. The dryer
manufacturer indicated a 750F temperature approach should be maintained
between the flue gas and the seed. The process required that the seed
enter the dryer at ?75°F and leave at the highest temperature the
equipment allows (U4230F). Therefore, enough heat was required in the
dryer to evaporate the surface moisture and raise it to the dryer flue
gas exit temperature (3500F).
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A fan, which required ndditional auxiliary power, was added to pass the
dryer flus gas to the seed &ryer. The main flue gas induoed draft fan
provided the power required to pass the dryer exhaust to the main stack.
A baghouse was included in dryer exhaust stream to remove any seed
elutriated in the dryer. The seed dryer is a rotary type and a ssall
driving motor was included in the proocess auxiliary power.

S. Cooling Tower Heat Rejection

Circulating water through the oooling tower was inocreased to acoommodate
the heat rejection rates for seed reprocessing. As a result circulating
water pimp power and cooling tower fan power were increased
proportionally by the inoreased circulating water flow rate and inoreased
heat rejection load.

3.2.2 Layout
3.2.2.1 Flot Plan

Integrating the seed regeneration equipment into the existing MHD-ETF plant
will require careful study for the optimization of the necessary utilities.
There is sufficient space available for the seed regeneration facility. The
major structures to be added are the seed regeneration building, two large
diameter clarifiers, and a dryer building. The seed regeneration system will
require integration with existing equipment such as storage silos, hoppers,
and conveyors. All other new equipment, not in the above, will be located in
the existing coal seed feed building.

Figure 3-1, Plot Plan, is a small section of Drawing No. 8270-1-210-007-001,
Plot Plan. It shows the suggested location of the seed regeneration building,
the clarifiers and the dryer building in cross-hateh.

3.2.2.2 Materials Handling Systems

As shown in Figure 3-2, seed processing begins with the recovery of spent seed
in the convective section of the HR/SR and in the ESP. The speut seed at
these two points is a mixture primarily of K2S04 and fly ash.

As the gas stream passes through the HR/SR it changes direction in the
convective section and in so doing the spent sead falls by gravity into
hoppers below. The spent seed in the hoppers is conveyed by a pneumatic
system to a spent seed storage silo.

The gas stream continues on to the ESP where most of the remaining spent seed
and fly ash are removed by the action of ar. electrostatic field. The apent
seed and fly ash are shaken down into ho,pers below the ESP. From the
hoppers, the spent seed is again conveyed by a pneumatic system to a second
spent seed storage siio.

For startup and test purposes, new seed will srrive in sealed railroad cars,
100 ton maximum capacity. The seed is dumped into oovered mechaniocal
conveyors which deliver it to the K>S0y and cho? storage silos. The K3C03 is
covered at all times to prevent moisture pickup from the atmosphere.
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Under normal operating conditiors, spent seed, which is mostly K280y, is
carried by truck from the spent seed silos to the K330y storage silo where it
is unloaded using the facilities provided for unloading the railroad cars
oontaining fresh K3S0y. Under normal operating conditions, wet K2003 from the
seed reprocessing plant is mechanically conveyed to the K2C03 dryer and then
mechanically conveyed in a closed conveyor system to the K»C03 storage silo.

The K2C03 and K2S04 storage silos and related equipment have been used in the
same way as described in the MHD-ETF CDER for two reasons. Firat, the ETF is
a test facility, consequently greater operational flexibility is achieved by
using truck transportation for the K330y and by retaining the large K230 and
K2C03 storage silos within the K>S0y and chOz recycle loops. Second, it is a
design requirement for this study that the RCC Modified Engel-Precht Seed
Reprocessing System shall use the storage silos and related equipment as
described in SDD-342.

When K>C03 or K230y is required from a storage silo, a mechanical conveying
system carries the appropriate amount of material to the seed preparation
area.

The seed preparation area is combined with coal preparation near the coal
preparation building. All solid seed streams are weighed and flow measured in
feeders, seed for the K>SOy feeder and regenerated seed for the XC03 feeder.
The individual streams are fed into separate reclaim hoppers. From sach
reclaim hopper the seed is fed to separate pulverizers and finely ground. The
powdered seed is then pneumatically conveyed to a mechanical cyclone
collector. The proper ratio of the two seeds is fed to and intimately mixed
in the cyclone collector. The mixture of seed is measured continuously by
noting the total weight of the cyclone collector.

From the cyclone collector the seed mixture is fed to the pressurized seed
lock hopper system and then to the MHD combustor.

The seed regeneration plant receives steam, cooling water and hot flue gas
from the MHD-ETF cycle and utilizes these in the chemical process. Other
chemicals required are brought ‘n by truck.

3.3 SYSTEM HEAT AND MASS FLOW

An overall heat and material balance for the integrated system is shown in
Figure 3-3.

Flue gas from the MHD-ETF is used as a source of carbon dioxide (CO2) in the
the Engel-Precht Process. It is tapped off the main flue gas stream after the
induced draft fans at 2319F., The temperature is too high for use in the
process directly so it is passed through a gas to air heat exchanger to reduce
the temperature to the required 1500F.

Flue gas is also used as a source of heat to dry the product fram the
Engel-Precht Process. High temperature flue gas is tapp~d off the main stream
after the ESP at 4819F, A booster fan moves the gas through a rotary dryer
mixing it with wet seed from the process. The seed is tumbled and mixed with
the hot gas driving off surface moisture and bound moisture.
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The Engel-Precht seed reprocessing system requires steam which it uses in
several ways, such as to evaporate water from a chemiocal product or oreate a
vacuum in a process oontainment vessel by means of an eductor. The Engel-
Precht Prooess utilizes two steaa conditions - 100 psig and 60 psig dry and
saturated.

When overating in conjunction with the MHD-ETF plant all the utilities will be
supplied by the Topping and Bottoming Cycles - the electricity, the cooling

water, the heat and CO> from the flue gas and the steam. This steam is
normally extracted from two points on the main steam turbine.

To back-up the extraction steam supply from the main turbine (should there be
any malfunction, or if the plant is down) the Auxiliary Steam System (SDD-051)
can be relied upon to take over this function.

The Auxliary Steam System has sufficient capacity to handle the flows required
by the Engel-Precht Process. The boilers are nominally rated at 100 psig,
3500F whic is slightly superheated. The 60 psig steam is obtained by pressure
rsduction of the 100 psig steam, and if there is any objections to the slight
amount of superheat, spray water can be added in &z de-superheating station
which will take care of this condition.

In either case, using the extraction steam from the main steam turbine or
obtaining the steam from the Auxiliary Steam System, the make-up water
requirements to replace the approximately 21,000 1b/hr of steam will be the
same.

An external cooling water source is required and is supplied from the
circulating water system, cooling tower complex.

Raw materials for the Engel-Precht Process are spent seed, flue gas (CO2),
steam and various chemicals. The end product is reprocessed seed (wet K2003)
and waste products such as minerals and flue gas depleted of CO»>.

3.4 ETF IMPACTS

3.4.1 Impact on Plant Efficiency

Integrating the seed reprocessing unit into the ETF cycle reduced the steam
turbine generator power produced because of the new steam extractions for
process use and because of the increased steam extraction required for
feedwater heating. The increased feedwater heating was required to offset
heating that previously was done by the flue gas in *he economizer in the CDER
design. In the integrated system, this flue gas is now extracted for
reprocessed seed drying. In addition, auxiliary power was increased to meet
the electrical requirements of the process equipment and to supply the power
requirements of the necessary support systems, such as added cooling tower
power requirements because of heat rejection due to process influence, and
feedwater power requirements necessary to supply the additional water for the
steam extractions for process use. The net result was that plant gross power
decreased and auxiliary power increased. Net power output decreased 4.7 Mie
for constant heat input (coal flow). Table 3-1 summarizes the plant
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TABLE 3-1
ETF PERFORMANCE SUMMARY FOR INTEGRATED
ON-SITE SEED REPROCESSING CYCLE

Seed Reprnressing included Yes No

(CDER Design)
Gross Power, kW 213,192 215,130
Auxiliaries, ki 15,556 12,780
Net Power, kW 197,636 202, 350
Coal Heat Input, kWt 531,974 531,974
Plant Efficiency, » 37.15 38.03

Plant Heat Rate, Btu/kWh 9,185 8,972
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performance for the ETF cycle with and without on-site seed reprocessing. As
oan be readily seen on Table 3-1, the integration of seed reprooessing into
the ETF oycle will produce nearly an 0.9 point drop in plant efficiency and
nearly a 5 MW decrease in net power output. However, these impacts are offset
by an operating expense savings of not buying fresh seed which results in a
small decrease in the cost of eleotricity.

3.4.2 Impact on Equipment

Adding a seed reproocessing unit to the site will result in more equipment,
structures, conveyors, piping and duct work which will raise the total cost of
the MHD-ETF. Adding equipment will also add to the complexity of operating
the plant. On the other hand bYetter control can be exercised over seed
managenent and seed quality.

In order to integrate the seed regeneration plant with the present ETF design

a few additions and resizing of existing equipment must be done. The major
changes include:

o Increasing the size of the cooling tower by 2.0 percent to provide
cooling water to the seed regeneration plant.

0 Increasing the plant makeup water system by 2.0 percent since the seed
regeneration plant's condensate will be used as makeup process water.

o Extending two steam lines approximately 500 feet each from the turbine
building to the reprocessing plant to provide process steam.

0 Addition of a 600 feet belt conveyor to transport the wet seed to the
dryer.

o Reconfiguring the steam turbine to extract steam for the reprocessing
plant. This should have no impact on turbine cost.

Table 3-2 summarizes the cost impact of these changes.
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TABLE 3-2
ADDITIONAL ETF EQUIPMENT COSTS

Equipment Additional Cost ($)
Reconfigured Steam Turbdine None
Cooling Tower : 100,000
Plant Makeup Water Systea 20,000
Steam Lines 300,000
Seed Conveyor 100, 000
4.0 COMPARATIVE ANALYSIS OF ON-SITE VS OFF-SITE SEED REPROCESSING
4.1 COST OF ELECTRICITY

A comparison was made of the effect of on-site and off-site seed regeneration
to the base case i.e. the MHD-ETF CDER which assumes purchasing of seed with
no regeneration.

SDD-342 of the MHD-ETF CDER assumes the 16,821 1b/hr of spent seed is
recycled, and that 11,068 1b/hr of spent seed will be sold or trucked off-site
for reprocessing.

In order to establish a base case for comparison purposes, it will be assumed
that the required K3CO; will be purchased on the open market for $525/ton,
plus $21/ton delivery based on a 300 mile distance, or a total of 27.3 ¢/1b at
the plant. Also, it will be assumed that the spent seed can be sold for
2.5¢/1b.

Although every attempt has beer. made to make assumptions which are consistent
with the information contained in the MHD-ETF CDER, the following cost
information is presented for comparison purposes only within the context of
this seed reprocessing study:

Purchase On-site Off-site

of Seed Regeneration Regeneration
ETF Capital Cost, 1000$ 349,500 350, 000 349,500
Engel-Precht Capital Cost, 1000$ - 19,600 22,500
ETF O&M Cost, 1000$/yr 17,500 17,500 17,500
Engel-Precht 0&M Cost, 1000$/yr - 2,900 5, 400
ETF Fuel Cost, 1000$/yr 4,100 4,100 4,100
ETF Seed Cost, 1000$/yr 12,400 0 0

ETF Seed Credit, 1000$/yr (1,600) 0 0
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Purchase On-site Off-site

of Seed Regeneration Regeneration
Plant Rating, KW 202, 350 197,636 202, 350
Plant Heat Rate, Btu/KWhr 8,972 9,185 8,972
Capacity Factor, hr/yr 5,698 5,698 5,698
Fixed Rate Charge, /gr 0.22 0.22 0.22
Unit Fuel Cost, $/100Btu 0.40 0.40 0.40
Use Rate of K2C03, lb/hr 7,992 0 0
Surplus Rate of gpent Seed, lb/hr 16,821 0 0

Table 4-1 compares the effect on cost of electricity of on-site and off-site
regeneration on the cost of electricity. On-site regeneration reduces cost of
electricty by 0.8 mill/KWhr compared to the purchase of seed. Off-site
regeneration of seed reduces the cost of electricity onlv half as much. This
is due primarily to not being able to make use of the economics of scale of
the integrated plant is providing steam, cooling water and carbon dioxide.

TABLE 4-1
COMPARISON OF THE DIFFERENCE IN THE COST OF ELECTRICITY

FOR ON-SITE AND OFF-SITE SEED REGENERATION
VERSUS THE BASE CASE OF PURCHASING SEED

On=-Site Versus Off-Site Versus
Purchase of Seed Purchase of Seed
(mills/KWhr) (mills/KWhr)
ETF Capital Cost +1.7 0.0
Engel-Precht Capital Cost +3.8 4.3
ETF O&M Cost +0.4 0.0
Engel-Precht O&M Cost +2.6 8.7
ETF Fuel Cost +0.1 0.0
ETF Net Seed Cost -9.4 -9.4
TOTAL DIFFERENCE -0.8 -0.4
4,2 OVERALL IMPACT ANALYSIS
4.2.1 Technical and Economic

Estimates of the impact of added ash flow on combustor performance have
indicated that flame temperature and conductivity decrease by 159 and

4.6 percent respectively. However, a detailed analysis of the chemical and
physical changes taking place in the gas stream was not carried out.
Unfortunately, without such an analysis, the impact of seed regeneration on
the performance of the topping cycle cannot be estimated with a high degree of
confidence.

In view of the fact that seed regeneration will have a significantly greater
impact on the bottoming cycle, a detalled analysis of the impact of seed
regeneration on this cycle was carried out. The net result of integrating the
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seed reprocessing plant into the ETIF oyole was found to be a 0.88 point drop
in efficiency (from 38.03 to 37.15) and a 4.7 MW decrease in net power output.

The total plant invoahonﬁ for the Engel-Precht process in sarly 1981 dollars
is $19,594,000, and an additional $520,000 is required because of necessary
changes to the ETF system.

The net effect for the on-site plant of the increase in ocost and reduction in
efficiency versus the savings on purchased seed is a small decrease in the
cost of electricity of leas than one peroent (0.8 milla/Kwhr). For the off-
site non-integrated nlant, the decrease in the cost of electricity was
smaller, less than one-half percent (0.4 milla/Kwhr). The relatively small
difference between cost of electricity probably means that economics along
will not decide the seed reprocesaing option but other factors will also be
important (i.e., technical risk, state of development of the proocess,
complexity of the plant, financial analysis, etc.).

Based cn the assumption that spent seed is available at no cost, that only
capital costs of process equ.,aent are included, and that steam, electric
power flue gas and cooling water are readily available at low cost from the
ETF plant, then K5C03 can be produced for as little as 19.1¢/1b. In fact, the
cost of production will be higher than this depending upon the accounting
procedures employed. The most satisfactory method of evaluating the various
seed regeneration options is to make a decision based upon a comparison
between the cost of electricity for the integrated plant and the cost of
electricity assuming that K2003 is purchased on the open market. This
comparison was made and the cost of electricity was found to be independent of
the seed reprocessing method as shown below:

Relative Cost Power Plant
Case of Electricity Efficiency
No Regeneration
(CDER Design) 1,000 38.03
On-site Regeneration 0.992 37.15
Off-site Regeneration 0.996 38.03

4.2.2 Environmental

Taking the environmental impacts of handling spent seed in an on-site seed
regeneration plant integrated with a MiD topping plant and a steam bottoming
plant as a base line, the envircmmental effects of handling spent seed
off-site can be compared.

The first off-site option to be considered is sale of the spent seed. This
will require the mining of potassium sulfate, processing it to potassium
carbonate, transportation of make-up seed to the MHD site, and transport of
the spent seed to its place of use, all of which have negative envirommental
impacts. However, as an offset, the spent seed will be a replacement for some



Engineering Study 304
Page 51 of 59

virgin potassium sulfats, 80 that less virgin material aust be mined, no
processing will bs required, and transportation to the site of sulfate use
will be reduced. On balance, a alicht inorease in envirommental impacts will
occur if spent seed is sald.

Another off-site option is direct disposal. Environmentally, this is a poor
option. Make-up seed will again be needed, no offset will be available, and
land will be taken for landfill purposes. The landfill, since it oontains
soluble potassium sulfate, has a potential for groundwater pollution.

Leachate collection and treatment will be required. Transportation associated
eaissions will increase. Overall, air, land, and water pollutant emissions
will increase as compared to on-site spent seed regeneration.

Finally, the case of off-site regeneration is an independent plant remains.
Trucking of spent seed from the MHD site to the regenaration site and return
of fresh seed will cause an increase in trucking air emissions. Independent
plant requirements for a boiler and a ocooling tower will result in an increase
of emissions as compared to on-site regeneration. Off-site combustion, even
though of oil, will release more SO, than will MHD coal combustion on-site.
Emissions of NO, may or may not be reduced by off-site combustion as compared
to on-site, depending on the control method used at the MED site and the
possible use of low NOx oil burners off-site. Particulate emissions may be
reduced by off-site regeneration. The preparation of boiler feed water and
cooling tower water off-site will result in the emission of more water and
land pollutants than will preparation on-site due to the inverse economics of
scale. Off-site regeneration wastes will be identical to those from on-site
regeneration but transportation to final disposal may or may not result in
additional air emissions, depending on the relative location of the MHD,
regeneration, and waste desposal sites. Utility requirements of an off-site
plant will roughly balance those required from the MHD plant by an on--site
plant, but since the off-site plants may get them from sources of lower
efficiency than an MHD plant, the emissions from their sources can be expected
to increase. Considered together, the above analyses indicates that off-site
regeneration will result in increased environmental impacts as compared to on-
site regeneration. Off-site regeneration, however, is preferable to sale or
disposal of spent seed from an envirommental standpoint.

4.2.3 Recommendations

A detailed analysis of the chemical and physical changes taking place in the
gas stream should be carrie:d out in order to assess the impact of seed
regeneration on the performance of the topping cycle.

Various possibilities for extracting low grade heat from the ETF power plant
were considered, but in all cases, the impact on net plant efficiency or on
equipment cost (due to inadequate temperature differences) could not be
justified in terms of reduced cost of electricity. Due to the limited scope
of this study, these analyses wers based on heat and material balance
calculations, enginearing judgement, and current ocommercial practice. The
interface between the power generation cycle and the Engel-Precht Process
should be examined in greater depth in order to make sure that all low grade
heat is being used in the best possible way.
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The difference in the total costs for the integrated and off-gite cases was
estimated by taking major impacts into oconsideration. The result, based on
first year costs, was a small difference in cost of electricity. In view of
this small difference, a firast year financial analysis study should be ocarried
out in greater detail and a levelized costing analysis should de included.
However, prior to initiating such a study it would be advisable to carry out
an on-site integration study for the Formate Process in order that the Formate

and Engel-Precht Proocesses can be compared using the same financial analysis
parameters.

Both the RCC study and this study were based on an approximate spent seed
composition. A spent seed composition based on the impurity rejection
capabilities of the selected Engel-Precht or other process should be
established before carrying out a detailed engineering evaluation of that
process. Detailed snergy and mass balances for the integrated plant should
then be developed.

The heat and material balance for the Engel-Precht Process which was generated
by RCC and scaled in this study employed an overall approach. A heat and
material balance over each item of equipment should be carried out during any
future process design study.

5.0 ASSESSMENT OF PROCESS CHANGES

5.1 DISCUSSION OF PROCESS CHANGES

Gilbert Associates has conaidered several changes in the Resource Conservation
Company's seed regeneration process. They are as follows:

Sodium Rejection

If sodiunm is not separately rejected, Module II can be removed from the RCC
process flow diagram. In this case, the overflow from the Module I settling
tank will pass directly to the KCl makeup tank in Module III. The settling
tank temperature should be raised from the 729F indicated by RCC to 1109 to
prevent KCl precipitation. The filtrate will now carry an increased amount of
NaCl along with the other dissvlved solids, since Module I will become
saturated with NaCl. An approximate calcuiation indicates that it will
require 27 to 30 hours of operation to saturate the system. This calculation
assumed that NaCl and KCl solubilities are as given in Figure 6 of

Raference 1,

Once saturation is obtained, NaCl will precipitate in Module I, being less

soluble than the chlorides of potassium and calcium, and will exit the process
in the filter cake.

Subsequent modules will run unsaturated because addtional process water is
added. Sodium chloride will be carried out of the system via water in the
centrifuge cake in Module III. According to Gilbert's assumptions and
scaling, and at steady state, this will increase the amount of NapCO3 recycled
to the MHD plant from 2,435 lb/hr to 3,336 1b/hr, as shown in Figure 5-1.
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Elimination of Module II will have little effect on the need for process
water. The ef'fect on oooling water is less clear at this stage. Elimination
will reduce the demand for cooiing water in the module by about 1/3 of the
total demand. However, elimination will also remove the demand for stesa from
Module VII previously used in Module II. If another use for this steam can
not be found, it must be condensed for use as prooess water. This would
require about a 1/3 increase in cooling tower duty, resulting in approxisately
no overall change in oooling tower capacity.

A considerable reduction in horsspower requirement will ocour if Module JI is
eliminated. At least 1,100 horsepower will no longesr be needed, representing
about a 42 percent decrease in power demand.

One unfortunate result of the slimination will de the rejection of soluble
sodium chloride in the previously insoluble waste atreaz from the Engel-Precht
plant. The former 22,180 1b/hr insoludble waste stream will now ocontain

1,769 1b/hr of NaCl in a stream of 26,140 1b/hr that is 50 percent water.

Process Water

Resource Conservation Company assumed 3 percent water in the centrifuge cakes
and 20 percent in the filter cake. GAI experience with coal ash, flyash, FGD
sludges, and even such nonaqeous systems as SRC solida/organic liquid
separation, indicates that liquid removal from finely divided solids is
difficult. Therefore, based on this experience, the water content of the
cakes has been estimated at 25 percent in the centrifuge cakes and 50 percent
in the filter cake. This will result in a net increase in process water
requirement of 11,000 1b/hr for the GAI assumption over that obtained by
directly scaling the Resource Conservation Company's material balance.

The condensate obtained from the steam provided from the MID topping plant
will become contaminated with process salts in the vapor compression
evaporators, and will require some cleanup before it can be used for boiler
feed water again. However, it is eminently suitable for use as proceas water.
Accordingly, GAI has proposed that it be s0 used. This will require the MHD
plant to slightly increase its output of boiler feed water. This also removes
the necessity for a small process water treatment unit in the regeneration
plant or the use of potable municipal water as prooess water.

If regeneration occurs off-site, a regeneration plant boiler and cooling tower
will be needed, which will require a water treatment unit. Use of condensate
as process water is still recommended with an accompanying increase in the
size of the water treatment unit.

Seed Drying

Anhydrous potassium carbonate is a hygroscopic solid that must be protected
from atmospheric moisture in order to prevent difficulties in handling. The
sesquihydrate does not suffer from this drawback. It is assumed that the
regeneration process will produce the hydrate rather than the anhydride as
shown in the RCC report. Consequently, the dryer ahould bes located as near
the MiD combustor as possible. This will take advantage of case of
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transportation of the hydride, ready availadbility of MHD flue gas for drying,
and minimum handling of hygroscopic anhydride.

In the case of off-site regeneration, dryer location at the MHD topping plant
30 as to use the MHD flue gas is even more essential. Otherwise, the heat
needed for drying will have to be obtained from expensive fusl oil instead of
inexpensive coal. Additionaly, the regeneration plant boiler would have to be
approximately doubled in size to supply the heat required.

Evaporators

An approximate calculation of the amount of steam made in the two .apor
compression evaporators was compared to the stean consumption needed tor
multiple effect evaporators, assuming that one pound of iuput steam to the
latter will evaporate three pounds of water. This latter energy inpu* wWas, in
turn, compared to the energy nesdsd to run the vapor compreasor aotors. The
stean en«urgy requirement was about 1.5 times the electric energy requirement,
leading to the oonclusion that the selection by RCC of vapor compression
evaporators cver multiple effect evaporators is correct.

5.2 COST AND EFFICIENCY IMPACTS OF PROCESS IMPROVEMENTS

The use of multiple effect evaporators instead of vapor compression
evaporators would result in a decrease in the electric plant efficiency of
0.15 points, which causes a reduction in net power output and an increase in
the cost of electricity of 0.42 percent. Therefore, this change should not be
made,

The location of the seed dryer at the ETF instead of at the Engel-Precht plant
will result in a shorter flue gas duct run, thus its impact will be beneficial
from the standpoint of capital costs in all cases. This is reflected in the
costs in Table 5-3.

The impact of increasing the process water content of the cakes will be
reflected in the operating and maintenance costs of tha regenera*ion plant,
due to an increased demand for nrocess water. This water is obtained from
process steam. This could increass the cost of electricity by not more than
0.53 percent which i3 not significant, being much less than the uncertainty in
the assumptions and data used in the calculations.

The removal of Module II results in a 33 percent decrease in the capital cost
of the regeneration plant, as shown on Table 5-1. Operation and maintenance
cost are dec eased by only 3.5 percent, as shown on Table 5-2. These two
tables allow the costs of KpCC3 regenerated and of electricity to be
calculated, using the methods of Sections 2.5.1 and 4.1.1.

Table 5-3 shows the results of these calculations. The reduced capital cost
of a regeneration plant without Module II reduces the cost of KjCO3 enough to
overcame the smaller reduction in electric piant efficiency, so that the cost
of electricity is reduced by 2.6 mill/kWh or 2.7 percent. This reduction is
within the uncerta‘nty ban but does indicate that if technically feasible this
could be a more cost effective seed regeneration option.
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5.3 RECOMMENDATIONS

The effects of a number of proceas changes on the RCC design were evaluated,
but the only change that had more than a minor effect on cost and performance
was the removal of the module to separate sodium from the spent seed. Sodiwm
is an inpwrity in the coal in the sense that it has a higher ionization
potentis. than potassium. Potassium is preferred in order to achieve the
necessary plassa conductivity in the MHD channel. However, in the final
analysis, the extent to which sodium must be removed will depend on a
trade-off between the impact of sodium oon.entration on the cost (due to lower
efficiency) of the ETF plant and the oost of sodium rejection equipment.

A detailed analysis of the effect of seed composition on the MHD toppirig cyocle
should be carried out. At the same time, the Engel-Precht Process should be
redesigned assuning the removal of the sodium rejection mcdule. These
analyses should be iterative in the sense that the spent seed oomposition
assuned as a starting point for the process analysis study should be
consistent with the composition of the recycle stream oalculated on the basis
of the changes in chemical composition which take place in the MHD channel.
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CAPITAL COST3 OF THE ENGEL-PRECHT PROCESS
WITH AND WITHOUT SODIUM CHLORIDE NEJECTION

Yast No
$ 5,346,000 $ 3,578,000
1,550,000 __1.438,000
6,896,000 4,616,000
4,620,000 093,000
11,516,000 7,709,000
3,234,000 2,165,000
14,750,000 9,874,000
1, 180,000 790, 000
398, 000 247,000
16, 328,000 10,911,000
3,226,000 2,182,000
19,594,000 13,093,000
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Plant Capacity:

ANNUAL OPERATING AND MAINTGAANCE COSTS FOR SEED
REPROCESSING WITH AND WITHOUT SODIUM CHLORIDE REJECTIONS
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TABLE 5-2

(M48)

11,000 1bo/hr Spent Seed

Annual Availability: 65,698 hrs/nr
NaCl Rejection Yost®

Raw Materisls

Lime, ST 0.481

Potassius Chioride, ST 0.216

Magnesia, ST 0.012

Hydrochloric Acid (36%), ST 0.452

Freight, ST, ST/ai 0.420
Utilities

Power, kWh 0.529

Cooling Water, gal 0.093

Steam, 1b

60 paig 0.629
100 psig 0.239

oaM

Operating Personnel, hr 0.596

Supervision 0.119

Maintenance 0. 461

Insurance & Taxes Allowance 0. 196
Waste Disposal

Cypsun and Flyash, ST 0.190
GROSS OPERATING, MM$/Yr 4.633
By-troducts Credits

Sodium Chloridae, ST (0.251)
NET OPERATING, MM$/Y¥r 4,382

¢ From Table 2-~3

No

0.48%
0.216
0.012
0.452
0.420

0.328
0.093

0.629
0.239

0.596
0.119
0.461
0.1

0.205

4,229

4,229
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TABLE 5-3

COMPARISON OF ECONOMICS OF ON-SITE SEED
REGENERATION WITHOUT MODULE II(a)

Electric
Relative Plant Efficiency
Case Cost of Electricity (%)
No Regeneration
(CDER Design) 1.000 38.03
On-site Without Mcdule II 0.973 37.33

(a) see section 4.2.1 for economics with Module II included.

1.

REFERENCES :

Resources Conservation Company, "MHD Seed Regeneration, the Modified
Engel-Precht Process, Task #2 Report," for U.S. Department of Energy,
Argonne, Illinois, May 1981.

Gilbert Associates, Inc., "MHD-ETF 200 MWe Power Plant Conceptual Design
Engineering Report,” fcur volumes, for NASA Lewis Research Center,
Cleveland, Chio, March 1981.

Resources Conservation Company, "MHD Seed Regeneration Formate and Engel.-
Precht Processes Tasx #1 Report," for U.S. Department of Energy, Argonne,
Illinois, February 18, 1980.
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ATTACHMENT A
NEW DATA SUBMITTED BY RCC

Engel-Precht - 450 M, Rosebud Coal

Overall Water Balance

IN 1b/ oyt 1bs/hr

24 661 4 3,353

25 2651 7 49

28 3500 22 1,101

31 860 25 2,651

35 2608 41 © 50,835

36 465 42 3,652

37 9721 43 43,626

39 30998 4y 8,165

40 19083 Flash from 37 202 Ses Below

54 49807 Cond. into 38 5,102 Condensed into

Cond. into 53 1.156 Cooling Water
Total 120,354 102, 492 in Barometric

Condensers
A = 138 1b/hr (Within rounding error)

Water flashed from 37

IN 9721 (1)(80-32) 466,608 Btu/hr

ouT (9721 - m)(1)(58-32)
+ (m) (1086.9)

252,746 - 26m
1,086.9 m
1060.9 m + 252, Tub

m = 202 lbs/hr
Water condensed into 38

IN  212,18% (1)(80-32)
+ o (1112.7)

10, 184,688
1,112.Tm
1112.7m + 10, 104, 688

OUT (212, 181 + m)(1)
(105-32)

73m + 15,489,213

m = 5102 1b/hr



ATTACHMENT A (Cont'd)

Water condensed from 33

19083 (1)(9u32)

IN 40
3681 (1154.2) + 2086 (.21)(222-32)

33

OUT Bottoms to Decomp. = (19083 + m)(1)(180-32)
Overhead to Cond. = (3681 - m)(1138.2)
+ 2086 (.21)(180-32)

m = 1579 1b/hr
Water condensed into 53

N
Overhead from D.C. Heater

2102 (1138.2) + 2086 (.21)(180-32)
53 = 77040 (1)(80-32)

our

Overhead to compressor (pre-34)

2086 (.20)(B5-32) + (2102 - m)(1096.8)
Bottom (C.W. Return)

(77040 « m) (1) (105-32)

m = 1756 1lb/hr

Engineering Study 304
Page 2 of 3

= 1,183, 146 Btuw/hr
= u.iiha‘lz

5,514,
= 148m + 2,824,284

7907 ? 31 - 990-2‘

2,457,329

2,621,220
» 155,249

2,331,871 - 1098.6a

T3m + 5,623,920
71955,791 - 1025-&
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ATTACHMENT A (Cont'd)

Engel-Precht - 450 MW_, Rosebud Coal
- NaC1/KC1 Fractional Crystallizers
- Overall System Heat Balance

« b = 22924(1)+(34957-22924) (.25) (224-32) = +4,978,992
- Condensate = 14957(1)(170-32) =z -2,064, 100
-7 =z 49(1)+(1599~-49)(.25)(190-32) = - 68,967
-8 =z 259(1)+(8901-259) (.25) (130-32) = - 237, 1M
+ 25-Return = mA = 2651 (957.4) z +2,538,067
+ 36 = 465(1) (190-32) =+ 73,470
- 38 AH = 212,181(1)(80-32)=-(212, 18145102)
- 48 x 2673(1)+(4514-2673)(.25)(163=-32) = = 410,456
+ Heat of crystallation (see next page) = + B99,6
NET SURPLUS HEAT + 32,597

This would be withia rounding error
involved (+8.5 x 10 Btwhr).

Heat of Crystallization
NaCl(e)

NaCl(aq)
Heat of Crystallization

Heats of Formation

== i,e. this is 0.38% of the total heat

-98.23 keal/gmole
0

5093

{exothermic)

Heats of Formation KCl(c) = ~104.18 keal/gmole
KCl(aq) = =100.06
Heat of Crystallization = - §.12 (exothermic)
- kecal 1_ gmole -

AHx (NaCl) = (0.93 -—gmole) (3.97 Btu/Keal) (-5-8_._5 g ) (454 g/1b) = 28.7 Btu/lb
Mix (KC1) = (k.12 ) (3.97 ) epg ) (454 ) = 99.5
To heat given off to surroundings

(28.7 Btu/lb) (1374 1b/hr) + (99.5 Btu/1lb) (8642 lb/hr) = 899,673 Btwhr
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TITLE: Impact of New Magnetic Field Exclusion for Personnel Access

An evaluation was made of the technical and economic impact of the new

Rev,

4 T,

magnetic field excluaion guidelines, as specified in Specification AUUN2,

D, of SDD-503, on the ETF conceptual design (Referencs 1),

FINDINGS:

Plant layout changes can be made to satisfy the requirements of the
aforementioned magnetic field exclusion guidelines.

1)

2)

3)

4)

5)

The cryogenic and vacuum support equipment for the magnet can be
relocated to meet the DOE Guidelines (Reference 2) with only minor
changes to the plant layout.

High maintenance components are not located within the 0.01 tesla
magnetic fringe boundary which require periodic maintenance during power
operation of the MID generator. Consolidation equipment is suitable for
operation in the 0.25 tesla fixed magnetic field.

System components, piping, and ductwork located within the high magnetic
fielids of the magnet are fabricated of stainless steel or other non-
magnetic materials.

The MHD Building crane can be repositioned to a new storage location
which is outside the 0.01 tesla boundary. In this new location, there
are no significant magnetic forces on the ferro-magnetic crane
components.

The increase in overall plant cost for the proposed plant layout changes
for this study is $845,000 or approximately 2.5 percent of the estimated
total ETF plant cost listed in the CDER,

RECOMMENDATIONS:

It is recommended that this study's alternative plant layout and equipment
arrangement be incorporated into the ETF plant design. The features of this
alternative layout arrangement are outlined on:

GAI Sketch No. 08-8270-C-671-025 (Proposed Plot Plan)

GAI Sketch No. 08-8270-C-671-026 (Proposed MHD Building Layout)

GAI Sketch No. 08-8270-C-671~-027 (Proposed Storage Location of MHD Building
Crane)
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PROCEDURE :

The MHD-ETF plant layout drawings and the ETF topping side SDD's were reviewed
to determine the extent of the following potentiai problem areas:

1) The location of high maintenance items, such as pumps and compressors, in
high magnetic fringe fields (> 0.01 tesla) where personnel access would
be limited to less than 1 hour per work day during plant operation.

2) The location of electrical components and instruments in high magnetic
fringe fields where the operation of this equipment could be adversely
affected and where personnel access would not be possible for periodic
checkout or maintenance during plant operation.

3) Large components fabricated from magnetic materials and located close to
the magnet (< 70 feet) would be subjected to large magnetic force
loadings which would require special consideration in the design of the
supporting structures.

4) The stored location of the MHD Building crane as shown on GAI Layout
Drawing No. 8270-1-310-010-002, Rev. 1, is within a high magnetic field
zone which results in large magnetic forces on the crane components and
the supporting crane rails and columns. Repositioning of the crane will
be considered so that its stored location during plant operation is
outside the high magnetic field areas (< 0.01 tesla).

The plant layout was also reviewed to determine the impact of the new magnetic
field boundaries (shown on NML Drawing No. Diluluy, Rev. B) on all equipment
located in the MHD Building and on components in adjacent buildings that are
close to the MHD Building walis,

The equipment and plant layout changes generated by the magnetic field
exclusion study were evaluated to determine the total increase in ETF plant
cost.

DISCUSSION:

The superconducting magnet in the ETF plant design will, when charged, produce
relatively high DC magnetic fringe fields in the region around it. This
requires special consideration with respect to the layout of high maintenance
items. These items are in supporting systems interfacing with the topping
side components. A major aspect of this study is the prorouv:d relocation of
the cryogenic and vacuum support equipment for the magnet in order to meet the
new magnetic field exclusion guidelines as outlined in Reference 2.

The system design description for the Magnet System (SDD-503 of the CDER)
contains the data and drawings that specify the required layout scheme for the
magnet cryogenic and vacuum support equipment. Included in the attachments to
SDD-503 are (1) Specification A-4U442, Rev. D, (Reference 2), and (2) NML
Drawing No. D-U4445, Rev. A, which shows the recommended layout configuration
for the magnet support equipment. It is noted that this NML layout includes
the addition of several components which were received after the CDER drawings
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were prepared. These ilems are not shown on the CDER layout for these magnet
supperting systems (see GAI layout Drawing 8270-1-310-010-001, Rev. !). These
components include a second gaseous helium storage tank, vacuum pump package,
utility vacuum pump package, and a hydraulic pump package. For the
"roll-aside®™ magnet scheme (for channel replacement), the NML layout shows the
addition of a utility boom and pedestal, and two hydraulic actuators at the
magnet. In addition to the above described equipment changes, electrical
support components for the magnet have been arranged so that three electrical
panels (Dump Resistor & Circuit Breakers, Rectifier & Diodes, and Transformer
& Controls) are replaced by two electrical parels (Power Supply Package and
Dump Resistors).

The investigation results accommodated the aforementioned NML layout
configuration as shown on GAI Sketch No. 08-8270-C-671-026, Rev. O. This new
layout can be accommodated by incorporating the following minor layout changes
(see GAI Sketches Nos. 08-8270-C-671-025, Rev. 0, and 08-8270-C-671-026,

Rev. 0):

1) Relocation of the Coal Preparation Euilding from column lines 1e-2 "o
1-1e (28 feet to the west),

2) Relocation of the Yard Coal Crusher House a distance of 28 feet to the
~west., This change is required to maintain the same inclination of the
coal belt conveyor between this building and the Coal Preparation
Building.

3) Slight rotation and change in total lengths of the coal belt conveyors
between the 30-day coal piles and the Yard Coal Crusher House.

4) Providing an outdoor location for the gaseous helium storage tanks
(Item 50 on GAI Sketch No. 08-8270-C-671-025, Rev. 0).

This new layout configuration for the magnet support equipment meets the
requirements specifiea on NML Drawing D445, Rev, A, and outlined in the NML
Specification A4442, Rev. D. The powered components, such as the pump
packages and liquifier/refrigerator, are relatively high maintenance items and
are, therefore, located outside the 0.01 tesla boundary where approved
personnel access is allowed for 8-hour workdays, 5 days per week. This
exclusion guideline also applies to electrical and instrumentation components
that require frequent inspection and/or maintenance, Some instrumentation may
be located within the 0.01 tesla boundary; however, the moving parts of these
instruments must be constructed of non-magnetic materials. From an
operational standpoint, the length of piping and electrical cables between
functionally adjacent components are maintained as short as possible. These
lengths are the same or less than the corresponding distances shown on the NML
suggested layout configuration. Therefore, it is concluded that the proposed
GAI layout ror the magnet support equipment (Sketch No. 08-8270-C-671-026,
Rev. 0) satisfies the latest operational and magnetic field exclusion
requirements for the ETF plant.

Since the 0.01 tesla boundary is within the Coal Feed and Seed Feed Buildings,
it is recommended that any active equipment (powered components which have
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moving parts or subassemblies for the performance of their intended functions)
and other high maintenance items in these buildings be located outside of this
magnetic fringe boundary. In addition, it is recommended that security-type
barriers with warning signs be placed along the 0.01 tesla boundary line and
that "Supervisory Administrative Control™ be used to limit approved personnel
access into this area (>0.01 tesla) to 1 hour per workday as specified in
Reference 2. Acceas to the MHD Buildiug via the railroad tracks should also
be included in "Supervisory Administcrative Control." Access should be limited
to time periods when ths magnet is not operating.

As indicated in Reference 2, access for unapproved personnel shall be limited
to areas where the magnetic field iz less than 0.0005 tesla (no time limit).
Therefore, it is recommended that appropriate caution signs be permanently
installed around the entire periphery of the plant island (area enclosed by
the security fence) to indicate that access is for approved personnel only.
In addition, any access to the plant island should be closely controlled ns
specified in "Supervisory Administrative Control."

The second phase of this study involved the investigation of the magnetic
force interactions between the charged magnet and magnetic materials close to
the magnet (< 70 feet). Topping side components in the immediate vicinity of
the magnet (< 70 feet) are fabricated from non- magnetic materials, Items
that interface with the topping side components and are in the immediate
vicinity of the magnet, such as piping, valves and ductwork, shall also be
non-magnetic materials. The combustor slag collection tanks and the
associated piping and valves are fabricated from stainless steel or other
non-magnetic materials.

The CDER layouts for the MHD Building, GAI Drawing Nos. 8270-1-310-010-001,
Rev. 1, and 8270-1-310-010-002, Rev. 1, were revicwed by the MHD Magnet Group
of the Francis Bitter National Magnet Laboratory to determine the maximum
magnetic force loadings on the structural members, crane rails and supporting
columns for the 150-ton MHD Building crane. Based on this review, the
National Magnet Laboratory reported a maximum magnetic force of 0.75 "g"

(0.75 times the force of gravity) applied to a supporting column for the fixed
crane rail located east of *‘he magnet. This supporting column is located
closest to the magnet centerline (approximately 40 feet), and the magnetic
force on the column is applied horizontally at a height equal to the elevation
of the magnet horizontal centerline. It was concluded that the relatively low
magnetic forces exerted on the crane rail supporting columns can readily be
accommodated in the overall design of these structural members.

As shown on GAI Sketch No. 08-8270-C-671~027, Rev. O, the proposed stored
location of the MHD Building cranre will prevent the generation of any
significant magnetic forces between the crane components and the magnet when
the magnet is operational. However, it is recommended that the crane be
"locked™ in this position during plant operation so that the small magnetic
force: exerted on the crane components will not start the crane rolling
towards the magnet. This locking feature can be provided by incorporating
crane Jdrive electrical interlocks and/or physical stops attached to the crane
rails,
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The increase in overall plant cost for the proposed plant layout changes for
the magnetic field exclusion study is $845,000. Almost 90 percent of the
added direct costs are attributed to enlargement of the MHD Building. The
changes to the coal handling system and magnet support systems are so small
that cost changes are considered to be insignificant.

REFERENCES:

1. Volumes I and II, Magnetohydrodynamics Engineering Test Facility, 200 MWe
Power Plant, Conceptual Design Engineering Report (CDER).

2. Specification A4442, Rev. D, (from SDD-503), "MHD-ETF 200 MWe Power Plant
Magnet System, Interim Criteria for Personnel and Equipment Exposure to
Magnetic Fields", Issued by Francis Bitter National Magnet Laboratory,
M.I.T., Cambridge, MA.

ATTACHMENTS:

GAI Sketches:

08-8270-C-671-025, Rev. 0. Proposed Plot Plan - Magnetic Field Exclusion
Study (Task 305)

08-8270-C-671-026, Rev. 0. Proposed MHD Building Layout - Plan - Magnetic
Field Exclusion Study (Task 305)

08-8270-C-671-027, Rev. O Proposed MHD Building Layout - Section -
Magnetic Field Exclusion Study (Task 305)
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TITLE: Channel Replacement--Channel Downtime and Its Effect on System
Availability

SCOPE:

The effects of MHD channel reliability indices on system availability were
evaluated. Mean time between failures (MIBF) of the channel and the time and
techniques to place a new or repaired channel in operation were analyzed.
Frequency and duration of failure of the channel were compared with other
major subsystems to decide whether special efforts for improvement of system
availability were warranted.

FINDINGS:

MTBF of the channel was assessed nominally at 2,000 hours and outage time per
failurk was estimated at 45 hours. These times are comparable to those of
boiler systems in commercial power plants of the same rating. Channel
downtime would reduce plant availability by about 2 percentage points.

Channel MTBF of 3,000 hours with downtime per failure of 45 hours would result
in a 1 point decrease in plant availability.

RECOMMENDATIONS:

o MIBF of 2,000 hours is a necessary component accomplishment to avoid
deleterious effect on the power plant performance.

o Since assigned channel MIBF and outage times were comparable to those of
other subsystems in commercial power plants, extraordinary efforts to
improve MIBF or reduce outage time were considered not warranted.
Improvements, once the assigned level (for commercial operations) is
reached, can be evolutionary and in line with continuing design and
developmental effort applied to the other major power plant subsystems.

o Major factors in the selection of channel replacement techniques should
be:

- Minimal degradation of operating performance.
- Reliability and simplicity of replacement procecures.

- Efficient utilization of available space, equipment and manp:wer,.
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PROCEDURE:

The objective of the study is to estimate availability of the ETF Power Plant
and the effect of channel outages on plant availability. The basic procedure
is to caterrize the various kinds of outages that can occur and separate
them into those due to the channel and the rest of the power plant.

Power Plant Outages are classified as forced, maintenance or planned,

_ according to Bdison Electric Institute/National Electric Reliability Council
3 (EEI/NERC) definitions. Maintenance outages are those that cannot be
postponed beyond the next weekend and are necessary to preven® more serious
consequences, forced outages. Planned outages are scheduled well in advance
to coincide with system low load periods. In each category, outages can be
full or partial.

D Lo

Two indices are usually defined for the availability of a power plant. These
are: 1) operating availability, which is the proportion of time a power plant
was available for operation, without regard to the capacity level at which it
could be operated and whether or not it is actually operated and connected to
the system, and 2) equivalent availability, which accounts for partial outages
or capacity reductions by prorating the time on partial outage to an
equivalent full outage of a plan! »perating at full capacity. For example, a
4-hour reduction to 75 percent civacity is equal to a full 1-hour outage.

' Equivalent availability is a more realistic index of power plant productivity

and will be used in this study.

In a series system, i.e., a systen in which each component must be available
for the system tu be available, such as the ETF, forced outages, which ocecur
randomly, do not overlap. There is some overlap between components in
maintenance outages. During a planned outage, each component may be
maintained during that time interval so that the sum of component outage hours
can be several times the actual period the total power plant is on outage.
’ Because of this difference, it is necessary to consider planned outage hours
on a different basis for comparisons than forced or maintenance outage hours,
The product method, where component or subsystem availabilitien are multiplied
to obtain system availability. gives pessimistic and erroneous results due to
the overlapping outages and the lack of statistical independence between
component outage times,

~ Planned outage hours are considered separately in this analysis of the
' availability of the ETF Power Plant and the effect of channel downtime. It is
| estimated that the entire plant will be out of service for one month in a year
for planned maintenance, inspection and overhaul. These planned outage hours
should not be allocated among subsystems and components of the plant.

Forced outage and naintenance outage hours, however, were assigned to
subsystems of the plant. The data on these outage hours is availatle from EEI
publications on a unit year basis, Since power plant equipment, even in a
baseload plant, does not operate continuously throughout the year

(8,760 hours), it is not exposed to failure part of the year. The failure
rates on unit year basis are adjusted to account for this fact by multiplying
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with the plant service factor, typically 0.8 for units of the size of ETF,
The plant service factor is the proportion of calendar time the plant operates
at some net capacity.

Plant Availability is calculated on the basis of the total outage hours, i.e.,
planned, full and partial forced and maintenance. The unavailability
contribution of the channel is obtained directly as channel outage hours
divided by period hours (8,760 per year).

DISCUSSION:

Data on full forced and maintenance outages of bottoming cycle components was
obtained from EEI publication 76-85 (Reference 1). Data on partial outages
and on applicable components in the boiler subsystem was obtained from a
companion publication that lists outage hours on individual components
(Reference 2). The outage hours used for the bottoming cycle components are
realistic and include full forced, partial forced and maintenance outage
hours.

For components in the topping cycle other than the channel, Delphi-type
estimates made by project personnel familiar with MHD systems were used. The
Delphic method is a technique to solicit, synthesize, and correct or improve
individual and group judgement. A group of specialists supply estimates of
failure characteristics anonymously and are given an opportunity to revise
Judgements based upon estimates of the other experts., After a few iterations,
the estimates are averaged to obtain the final values for use in the
assessments. These Delphi-type estimates reflect best available engineering
Judgment regarding full and partial forced outages and maintenance
requirements. In the absence of any operating data, there is less confidence
in the estimates of performance of these novel components than in the
bottoming cycle data.

Nominal MTBF assigned to the channel was 2,000 hours. This places it in the
category of boiler subsystems for outage incidents per year. Outage time per
incident was evaluated at 45 hours. (Channel replacement sequences and times
are discussed in Subtask 306-2, Channel Replacement -~ Arrangement and
Evaluation of Alternatives.) This outage time compares favorably with that
for boiler tube repair.

Estimated annual channel outage hours = g*%%g x 45 = 197 hours.

Estimated outage time of other topping
cycle components 539 hours.

Bottoming cycle subsystem outage
time (forced and maintenance)

425 hours.

Total unplanned outage hours = 1,161 hours,
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Adjusted unplanned outage hours

1.161 X 008 3 929 houl‘l.

Planned outage hours 2 130 hours.
Total Power Plant outage hours = 1,659 hours.
1,6
Power Plant Availabilit 1 - 81
y =1 - giegg - 0

Unavailability due to channel outages = 12§-§6%=§ = 1.8%
?

The power plant equivalent availability of 81 percent is in the same range as
that of medium size fossil units. If the estimated parameters of 2,000 hours
MTBF and 45 hours replacement time for the channel can be realized, it would
appear that the channel will not be a limiting factor in ETF availability.
Extraordinary effort to improve channel MTBF or reduce channel replacement
time is not warranted since plant availability with a perfect channel will be
only 1.8 percent higher. An improvement of channel MIBF to 3,000 hours will
improve availability by 0.75 percent or reduce outage time by 66 hours per
year. Reduction of channel MTBF to 1,000 hours instead of the nominai

2,000 hours will result in power plant equivalent availability of 79 percent
with a corresponding increase in outage hours due to the channel c¢f 197 hours,
or 157.6 hours corrected by the plant service factor.

It was assumed in the foregoing analysis that a spare channel will be
available to replace a failed channel and that actual repair time for the
failed channel will be short enough (about 200 hours) that the spare channel
is not likely to fail before repairs of the failed channel can be completed.
Calculations indicate that there will be a 2 percent reduction in plant
availability if channel repair time is 500 hours and only one spare channel is
available.

REFERENCES:

1. EEI Publication 76-85, "Report on Equipment Availability lor the Ten-Year
Period, 1966-1975", Prime Movers Committee, Edison Electric Institute,
1976.

2. EEI Publication 76-85A, "EEI Equipment Availability Component Cause Code
Summary Report 1975", Edison Electric Institute, 1977.
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TITLE: Channel Replacement - Arrangement and Evaluation of Alternatives

SCOPZ:

Plant outage time incurred by replacement of the channel assembly was
evaluated for the reference design. Calendar hours and man-hours were
calculated for shutdown and cooldown from full load, channel replacement and
startup to full load. Three other alternatives were evaluated, two involving
movement of the magnet and one with the magnet fixed.

FINDINGS:

Requirements for replacing the channel with the roll aside magnet design
(reference design) were 19.5 calendar hours and 191 man-hours. Shutdown,
cooldown and subsequent startup back to full load added 25.5 calendar hours
for a total of 45. For replacement time, a split magnet was best, needing
16.5 calendar hours and 155 man-hours. The split magnet also allowed in-place
inspection and reduced by pass piping and valving requirements. None of the
alternatives imposed major penalties for channel replacement.

RECOMMENDATIONS :

Based on channel replacement time and labor required a split channel
arrangement is preferred. However, since none of the alternatives imposed
major penalties, there should be further study on the design and operational
effects on the magnet and interfacing systems.
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PROCEDURE :

A channel replacement sequence was established for the reference concept which
utilized a roll-aside magnet. During replacement the plant is not generating
any power, the magnet field is insignificant, and temperature levels are
reduced to permit access by personnel for the tasks to be performed. These
initial conditions are defined as part of tbe shutdown and cooldown analysis

which was done independently and then phased in with the channel replacement
sequences.

Three main phases of channel replacement were:

1. Disconnect

o Establish feedwater bypass flow and vent and drain the bypassed
loops.

o Disconnect cooling loop flanges from the sections to be moved or
removed.

o Disconnect gas loop flanges from the sections to be moved or
removed. Secure and store the removed section (nozzle).

o Disconnect channel electrical harnesses.

[+

Disengage the magnet fixed supports and jack down magnet until
settled on rollers.

2. Magnet Movement and Channel Replacement
o Roll magnet 34 feet to replacement area.
o Remove defective channel and insert rew channel.

o Roll magnet with inserted channel back to operationa’l position.

3. Reconaect
Essentially a reverse of disconnect.

Water side flange disconnect times were established as a function of flange
size and pressure rating, based on industry and pipefiiter union standards.
Ducting flange disconnect times were estimated from the number of bolts and
times established per bolt removal.

Channel replacement sequences were reviewed similarly for a rotated magnet
arrangement, a split magnet assembly, and a fixed magnet arrangement. For the
rotated magnet, the removable section/diffuscr and the removable section/
nozzle were removed to provide pivot clearance, and the appropriate feedwater
bypasses incorporated. With the split magnet only channel feedwater bypass
and channel removal were needed, but the channel had to be disengaged from



Engineering Study 306(2)
Page 3 of 40

floor supports. With a fixed magnet arrangement, the entire diffuser
assembly, including transition piece, is removed and appropriate bypass and
drainage estadblished.

Plant shutdown and cooldown sequences were established independently and then
correlated with the disconnect phases of channel replacement. In particular,
feedwater drainage and bypass flow had to be coordinated with boiler
temperature gradient and steam side cooling requirements. Similarly, the
subsequent startup sequences to full load were done independently and then
coordinated with the reconnect phase of channel replacement.

Modifications to the reference design, Lo reduce outage time, were reviewed.
These included incorporation of closed luop cooling for the channel and
improved space and component arrangemeants to accommodate channel pull if
alternative magnet arrangements were selected in lieu of the present reference
case. '

Recommendutions were made based on the resultant hour, man-hour requirements,
complexity of changeout equipment, and techniques and intangibles such as
estimated probability of sometbing going wrong.

DISCUSEION:

It is estimated that the MHD channel will have a mean time between failure,
(MTBF) when in commercial operation, of, nominally, 2,000 hours. Since the
channel operates within the bore of the enveloping magnet, facilitated access
for replacement and repair of a malfunctioning chinnel are essential.

Current procedure for replacement of the channel is:

1. Shutdown plant power system.

2. Cooldown MHD equipment and adjacent -:~a (radiant boijler).

3. Disconnect upstream (nozzle) and downstream (diffuser) casnnel transition
piece flanges, piping and electrical connection.

4. Disconnect magnet tie downs and settle magnet on rails transverse to
magnet axis.

5. Move magnet on rails 34 feet to channel removal location.

6. Move cradle with removal fixture and replacement channel into position.
7. Remove faulted channel.

8. Insert replacement channel.

9. Roist faulted channel over magnet cryogenic piping supply boom to ::il

car for removal and repair.
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10. Reverse steps 5 through 3.
11. Run system checks.
12. Bring power plant back on stream.
Each of the steps delineated above is time-consuming anC complex. Shutdown,
cooldown and subsequent. checkout and startup (steps 1, 2, 11, 12,) will be
common to any replacement technique regardless of magnet arrangement.
Alternative means of mechanically replacing the channel have been
investigated. These include:

- pivoting the magnet

~ splitting the magnet

- removing the diffuser assembly to allow the channel to be pulled and
replaced without disturbing the magnet

They are described in the following text.

Arrangements and Techniques for Channel Regplacement

Present. Boundaries and Equipment Configuration

Referring to Figure 1, critical dimensions are:

Channel Length 52' - 6"
Nozzle 2' - 6"
Removable Section (Nozzle-Scaled) 3' - 4"
Diffuser 39' - 6"
Removable Section (Diffuser) 13' - 9"
Transition Section 18' - 11"
Channel/Diffuser Flange to Boiler Wall 58' - 5"

It is not clear from the MHD Power Train System data supplied how the
transition section, with expansion joints at upstream and downstream end, is
attached or what allowances have been made fer flanges and tie rods. However,
assuming that end flanges are included in the lengih of 18' - 11" and since
the downstream flange is at the boiler structural wall, pull space for the
channel in the axial direction is 58' - 5". For the channel positioned on the
cradle, there is only 5' - 11" clearance at the back end of the cradle for
winches, pneumatics and access.

Roll-Aside Magnet

Current concepts for the ETF show a magnet wkich can be rolled on tracks
34 feet laterally to the channel removal area. This sequence is illustrated
in Drawing C-673-030 and Figures 2 and 3 and tabulated in Table 1.

- Ry Rl e e XE e £
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CHANNEL REPLACEMENT SEQUENCE-TASK NO. 306
ROLL-ASIDE MAGNET CONCEPT

DISCONNECT
PHASE

f. VENT AND DRAIN COMPONENT COOLING LINES |

2. DISCONNECT NOZILE COOLING FLANGES 12¢

3. DISCONNECT CHANNEL COOLING FLANGES (COMB. w LIFF. ENDS) 24

4. DISCONNECT CHANNEL/DIFFUSER FLANGE 1

5. DISCONNECT CHANNEL/NOZZLE FLANGE 4

6. DISCONNECT PLASMA DUCT/NOZILE FLANGE [}

7. DISCONNECT MAGNET WARM BORE COOLING FLANGES §

8. DISCONNECT ELECTRICAL CONNS. & REMOVE PIPING FROM MAGNET 24
OUTLINE (COMB. & DIFF. ENDS)

9. DISCONNECT MAGNET FIXED SUPPORTS/SET MAGNET ON ROLLERS 6

10. NOVE WAGNET 34 FT. TO CHANNEL REPLACENENT AREA (3°/MIN. AVE.)

11. POSITION CHANNEL TRANSFER IXTURE

12. REMOVE DEFECTIVE CHANNEL

13. INSERT NEW OR REPAIRED CHANNEL

14. WOVE NAGNET BACK TO GPERATIONAL POSITION

15. DEFECTIVE CHANNEL HOISTED & TRANSFERRED TO RA!L CAR

16. SECURE WAGNET TO FIXED SUPPORT:

17. REASSEMBLE ELECTRICAL CONNECTIONS & INSTALL PIPING TO FLANGE
CONNECTIONS (CONB. & DIFF. ENDS)

18. REASSEMBLE WARN BORE COOLING FLANGES

19. AEASSEMBLE PLASMA DUCT/NOZILE FLANGE

20. REASSEMBLE CHANNEL/NOZILE FLANGE

21, REASSEMBLE CHANNEL/DIFFUSER FLANGE

22, CONNECT CHANNEL COOLING FLANGES (COMB. & DIFF, ENDS) |

23. CONNECT NOZZLE COOLING FLANGES '

24, REFILL COOLING LINES & CLOSE DRAIN & VENT VALVES I ’
FOLDOUT £ / * MANHOURS REQUIRED FOR EACH TASK

e v W——rR A
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RECONNECT
PHASE TABLE |

24

4.6
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Utility and pipefitter time standards for flange assemblies were:

Size Rating M-H

in. 1b.

1-1/2 300 2.0

3 300 2.6

4 300 3.0

2-1/2 1,500 6.0

4 1,500 12.0
5 1,500 17.0

Rectangular ducting flanges were assigned 0.35 M-H for each bolt assembly.
Total calendar time needed was 19.5 hours; total man-hours neecded was 190.7.
Two shutoff valves were incorporated in the bypass piping for ‘both the high
pressure and low pressure (channel) feedwater loops. One valve was used for
bypass in each loop. The shutoff valves will be in the flow path during
normal operation and contribute to line pressure drop.

During the mechanical dissassembly and assembly the magnet is kept
cryogenically cooled. Continuous connection of piping and electrical leads to
the magnet are provided at any magnet position by use of a utility boom.

Rotated Magnet

The sequence for removing and replacing a channel utilizing a rotated magnet
is illustrated in Drawing C-673-029. Bypass loops and valving are shown on
Figure 4. A summary of the steps is presented in Table 2. To provide
clearance to pivot the magnet 35°, the removable section/nozzle (RS)* and the
first section of the diffuser assembly,(D1) had to be disconnected and
removed. The 5" cooling pipe flanges to diffuser section D1, required

17 hours for each of 4 to disconnect and 24 hours to connect. Total calendar
hours required was 33.0; man-hours was 490.7. Nozzle cooling water bypass
moved upstream of (RS) and a bypass for the diffuser section,(D1) had to be
added. Four high pressure valves and two low-pressure valves will be included
in the feedwater cooling loop during normal operation.

Split Magnet

The sequences for removing and replacing a channel utilizing a split magnet
are illustrated on Drawing C-673-031. Bypass loops and the associated valving
are shown on Figure 5. A summary of sequences is on Tabie 3. Channel
supports extend through slots in the magnet assembly and are in place while
the magnet is in a separated position. No cradle is needed; the disconnected
channel is hoisted vertically and then laterally, to avoid the double boom, to
the rail rcar. Calendar time requirements are 16.5 hours with 155.2 man-hours
of effort. Only channel bypass is required and only two low pressure valves
will be added to the cooling circuit during normal operation. In addition,
this alternate facilitates inspection of the channel and provides a potential
for in-place repair.

* Bracketed designations are defined on Figure 1.
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CMAMMEL REPLACEMENT SEQUENCE-TASK NO. 306
ROTATED MAGNET CONCEPT

* MANHOURS REQUIRED FOR EACH TASK

VENT AND DRAIN CONPOMENT COOLING LINES

DISCONNECT NOZILE COOLING FLANSES

DISCONNECT RENOVABLE NOZZLE SECTION COOLING FLANGES
DISCONNECT CNANNEL COOLING FLANGES (COMS. & DIFF.
Enes)

munm DIFFUSER COOLING FLANGES (FIRST SECTION

F DIFFUSER)
DISCOMMECT CNANMEL/DIFFUSER FLANGE

DI SCONNECT CHANNEL/MOZILE FLANGE

DI SCONNECT REBOVABLE SECTION/MNOZILE FLANGE
DISCOMMECT DIFFUSER SECTION FLANGE AMD REWOVE
FIRST SECTION OF DIFFUSER

DISCONNECT MAGNET WARE BORE COOLING FLANGES

DISCONNECT ELECTRICAL CONNS, & RENOVE PIPING FRON
WAGNET JUTLINE (CONB. & DIFF. ENDS)

DI SCOMMECT WAGMET FIXED SUPPORTS/SET MAGNET ON
RETATING SUPPOR[ PLATFORN

ROTATE WAGNET 35°

POSITION CHAMMEL TRANSFER FIXTURE
RENOVE CHANMEL

IMSERT REPLACEMENT CHANNEL
ROTATE WAGNET BACK 35°

REPLACED CHANNEL WOISTED AND TRANSFERRED TO RAIL CAR

SECURE BAGNET TO FIXED SUPPORTS
”‘dl&&l&} %ﬂw‘ll‘f-’ Ilﬂsl;.l. PIPING
CONNECT WARN DORE COOLING FLANGES

CONMECT DIFFUSER SECTION FLANGE

CONMECT RENOVABLE SECTION/NOZILE FLANGE

CONMECT CHAMMEL /NOZILE FLANGE

COMMECT CHAMNEL /D1 FFUSER FLANGE

CONMECT DIFFUSER COOLING FLANGES (FIRST SECTION

OF DIFFUSER)

CONNECT CHAMNEL COOLING FLANGES (COMB. AND DIFF,
ENDS)

COMMECT REWOVABLE NOZZLE SECTION COOLING FLANGES

CONNECT NOZZLE COOLING FLANGES

CHRONOLOGC

REFILL COOLING LINES AND CLOSE DRAIN AND VENT vALVEY

SRSENG, A

DISCONNECT PHASE %_1
I T T T B S o T
- |
12¢
L)
{]
L
1
4
4
11
4.6
24
1
o
‘
2
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CHANNEL REPLACE’ZNT SEQUENCE-TASK NO. 308
SPLIT MAGNET CONCEPT

EOLDOUT ERAME DI SCONNECT WANET/
sl o sl L— PHASE REPLACE

CHANNEL

1. VENT AND DRAIN COMPONENT COOLING LINES !

2. DISCONNECT CHANNEL COOLING FLANGES (COMB. & DIFF. ! ENDS) 2w

3. DISCONNECT CHAMMEL/DIFFUSER FLANGE 1

4. DISCONNECT CHANNEL/NOZILE FLANGE 4
S. DISCONNECT WAGNET WARM BORE COOLING FLANGES 4.6
6. DISCONNECT ELECTRICAL CONNS. & REMOVE PIPING FROM MAGNET 24

OUTLINE (CONB. & DIFF. ENDS)
7. DISCONNECT MAGNET FIXED SUPPORTS/SET MAGNET ON ROLLERS 6

8. MOVE SPLIY SECTIONS OF NAGNET L

9. DISCONNECT CHANNEL FRON SUPPORTS 2

10. RENOVE CHANMNEL 4

11, INSERT NEW REPLACEMENT CHANNEL LI

12. CONNECT CHANNEL TO SUPPORTS J

13. WOVE WAGNET SECTIONS BACK TO OPERATIONAL POSITION

14. SECURE WAGNET TO FIXED SUPPORTS

15. CONNECT ELECTRICAL CONNECTIONS & INSTALL PIPING TO FLANGE l
CONNECTIONS (CONB. & DIFF. ENDS)
16. CONNECT WARM BORE COOLING FLANGES :
17. CONNECT CHANNEL/NOZILE FLANGE
18. CONNECT CHANNEL/DIFFUSER FLANGE

19. CONNECT CHANNEL COOLING FLANGES (COMB. & DIFF. ENDS)

20. REFILL COOLING LINES & CLOSE DRAIN & VENT VALVES

* MANHOURS REQUIRED FOR EACH TASK
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Fixed Magnet

The channel can be removed without disturbance of the magnet by removing the
diffuser,(D1, D2, D3) and transition section,(TS) to provide clearance for
channel pull. Sequences are illustrated on Drawing C-673-028. Associated
bypass piping and valving are shown on Figure 6. Removal of the nozzle
section,(N) provides space for pulleys and accessory fixtures used in pulling
and replacing the channel. Mechanics of channel replacement takes 32 hours
and requires 426.7 man-hours. A summary of steps is provided on Table 4.

The bypass system requires 6 high pressure and 3 low pressure valves. Four
high pressure and two low pressure valves are in the feedwater flow circuit
during normal operation.

No booms are required for the magnet, which is undisturbed. The channel
cradle can be moved to abut with the rail car to transfer the spent channel
since there is no blockage. Hoisting of the channel is eliminated. Pull
length is tight since the boiler house structural wall, 58' - 5" from the
channel upstream flange, leaves only 5' - 11" total clearance for cradle and
pull equipment. If a fixed magnet were selected, subsystem and structural
arrangements could be modified, as needed, to better accommodate channel
replacement.

Cooldown and Subsequent Startup

The magnet arrangement and techniques used to replace a failed channel will
have negligible effects on the power reduction and cooldown of the power loops
and the subsequent startup. Critical features during the cooling and heating
transients will be temperature gradients from top to bottom of the boiler drum
and temperature differences through the drum wall.

For both cooling, during shutdown, and heating, during startup, for the
nominal 6 inch thick drum, top to bottom allowabie temperature differential
was 100°F. For steam pressure ratings of 1,900 psi, corresponding drum wall
temperature difference allowables were 85°F for cooling and 205°F for heating.
This is shown in Figire 7. The allowable heating rate of the feedwater during
startup is 80°F an hour as shown on Figure 8. In about 7-1/2 hours, drum
water tepperatures will be brought from 150°F to 630°F. If the resistance
ratio, =k approaches zero, the inner surface follows the same

m

temperature profile as the feedwater in contact with it. For high heat
transfer coefficient, h, as occurs with water as a flow medium, the
approximation is valid and conservative, for normal values of conductivity, k,
and wall thickness, r . Table 5 tabulates boiler drum parameters during the
startup heating. The™critical point occurs at the fourth hour with a AT of
160°F* through the drum wall, but with top to bottom gradients at their limit.
The analysis is, of course, general. Specific calculations require details of
the boiler actually in service.

* Note this includes the effects of top to bottom gradients and fluid
temperature differentials since recovery of surface temperature at the
back surface at the same location is relatively ra;id (about 1 hour).
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T —— T e W TR —

EOLDOUT. ERAME

D1 SCONNECT PHASE

I

CHANNEL REPLACEMENT SEQUENCE
TASK NO. 308
FIXED MAGNET CONCEPT

0 i 2 3 4 S & 1 8 8+ ow ou n
' R R T S D S TR R T N B

1. VENT AND DRAIN COMPONENT COOLING LINES L,
2. DISCOMNECT NOZILE COOLING FLANGES 120
3. DISCONNECT CHANNEL COOLING FLANGES (CONS. AND 2

OIFF. ENDS)
4. DISCONNECT DIFFUSER/TRANSITION ASSENSLY 9%

COOLING FLANGES
5. DISCONNECT CHANNEL/DIFFUSER FLANGE 7
§. DISCONNECT CHANNEL/NOZZLE FLANGE .
7. DISCONNECT PLASNA DUCT/NOZILE FLANGE .
8. DISCONNECT TRANSITION SECTION/MR/SR FLANGE 12.6
9. DISCONNECT ELECTRICAL CONNS. AND REWOVE PIPING 2

FRON NAGNET OUTLINE (CONB. AND DIFF. ENDS)
10. RENOVE AND STORE DIFFUSER/TRANSITION ASSENBLY I3
11. POSITION CHANNEL TRANSFER FIXTURE | 3,6
12. RENOVE CHANNEL n

13, INSERT NEW REPLACEMENT CHANNEL
14, REPLACED CHANNEL TRANSFERRED TO RAIL CAR

15. DIFFUSER/TRANSITION ASSEMBLY PLACED IN
OPERATIONAL POSITION

16. CONNECT ELECTRICAL CONNS. AND INSTALL PIPING
TO FLANGE CONNS. (COMB. AND DIFF. ENDS)

17, CONNECT TRANSITION SECTION/MR/SR FLANGE

18. CONNECT PLASNA DUCT/NGZILE FLANGE

19. CONNECT CHANNEL/NOZILE FLANGE

20. CONNECT CHANNEL/DIFFUSER FLANGE

21, CONNECT DIFFUSER/TRANSITION ASSEMBLY
COOL ING FLANGES

22. CONNECT CHANNEL COOLING FLANGES (COMB. AND
DIFF, ENDS)

23. CONNECT NOZZILE COOLING FLANGES

24, REFILL COOLING LINES AND CLOSE DRAIN AND
VENT VALVES

* MANHOURS REQUIRED FOR EACH TASK
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TABLE 5
HEATING PROFILE FOR BOILER DRUM

t ATs ATb Ts = Tb
he °F_ °F_ _°F
0 0 0 0

1 80 0 80

2 160 28 132

3 240 88 152

4 320 160 160

6 450 350 100

8 480 430 50

t = time from start

ATs = temperature change of inner drum surface
ATb = temperature change of back surface

Ts - Tb = temperature difference through drum

Recovery factors stay the same for the drum during shutoff and cooldown.
Table 6 shows the pertinent parameters of the drum during a 15 hour cooling
cycle. Maximum rate of change of feedwater temperature is 40°F per hour.
Also draft air fanning occurs as shown on Figure 9.

TABLE 6

COOLING PROFILE FOR BOILER DRUM

t-hr ATs-°F ATb-°F Ts-Tb-°F
0 0 0
1 =40 0 40
2 -80 -14 66
3 -120 -44 76
4 =160 -80 80
6 =240 -187 53
8 =320 ~288 32
10 =400 -380 20
15 -480 =446 0

t = time from start

ATs = temperature change of inner drum surface
ATb = temperature change of back surface

Ts-Tb = temysrature difference through the drum

Air 1s supplied during the critical cooldown phase of the first 7 to 8 hours
at 250 to 300°F, when temperature differences at the inner and outer drum
surfaces are near their limit. During the intermediate phase, of 5 to

7 hours, air is at 150° to 200°F, and in the final phase at 100°F. This last
temperature is also the assumed ambient, 100°F. Fanning air will also help
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cool down the topping side. Because of the large cooling surface and thianer
sections, the topping side can take larger gradients and will not be a
limiting factor.

Figure 10 shows gradients through the drum wall for shutdown and startup
considered typical for the ETF configuration. Total cooldown time to start of
channel replacement is 15 hours. Total startup to full load time duration,
after replacement of channel in operating position, is 10.5 hours. The
shutdown and startup time of 25.5 hours is additive to the time for the
channel replacement cycle regardless of which alternative for replacement is
selected. For the reference concept total outage time to replace the channel
is 45 hours.
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FEEDWATER TEMPERATURE CHANGE:

HEATING;  B80° F PER MR,
COOLING;  40° F PER HR.

HEATING

GRADIENT EXYREMES THROUGH BOILER DRUM WALL DURING SHUTDOWN AND STARTUP

T T T T 1 1
6 10 V2 14 16
TIME - HR.
FIGURE 10
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ITLE: Regenerative Combustor Cooling

COPE :

An analytical evaluation was made to determine the impact on the ETF
performance, layout, and configuration of utilizing the combustor and rozzle
heat losses to preheat the oxidant, and thereby eliminate the Intermediate
Temperature Oxidant Heater (ITOH) and the related high temperature oxidant
lines between the Heat Recovery/Seed Recovery System (HR/SR) and the
Combustor.

173

FINDINGS:

The use of a regenerative combustor and the elimination of the ITOH results in
only minor changes to the reference (CDER) ETF plant layout. The ETF
coafiguration and layout is simplified to a slight degree by (1) the
elimination of the high temperature oxidant lines from the HR/SR Building, and
(2) the deletion of the flue gas recirculation fans which are no longer
required. However, the use of the selected regenerative combustor scheme
requires (1) the addition of a liquid to gas (oxidant) closed-loop heat
exchanger for transferring the combustor second stage and nozzle heat loads to
the oxidant, (2) a slightly larger channel, and (3) a slightly modified
diffuser to match the new channel operating conditions. Some changes in the
HR/SR envelope dimensions are expected because of the significant changes in
heat transfer areas for several HR/SR components. Other minor changes to the
ETF configuration and layout include a slightly larger turbine-generator

(5.7 percent increase in power output), a smaller electrostatic precipitator
(7.8 percent decrease in capacity), and the possible addition of a feedwater
heater upstream of the deaerator.

The use of a regenerative combustor for oxidant preheat to 778°F causes only a
slight reduction in overall plant performance. Net power output is reduced by
3.4 MWe to 198.9 MWe and plant efficiency is decreased by 0.64 points to

37.39 percent. The reduction in the MHD Generator power output of 11 MWe is
partially offset by the increase in secondary side (steam cycle) power output
of 7.3 MWe.

RECOMMENDATIONS:

Further study is required to evaluate the total economic impact of
regenerative combustor cooling on the ETF design. A fairly detailed
investigation will be required to establish the cost of a regenerative
combustor specifically designed for the MHD-ETF plant. A comprehensive cost
investigation will be required for the HR/SR because of the elimination of the
ITOH plus changes in heat transfer areas for several HR/SR components.

Assuming favorable economic and risk evaluations it is recommended that the
concept of a regenerative combustor for preheating the oxidant and thereby
eliminating the ITOH be incorporated into the ETF plant design. This change
is recommended because it simplifies the plant design with only a slight
performance penalty. As shown in Figure 1, the selected regenerative
combustor scheme is designed to preheat the oxidant to 778OF by utilizing the
total heat rejected by the combustor and nozzle walls. It is also recommended
that a feedwater heater be added upstream of the deaerator in order to obtain
a slight improvement in cycle efficiency and also establish a lower and more
conventional value for the temperature rise across the deaerator.
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PROCEDURE :

The performance of the MHD-ETF plant was analytically evaluated to determine
the impact on the ETF design of using a regenerative combustor to preheat the
oxidant and thereby eliminate the Intermediate Temperature Oxidant Heater.
For the selected regenerative combustor cooling scheme, it is assumed that the
two stage TRW combustor has the capability of heating the oxidant and the
total heat rejected by the combustor and nozzle is used to heat the oxidant.
A liquid to gas (oxidant) closed loop heat exchanger system is required to
transfer the heat load from the combustor second stage and nozzle to the
oxidant. Additional heat is transferred directly to the oxidant in the
combustor first stage tube wells and this establishes the final oxidant
preheat temperature for the high temperature combustor process.

Computer-assisted calculations were used to determine the new oxidant preheat
temperature and balanced conditions for mass flow and heat transfer were
established for both the topping and bottoming side systems. The revised
system heat and mass balance for regenerative combustor cooling was evaluated
with respect to the following task objectives:

1) Identification of major state point changes.
2) Indentification of major system and equipment changes.
3) Sizing of liquid to gas (oxidant) heat exchanger.

4) Impact of proposed oxidant heating system on the ETF configuration and
layout.

5) Identification of the advantages and disadvantages of regenerative
combustor cooling relative to simplification of the ETF configuration and
layout.

DISCUSSION:

A major concern associated with ETF plant reliability is the use of a
recuperative heat exchanger in the HR/SR for preheating the oxidant prior to
its delivery to the combustor. The tubes of this heat exchanger, the ITOH,
are subjected to the severe environment of 1600°F flue gas temperatures and
the erosive and corrosive flow of the seed-laden flue gas. The ITOH presents
complex design problems since its operating environment imposes severe
problems impacting both reliability and plant availability. During normal
operation, the tubes of this gas heat exchanger are the hottest metal in the
HR/SR in contact with the seed-laden flue gas. The elimination of the ITOH
would simplify the ETF design and allow for greater ease of plant operation.

This study evaluates the use of a regenerative combustor for preheating the
oxidant with the resultant elimination of the ITOH and the high temperature
oxidant lines between the HR/SR and the combustor. For the selected
regenerative combustor cooling scheme, the total heat rejected by the
combustor and nozzle tube walls is used to preheat the oxidant. As shown in
Figure 1, initial preheating of the oxidant is accomplished using a liquid

|
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couple in which a secondary closed loop heat exchanger is used to transfer the
heat from the combustor second stage and nozzle walls to the oxidant. Final
preheating of the oxidant is then achieved by directing the oxidant flow
through the combustor first stage cooling walls. For the CDER baseload design
point, an estimated total of 24.84 MW of heat is transferred from the
combustor and nozzle walls tco the boiler feedwater. For this study, the
boiler feedwater is replaced in the combustor first stage cooling jacket by
oxidant cooling, and it is assumed that the same combustor and nozzle are used
to preheat the oxidant. The total heat rejection rate of 24.834 MWe from the
combustor and nozzle preheats the oxidant to 7789F prior to its delivery to
the combustor for the high temperature combustion process.

Balanced conditions for mass flow and heat transfer for the oxidant preheat of
T78°F were established for both the topping and bottoming side systems using
computer-assisted calculations. These calculations produced an overall heat
and mass balance that shows only a slight reduction in overall plant
perrormance. Net power output is reduced from 202.2 to 198.9 MWe and plant
eff'ciency is decreased from 38.0 to 37.4 percent. The ETF system power
summary for this study is presented in Table 1.

The elimination of the ITOH and the regenerative heating of the oxidant to
TT78°F resulted in other system changes that affect both the topping and
bottoming sides of the ETF plant. The lower oxidant preheat temperature
results in reduced channel power output (by 11 MWe) because of the lower
combustion temperature. This requires a lower channel expansion ratio and,
therefore, a lower combustion pressure. This loss is partially recovered by
the 1.8% or 7.5 MW additional heat input to the bottoming cycle. This
additional heat input to the steam cycle is accommodated by a 2.8 percent
increase in main steam and feedwater flows. The higher main steam flow
requires an increase in the size of the main turbine-generator from 128.0 to
135.3 MWe. Significant state point changes for the bottoming side (steam
cycle) are outlined in Table 3.

Because of the lower operating temperatures of the topping side components,
the high temperature components of the HR/SR are supplied with flue gas at
substantially reduced temperatures. The completion of combustion in the
afterburner section of the HR/SR generates a gas inlet temperature to the
superheater of 2245°F with no flue gas recirculation flow. Since this
temperature is well below the maximum limit of 2400°F for superheater gas
temperature, flue gas recirculation is not required and the flue gas
recirculation fans are eliminated. Significant state point changes for the
topping side (MHD systems) are outlined in Table 2.

The use of a regenerative combustor in the MHD-ETF plant results in only minor
changes to the reference (CDER) ETF plant layout. The ETF configuration and
layout is simplified and greater ease of operation is possible because of the
following changes:

1) Elimination of the ITOH and the high temperature oxidant lines from the
HR/SR building.
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2) Elimination of the flue gas recirculation fans which are no longer
required.

3) The addition of a feedwater heater upstream of the dsaerator in order to
reduce the temperature difference across the deaerator and be more
compatible with conventional practice.

These changes are not normally shown on plant layout drawings or are
considered insignificant when considering revisions to plant layout drawings.

The changes to the ETF configuration that could require changes to the plant
layout are outlined as follows:

1) The probable increase in envelope dimensions for a regenerative
combustor.

2) The addition of a liquid to gas (oxidant) closed-loop heat exchanger for
transferring the combustor second stage and nozzle heat loads to the
oxidant.

3) A slightly larger surface area for MHD channel with the same active
length.

4) A slightly modified diffuser to match the new channel operating
conditions.

5) A slightly larger (5.7 percent) turbine-generator.
6) A smaller (7.8 percent) electrostatic precipitator.
7) The anticipated increase in HR/SR envelope dimensions.

The anticipated increase in HR/SR envelope dimensions is attributed to the
substantial changes in heat transfer areas for the radiant boiler and the
superheater. Based on preliminary calculations, the decrease in gas
temperatures and the increase .f 34 MW of heat transferred in the radiant
boiler require a 48 percent increase in radiant boiler heat transfer area.
Similarly, the increase of 3 MW in heat transferred by the superheater
combined with the reduction in gas temperatures require a 30 percent increase
in superheater heat transfer area.

It is recommended that r'urther studies be conducted to evaluate the economic
impact of all the component changes required for incorporation of regenerative
combustor cooling in the ETF design. Comprehensive cost investigations will
be required to establish meaningful cost estimates for a substantially revised
HR/SR assembly and or a regenerative combustor specifically designed for the
MHD-ETF plant.

There could be significant reductions in capital experditures because of the
reduced MED generator output. A reduction in MHD generator output should
produce a corresponding reduction in consolidation circuits and inverters.
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ETF_SYSTEM POWER suMMaRy’ ') (2)

Reference ETF
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ETF Plant With
Regenerative

Plant (CDER) Combustor Cooling

MHD Electrical Power: MWe

MHD DC Power Output 87.1 76.1
Steam Cycle Electrical Power: MwWe

Electrical Power Output 128.0 135.3
Gross Plant Electrical Output(3): Mie 213.0 211.4
Auxiliary Power Requirements(3): Mwe 10.8 12.5
Net Plant Electrical Output: Mwe 202.2 198.9
Plant Efficiency: § 38.0 37.4
Plant Heat Rate: Btu/kW-hr 8979.7 9,128.1
Notes: (1) Performance of ETF plant with Regenerative Combustor Cooling is

based on coal input parameters, oxygen flow rate, and oxygen
content shown on System Heat and Mass Balance, Drawing

No. 8270-1-540-314-001.

(2) Performance of £TF plant with Regenerative Combustor Cooling
can be improved by optimizing input and performance parameters.

(3) Excluding compressor and BFP power.
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TABLE 2
MAJOR STATE POINT

TOPPING SIDE (MHD RATOR
WITH REGENERATIVE COMBUSTOR COOLING

Chs 1ge Relative
to Reference
ETF Plant With ETF Plant
Reference ETF Regenerative (+ Increase)

Plant (CDER) Combustor Cooling (- Decrease)
MHD Power Train

1. Combustor
Oxidant Preheat 1,100 778 «~3220F
Temperature, °F
Discharge Temperature, °F 4,380 4,270 -110°F
Discharge Pressure, psia 66 56 -15.2%
2. Channel
Power Output, MwWe 87.1 76.1 -12.6%
Heat Loss, MWt 22.9 19.6 -14.4%

Oxidant Supply

Oxidant Compressor 72.8 61.1 -16.1%
Discharge Pressure, psia

Oxidant Compressor 433 364 -49oF
Discharge Temperature, OF
Power Input for 23.4 20.5 -12.4%
Oxidant Compressor, MWe

HR/SR

1. Radiant Boiler
Heat Load, MWt 141.0 175.1 +24.1%
Gas Temperature Change
Across Boiler, At, OF 1,343 1,632 +2890F
Feedwater Inlet 637 585 -520F

Temperature, ©F
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TABLE 2 (Cont'd)

Change Relative
to Reference
ETF Plant with ETF Plant
Reference ETF Regenerative (+ Increase)
Plant (CDER) Combustor Cooling (- Decresase)

2. Afterburner

Flame Temperature, °F 2,400 2,245 - 155°F
Flue Gas Recirculation 105,671 0 -100%
Flow, lbm
hr
3. Superheater
Heat Load, MWt 107.9 110.9 +2.8%
Gas Temperature Change 807 953 +146°F
Across Superheater, Wt, OF
Gas Mass 1,357,352 1,251,682 -7.8%
Flow, lbm
hr
4. Reheater
Heat Load, MWt 55.2 56.8 +2.9%
Gas Temperature Change 488 542 +54OF
Across Reheater, Wt, OF
Gass Mass 1,357,352 1,251,682 -7.8%
Flow, lbm
hr
5. High Temp. Economizer
Heat Load, MWt 28.6 26.3 -8.0%
Gas Mass 1,357, 352 1,251,682 -7.8%

Flow Rate, lbm
hr
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TABLE 3

MAJOR STATE POINT CHANGES
BOTTOMING SIDE N
WITH REGENERATIVE COMBUSTOR C. JLING

Change Relative
to Reference
ETF Plant With ETF Plant
Reference ETF Regenerative (+ Increase)

Plant (CDER) Combustor Cooling (- Decrease)
Main & Reheat Steam System

Steam Flow to High 1,070,992 1,100,794 + 2.8%
Pressure Turbine, lbm
hr
Steam Flow to Oxidant 190,220 166,027 -12.7%
Compressor Drive Turbine, lbm
hr
Steam Flow to Reheat 678,800 730,686 + 7.6%
Turbine, lbm
hr
Turbine-Generator 128.0 135.3 +5.7%
Output, MWe

Boiler Feedwater System

Main Feedwater 1,070,992 1,100,794 + 2.8%
Flow, lbm
hr

Condensate System

Deaerator Pressure, psia 15 19 +26.7%

Feedwater At Across 112 124 +12CF
Deaerator, ©F

Extraction Steam Flow 68,120 80,981 +18.9%
to Deaerator, 1bm
hr
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TITLE: Operational Costs of the ETF

COPE :

w

Operating ard maintenance (0&M) costs of the ETF during its commercial phase
of operation were calculated. These costs were derived from O&M costs for
new, coal-fired conventional power plants and these in turn were adjusted in
accordance with the anticipated influence of Magnetohydrodynamic (MHD)
subsystems and interfaces. Major MHD equipment reviewed were: channel,
combustor, and magnet. Seed and fuel costs were estimated separately.

FINDINGS:

Operating cost of the ETF, less fuel and seed, when in commercial operation,

is calculated as 7.6 mills per K*lowatt. hour -E!ﬁl in first quarter 1981
dollars. Fuel costs were 3.59 —. Seed costs, based on purchase of K.,CO

from am%ndor and recycle of re%geeud xzso,' and resale of excess xzsou we;e
9-32 Sen e
kWh

RECOMME NDATIONS :

Fixed yearly operating costs and dollar costs to repair or replace a specific
component can be estimated. Resultant unit costs, mills per kWh, can be
reduced by increased production of energy and by increased time between
failures of components. These goals are compatible; design and construction
techniques should stress reliability and prolonged duration of operation.
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PROCEDURE :

A review of conventional coal fired power plant O&M costs relative to plant
sizes was made. Major MHD related e¢quipment were evaluated individually.
Yearly costs for Montana sub-bituminous coal were calculated based on delivery
costs of $0.40 a million Btu®*, Seed costs for new potassium carbonate,
including shipping costs to site, were obtained and the credit for excesa
potassium sulfate mixture at the site deducted.

DISCUSSTON:

Pertinent statistical data for determination of cost of pou?r,‘re not readily
available for conventional power plants. Published surveys '“ give
scattered data and, generally, insufficient information to provide direct
comparisons with projected power plants. Using the available data the
correlations are presented in Table 1 which shows normalized capital plant
costs and maintenance costs for different plant sizes and Figure 1 which shows
the relationship of unit power O&M costs and plant costs as a function of
plant size. The ratios used follow analytic expectancies since actual data do
not support a well defined trend envelope. All costs have been normalized by
assigning unity to the 400 MWe plant (dividing all values by the analogous
value calculated for the 400 MWe plant). For coal fired conventional power
plants the 400 MW capacity range is a transition for economy of scale;
benefits diminish for higher ratings.

TABLE 1

NORMALIZED PLANT COST AND O&M
COST AS A FUNCTION OF PLANT SIZE

Plant Plant Capital Plant Unit O&M
Size Cost Cost 0&M Unit Cost
M ($) _($/kW) @/yr) __m/kkh
50 0.233 1.86 0.25 2.0
100 0.365 1.4¢€ 0.425 1.7
200 0.65 1.3 0.7 1.4
400 1.0 1.0 1.0 1.0
800 1.7 0.85 1.4 0.7
1,000 2.0 0.8 1.75 0.7

Planned and scheduled 0&M costs average about twice the costs of forced
outage O&M costs. Planned O & M costs include wages of operating personnel
whose number is estimated for the continuous operation plus a reserve to
handle the peaks incurred during breakdowns or disruptive operating
conditions. The trend for number of operating employees is increasing with

® Montana Power Co. averaged $0.30 a million Btu in 1978 (Steam Electric
Plant Factors, 1979)
*% Numbers refer to References
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plants coming on line but the variltlog is large. For Class IX coal fired
plants (500 to 999 MW) listed manpower® ranges from 61 to 385. For the 20
coal fired facilities submitting data, ranging in size from 300 MW to over
2,000 MW, the manpower extremes were 61 and 385; median was 178; mean was 196.
For the commercial operation of the ETF an estimated 121 operating employees
would be needed, apportioned as follows:

Supervision 22
Operators 30
intenance 35
Fuel, Ash & Seed Handling 8
Clerks, Laborers 14
Guards 2
Total 121

A n,npouer loading for the ETF concept as a test facility has been made by

GE.” At full operation they show a complement of 238 personnel. About 60 of
those would be included under administrative and general. The remainder,
nominally 180, are within the range between minimum and maximum which could be
utilized by a dual cycle plant. Wages of the 121 operating personnel,
estimated in this report, are included, prorated, in the 0O&M costs shown for
plant systems.

To obtain data for a specific Mont siting, operating statistics for Montena
Power Company Plants were reviewed. Plants included were Bird, primarily gas
fired with a 69 MW rating, and Colstrip and Corette, primarily coal fired with
ratings of 713 and 172 MW respectively. Total steam power production expenses
were $8.8 (107) in 1978 dollarg, excluding fuel costs. For a 65 percent
capacity factor, this is 1.6 KWhy

8.8 (107)_mills _, vy

0.65 (69+172+T717) 10° KW x 8760 hr =~ '° wh

Using Figure 1 the weighted average 0&M factor for the three conventional
plants would bte 0.963. This compares to a factor of 1.4 for a conventional
200 MW plant. Using the ratio of 1.4 to 0.963 and inflating to first (uarter
1981 dollars gives a value of 2.§ E%E for an ETF sized plant based on past
operating data.

For dual cycle MHD/steam power plants there are no statistical data. Economic
studies are influenced by uncertainties in undemonstrated hardware.

Commercial evaluations require judgment which may vary with different
investigators. Equipment factors considered for this report ace:

Channel

A channel }s expected to be repaired and replaced 3.4 times per year at cost
of $520(10°) per replacement (nine replacements and a 50 percent salvage of

parts). This includes the 191 man-hours for channel removal from and
replacement to its operating position. (Refer to sub-task 306-2, 6
Channel Replacement for details) Total O&M cost per year is $1.8(10

m
equivalent to 1.5 ohe

)y
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PLANT RATING MW X 10 2

FIGURE 1
COMPARISON OF NORMALIZED O&M COSTS AND
PLANT COSTS AS A FUNCTION OF PLANT SIZE
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H_I‘n‘t

Design, construction and operating surveillance of the magnet will be in
accordance with prescribed code requirements for commercial operation.

Failure of the magnet under operating loads could cause considerable damage to
adjacent areas of the plant. When constructed in compliance with established
standards, warm-up and full inspection and replacement of modules is assumed
every eight years (analogous to generator stator overhaul). Outagostine for
the ETF magnet pregently defined would be 3 months and cost $8.0(107). An
additional $600(10°) per year6would be egpended on magnet support systems.
Total O&M per year is $1.6(107) or 1.4 o

Inversion - Consolidation

Large size Inverters used for dc transmission line application have
demonstrated good reliability. Consolidation circuitry, because of the large
quantity of smaller items of equipment (reliability is a function of size)
will hage more severe maintenance requirements. Inverter Q&M is estimated at
$240(10°) per year, gnd consolidation circuitry at $480(10”°). Total yearly
0&M costs of $720(10”) is equivalent to 0.6 E%E'

Combustor

Combustor maintenance costs are considered analogous to boiler plant equipment

costs and are taken as 4 percent of comhustion systgm capital costs (See HR/SR
below). O&M costs per year are $520(10°) or 0.45 "

Heat Recovery/Seed Recovery System (HR/SR)

Boiler plant O&M amounts to abc t 3.8 percent of boiler system capital costs.
These costs include 60 to 70 percent of conventional plant maintenance costs.
ETF modifications for wet bottom, reducing atmospheres and seed environment
introduce additional maintenance requirements. These, however are gffset by
the agsence of a scrubber. Yearly O&M costs are estimated at $3(10°) or

2.6 wh*

The specific systems reviewed represent about 50 percent of facility capital
costs. Their combined 0&M unit costs in m‘lls per Kilowatt hour are:

Channel 1.5
Magnet 1.4
Inversion-Consolidation 0.6
Combustor 0.45
HR/SR 2.6

6.55

The balance of plant systems include lower maintenance items and reflect 1/2
of the total plant cost. Using the value of 2.9 B2 generated for an entire
ETF sized plant as a base, the value was multiplik y 2/3 to pertain to low
O&M items and by 1/2 since only 1/2 the plant is included. This gives an

m m
incremental O&M of about 1 KWh and adds up to a total ETF O&M of 7.6 KWh*
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Cost of fuel for the ETF is:
FC:F!Q:—’%'“—OxB,Wzg—%x103%33.589ﬁ

10" Btu
where
F = unit fuel cost = $0.40 per 10° Btu
Q = plant heat rate = 8,972 %E

Cost of seed for the ETF is:

Cec = Cost of K CO3 to site = $546 per ton (includes $21 per ton shipping charges
at $0.07 Per“ton mile)
Cs = Value of reclaimed "seed" on-site = $50 per ton
P = Plant rating = 202350 kW
SC = Seed cost
Rc = Use rate of cho3 per full load hour = 7,992 1b
Rs = Reclaim rate of "seed" per full load hour = 11,797 1b
g 3 n
sC Cc x Re Cs x R%] 10
] - X 1b
L P P 2,000 Ton
-
=|$586 4 7 990 1D _ $50 , 44 797 1By 403 3
L?on hr Ton hr
1b
202,350 kW x 2,000 Ton

m
9+32 fm

Note that use of K200 as a seed removes sulfur upstream, eliminating need for
a scrubber. In a conaentional coal fired plant plant, the effects of capital
costs of a scrubber and the operating costs of power and chemicals, plus
maintenance of the scrubber and necessary sludge handling and storage, are
comparable to the seed cost effects on total cost of power.
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TITLE: Pre-Operational Testing of MHD ETF Topping Cycle Components
SCOPE:

The objectives of this special engineering study are to identify the
pre-operational test requirements for the MHD-ETF topping cycle and to assess
the capability of the plant to support on-site testing of MHD components which
have been assembled at the site and previously not tested. Special test

equipment necessary to conduct pre-operational tests of the MHD are also to be
identified.

FINDINGS:

o Pre-operational testing of the MHD power train will likely not be

possible until the topping cycle is ready for Integrated System (IS)
tests.

o Full load testing of the MHD power train will be limited by startup and
operation ¢ the Air Separation Unit (ASU) and oxidant compressors.
These subsystems in turn are limited by steam generation in the bottoming
plant. Therefore, full load testing of the MHD power train cannot occur
until initiation of Combined Plant Integrated System (CPIS) tests.

o To conduct integrated system tests of the topping cycle independent of
the bottoming plant, an exhaust by-pass subsystem is required which will
divert the diffuser exhaust gas to a quench duct. The system will
include a scrubber and an Induced Draft (ID) fan. The existing stack
will be utilized.

o The vitiation air heater which will be used for plant startup sequences
will also be necessary for MHD IS and CPIS tests.

RECOMMENDATIONS:

To avoid an extended pre-operational test schedule and to minimize technical
and start-up risks, it is recommended that MHD power train and the steam
bottoming plant undergo parallel and basically independent pre-operational
testing. To accomplish this independent pre-operational testing, Special Test
Equipment (STE) to be required.

o Independent pre-operational testing of the MHD power train will require
the installation of an exhaust by-pass system which is currently not
included in the ETF design.

o Independent pre-operational testing of the bottoming plant will require
an auxiliary burner system for the Heat Recovery/Seed Recovery (HRSR)
system which is currently not included in the ETF design.

o An assessment of the cost and benefits of independent pre-operational

testing of the MHD topping cycle and the steam bottoming cycle will
require more detailed evaluation and study of the test program.

-
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PROCEDURE:

The data for this engineering study was developed by integrating information
obtained from:

o Engineering design data being prepared by GAI for the MHD ETF Conceptual
Design Engineering Report'

0 Previous GAI experience with conventional power plant pre-operational
test/startup procedures and schedules.

o Published data on the CDIF startup and acceptance plan2,3
o Published data on the CDIF hardware checkout plan¥

o Engineering design data prepared by GAI for the MHD ETF Design
Requirements Document>

DISCUSSION:
A. Introduction

During the construction and startup phase of the ETF, a series of
pre-operational tests will be conducted to ensure that all components and
systems will perform according to engineering specifications and can be
operated safely. The pre-operational tests to be conducted will be
similar in scope and intent as those performed for a conventional coal
fired power plant. However, for the ETF, it will be necessary to define
additional specific pre-operational test requirements for MHD topping
cycle components.

Many pre-operational tests to be performed for topping cycle components
will be done in parallel with or subsequent to other subsystem or
auxiliary tests. Therefore, it is necessary to consider pre-operational
testing of the entire plant on an integrated basis in orcder to obtain an
overall perspective of hcrw the MHD components will fit into the total
test schedule. An examination of the pre-operational test requirements
for the entire plant is beyond the scope of work for the present study.
However, a generic construction/start-up schedule for the ETF has been
assumed and is used for descriptive purpcses.

A simplified generic construction/start-up schedule assumed for the ETF
is given in Figure 1. Pre-operational testing of the MHD topping cycle
is shown to occur in parallel with pre-operational testing of the
bottoming plant. In each of these parallel schedules there are four
types of operational tests to be conducted: Construction Component
Checkout (CCC) Tests, System Operation (SO) Tests, Integrated System (IS)
Tests and Combined Plant Integrated System (CPIS) Tests. Definitions and
terminology used in this report are included in Appendix A attached to
this report.
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Briefly, the CCC tests are carried out by the construction contractor at
the end of the construction phase of the plant and prior to turn-over of
the facility to the plant operator. In general, these tests are not
extensive, their primary purpose is to assure that the installation and
connection to components are in conformance with the drawings and
technical specifications. During the CCC tests, major components are put
into a state of readiness to allow for performance verification under
subsequent SO tests.

The SO tests are performed by the plant operator on individual systems to
verify that the system is ready to be put into service and that the
system operates in accordance with its technical specification. These
tests pertain mainly to facility systems rather than power train systems.
SO tests for MHD support auxiliaries will be conducted; however, it is
not anticipated that component testing of MHD systems will be conducted
during SO tes: sequences.

The IS tests are performed by the operator on groups of interdependent
facility and power train systems to ensure they can perform certain
functions. These tests determine performance envelopes for the
interrelated systems. During IS testing, cold, warm and hot runs of the
MHD flow train will be made independently of bottoming cycle operation
via a by-pass duct located at the MHD transition section.

The CPIS tests will be performed by the operator subsequent to completion
of both the topping cycle and the bottoming cycle IS tests. During the
CPIS tests, the plant will be run in a combined topping cycle/bottoming
cycle mode, with cold, warm and hot startup procedures being utilized as
appropriate. Upon completion of the CPIS tests, the plant will have a

Facility Power Demonstration (FPD) which is an integral part of the plant
commissioning.

A review of pre-operation test requirements for MHD topping cycle
components indicates that MHD systems including the combustor, nozzle
channel, diffuser, magnet and inverter will not undergo shakedown and
testing until the plant is ready for Integrated System (1S) tests. The
present study therefore .ocuses on the IS tests for the MHD power train.
However, the auxiliary systems SO tests required prior to conductincs the
IS tests are also briefly highlighted. Some of the SO and IS tests
necessary for the MHD topping cycle are also be required for the
bottoming plant. Therefore, interaction of the test requirements for
both the topping cycle and bottoming cycle is conceptually depicted by
the dashed lines in Figure 1. The tests which have been identified and
which will be described in this report are shown by the shaded areas in
Figure 1.

MHD Power Train Auxiliary System Operation (SO) Tests
SO tests of the MHD components will nnt be conducted; however, SO tests

of auxiliaries and major subsystems will be necessary prior to initiating
MHD IS tests.
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Subsequent to turn-over of the facility by the construoctor to the
operator, facility SO tests should be run by the operator to assure the
performance of components satisfies engineering specifications. The test
procedures will be the responsibility of the operator. The intent of
these tests will be to verify performance of facility equipment, e.g:
pump flow, pressure, R.P.M., electric motor amps, volts, R.P.M.,
compressor flow, pressure temperature, I&C calibrations, etc. The
sequence of these tests will start with the basic facility stand-alone
systems such as fanility water service, electric service, etc., and
proceed to more complex systems which are dependent on the operation of
one or more other systems (e.g., auxiliary steam is dependent on plant
water service, fuel oil distribution and plant electric service). The
following systems will undergo SO testing, and the sequencing of these
tests are depicted in Figure 2.

Plant Waste Water Service
Plant Electric Service

Plant Air Service

Fuel 0il Distribution
Instrumentation and Controls for Central Control Room
Data Acquisition System
Magnet DC Supply

Pumps (Electric Drive)
Inverter Interconnect Cabling
Slag Collection and Removal
Cooling Water System
Auxiliary Steam System

Air Separation Unit

Oxygen Compressor

Oxidant Compressor

Feed Water Pump

Nitrogen Storage

Oxygen Storage

Coal Material Handling

Coal Crusher

Coal Predrying

Coal Pulverizing & Drying System
Coal Injection System

Seed Material Handling

Seed Injection System

Exhaust By-Pass System

00 000000000000 000000D0CDO0ODO0ODO0OCDO0OO0

ETF Integrated System Tests

After completion of SO tests, and the facility support systems have been
determined to be operating within specifications, Integrated System (IS)
Tests of the MHD flow train can be initiated. These tests encompass the
combined operation of interrelated facility systems, MHD power train
support equipment, MHD power train components, and MHD power
train/facility operation. Test specifications and test procedures for
this series of tests will be the responsibility of the ETF operator.
Independent sets of IS tests will be run for both the MHD power train and
the bottoming plant.
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Summary descriptions of the Integrated System (IS) test for the MHD flow
train are given below and their sequence is depicted in Figure 3.

Data Acquisition System Test: This test will verify the operational
integrity of the entire Data Acquisition System from the calibration of
the test data source, through the various electronic devices, to computer
display and storage of data. This test will include checking all sensing
devices, alarm systems, displays, digital output and computer functions
for accurate, acceptable operation. Subsequent to this the DAS will be
utilized in all IST tests.

Magnet System Test: The magnel power supply will initially be checked
out. Transformer, rectifier and associated equipment will be checked to
ensure proper operation, calibration, phasing, system protection,
polarity, and voltage and current levels.

Subsequent to this the magnet cryogenic, vacuum, and I&C subsystems will
be individually tested for proper operations. Upon successful completion
of these checkouts, total magnet operation will be tested by initiating
cool down to the proper level followed by a step-wise sequence of

charging and recharging the magnet until full magnet field strength is
obtained.

Feed Water/Auxiliary Steam/Cooling Water Test: The channel/diffuser
cooling/feed water systems will be tested using hot water from the
auxiliary steam plant. System flow, pressure ranges and water purity
will be checked against system specifications.

ASU/Oxidant System Test: Air for cold, warm and hot flow testing cf the
MHD power train will be provided by the motor driven oxidant compressor
which is rated at 50 percent of full load capacity. Oxygen for the MHD
IS tests will be provided by trucked-in supplies of liquid 05.
Performance capabilities of the oxidant compressor and ASU delivery
system over various ranges of pressures and flows will be determined.
Blend air will be vented to the atmosphere as necessary.

Coal Handling, Processing, and Delivery System Test: The test will
verify the required rates of transferring and handling coal from railroad
unloader to the coarse crusher hopper, processing it to prepared coal
storage, and finally injecting coal from prepared coal storage to the
combustor injection piping interface. Key parameters to be checked and
monitored are inerting nitrogen flow and pressures, oxygen content, coal
particle size, coal flow rate measurement accuracy, and coal injection
density. Assocliated alarms, switches, indicators, relief valves,
interlocks, and controls will be checked.

Integrated Combustor Feed Test: All feed systems to the combustor will
be tested simultaneously. Flow rates and pressures will be validated.
Operation of interdependent controls, interlocks, and instrumentation
will be verified for scartup and shutdown.

Exhaust Bypass and Integrated Combustor Feed Test: This test will be a
continuation of the previous test with the addition of the operation of
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the exhaust quench, scrubber and ID fan. The capability of the exhaust
bypass to quench and scrub particulate matter from the gas stream will be
verified. All mechanical systems will be checked for correct operating
sequence during startup and shutdown simulations.

Combustor Cold Flow Tests: With the ccal fired combustor in place,
various flows of unheated oxidant up to maximum flow will be run through
the combustor and the exhaust bypass subsystem. Leak integrity will be
checked a= well as pressures, flows, and I&C operation.

Combustor Warm Flow/Slag System Test: This test will demonstrate startup
and shutdown procedures for the coal combustor. Startup will be
demonstrated using the vitiated air heater. Since this is the initial
combustor startup, oxygen will not be used. This test will familiarize
the operators with startup and shutdown procedures. The test should
exercise the majority of combustor feed systems and demonstrate their
physical integrity as well as their control functions. Proper operation
of the slag removal system will be demonstrated.

Power Interconnect Cable Test: This test will validate all electrical

power cable hook-ups to the channel and all instrumentation and control
lead connections.

MHD Power Train-Non Power Test: This test will initially check out the
use of oxygen in the coal combustor. A range of stoichiometries will be
examined. Controllability of varying airflow and oxygen flow will be
determined. Optimum combustor performance will be determined as a
function of temperature and pressure measurement. Channel plasma
conductivity will be mapped by imposing a current across the channel
electrodes. Heat flux, slagging characteristics and cooling system
functioning will be determined.

Inverter System Test: This test will validate inverter performance,
integrity and controllability. Steady state and transient operations
will be covered.

MHD Power Train Power Test: This test will validate the integrated
operation of the facility support systems and the MHD power train. This
test will demonstrate the physical integrity of the system and will
verify the operation of the interdependent control systems. It will also
provide the ability to make any necessary calibrations and adjustments to
the control .ystem and its feedback loops. This test will include a
parameter study of pressures, temperatures, heat losses and transient
response as a function of flow rates.

Special Test Equipment Requirements for MHD Power Train Testing in an ETF

The ETF Design Pequirements Document /DRD)5 does not provide any
requirements fcr testing the MHD power train independent of the steam
bottoming plant. To accomplish this testing, several major equipment
subsystems have been identified which are required to be altered or added
to the ETF design. This equipment will be called Special Test Equipment
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(STE), since their use or total capacity will not be required for normal
ETF operation. The major STE required for MHD power train testing
separate from the steam bottoming plant are as follows:

0 An exhaust by-pass and quench subsystem to divert the diffuser
exhaust gas to a quench duct. The system will include a scrubber
and an ID fan. The existing stack will be utilized.

o A feed water by-pass to divert feed water from the diffuser/
transition sections directly to the condenser with appropriate
throttling.

0 A vitiated air heater to be employed only for MHD power train
start-up and testing.

As the ETF design matures and planning for testing becomes more
definitive, the requirements for other STE will most likely become
evident. These requirements should be included in future revisions of
the DRD and need to be incorporated into the design process.

REFERENCES:

1. MHD ETF Conceptual Design Engineering Report, prepared by Gilbert/
Commonwealth for NASA LeRC under contract DEN 3-224, dated March 1981.

e "CDIF Startup and Acceptance Test Plan", prepared by the Montana Energy
and MHD Research and Development Institute for DOE under contract
ACOT7-78-ID-01T745, Report No. 2DOE-MHD-D56.

3 "CDIF Facility Startup and Acceptance Test Plan", prepared by the Montana
Energy and MHD Research and Development Institute, dated 27 Dec 1976.

. "Test Train Components & Interface Hardware Checkout Plan, CDIF/MHD Test
Train 1A," prepared by the Westinghouse Electric Corporation for DOE
under contract EF-77-C-01-2612, Report TME-2918, Nov 30, 1978 Revision C.

5. MHD Engineering Test Facility Design Requirements Document (DRD),

prepared by Gilbert/Commonwealth for DOE and NASL LeRC, Report DOE/NASA/
2674-80, March 1981.
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APPENDIX A
DEFINITIONS AND TERMINOLOGY

Combined Plant Integrated System (CPIS) Tests: Upon completion of independent

IS tests for the MAD power train and the bottoming plant, CPIS tests will be
performed by the operator to determine the performance envelopes for the
combined plants. Cold, warm and hot flow test sequences of the plant will be
run and startup/shutdown procedures will be evaluated prior to the Facility
Power Demonstration.

Construction Component Checkout (CCC): These are tests that are performed by
the Construction Contractor prior to turn-over of the facility to the
operator. The purpose of these tests is to assure that the installation and
connections to components are in conformance with the drawings and technical
specifications, and to assure readiness of the equipment for performance
verification.

Construction Contractor: A construction engineering firm which has contracted
with the government to construct the ETF.

Facility Power Demonstration (FPD): The FPD is an integral part of the plant
commissioning, and consists of verifying that the plant can be started up and
will operate according to the rated design specifications.

Integrated System (IS) Tests: These are tests performed by the operator on
groups of facility and power train sytems that are interdependant to verify
they can perform certain functions. These tests determine performance
envelopes for the interrelated systems.

Plant Operator: A firm "usually a Utility" which has contracted with the
government to operate the ETF.

Preoperational Test: Component, subsystem, system and integrated system tests
to confirm that specified performance is met and to define operating
envelopes. These tests are conducted prior to operation.

Special Test Equipment (STE): Equipment, apparatus, hardware,
instrumentation, etc., needed during testing of either facility elements or
power train components. This equipment may be needed to form an interface
between power train components, power train/facility components or facility
components.

System Operating (SO) Tests: These are tests performed by the operator on
individual systems to verify that the system is ready to be put into service
and that the system operates in accordance with its technical specifications.
These tests pertain mainly to facility systems rather than power train
systems.

Technical Specification: A set of standards which defines the characteristics
and performance required of facility components to establish their
acceptability for inclusion into a facility system.
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APPENDIX A (Cont'd)

Test Procedure: A document which defines the specific objectives of a test,
and details the steps required to accomplish the full invent of eath phase.

Test Specification: A set of standards which defines the performance required
of facility and power train systems to certify their capabilities relative to
power train support requirements, and which serves as a basis for
establishing test procedures.

S



5.2.3 Supplemental Data

Supplemental cost and schedule data was provided by the developers of the high

technology equipment for the ETF conceptual design. The data was used to

develop the ETF cost estimate found in Section 3.3, and is included as the

following attachments to this section of the CDER:

System Cost/Schedule Data

Magnet Cost Estimate, 3/9/81 (2 sheets)
Manufacturing and Installation
Schedule, 3/2/81 (2 sheets)

Oxidant Supply Lotepro Cost Estimate, 3/9/81 (4 sheets)
Lotepro Project Schedule, 3/12-13/81
(6 sheets)

MHD Power Train Cost Estimate, 3/6/81 (6 sheets)
Manufacturing and Construction Schedule
(1 sheet)

HR/SR Cost Estimate, 3/6/81 (10 sheets)

Recommended Schedule (1 sheet)

w
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IAL PAGE 1S
ORIG SOR QUALITY MAR 9 198

LOTEPRO CORPORATION

ALTERNATIVE COSTS: MONTANA SITE

Toials
. Inst Indir Total
Mjr Comp  BOA Cost Cost Contin Cost
1. Base Case 17,860 892 7,310 2,445 1,910 30,417 -
2. Variation #1 13,370 790 6,162 1,858 1,620 23,800
3. Variation #2 15,010 860 6,460 2,038 1,450 25,818

* Included in BOA are all interconnecting piping, associated valves and
instrumentation. )

=
X 2 | el R

.".'A'l - 1 b
g e

fhe

NASA — LIV
21¢7%0 LRt
e




[YE R §

STASSAA
X08 aqKo |'z(

dATHa

HOLON TV ' 11

WNDm%_oﬁ
NI 4L WvdLs)

SHOSSIE IO

LNVYQIXO | "6

HOSSIEIAOO)

nsv]'®

dIEWVHO
ONIXIW | -

OF POOR QUALITY

ORIGINAL PAGE 19

SHISNEANCO

wvaLs | 2

SANVL

dOVdOLS | 'S

Lo T HVa NOILYALID] .

_ s NvId do1d| ¥
= : ( Ty Yiva dinvd

SSOMd | ¢
Jd0O3s

SWWHOYIA

-

U LLLNGWNELSNT |72
SS4004d

Wo1S3a |-q

SSEMd

-
<
N
L 1
N || ngn|n] ||| ]| < V[N

Im,%ﬂl ! jm.ma_n._! e ESZEXEHEEEREEE

qns

10puajp uujidyiosaqg

'ON'0'd

"ON

‘ON Wal]

dYZ L 43y dv3i pig dvda puz _ a¥3ir 3Is|

“8mp ponoeyoun n NEs| 18] Fujmeip Juamdinby
pPaNsc| 1apio aswyoring

perjadas uojawion)

9 30T : a8eq ALITIOVA LS3L "ONd 93TS e p,ooy ¥ palafdwo> Sujisay

y R.\.m 3 ig uawdiys  Hs paiardwod "1qey

18/Z1/¢ ; a3eq SRty paswalax ‘118uU0) ¥) paseajal ‘iqu4 uojieionb °j panes] ‘dadg
Ay 1Ng3IHDOS 123rovd [eaczdde ‘8mag vg *iqej e 1, Ivm (1Y

: aiep [enioy
9Z0S 3S :-oN gor o¥daLon “Smp pavday) ad [®A01dde Fujmeiq

21ep I[Npayos§
=i ooveed ONZIOT
WALSAS A%54d4dNS INYAIYO 413 :3i0QdH.5

weoer@oQ
ln € ~vm @




“ORTOTI |

\
NOTS3 "aNNQd
BR0G6 1v] Aq

~ ONIQTING
HOSSTHIND

NOIS3]
TRHALORLS

. o211 (0 g
-

"OaTd I

JN&WE "aNNO4

SONILLIA

S3IATVA 3d1d

ONIdI1d

‘0018 "HdWoD
gvd 01314

— ONIJId|

O “MdHCH
¥4 dOHS

ONIdId Q¥VA

4v4 a1and

OF POOR QUALITY

ORIGINAL PAGE 19

dAN1gdnL

HOISNVdX3

T4391S *1oNY¥1s
X048 0100

Z 4 b i ong
|
.

ONIdId

Z das

Xog Q100

SHIONVHOXA

ONISYIATY

q
H
-
| wn<n|n | n|g|n]n]|<|n]]n|<]n] | n]g]n

-

8|
| sy .Q—OOPOhtm~.

a1o0puap

uojidjaosaqg

“ON"0"d
“ON ans

¥vax Yy “4V3X PIE ¥V3ax puz dVHEA 3IST {
SSs i

‘oN Wa3]

“Bmp paydeyoup

9 3oZ: ey ALITIOVd Ls3dl ‘9N3I 231s 1@ p,ooy ¥ palardwo> Bujisay

AQ\NW“M" Ae Juowdiys HS paiardwod ‘iqey
i ajeg paseaaz ‘i13su0) W) paswagax ‘iqey

: ~aay 4TNAIHDS 103rovd [ean1dde ‘8ag Vg -1qej @ 1,10 11V s3ep Jenaoy

9Z0S dS :-on gor o¥dalon *8Ap payday) @ [vAo1dde Bujmeiq 21ep I[Npayos

so.searese WALSAS XAT1ddNS LNVAIXO 4Ld :310Q41H0S L TERE]

N anssy 18] Bujmeap juamdinby
Panss| l1apio aseydung ¢

Paajada1 uvojlviony 7
:e_.:o:v.uvss..:_.uo;m_
<
m
u.

nweonrnoo

-



EEEN

NOILV
|hzmtathz,

LITITIlL

IVOI¥L0d 14

-

NOILD3YH
ONIdId

|| V||

NOILD3¥:
AN3

IVENLONYELS

R QUALITY

\\JUZ—QJ-:&

vp 4q mz::nz:e

ORIGINAL PAGE IS

OF

ﬁummmm alis
ANV TIAID

a1514/dOHS
NOILVINSNI

NOLLV
~LNZHNYLISNI

IN3R4INO3
TVOI¥LOA T3

nq|wndn|n|<n|gn]|D]| <N

ANIT @NO
AVOI¥LO3 T3

)

dVaA 43Iy

¥V3dA PIt

uvair s

“oN'0"d

aopuap uvjidjaosag

w
(=]
o
)

|

9 Jo ¢ atey

e ¢ kg

18/€1/¢ © 3%

: “ady

9705 ds ‘oM qor
- ¢ sPreoD

ALITIOVA LS3L °"ONd

pawi ysiwy 3w p, 03y

4 INA3EOS 103rowd

WALSAS ATddNS LNVAIXO 413

“8mp paxdayoupn

p23ardmod Bujisal
paiafdmod -iqry
paseafax ‘iqeg
‘dqej v 1,3%wm (1V
[eAosdde Bujmwig

U‘ONQOg

anes] 397 Sujmeip juamdjnbz o
panss] l1apio aswyoing ¢
paajacai vopiwiond 7
vojiwmionb 3 penss} dadg |
21ep [wNITY ¥

21Ep anpayds s

:aNEo3

‘ON wel]



~.

OF POOR QUALITY

ORIGINAL PAGE IS

\4
S
»
\4 .zc_:z_z_._j, JdNLSION)
3 ONTIWDE]
T v NI “N®
S pue LNdg-A04H) NS IN0d
H st (PI3T4d)
K % ND LLVINSNI
| | !—Qb!n.!!~...o.mo..0n¢n~. o @ =
°© 10puayp | uoyadyaosag | 8
HVaX 4YIr V3R pIg WV3X puz dVdA 3IS| .W .W z
*8ap paxoayoun an anss} 18] Sujmeip Juamdynby o
9 30 ¥: alwyg ALITIOVA LSAL “ONdF 931s 1w p,o3y 'l paiaydwod Bujisal ¢ panss] lapio aswydang ¢
g Ag Juawdiys HS p2i21dwod -iqey g PaAjada1 uwojIwIo Y 7
\8/Z1/€ ¢ 23eq paswaal ‘13su0) ¥) paseajyaa ‘iqeg ¢ uojieiond *j panssy -dadg |
H Ay 4INAIHOS 1Daroud Tewacadde ‘8aq va ‘aqej e 1,3vm [V 9 23¥p [enldy ¥y
9Z0S dS :°ON Qor oudalon *8ap payoayd @ TeAocadde Bupmeaq ¢ WP A[NpaYIs s
Fiep—— W4LSAS A7TddNS LNVAIXO L7  11NAAHOS :aNaoa1




§
:
:

2
i

"’J"’ 3 S
Z
;

ORIGINAL PAGE I8
OF POOR QUALITY

L

QR Hd Az
7
g e
£
Z

35 2 w8 os i _t_.o.m_wpomvnw_

HV3X Y3y HV3ax pag HVaX puz HVEIX 3IsT . m

NOTSIA¥IANS Q1d1d Aay

=0 m—— . a— AIND NOLLWMNA ALVMWIXCRIddY
LLLLTTTTTTTTT YT CINOES SY NOLLOAJSNI JNALLIWRAINT
: o -~ . .
9 uOm" ’ Mu ALITIOVA 1S4l ‘O9Nd ALIS IV DTH TVOOT W
18/2Z1/¢ . Mg TIROTAE d4VLS HOALOWVAINOOENS S
. FINAAHIS LD410Nd

: Aoy AALIVINASDIID HOONAA A
"9Z0S dS:'oN qor ; TAROTANE SANT'T/QHdALOT
;..i’@ HALSAS XT1ddNS LNVAIXO0 413 31naauos
oo e

AN

TUN WA




#—--J*—

OF POOR QUALITY

ORIGINAL PAGE IS

s | HFANIONT LSSV pag
-+ +++ 1+
T. T HTANTONG LSSV puz
T.. T UTINTONT "155V 351
- 1 MTINIONG HOINIS
T T T SN DRSS
+ +1 t+ H + . —
by
==} 1 1 T INGANAINTEAANS ONLINIVA
e = 1 i S LNAANAINTEAANS ONLIVINSNI
; : a8 SR
1 . o A HOLORE HOLOW IoMV]
-I*I A HOLOEHA ANIMNL WVYALS
: NOISIAMAANS HOLOWEINGD *LNCO
12 Q_o.: [SiviciRi| ujos|8(Li9]|S|P|E]2] m =
4 3
WVEAX Yy ¥V3aXx pig u¥dx puz ¥v3ax aIst £
N ——-
NOISIA¥EANS dTd1d AdX
9 JO 9 : .aMeq ALITIOVd 1S3l “9NdF
‘H'd°'3 W .
18/Z1/¢€: R LE) ]
2 e FINAAHIS LD4100d

9z0S 3S :°ON qor

WALSAS A1ddNS LNVAIXO 4Ld  3TNAIHOS
!.;-’@




1v9 A8 (30IA0Yd 39 0L

1861-0061 d04 %2l Qilv 6/61-£L61 ¥Od
%L 40 NOTLYYIS3 NO @3SvE ‘1861 ‘61 HOMYW OL 031234400 ($4) S1S00 1w (3)

1861 ‘S AMVANYL “A3d SINNOJJY 40 300D 4i3

*Q3LVYIIONT SSIINN “SNOILYONNO4 30NTINI LON S300  (P)

12 310N (2)

1861 “S AYYNNYL “A3Y SINNOJDY 40 3000 113 - /L 310N (9)

1861 ‘S AYYNNYC “A3Y SINNOJIV 40 300D 413 - 91 3LON (®) :S3LON
0092 L (@71314) S3IDIAY3S INIHIINIONI LLE
0£9 ¢Sl v8 891 = £92 L NOILJ3CNI Q33S 29°L1E
26851 299¢ (8€1 6912 - veos L "N393d 033S 19°L1€
25591 L18€ (V471 L£62 - 1628 l W3L1SAS 033S Eo.:m
LEOP £€6 162 285 - 1£22 L A4LINJYID NOILYQITOSNGD 20 LIE
£60v1 ¥S2€ 811 £L£2 -- 6L2tL l SHILYIANI Lp LLE
NOISYIANI ONY
0£181 (81Y 8Lyl 5662 -- 0156 l NOILVO110SNOD Y2 14L12373 v LIE
0261 (34 €L £yl =5 1921 1 NOI1J3S LISNWYL ONY 3410 €2°LIE
PE88 0r02 18 €91 -= 0559 L TINNYHD 22°LIE
£vE 6L v L e £62 L 31ZZ0N 12°L1E
L6011 2952 851 £LE -- 908 L WILSAS HO1VHINID OHW (q)2 (1€
Sivl 6€E 08 951 - 006 L 1403 "1237702 “9¥1S vl LIE
2962 265 22 St = €061 L HOLSNEW0D gL LLE
8618 £681 109 8611 -- 90St L "NOILD3ICPNI 0D 217 L1E
£9€6 2951 2 18yl 8455 == L INIAYA W03 LLLLE
86512 98EY Shwl 0882 8155 60€L L INIWAINO3 NOTLSNSW0D ()l LLE
Amﬁg&:% *NILNOD 1502 HIONI 1502 1SN1 (p)vo8 dW0D HCW LINN NOILdI¥I530 INNDJIY *ON INN0JIV
1 104 -

1502 WIYILYW

1861 “9 HOYVW Q31va vau._kz:mu 1500 NIVdl ¥43IM0Od OHW - 205-00S



COST BACK-UP
FOR
SDD-502 MHD POWER TRAIN COST ESTIMATE

A. Ground Rules

The cost estimate was prepared using the following ground rules:

1. The cost estimate is based on mid 1981 dollars.

2. Costs are shown in thousands of dollars.

3. The DOE Code of Accounts was used for all cost estimates. Costs are shown
for accounts 317.1, 317.2, 317.4 and 317.6 at the account and subaccount
level. An estimated total cost is shown for engineering services (field)
for these accounts and is identified separately as account #317.

4. Cost estimate is based on a common (Middletown, USA) site.

Cost elements identified with each account and subaccount are identified as:

"Major Components" are those items which are engineered, designed, fabricated,
shipped, and in some cases erected, by one supplier.

"Balance of Plant" items are normally designed, engineered and purchased by the
engineer. ATl material costs include charges for delivery to the site.

The "Installation" portion of the direct cost includes wage costs for all
manual labor, foremanship, and all wage related benefits and costs mandated by
labor agreement. Payroll taxes, payroll premium costs and workmen's compensa-
tion insurance costs are built into the wage rate of direct labor costs. Aiso
included is special construction equipment associated with certain civil work
items to which the costs can be charged directly, and also contractor fees.
Auxiliary labor for unloading, storing, sorting materials and equipment, gen-
eral and final cleanup, and other miscellaneous activities directly associated
with the installation of the work area are also charged to the direct account.

"Indirect Costs" for construction are those cost items which include facili-
ties, equipment and services that are required to directly support the
construction operations, but which cannot be conveniently charged by the
constructor or general contractor directly to a single estimating account. For
conceptual estimates, indirect construction costs are expressed as a percentage
of the direct cost. Field offices and temporary facilities, transportation,
safety equipment, construction tools and equipment, expendable supplies, non-
manual labor, construction services and testing contracts, and insurance and
bonds are all examples of indirect costs.

21-



“Contingency" represents the total contingency that has been applied to each
1ne 1tem. As Owner committed monies for purchased material and negotiated
contracts proceeds towards 100% of total project cost, necessary contingency
factors may be reduced in a manner to reflect lessened possibilities of unfore-
seeable circumstances occurring before project completion. As project
engineering nears completion, estimating may deal with more precise information
and can more accurately predict material quantities and respective project
costs. [Items incorporated into contingency management considerations include:
Design (but not major scope) changes

Market conditions

Labor productivity

State of project definition

Unreliable and noncurrent estimating data

Unpredictable field conditions

Instabilities of material and labor markets

Uncertainties in project timing

Errors and omissions

Weather

Short term strikes, walkouts, and other labor disputes

Other unforeseeable occurences and conditions which would delay or otherwise
increase material and/or installation costs.

The contingency factors used in this report reflect the above items as well as
varying degrees of development and uncertainty for the MHD components. In the
case of Balance of Plant (BOP) structures, improvements and well defined
mechanical systems, a 10% factor is used. For the higher technology compo-
nents, a factor of 20% is used. High technology items are identified as:

Account
: Combustor
317.21 Nozzle
317.22 Channel
317.23 Diffuser and 7.ansition
317.31-35 Magnet Subsystem
317.42 Electric Consolidation Circ.
317.61 Seed Regeneration Process
B. Basis

Two sources of cost data were used in the preparation of the cost equations.
These are identified as:

=P
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(a)
(b)

Cost Base #1 AVCO ETF Conceptual Design; DOE/FE/2614-3, 1979
AVCO-ETF

Mid 1977 §

Cost Base #2 Conceptual Design Study of Potential Early
AVCO-CSPEC Commercial MHD Power Plant; DOE/NASA/0051-2,
Mid 1978 § NASA CR-165235, 1981

Method

Subaccount costs in cost base #1 (AVCO-ETF) and cost base #2 (AVCO-CSPEC)
were adjusted to mid 1981 dollars using the following escalation factors:

7% increase for periods of 1977-1978 and 1978-1979
12% for periods of 1979-1980 and 1980-1981.

Subaccounts in cost base #1 were scaled up and the subaccounts in cost
base #2 were scaled down to the current ETF size, using the appropriate
parameters and cost equations shown in Appendix A.

Costs were computed for subaccounts 317.11, 317.12, 317.13, 317.14,
317.21, 317.22, 317.23, 317.61 and 317.62 in cost base #1 and cost base
#2, using equations based on the ratio of thermal input power and the
ratio of channel internal surface area. The costs for subaccounts 317.41
and 317.42 in cost base #1 and cost base #2 were computed using equations
based on the ratio of MHD output electric power and the ratio of channel
internal surface areas.

Two equations were used for each subaccount for checking and comparison
purposes.

A scaled cost for each subaccount was selected for cost base #1 and for
cost base #2. The costs of high technology components were increased by a
factor of 1.4 (subaccounts 317.13, 317.21, 317.22, 317.23, 317.42 and
317.61).

Each subaccount cost computed from cost base #1 was averaged with the
corresponding sutaccount cost computed from cost base #2, providing the
cost for the ETF cost estimate.

Cost elements (major components, BOP, installation, etc.) for each
subaccount line item were computed from the total cost of each subaccount,
using the corresponding percentage identified in cost base #2 (AVCO-CSPEC).



APPENDIX A

I. Cost Equations

A. Scaled Cost, Basis Ratio of Thermal Power

| 8

Current ETF\scaling function

Base Cost #1 Input, MW scaled
Mid 1981 § | «x IVEU-ETF = ubaccount

Input MW cost

5. Current ETF\scaling function
Base Cost #2 Input, MW scaled
Mid 1981 § - = subaccount
Input MiW¢ cost

B. Scaled Cost, Basis Ratio of Channel Internal Surface Area

1. Current ETF\scaling function
Base Cost #] Area, Ft2 scaled
Mid 1981 § | x| AVCO-ETF = subaccount
Area, Ft2 cost

2. Current ETF>scal ing function

Base Cost #2 Area Ft scaled
Mid 1981 S subaccount
Area Ft2

cost
C. Scaled Cost Basis Ratio of MHD Electric Power Qutput
(Turrent ETF\scaling function

OQutput, MW scaled
AVCO-EIF = subaccount

Oucput, MWe cost

s
Base Cost #l
Mid 1981 $

Output, MWe cost

2 Current ETF\scaling function
Base Cost #2 Qutput, MW scaled
Mid 193] $ AVCO- ETF = subaccount

D. Subaccount Cost for Current ETF

Subaccount Subaccount
Cost Using + cost Using
AVCO-ETF AVCO-CSPEC
Cost Base #1 Cost Base #2

= Subaccount Cost



Il1. Parameters Used in Cost Equations

A. Thermal (Coal) Input

1. Cost Base #1 (AVCO-ETF)
2. Current ETF
3. Cost Base #2 (AVCO-CSPEC)

B. Channel Internal Surface Areas

1. Cost Base #1 (AVCO-ETF)
2. Current ETF
3. Cost Base #2 (AVCO-CSPEC)

C. Electric Power Qutput

1. Cost Base #1 (AVCO-ETF)
2. Current ETF
3. Cost Base #2 (AVCO-CSPEC)

*D. Exponential Scaling Functions

1. Account #317.1,
Combustion Equipment

2. Account #317.2,
MHD Generator System

3. Account #317.4,
Electric Consolidation
and Inversion

4, Account #317.6,
Seed System

*Provided by DOE

291 MW¢
543 MWt
2100 MW¢

321 Ft2
522 Ft2
1579 Ft2

50.1 Mg
90 MWe
525 Mg

0.67

0.7

0.9

0.67
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US Deparmvient of Energy

ARGONNE NATIONAL LABORATORY

970 South Cass Avenue, Argonng, llinois 60479 Telephone 312/972-

ETF Conceptual Design 20(MWe
ANL-Recommended Cost Data

Cost Breakdown for HR/SR Boiler(l)

Account No. 312.4 - Boiler ('"Steam Generator")

Category Description Cost(Z)

Unit of Measure: 1,070,992 1b/hr superheated steam
378 MW thermal

Material: Material and Equipment supplied by Vendor
a) Boiler - including oxidant heaters,
structural steel, ductwork,
and all engineering

$11,481,960

b) Accessory Equipmenc supplied by Vendor
including sootblowers, fans
motors, controls, steam coil
air heater

$ 1,710,604

Total material $13,192,564

Balance of Account: this inc ludes all items suppiied in tne field,
i.e., Foundation, HR/SR Building, inlet and outlet
f lue gas ductwork, building electrical and wiring
to boiler equipment electric service boxes.

To be supplied by GAIL

(1)HR/SR boiler includes - Radiant Boiler Sections, Superheaters, Reheaters,
Intermediate Temperature Oxidant Heaters, High Temperature Economizer,
Steam Drum, and Recirculation Pumps, Downcomers, and Headers.

(2)cost shown - based on September 1980 dollars - add 6% for March 1981
costs.

ANL ETF Subproject Office
HR/SR Costs; Page 2 of 10 pages

The University of Chicago ARGONNE UNIVERSITIES ASSOCGIATION




ETF Conceptual Design 200MWe
Cost Breakdown for HR/SR Boiler (continued)

Account No. 312.4 - Boiler ("Steam Generator")

Category Description Cost

Installation Costs: This includes costs for erection of the
boiler and associated structures, accessory
equipment, ducting and ?15 heater (BRIL is
included in this price)(3

a) Erection $ 8,201,400

b) Shipping 207,769
c) Service (Field BEngineer & Start Up

Operating Crew) 218,704

Total Installation $ 8,627,873
Indirect Costs: To be supplied by GAI
Contingencies: Allow 50X contingency for B&W supplied

information due to fact that B&W estimate
is 40Z of CE 2X Base Case Cost Estimate

a) Materials - $13,192,564 X 50% = $ 6,596,282
b) Installation - $8,627,873 X 50% = 4,313,936
Total Contingency $10,910,218

Total cost Vendor (B&W) supplied items for HR/SR
a) Materials - §13,192,564 + $6,596,282 = $19,788,846

b) Installation - $8,627,873 + $4,313,936 = 12,941,809
$32,730,655

(3) BRIL=Brickwork, Refractory, Insulation, & Lining

ANL ETF Subproject Office
HR/SR Costs; Page 3 of 10 pages



ETF Conceptual Design 200MWe

Cost Breakdown for Particulate Control (ESP)

Account No. 312.5 - Particulate Control

Category

Unit of Measure:

Material:

Balance of Account:

Installation Costs:

Indirect Costs:

Description Coat(l‘)

1,357,352 lb/hr Flue Gas @ 480°F
=703,386 - CPM - @ 3.9 grains/SCFyy
or 7.6 grains/SCFg,;

ESP as delivered to site $ 6,302,240
This includes all items supplied in the
field-i.e., Poundation, DuctWork, Electrical
Service Supply to ESP boxes
To be supplied by GAI

This includes erection costs, shipping and
checkout.

a) Erection - $168,810

b) Shipping - 22,500
c) Service - 22,500
$213,810 $ 213,810

To be supplied by GAI

Contingencies: Allow 10%
Materials - $630,224
Installation - _ 21,381
$651,605 $ 651,605
Total Cost - B&W Supplied ESP
Materials - $6,302,240 + $630,224 = $6,932,464
Installation - $213,810 + $21,381 = 235,191

$7,167,655

(4) September 1980 dollars - add 6% for March 1981 dollars.

ANL ETF Subproject Office
HR/SR Costs; Page 4 of 10 pages



ETF Conceptual Design 200MWe

Comparison of B&W Scaledown Cost
Corrected for ETF Size/Cost
Compared to AVCO 2X Base Case 1979 Cost

ETF AVCO 2X Base

HR/SR Inlet - 132.4 kg/s 130kg/s
HR/SR MW, - 378 MW, 390Mw,(5)

(9/80 Cost) (6/79 Cost) Mult
Steam Gen. @ 87% = 18,983,000 49,549,0006) 2.6
Aux. @ 13% = 2,837,000 4,774,000¢6)  1.68

21,820,000 54,323,000 2.5
ESP 6,516,000 6,841,000(6)  1.05

ETF Boiler is 40%Z of AVCO
ESP is 95%Z of AVCO

E?) See page 20 of AVCO Report, FE-2614-2
6) see page 117 of AVCO Report, FE-2614-2

ANL ETF Subproject Office
HR/SR Costs; Page 5 of 10 pages




ETF Conceptual Design 200MWe

ETF Cost - for HR/SR
ESP

B&W CSPEC Scale Down - 20 (MW

Tres. = 2-2.24 sec.

Convective Pass Gas Vel. approximately 35-40 fps
Boiler Press - 2150 psi drum press
5:1 recirculation ratio.

Steam Walled: 1)
2)
3)
4)

5)

Furnace Roof

Pendant Convection Sidewall Tubes

Hor izontal Convection Bank enclosure inlet headers
wall tubes and outlet headers

Primary superheaters bank in convection pass outlet
header in paint house to secondary superheater.

Pendant Secondary Superheater header in penthouse

a) first bank

b) attemperator

c) final bank downstream (gas wise).

Boiler Dimensions (W X L X H)

Plan - 52'W X 74°L

Front Elev. - Top 52' X 151'H
Bottom 52'W X 20'H

Side Elev. - Top 74'L X 151'H
Bottom 74'L X 20'H

Gas into Boiler - 894,500 lb/hr Gas out Boiler - 1,147,000 lb/hr

- 1,048,589

1,357,352

HP Turbine Inlet - 1,070,992

RH Turbine Inlet

1,017,200 1b/hr

890,500
986,470

1000°F-2524 psia

1000°F-531 psia

ANL ETF Subproject Office
HR/SR Costs; Page 6 of 10 pages



True Scale Up Factor= 1.136

Cost Multiplier = (1.1362)°*/ = 1.09352
B&W Scale Down 200M W,
Boiler Inlet Temp/Press/OH 607/2800P/627
Gas into Boiler W 894,500#/hr
T 3625
Boiler Steam Gen. MW *247.596
Gas Leaving Boiler W 1,147,000
T 553
T 3072°F
Steam to S.H. Turbine W 1,017,200
T 1000/1458
4 H=831
P 2524
MW (Approx. 102.5)
Steam to RH Turbine W 890,500
T 1000
P 531
MW* (49.8)
Oxidant Heater Inlet W 696,700
T 756°F
' P 187.5
Oxidant Heater Outlets W 696,700
| T 1186  (430° &T)
P 175.5
*Wep 71,899,440 (21MW)
Economizer W= 996,00N
T = 4394T

MW = 14.30MW,

MW = 187.6MW,

*

332.7

ETF Conceptual Design 200MWe

GAIL ETF Re f.

636°F/1900P/672

1,048,589 (132.4 kg/s)
3532

*253.474

1,357,352
481°F
3051°F

1,070,992
1000/ 1480
AH=808
1814
(107.9)

986,470

1000

428
*(55.2)

867,852
432°F
72 psia

867,852

1100 (6681T)

71

139,134,033, (40.75 MW)
1,070,992

8NCAT
*28. 6MW,

232.45
378.024

ANL ETF Subproject Office
HR/SR Costs; Page 7 of 10 pages

Mult.

1.1723

1.1834

1.0529

1.1078

1.246

1.24
1.1362



ETF Conceptual Design 200MWe

Cost Breakdown Structure (per telecon of March 4, 1981 with V. Pearson,
ANL/ Tom Buchanon, GAI extension 2677)

a)

b)

c)

d)

e)

£)

g)

Title: list the unit-use footnotes to include all major items included.

Unit of Measure: list major characteristic - for boiler this is lb/hr of
steam, for the ESP it would be the CPM.

Material: This includes all material shipped to the site by the vendor.

In the case of the HR/SR this includes Engineering, Shop Fabricationms,
Materials, Pumps, Instrumentation, Prewired electrical etc. - ANY COST
INVOLVED IN THE COMPLETE PACKAGE SUPPLIED BY THE VENDOR. = DO NOT INCLUDE
FIELD SUPPLIED ITEMS.

BOA: Balance of Account: This includes all items supplied in the
field-usually by others - i.e. Foundations, Ductwork, Field Wiring, other
materials not supplied as part of the delivered package.

Installation Costs: All field erection costs - welders, eguipment rental,
etc.

Indirect Costs: To be supplied by GAI

Contingencies: Establish contingencies for data supplied GAI will handle
the preparation of the final figure.

SCHEDULE: Telecon-- V. Pearson, ANL/R. (Jake) Jacoby, GAI, extension 2643.

ANL ETF Subproject Office
HR/SR Costs; Page 8 of 10 pages



ETF Conceptual Design 200MWe

Telecon of March &4, 1981, V. Pearson (ANL)/Fred Wenderoth (B&W)

a)

b)

c)

d)

e)

f)

Engineering = covers all engineering from receipt of order.
Pumps - should cost of the order of $100,000 or slightly more.

Erection - Boiler cost should be 90-95X% of figure givea ESP 5-10% of
figure based on how the ESP is shipped.

BRIL - is Brickwork, Refractory, Insulation and Lining installation

Service - includes on site field engineer during construction and
operating crew required during start-up.

Cost —consider the nominal 21 million dollar pro-rated cost to be
reasonable and would consider only a 10% contingency would be required for
further conservatism.

ANL ETF Subproject Office
HR/SR Costs; Page 9 of 10 pages



ETF Conceptual Design 200MWe

HR/SR COST COMPARISON

B&W CSPEC Scale Down ETF Size Corrected
Boiler 10,500,000 X 1.09352 11,481,960
Accessories 1,450,000 X 1.09352 1,585,604

Ad - recirculation pumps @ 100,000-125,000 125,000
Total Material Cost 13,192,564

Erection of Boiler
& Associated

Structures 7,500,000 X 1.09352 8,201,400
Freight 190,000 X 1.09352 207,769
Service 220,000

=20,000
200,000 X 1.09352 218,704
8,627,873

Material Cost - $13,193,000
Installation - 8,628,000

$21,821,000 - contingency @ 50% = 10,910,000

New Boiler Vendor Budgeting Cost
$32,731,000

ESP 5,750,000
less erection -150,000
5,600,000 X 1.1254 = 6,302,240
Erection 150,000 X 1.1254 = 168,810
Shipping est. (20,000) X 1.1254 = 22,500
Service est. (20,000) X 1.1254 = 22,500
213,510
Material - $ 6,302,000
Installation - 214.000

$ 6,516,000 - contingency @ 10% = 650,000
Net CSP Vendor Budgeting Cost
$7, 200,000

ANL ETF Scubproject Office
HR/SR Costs; Page 10 of 10 pages
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5.3 OUTLINES OF PLANS IN SUPPOKT OF THE CDER

Tne outlines of plans required to support the Conceptual Design Engineering
Report are described in Sections 5.3.1 and 5.3.2.

A performance assurance program plan with specific provisions for reliability,
safety, and ‘Guality assurance is normally developed by using the detail
design conditions for a given project. This plan is found in Section 5.3.1

and covers those items needed to provide confidence of satisfactory in-service
performance.

A plan was also prepared to outline the Environmental Analysis Study required
to support the Conceptual Design Engineering Report. This conceptual phase
study would precede the Environmental Assessment required by Federal

Regulation, 1508.9 Environmental Assessment. This plan is found in
Section 5.3.2.



PRECEDING PAGE BLANK NOT FIL.MED

5.3.1 MHD-ETF Performance Assurance (PA) Program Plan

The attached outlilne for a proposed PA program plan was developed as a part
of this CDER to provide the basis for the establishment of a PA program to
cover design and construction of the MHD-ETF. Such a program must include the
actions and responsibilities required to effect the safety, reliability, and
quality assurance elements of the project. The basic concept of the program
is to ensure that features most important to satisfactory performance be
identified and covered by safety and reliability assessments of the
probability of their failure, and the consequences of failure.




PERFORMANCE ASSURANCE PROGRAM PLAN OUTLINE

FOR

MAGNETOHYDRODYNAMICS
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Section

1.0

1.1

1.2

1.3

1.3.1

1.3.2

PERFORMANCE ASSURANCE PROGRAM PLAN

QUILINE AND CONTENT DESCRIPTION

Title

PERFORMANCE ASSURANCE

PROGRAM

AUTHORITY

OBJECTIVES

ORGANIZATION

Responsibility

Independence

Description and Content

Statement of authority: The Department of
Energy requires a Performance Assurance
(PA) Program at all levels and throughout
all phases of the project. The PA Program
will incorporate Safety, Reliability, and
Quality Assurance elements.

Brief description of objectives: The PA
Program is intended to provide maximum
reasonable levels of: safety of project
personnel and the general public from
accidental injury and other hazards
associated with vonstruction and operation
of the MHD-ETF; reliability of plant and
equipment; and all confidence that design,
fabrication, construction, and operations
activities support these objectives.

Organization will be discussed from the
viewpoint of responsibility, independence,
and documentation, as follows:

The prime contractor will be responsible
for the establishment and execution of the
Project PA Program. The work of
establishing and executing the PA Program,
or its component parts, may be delegated,
but responsibility will be retained by the
delegator. Thus, a chain of PA activity
may be established through a series of
sub-tier contracts, but the prime
contractor will remain ultimately
responsible,

PA personnel shall have sufficient authority
and organizational freedom to identify
problems, suggest solutions and verify
implementation of solutions. The
relationship of PA functions to design,
fabrication, construction, and operations
functions throughout the project will ensure



Seation

1.303

1.4

Title

Documentation

INTEGRATION

oription and Content

the independence of Safety, Maintenance, and
Quality Assurance from constraints based on
cost and/or schedule wher these would oppose
safety or reliability oconcerns.

The PA Program shall be documented by
writt: : nolicies, procedures, and
insti ¢ - .onrs. These shall identify the
activities, structures, systems, and
components covered by the PA Program and

the authorities and duties of persons and
organizations performing activities relating
to safety, reliability, and quality
assurance. Development of appropriate
manuals will be required.

A report describing the application of

the PA Program to the design, fabrication,
construction, and testing of the structures,
systems, and components of the facility
shall be included in the Preliminary Safety
Criteria Report prior to the

beginning of construction. A report of the
application of the PA Program to the
inspection, maintenance, and operation of
the facility and to the administrative and
managerial controls used to assure safe
operation shall be included in the Final
Safety Criteria Report prior to

operations. The SARs will include
Maintenance and Quality Assurance program
elements as they relate to safety and
reliability.

Safety, Reliability, and Quality Assurance
program elements will be complementary, but
minimize duplication of effort. Analytical
assessments of the consequences of failure
will direct activities of all three
elements toward the procedures, components,
systems, and structures of greatest
significance to safety and reliability.



Seotion

2.0

2.1

2.1.1

Title

DE?Q‘"—EEPHON OF PROGRAM

SAFETY

Introduction

tion and Content

The safety performance assurance program
will identify hazards to employees and the
public that may be associated with the
design, layout, and operation, and provide
safety design criteria during early design
of the MHD-ETF facility. The program will
provide an MHD-ETF Safe Design Criteria
reference for guidance during conceptual
design, planning, development, aoquisition,
and layout. By means of this Safe Design
Criteria and safety consultation, the
program will ensure that:

1. Safety ccrsistent with DOE policies
and program objectives is incorporated
into project design and operations in
timely cost-effective manner.

2. Hazard severity is determined and
hazards are identified, evaluated, and
eliminated or controlled to an
acceptable level throughout the life
cycle of projects and/or operations.

3. Historical safety data available from
other sources are considered and used
where appropriate,

y, Minimum risk is incurred in accepting
and using new designs, new materials
and components, and in production and
testing procedurss and operations.

5. Retrofit actions required to improve
safety are minimized through the
timely inclusion of safety features
during early design, development and
acquisition,

6. Modifications to accepted designs do
not degrade system safety.

The safety program shall be appropriately
coordinated with the design, layout, and
reliability programs.



Section

2.1.2

2.1.3

Title

Progr nt

Technical Activities

Desoription and Content

The Safety Assurance Program will be
coordinated with the Reliadbility Program
to prevent duplication of effort and ensure
full and timely interchange of information.
The following major aspects will

be addressed in program management, as a
ainimum:

1. Organization.

2. Tasks, milestones, reports.

3. Incorporation of safety critical items
into project cost estimates.

4. Extension of Safety Assurance to
ma jor subcontractors.

5. Doocumentation.

6. Any necessary assignment to
subocontractors.

7. Master Safety Assurance File.

1. An overall Preliminary hazard Analysis
(PHA) will be performed to provide an
initial risk assessment of the systenm
and develop the Safe Design Criteria.
The proposed design shall be evaluated
for hazard severity, hazard probability,
risk, and operational constraint.

2. Specific Preliminary Hazard Analyses
will be provided as the actual
components, systems, pressures,
temperatures, and operations are
conceived. The "What-If Safety
Analysis" shall be applied to all
aspects of design, layout, systems,
equipment components, installation,
testing, startup, and operations. It
shall be the responsibility of each
contractor and engineer involved as
well as those spenifically assigned
to group task forces to apply the
"What-If Safety Analysis" and the
Safety Design Criteria to his portion
of the work and to its relation to
other portions, systems or components.

3. Design engineering shall utilize the
Safe Design Criteria to guide their
design efforts, aid in identifying the
criticality of system elements, and
guide them in coordinating their design
efforts with the Safety Assurance
Program and ics hazard risk analysis
consulting services. This coordination



Section

2.1‘“

2.2

2.2.

1

Title

General Requirements

RELIABILITY

Reliability Program
Plan

Degoription and Content

will avoid unnecessary delays and
provide timely incorporation of Safety
Assurance requirements. It will also
provide timely development of Subsystem
Hazard Analysis (SSHA).

4. System Hazard Analysia (SHA) will
address all subsystem interfaces and
determine the safety problem areas of
the total systen.

5. Operating and Support Hazard Analyses
(04S) will addrass hazards and
determine safety requirements for
personnel, procedures, and equipment
during installation, operation, and
maintenance, teating and modification,
transportation and storage, emergency
planning, training, and disposal
operations.

The Safety Assurance Program will include
apprcpriate levels of analysis of design
standurds, specifications, regulations,
catalysts, feed materials, effluents,
materials of construction and by-products;
hazardous substances, components, pressures,
temperatures, magnetic fields, effects, and
operations; human error, safty interlooks,
redundancy, fail safe design, system
protection, fire detection and suppression,
and operating and emergency controls.

The Reliability program element uf the
PA Program plan will include the following
component parts:

The Reliability Program Plan will address
the following subjects:

General Requirements

Reliability Organization and Functions

Reliability Program Control

Task Descriptions

Schedules

Control of Purchased Goods and Services

Training of Engineering and Operating
Personnel

Documentation and Records

Program Audits and Evaluation



Section

2.2.2 Reliability. Availabilit
and Maintainability (RANM,
nalysis

2.2.3

2.2.4

2.2.5

2.2.6

Title

Hazards Analysis

Design Activities

Procurement Assistance

Operations

Desgription ntent

A RAM Analysir will be developed including
the following aspects:

Estimate system availabilities

Allocate availability goals among
components and subsystems

Establish maintenance resources, plans,
and off-line time requirements

System modelling and reliability
prediction

A Hazards Analysis will be planned, covering
the following aspects:

FMEA and Fault Tree analysis
Assess consequences of failures
Establish remedial actions
Critical Items Lists

The plan will consider the following design
activities:

Establish RAM requirements for all system
components

Trade~off studies of design and operations
alternatives

Design reviews

Suggest improvements and follow-up

The following types of procurement assistance
will be planned for:

Review procurement docuaents for RAM
requirements

Subcontractor/Vendor reviews and
surveiliance

The following Operations requirements will
be included:

Prepare maintenance plans and procedures
Spare parts analysis and planning
System RAM data collection and analysis
System chenge recommendations



Section Title
2.2.7 Indogtrination

2.3 QUALITY ASSURANCE

2.3.1 Quality Assurance
Program

2.3.2 Organization

2.3.3 Design Control

Deacription and Content

The plan will include indoctrination and
training in the following subjeots:

RAM methods anc their limitations for
deaign personnel

RAM data requirements for operations
personnel

Maintenance procedures for operations
personnel

Reliability consciousness indoctrination

A Quality Assurance Program will be
developed covering the following major
parts:

General requirements

Management review and evaluation

Resolution of disputes

Classification of structures, systems,
and components

Quality Assurance organization functions

Quality Assurance Program assesspment

Contractor/Vendor Quality Assurance
Program

Indoctrination and training

Qualifications

Controlled conditions

A plan for Quality Assurance organizaticn
will be developed in accordance with
Section 1.3, including the following types
of organizations and activities:

Engineering organizations
Quality Assurance organization
Review and advisory committees
Subcontracted services

Stop work authority

Design control will be planned to ensure
the following aspects are covered:

Design organization procedures

Design review and verification

Design Process

Design control program indoctrination

Design control records system

Plant security design information

Degree of independence between design
and review personnel



Seotion
2.3.4

2.3.5

2.3.6

2.3.7

2.3.8

Title

Instructi P
and Drawings

Docunent Control

Procurement Document
Control

Control of Purchased

Material, Equipment
and Services

Identification and
Control of Materials,

Parts, and Components

Description and Content

The Quality Assurance Plan will cover the
following aspects of inatructions,
procedures, and drawings:

Content of instructions, procedures and
drawings

Reviews and verifications

Identification system for project drawings

The Quality Assurance Plan will provide for
coverage of the following types of documentsa:

Quality Assurance Program documents
Ccntrolled documents

Document change control

Control of vendors' drawings

Plant security design information

The Quality Assurance Plan will include
provisions for the following activities
required to control procurement documents:

Procurement document preparation

Review and approval of procurement
documents

Control and evaluation of contractor
proposals

Vendor qualification

Lists of bid drawings

Provisions for control of purchased material,
equipment, and services will be included in
the QA Plan in the following categories:

Vendor qualification and history
Manufacturing surveillance phase
Construction phase

Certificates of conformance
Documentation requirements

This subject will be addressed in the
following aspects:

Identification and control requirements
Manufacturing phase
Construction phase



Section
2.3.9

2.3.10

2.3.1

2-3.12

2.3.13

2.3.14

Title
Control of Special
Processes

Inspection

Test Control

Control of Measuring
and Test Equipment

Handling, Storage,
and Shipping

Inspection, Test,
and Operating Status

soription ntent

The QA Plan will include requirements for
the control of special processes in the
following areas, in acoordance with industry
practice:

Special process requirements
Supplier controls
Qualification records

The Inspection portion of the QA Plan will
require plans for the following:

Inspection program

Supplier inapection
Construction site inspection
Personnel qualification

Test control will be planned for in the
following areas:

Teating requiresents
Test surveillance

The following subjects will be included

in the QA Plan, to cover project
requirements, and comply with governmental
and industry standarda:

Requirements
Supplier and contractor controls

dandling, storage, and shipping of project
materials and equipment will be covered so
as to comply with governmental, shipping
and industry standards:

Requirements
Controls

The QA Plan will include coverage of the
following aspects of inspection, test, and
operating status:

Requirements
Manufacturing phase
Construction phase



2.3.16

2.3.17

2.3.18

Iitle
N £ erial
Parts, or nents
Audits

Corrective Action

Quality Assurance

Records

0 d Content

The QA Plan will provide for identification,

segregation, and disposition of thease items
as follows:

Requirements
Manufacturing phase
Construction phase

The QA Plan will include a detailed audit
plan, including the following aspects:

Audit program

- Personnel training
Internal audits
External audits
Scheduling
Audit reports
Audit follow-up

The QA Plan will include provisions for
controls on corrective action required, as
uncovered in inspections and audits, both
internal and external.

The QA Plan will require a complete system
of QA records, including the following
aspects:

Record requirements

Record maintenance
Record classification and turnover

10



3.1
3.1.1

3.1.2

3.1.3

Title

ULES Ph
ACTIVITIES

SAFETY

General

Conceptual Desaign
Phase

Title I, Preliuinary
Design Phase

Title TI, Detail
Desigr Phase

Procurement, Fabrication,

and Construction Phase

Nperations Phase

soription and Contsnt

Schedules for the Safety, Reliability, and
Quality Assurance program elements will be
developed, time-phased, as indicated in
Sections 3.1 through 3.3.6 below.

The identification, control, and knowledge
of hazardous aituations, practices, and
procedures shall be emphasized throughout
the project to provide exemplary safety
assurance,

Develop preliminary safety deasign criteria
reference manual.
Provide safety assurance consultation.

Issue preliminary safe design criteria
reference manual to design, layout, and
planning project personnel

Review layouta and designs

Provide safety assurance consultatdon

Preliminary system safety analysis

Preliminary critirel items lists

Provide input to desigr considera‘ions.

Review designs

Respond to needs and/or requests for safety
and health criteria and data

Review QA acceptance criteria to ensure
inclusion of safety assurance

Provide the appropriate safety analysis to
the systems, components and operations

Safety Critical Items Lists established

Provide hazard impact input to environmental
impact document

Review contracts to ensure inclusion of
adequate safety assurance program
requirements in construction work

Provide input, consultation, and/or review
of pre-startup testing program

Develop safety operating procedures for
facility operations

Develop and conduct training for operators
that includes explanation of hazards and
means to sliminate, alleviate, and avoid
risks

Develop and conduct emergency procedures

Develop and conduct first aid training

"



Section

3.2

3.2.1

3.2.2

3.2.3

3.2.4

3.2-5

3.3.1

Title

RELIABILITY

General

Conceptual Design

Phase

Title I, Preliminary
Design Fhase

Title II, Detail
Design Phase

Procurement, Fabrication

and Construction Phase

Testing and Operation
Phase

QUALITY ASSURANCE

General

Description and Content

Develop and conduct fire brigade training
Develop and conduct hazard awareness,
identification and reporting training

Indoctrination and training

Establish interfaces with safety, quality
assurance design and construction
personnel

RAM program developed

Classification criteria reviewed

Level of effort for each classification
specified

Allocation of availability targets

RAM obJjectives established

RAM manuals and procedures developed
Preliminary system reliability analysis
Preliminary Critical Items Lists
Trade-off studies of design alternatives
Designs reviewed

Designs reviewed

Acceptance criteria reviewed

Failure modes and effects analysis (FMEA)
System models and reliability prediction
Sensitivity studies

Maintainability

Reliability Critical Items List established

Reliability critical items reviewed and
assessed

Maintainability analyzed

Procurement documents reviewed

Spare parts requirements analysis

Data collection and analysis
Critical items studies
Maintainability

Design improvement programs

Document control procedures implemented

QA programs audited

QA personnel trained and qualified

Calibration of instrumentation verified

Interfaces with safety, reliability, design,
and construction personnel maintained

12



Section Title Description and Content

3.3.2 Conceptual Design Phase QA Program developed
Classification criteria defined
Level of effort for each classification

specified
3.3.3 Title I, Preliminary QA manuals and procedures developed
Design Phase Structures, systems, and components classified
Designs reviewed
3.3.4 Title II, Detail Designs reviewed
Design Phase Design procedures audited

Acceptance Criteria detailed

3.3.5 Procurement, Fabrication, Vendors qualified
and Construction Phase Procurement documents controlled
Vendor/contractor activities surveilled
Vendor/contractor programs audited
Vendor products inspected and tested
Welding and NDT personnel and procedure
qualifications verified
Construction processes and products inspected
Non-conformances identified, segregated, and

corrected
3.3.6 Operations Phase Checklists for pre-startup testing prepared
In-service inspection plans developed and
implemented

Implementation of testing and maintenance
programs verified

As-built drawings verified

Spare parts procurement program implemented

13
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5.3.2 Plan for the Environmental Analysis Study for the MHD-ETF

The attached Environmental Analysis Study is required to support the
Conceptual Design Engineering Report for the 200 MWe MHD-ETF. This conceptual
phase study precedes the eventual Environmental Assessment to be prepared in
accordance with Federal Regulation, 1508.9 Environmental Assessment. This
regulation states:

"1508.9 Environmental assessment.
"Environmental Assessment":

(a) Means a concise public document for which a Federal agency is responsible
that serves to:

(1) Briefly provide sufficient evidence and analysis for determining
whether to prepare an environmental impact statement or a finding of
no significant impact.

(2) Aid an agency's compliance with the Act when no environmental impact
statement is necessary.

(3) Facilitate preparation of a statement when one is necessary.

(b) Shall include brief discussions of the need for the proposal of
alternatives as required by Sec. 102(2)(E), of the environmental impacts
of the proposed action and alternatives, and a listing of agencies and
persons consulted."

Under this regulation an Environmental Assessment may be waived in lieu of a
determination to prepare an Environmental Impact Statement as specified under
Federal Regulation 1508.11-Environmental impact statement.

1508.11 Environmental impact statement.
"Environmental Impact Statement" means a detailed written statement as
required by Sec. 102(2)(C) of the Act.

Since the MHD Engineering Test Facility (ETF) is the first-of-a-kind of
demonstration facility, it is necessary that the Environmental Analysis Study
(EAS) precede the Environmental Assessment and that the determination be
legally documented in the Congressional funding phase. The attached provides
the recommended format for such a report.

Although a programmatic environmental assessment report was prepared for MHD
power plants in their generic form in a report titled, "The Environmental
Assessment of MHD Power Plant" (September, 1975) the specific issues relating

to any specific plant were not or could not be addressed. It is the purpose

of this report, therefore, to perform an environmental evaluation of the ETF on a
non-specific site in order to provide an early analysis of the environmental
issues when applied to a specific power plant. The environmental analysis

study will have the format of the attached. The introductory text has been
included with the outline.
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Introduction

This document is prepared during the course of the development of the
conceptual design of the 200 MWe MHD Engineering Test Facility for
the purpose of accomplishing two objectives. These are:

a. Assess the potential impact on the environment of this new
technology demonstration plant and thereby identify and
assess problem areas requiring further technological
development.

b. Provide a mechanism for identifying and establishing
specific design standards for those vlant components and
systems, u.nd their interfacing auxiliary system
performance, whose design may be controlled by national
standards for protection of the environment.

Scope

The National Environmental Policy Act of 1969 has made the
protection of the environment a matter of law. Section 102 of the
Declaration of National Environmental Policy states the following:

"Sec. 102. The Congress authorizes and directs that, to
the fullest extent possible: (1) the policies, regulations
and public laws of the United States shall be interpreted
and administered in accordance with the policies set forth
in this Act, and (2) all agencies of the Federal Government
shall-

{(A) utilize a systematic, interdisciplinary approach
which will insure the integrated use of the natural and
social sciences and the environmental design arts in
planning and in decision making which may have an impact
on man's enviroament;

(B) idertify and develop methods and procedures, in
consultation with the Council on Environmental Quality
established by title II of this Act, which will insure
that presenti; unquantified environmental amenities and
values may be given appropriate consideration in decision
making along with economic and technical considerations;

(C) 1include in every recommendation or report on
proposals for legislation and other major Federal actions
significantly affecting the quality of the human environ-
ment, a detailed statemeut by the responsible official on-
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(i) the environmental impact of the proposed action,

(ii) any adverse environmental effects which cannot be
avoided should the proposal be implemented,

(iii) alternatives to the proposed action,

(iv) the relationship between local short-term uses of
man's environment and the maintenance and enhancement of
long-term productivity, and

(v) any irreversible and irretrievabie commitments of
resources which would be involved in the proposed action
should it be implemented.

Prior to making any detailed statement, the responsible Federal
official shall consult with and obtain the comments of any Federal
agency which has jurisdiction by law or special expertise with
respect to any environmental impact involved. Copies of such state-
ment and the comments and views of the appropriate Federal, State,
and local agencies, which are authorized to develop and enforce
environmental standards, shall be made available to the President,
the Council on Eanvironmental Quality and to the public as provided
by section 552 of Title 5, United States Code, and shall accompany
the proposal through the existing agency review processes;

(D) scudy, develop, and describe appropriate
alternatives to recommended courses of action in any
proposal which involves unresolved conflicts concerning
alternative uses of available resources;

(E) recognize the worldwide and long-range character
of ernvironmental problems and, where ccnsistent with the
foreign policy of the United States, lend ap ropriate
support to initiatives, resolutions, and programs designed
to maximize international cooperation in anticipating and
preventing a decline in the quality of mankind's world
environment;

(F) wmake available to States, counties,
municipalities, institutions, and individuals, advice and
information useful in restoring, maintaining, and
enhancing the quality of the environment;

(G) initiate and utilize ecological information in
the planning and development of resource-oriented

projects; and

(H) assist the Council on Environmental Quality
established by title II of this Act."

~2-
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The 200 MWe MHD-Engineering Test Facility, funded by the U. S.
Government to demonstrate the commercial readiness of this new
energy system, is required to meet the rules and regulations that
Lhave been promulgated under this law.

The new technology associated with this new energy system brings

together a new set of conditions, both internal and external to the
: plant, that have no precedent in other energy systems operating to
H date.

Althcugh a programmatic environmental assessment report was prepared
for MHD power plants in their generic form in a report titled, "The
Environmental Acsessment of MHD Power Plant" (September, 1975), the
specific issues relating to any specific plant were not or could not
be treated.

It is the purpose of this environmental report, therefore, to
evaluate the environmental impact of the non-specific site ETF.

p This provides an early assessment of the environmental issues when
applied to a specific power plant.

1.2 Basis for Consideration

This Environmental Analysis Study is prepared to produce a document
which precedes, and lays the foundation for, the Environmental
Assessment Report (EAR). The EAR will be prepared in accordance
with Federal regulation, 1508.9 Environmental Assessment, which
states:

1508.9 Enviroumental assessment.
"Environmental Assessment':

(a) Means a concise public document for which a Federal
agency is r._spomnsible that serves to:

(1) Brieilly provide sufficient evidence and analysis
for derermining whether to prepare an environmental
impact statement or a finding of no significant impact.

(2) Aid an agency's compliance with the Act when no
environmental impact statement is necessary.

{3) Facilitate preparation of a statement when one is
necessary.

(b) Shall include brief discussions of the need for the
proposal of alternatives as required by sec. 102(2)(E), of
the environmental impacts of the proposed action and
alternatives, and a listing of agencie- and persons
consulted.

-3-
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Under this regulation an Environmental Assessment may be waived in
lieu of a determination to prepare an Eanvironmental Impact Statement
as specified under Federal Regulation 1508.11-Environmental impact
statement. .

1508.11 Environmental impact assessment.
“Environmental Impact Statement" means a detailed written
statement as required by Sec. 102 (2)(C) of the Act.

L. the case of 200 MWe MHD-ETF, the sheer size of the facility and
the type and amounts of influents and effluent. have been summarily
judged to preclude the alternative to the EIS: namely, the Finding
of No Significant Impact (FONSI) (Sec. 1508.9(a)(1)). Irrespective
of the merits of such an early judgement for a new facility
employing new technology in the initial stages of conceptual design,
the fact remains that the Environmental Analysis Study offers the
mechanism for documentation of the environmental considerations and
requirements for such plant. It is on this latter basis that the
decision to prepare a formal Environmental Analysis Study was made.

This study will attempt to identify, quantify, and compar:, where
possible, the known factors affecting the environment with the
potential plant emissions, site conditions, and operating
requirements in compliance with Federal Regulations. Site Impact
Evaluation cannot be made, since the ETF project has not selected a
site for the ETF. Therefore a list of site requirements (assuming
compliance with federal regulations) will be used to compare the
hypothetical site data being used by the project with the federal
regulations to minimize the plant's envirommental impact in general.

As indicated in the table of contents, this report addresses three
major areas:

A. A description of the plant, its emissions, and the
requirements for acceptable emissions release.

B. A description of the ficcitious site and an assessment
of the requirements for the ultimate selection of a
site.

C. A discussion of the alternatives available to the
whole problem of siting a new-technology demonstration
facility.

General Description of the Engineering Test Facility (ETF)

The following description is excerpted from project documents. It
constitutes s summary description of material presented in greater
detail in the ETF Design Requirements Document (DRD), the ETF
Systems Design Descriptions (SDD), and the Conceptual Design
Engineering Report (CDER).

~ly-
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Integrated Plant

General ETF Dcscrigtion

The ETF, as described in the Magnetohydrodynamics (MHD) Program
Plan, is a fully integrated commercial prototype MHD power plant of
nominal 200 MWe net output. Performance of this plant under
commercial power generation conditions should meet or surpass
existing utility standards for fuel, maintenance, and operating
costs; plant availability; load-following capability; safety; and
durability. The plant should also meet or surpass all applicable
federal, state, and local environmental regulations. The objectives
for the MHD ETF are:

1. To demonstrate and test an integrated, combined coal-fired
MHD/steam system supplying power to a grid, which is prototypic of
an early commercial plant;

2. To demonstrate the high availability features of the plant
design;
3. To evaluate component interactions, control

characteristics, and performance capabilities;

4. To demonstrate the eanvironmental acceptability of the
plant.

Figure 1 illustrates the arrangement of the ETF.

Facility Narrative

The Enginegring Test Facility will be a prototype coal-fired based-
load electric generating plant with a nominal electrical output of
200 MW. The plant wiil consist of an MHD topping cycle integrated
with & steam bottoming cycle. It will be a complete plant which
delivers electricity to a utility grid.
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The ETF will demonstrate the commercial viability of the MHD process
for the generation of power from coal. The MHD process directly
produces electrical energy by the movement of an electrically
conducting fluid through a magnetic field. 1In a coal-fired MHD
power plant, the gases formed by the combustion of coal are made
electrically conductive by '"seeding" them with a potassium salt at
extremely high temperatures. The resulting plasma is then directed
through a tube called the chanuel where it performs the same
function as the copper armature in a conventional ganerator. The
electrical currents induced in tne gas or plasua stream are led out
to an external load through electrodes placed in the walls of the
channel. The net result 1s that part of the energy of the gas
stream is converted into electricity.

An MHD generator essentially combines the functions of the steam
turbine and electrical generator employed in a conventional system.
Because the energy of the gas stream is converted directly to
electrical energy, an MHD generator is, in principle, a much simpler
device than the conventional turbogenerator. The generator consists
of the channel with an appropriate array of electrodes and
insulators, located within a magnetic field. It has neither the
highly-stressed moving parts of a turbogenerator, nor any solid
parts that are not readily accessible for external cooling; thus, it
can withstand temperatures well beyond the capabilities of
conventional turbines. As a consequence of high-temperature
operation, power plants incorporating MHD generators are potentially
more efficient than conventional turbine power plants.

The MHD Power Train consists of the MHD generator, a coal combustor
and nozzle, and an inverter. A superconducting magnet surrounding
the channel provides the magnetic field needed for power

generation. Coal is burned in the combustor with the pressurized
oxidant to produce a hi:h temperature gas. This gas i, ionized by
the addition of potas.ium seed in the form of a mixture of potassium
salts. It is then accelerated by a nozzle to near sonic velocity
and discharged into the MHD channel where both thermal and potential
energy are used to generate DC electrical power by the
magnetohydrodynamic process. The power it collected by a set of
channel wall electrodes, consolidated, and then inverted from DC to
AC for transmission to the distribution network. The diffuser
improves the performance of the generator by converting the kinetic
energy of the high velocity gas leaving the channel to increase the
static pressure.

Coal, seed and oxidant are supplied to the MHD power train combustor
by independent systems. The oxidant must provide a combustion
temperature which 1s adequate to ilonize the seed. It is obtained by
mixing air with oxygen from an on-site Air Separation Unit (ASU) and
is then compressed and then heated by the MHD exhaust gas to an
intermediate temperature.
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Considerable energy is contained in the MHD exhaust gas. The ETF
utilizes most of it to generate steam which is used to drive a
turbogenerator, providing additional electrical power, and drive the
air- and oxidant compressors and other auxiliary equipment.

The ETF uses nonconventional processes to control emissions of
sulfur and the NOy formed during combustion. The sulfur combines
preferentially with the potassium seed to form particulates which
are removed from combustion gases by conventional methods.
Recovered seed can be reused once it has been reprocessed to remove
the sulfur, but reprocessing facilities are not included in the
ETF. NOy emissions are limited by sub-stoichiometric (fuel rich)
combustion followed by a time controlled temperature reduction of
the exhaust gases that allows the NOy to reduce to a low
concentration.

The ETF resembles a coal-fired steam power plant in many ways. It
1s analogous to a conventional plant which has had the coal
combustor replaced with the MHD power train. Most of the ETF
components are conventional. They may, however, be sized or
configured differently or perform additional functions from those in
a conventional coal power plant. For example, the boiler performs
not only its usual function of providing steam, but also the
functions of heating the MHD oxidant, recovering seed, and
controlling emissions.

Identification of Plant Systems

The ETF 1s organized into a number of systems, each performing one
or more specific functions. Related systems are grouped together in
separate sections of the DRD. These sections are:

Oxidant Supply

MHD Power Train

Magnet

Heat Recovery/Seed Recovery Boiler
Steam Power Train

Plant Auxiliaries

Plant Services

The functions and design requirements of the Oxidant Supply, MHD
Power Train, Magnet, Heat Recovery/Seed Recovery, Steam Power Train,
Plant Auxiliaries, and Plant fervices svsioms, are presented in DRD
Sections 5 through ll. These zections expand the detail of
performance requirements presented in DRD Section 3. The
arrangement of these systems, except for plant suxiliariee and
services are 1llustrated in Figure 2.
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2.1.4 Buildings

The plant includes structures and buildings normally associated with
a coal-fired generating plant; such as, a turbine building, coal
system control and preparation buildings, water treatment building,
circulating water pump house, industrial waste treatment building,
cooling towers, and various storage tanks. Also included are the
structures for an air separation unit, a building to house the
magnet and MHD power train, and related ancillary structures needed
to complete the ftacility.

The character and appearance of the plant rosembles those of
conventional fossil power plants.

2.1.5 Design Performance and Requirements

Plant Type
The ETF will be a baseload plaat.

Plant Rating

Power 200 MWe Net (Reference)

Voltage TBD kV (+ TBD kV (Lo be compatible with utility grid))
Frequency 60 Hz -1X to 0%, three phase

Duration TBD hrs continuous operation at rated conditions

Plant Fuei

The plant will be designed to burn coal from the Montana Rosebud
(MR) seam.

As received coal properties include:

H,0 27% maximum

Ash 12% maximum

Sulfur l.1% maximum

HHV 11,500 BTU/1b., typical dry
Load Range

The ETF Plant shall be able to operate over a range frcm 75% to 100%
of the (reference) plant rating.

-10-
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Plant Regulation and Response

Regulation range:
75% to 1002 of (reference) plant rating.
Load following:

The power plant will be able to reduce power output from rated load
to 75 percant of rated load and increase the power output from 75
percent of rated load to rated load at rates of at least 3 MW per
minute.

Frequency Control:

When the ETF is connected to the grid system and the grid frequency
deviates from 60 Hz by more than + five (5) percent, the ETF shall
be separated from the grid for unit protection. Should either
duration of operation below 57.5 Hz be indeterminate or frequency
fall below 57 Hz, the unit shall be tripped.

A deviation greater than 0.06 percent of frequency (equal to
deadband) shall be cause for stably restoring response within 0.2
seconds.

Design operation at steady state shall be based on frequency changes
not in excess of +0.02 Hz, -0.04 Hz exclusive of dead band.

Deadband shall not exceed 0.036 Hz.

Stability:

The MHD/steam generating unit shall be designed to be inherently
stable under all conditions of manual and automatic coutrol while
connected to the grid system. Operation of this unit shall not be
curtailed by characteristics of other grid units.

Load Regulation:

The power plant will be able to accommodate load changes about
steady state power levels at rates of at least 3 MW per minute.

Plant Efficiency

100% 75%
Rating (REF) Rating
Net overall (minimum) 38% TBD
MHD topping cycle (minimum) TBD TBD
Steam bottoming (minimum) TBD TBD

=11~
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Lifetime

The ETF shall be designed and constructed in accordance with utility
practice for a thirty-year life. The number of operating cycles to
be assumed for design calculation purposes is TBD.

Availability/Reliability

The overall plant shall have at least a 75X availability level when
operating under commercial power generation conditions.

Operational Modes

The commercial prototype of the ETF will be expected to operate as a
baseload power plant. However, the ability to handle multiple
startups and shutdowns annually is important in selecting and
designing power equipment.

Cold Startup:
Typical startup sequence will include, but not be limited to:

Cold Flush

Hot Cleanup (Waterside)

Combustor Light-0ff

Boiler Start

Turbine Start

Turbine - Generator Synchronization
Turbine - Generator Load
Synchronize MHD Generator

Load MHD Generator

Baseload:

This represents 100 percent of nameplate load on turbine generators
operating continuously on the utility grid. With no load variation,
the operators primarily monitor system performance.

Part-Load:

The unit has the ability to maintain output over a range of 75
percent to 100 percent of nameplate load. Maximum and minimum loads
are limited by:

Equipment capability
Temperature effects
NOx control

Heat sink



MHD-ETF

Issue Date March 27, 1981
Rev. No.

Standby:
This implies a no-load condition of readiness for the plant to be
placed in the operating mode. Two basic modes of standby are the
hot and cold condition. Typical hot standby conditions are:
Major components (turbine, boiler, etc.) temperatures are
held as high as possible to reduce thermal warming time to
operating conditions.

Main turbine 1is on turning gear with sealing steam
supplied from auxiliary steam system.

Condenser vacuum is maintained and circulating water
pump(s) operate.

System water cleanup continues.

Startup air heaters operate.

Air and gas flows are minimal.

Fuel and oxidant systems are ready to operate.

All auxiliaries are ready or operating.
Typical cold standby conditions are:

Equipment is allowed to cool, but is still ready for
operation.

System water cleanup may be operating.

Cooling wate' system and other auxiliary systems are
either operating or ready to operate.

Cold startup may begin at any time.
Shutdown:
This mode of operation is the transition between the operating and
standby modes. Typical shutdown event sequences include, but are

not limited to:

Reduction of load uniformly between MHD and steam turbine
generators.

Control of cooling water, gas, and air flow reduction to
prevent extreme thermal stresses.

-13~
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Conversion to air oxidant.

Reduction and cessation of fuel flow.

Startup and shutdown of oil burnmers (vitiator air heaters).
Turbine trip, coast down, and placed on turning gear.

Shutdown of support systems and auxiliaries as no longer
required.

Emergency Shutdown Mode:

(TBD)

Breach of Security:

(TBD)

Miscellaneous Events:

Any event for which procedures have not been prepared and which (in

the opinion of responsible plant operators) poses a threat to
personnel or major equipment shall justify a shutdown.

Testing

All systems and subsystems shall be tested to assure compliance with
plans and specifications in a manner consistent with the usual
acceptance requirements for this type of equipment. In addition the
specialized testing of the following listed MHD hardware is TBD:

MHD Power Train
Magnet
Heat Recovery and Seed Recovery

Environmental

The ETF complies with federal, state, and local standards for air,
water, and solid waste management.

Desiin Codes and Standards

The desigr shall be in accordance with nationally recognized codes
and standards. State and local site codes shall apply. Codes
listed in the subsequent parts of this document are representative
of codes utilized in the design. The listings should not be
construed as complete.

=l4e
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Performance Assurance Program Plan

A plan shall be developed for the preparation of an ETF Performance
Assurance Program (PAP). The program shall detail actions and
responsibilities to be used to provide confidence of satisfactory
in-service perfcrmance. The basic concept of the program shall be
that features most important to satisfactory performance be clearly
identified and receive special attention. Important features shall
be identified by safety and reliability assessments of the
probability of failure and the consequences of failure.

safety

The system safety program plan will identify hazards to personnel
and the public, equipment and property that may be associated with
the ETF design, layout, and operation, and will provide safety
design criteria during the early design of the facility.

The ETF shall comply with the following safety standards:

Occupational Safety and Health Standards, Department of
Labor, 29 CFR 1910.

Interim Standards for Occupational Exposure to Magnetic
Fields, Memorandum July 23, 1979, E. Alpen, Lawrence
Berkeley Laboratory to K. Baker, Division of Safety,
Standards and Compliance, U. S. Energy Research and
Development Administration.

Reliability

The reliability program plan will identify reliability,
availability, and maintainability of the systems and components.

Quality Assurance

Appropriate actions shall be taken during design and construction to
assure that the level of quality of the design, manufacture, and
installation of all systems, equipment, and structures is in
accordance with the requirements of the Quality Assurance Program
Plan.

ETF /Environmental Interface

The interface of the ETF with the environment exists at the
buildings, ETF grounds, storage tanks, siios (seed), equipment,
storage areas (coal), cooling tower, electric power input and output
transmission lines, all ETF effluent and waste system discharge
points, material/resource input and delivery points to the ETF
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systems, road/rail traasportation systems, and surrounding
communities.

The interface exists during ETF construction, testing, and plant
operation. Attributes which will be considered in the environmental
evaluation of the ETF include air, water, land, ecology, sound,
thermal pollution, and huvman and economic factors. A site
requirement list will Ue prepared for the ETF. The ETF conceptual
design and interfacing systems will be evaluated to identify
potential environmental problems and issues. As & minimum, areas
listed in the follewing subsections will be evaluated.

Water Supply Systems

The water supply system for the ETF site (non-specific) can
originate from a city water supply, lakes, rivers, streams, and/or
ground water. The study will identify and quantify pollutants and
evaluate ETF water requirements and potential environmental impact.
This would include type and frequency of water usage, water
chemistry and purity, required water pretreatment, type and
frequency of liquid discharge from the ETF, required waste water
treatment, thermal pollution, potential contamination of source
water, etc.

Potential problems will be identified and environmental issues will
be listed.

Fuel and Seed Supply Systems

Liquid fuels, coal, and seed will be supplied to operate the ETF
plant. The study will evaluate effect of transport of these
materials to the ETF, on-site storage, on-site process‘ng, and
supply of these materials to the using components. Points of
consideration will include method and frequency of transport,
material quantities, storage facilities (size, location, and type),
type of contaminants, and method of processing.

Air and Gas Supply Systems

Compressed service-air and instrument-air, liquid oxygen, and
nitrogen are produced on-site and are used in the ETF. Industrial
gases such as carbon dioxide, helium, and hydrogen are procured and
delivered to the site. This study will evaluate and identify
potential problems and issues of on-site production, delivery of
industrial gases, gas storage, and use of these working fluids. The
study will consider process details, storage and location, usage,
delivery cycles, and gas quantities.

-16-
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Waste Heat Rejections

Waste heat from the ETF will be rejected to the environment from the
stack, cooling tower, ventilation systems, and effluent cooling
water. The study will evaluate and identify the potential problems
and environmental issues related to ETF thermal output co the
environment. As a minimum this will include range of discharge
temperatures from each source, rate of heat rejection, and schedule.

Waste Product Storage and Disposal

The study will identify, classify, and characterize the solid
(includes particulates), liquid, and gaseous wastes generated in the
ETF. Storage of these materials and disposal will be evaluated.
Potential problems and envircnmental issues will be identified. As
a minimum this study will consider slag, spent seed, fly ash, spent
chemicals, waste (spent) resin, contaminated water, pollutants,
sewage waste leakage, and effects of accidents (e.g. spillage

etc.). This shall consider waste quantities, location, method of
storage, method of disposal, method of treatment, type of
contaminants, type transportation, and frequency of disposal.

Waste Gas Treatment

Waste gas generated in the ETF and all effluent discharge to the
environment shall be characterized relative to composition,
including particulate matter. This shall consider NOy, SO;,

flue gas, and particulate matter in the gas stream. The study shall
evaluate quantities of gases generated, method of waste gas
treatment, amounts converted in the process to nonemission
classification, method of removing solids from gas stream, and
composition of the gas discharged to the stack. Potential problems
and environmental issues will be identified.
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Plant Emissions and Effluent Standards

Emissions

The emissions from the ETF are to meet the Environmental Protection
Agency (EPA) New Source Performance Standards of June 1979. For
example, for the atmosphere, these standards include:

(a)

(b)

Exiting particulate: (max permissible) 0.03 1b. per
million BTU input and 1% of potential combustion
concentration and 20% opacity {6 minute average).

Sulfur dioxide (502): 1.20 1b. per million Btu input and

90% reduction of potential combustion SO, concentration

on a 30-day rolling average. When emissions are less

than 0.60 1b. per million Btu, the reduction is 70Z. The

percent reduction is computed on the basis of overall

S0, removed, including that removed with seed, in the ash,
or by the loal Management System. Removal percentage rate
is indicated on Figure 3.

Nitrogen oxides (NO,): Based on the combustion of Montana
Rosebud (subtbituminous B) coal, the process shall be
controlled such that the NO, emissions do not exceed 0.50
1b. per million Btu heat input. Continuous compliance
with the standard is required, based on a 30 day rolling
average. Also, percent reduction in uncontrolled NO
emission levels are required, but not controlling. *hus,
compliance with the emission limit will assure compliance
with the percent reduction requirements.

Effluent Standards

The effluents will meet applicable effluent standards.
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Generic ETF Site Description

The ambient design conditions for the ETF are listed in Table 2.1.

TABLE 2.1
AMBIENT DESIGN CONDITIONS
Dry Bulb Wet Bulb Pressure
Temp. OF Temp. OF psia
Plant Design Point 42 36 13.0
Summer Design Point 80 59 13.0
Winter Design Point -7 -8 13.0

These conditions are typical sites located in Montana. The region
is characterized by plains, widely dissected by streams and having
strong local relief of 5-50 ft.

The hypothetical site is relatively large and flat and located 10
miles from the nearest town. Relatively flat areas of up to 1000
acres are available.

The socioeconomic impact of ETF construction and operation will be
considered.

The hypothetical site location contains a transportation system,
composed of railroads, an airport, and federal and state highways.
Access to the site 1s provided by constructing an access road which
connects to a major highway. Railroad access is provided by
constructing a spur line to & major railroad line within five miles
of the site location. All plant shipments for both construction and
operation, including fuel delivery, are assumed to be overland.

Power for construction will be available at the hypothetical site
from the local electric utility. Water for construction and
operation activities will be obtained from a surface source within
one mile of the hypothetical site location.

In the vicinity of the hypothetical site, it has been found that
calm wind periods account for nearly one-third of the observation
during the morning and early afternoon, and for one-fourth of all
observations. The remainder of the time, the wind blows from all
sectors with similar frequencies. Average wind speeds are 20 mi/hr
during unstable conditions and 4 mi/hr during stable conditions.
Northwesterly winds prevail.

Table 2.2 lists the design meteorology history for the hypothetical
ETF site. An altitude of 3300 ft. above sea level 1s assumed.
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The hypothetical site is located in seismic zone 2 and contains
alluvial fill to depths of 500 ft. or more. The fill rests on an
irregular bedrock surface of moderate relief. This alluvial is a
poorly sorted mixture that ranges from fine silty clay to boulders
and conglomerates. The alluvial fill at the site is highly
permeable. The site presents no serious problems either for site
preparation by grading or for construction of facilities.

TABLE 2.2

WEATHER DATA (HYPOTHETICAL SITE)

Dry Bulb Mean Wet
Range OF Hrs/Year Bulb OF

100-104 1 63
95-99 10 62
90-94 57 61
85-89 132 60
80-84 202 59
75=179 282 57
70-74 393 55
65-69 484 53
60-64 617 50
55-59 730 47
50-54 839 44
45-49 855 40
40-44 857 36
35-39 787 32
30-34 679 29
25-29 476 25
20-24 349 21
15-19 216 16
10-14 181 11
5-9 159 6
0-4 151 2
-5 to -1 119 -3
-10 to -6 91 -8
-15 to -11 57 -13
=20 to -16€ 23 -18
=25 to =21 14 -23
-30 to =26 4 -28
=35 to =31 1 -32
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Summary Environmental Analysis Study

A summary of the study will provided. The summary will define the
compliince of the ETF with the Federal standards and identify
potential problems and environmental issues.
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6.0 Alternatives

The non site-specific Environmental Analysis Study will not address
alternatives.
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APPENDIX 7.1

REFERENCE DRAWINGS

Number

8270-1-210-007-001
8270-1-240-002-001
8270-1-240-002-002
8270-1-240-002-003
8§270-1-240-002-004
8270-1-571-302-201
8270-1-403-302-321
8270-1-582-302-161
8270-1-641-302-371
8270-1-644-302-381
8270-1-652-302-242
8270-1-540-314-001
8270-1-550-318-001

(Applicable Drawings Contained in the CDER)

<2

Title

Plot Plan

Yard Coal Handling

Yard Coal Handling

Seed Unloading and Storage Area
Seed Unloading and Storage Area
Circulating and Service Water
Boiler Flue Gas

Plant Makeup Water

Plant Industrial Waste

Sanitary Waste

Miscellaneous Gases

System Heat and Mass Balance
Water B-lance
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APPENDIX 7.2

APPLICABLE DOCUMENTS; BIBLIOGRAPHY

Title

MHD-ETF Design Requirements Document DOE/NASA/10769-20
NASA TM-82705
September 1981

MHD-ETF Conceptual Design Engineering Report DOE/NASA/0224-1
NASA CR-165452
September 1981

National Environmental Policy Act of 1969 ————————

Federal Regulation - Environmental Assessment No. 1508.9

Federal Regulation - Environmental Impact Statement No. 1508.11

Dept. of Labor, Occupational Safety and Health Standards 29CFR1910

Interim Standards for Occupational Exposure Memo, July 23, 1979

to Magnetic Fields; E. Alpen, Lawrence
Berkeley Laboratory to K. Baker,
Division of Safety, Standards, and
Compliance, U.S. Energy Research and
Development Administration

'nvironmental Protection Agency, New Source June 1979
Performance Standards

(Others TBD)
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5.4 DESIGN DETAILS

5.4.1 Equipment List

A detailed listing of equipment is not normally provided for the conceptual
design phase of a project. For the detail design effort, an equipment list
would be developed which would be used for (1) verification of total equipment
requirements, (2) estimating total equipment costs, and (3) guidance in
following equipment delivery schedules. Detailed information for listed
equipment, such as, system, quantity, tag number, location by building, bill
of material number, and manufacturer's drawing number would be included. For
this CDER, listings of major equipment are provided in the individual System
Design Descriptions, which are included in Section 5.5 of this report.

5.4,2 Electrical Load List

A detailed listing of electrical loads is not normally provided for the
conceptual design phase of a project. The major part of a load list is
usually the tabulation of motors required for driving pumps, fans or
compressors. For these motors, the load list would provide detail design
information, such as, motor type, quantity, horsepower, ccnnected bus voltage,
running KVA, bill of material number, and manufacturer's drawing number. For
the ETF conceptual design, electrical loads are shown schematically on the One
Line Diagrams, GAI Drawing Nos. 8270-1-802-206-001, =002, and -003. These
diagrams are attachments to the Electrical System Design Description (SDD-
801), which is included in Section 5.5 of this report.

5.4.3 Water Balance

The water balance diagram is a schematic representation of (1) all input
sources of water to the plant, (2) major plant uses of this water, and (3) all
discharge paths of water from the plant. The water balance for the ETF plant
is shown on GAI Drawing No. 8270-1-550-318-001. This drawing is included in
the listing of related drawings under Section 2.8 of this report.
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SYSTEM DESIGN DESCRIPTION

System Design Descriptions (SDDs) supporting the design of the MHD-ETF

facility

are listed below.

A copy of each syster design description is

provided in this Section, including associated fluid system diagrams and otner

drawings.

SDD No.
on

031
o041
051
081
11
1M
113

131
161
181
201

231

241

281

21

341

SDD_AND ASSOCIATED DRAWING LIST

System Design Description

MAIN & REHEAT STEAM
(TURBINE-GENERATOR)
STZAM BYPASS & STARTUP
EXTRACTION STEAM
AUXILIARY STEAM

BOILER FEEDWATER
CONDENSATE

FEEDWATER HEATER DRIPS
FEEDWATER HEATER & MISC.
DRAINS, VENTS & RELIEFS

CONDENSER AIR REMOVAL
PLANT MAKEUP WATER
SAMPLING

CIRCULATING WATER

CLOSED CYCLE COOLING
WATER

INDUSTRIAL GAS SYSTEMS

FUEL OIL
BOILER FLUE GAS

COAL MANAGEMENT

Drawing Title
Main & Reheat Steam

Steam Bypass & Startup
Extraction Steam
Auxiliary Steaw

Boiler Feedwater
Condensate

Feedwater Heater Drips
Feedwater Heater Vents,
Drains and Reliefs

Miscellaneous Drains
Condenser Air Removal
Plant Makeup Water

Sampling

Circulating and Service

Water

Closed Cycle Cooling
Water - Turbine and

Compressor Building

Cloased Cycle Cooling
Water - HR/SR Area
ar.] MHD Building
Plant Service and
Instrument Air Supply

Miscellaneous Gases
Fuel 0il
Boiler Flue Gas

Afterburner Gas Supply

Coal Drying and
Transport Gas
Coal Feed Lock Hoppers

Yard Coal Handling -
Plan and Section

Yard Coal Handling -
Plan and Sections

5-21

Drawing Number
8270-1-501-302-011

8270-1-504-302-031
8270-1-503-302-041
8270-1-507-302-051
8270-1-521-302-081
8270-1-511-302-101
8270-1-525-302-111
8270~1-525-302-113

8270-1-519-302-121
8270-1-491-302-131
8270-1-582-302-161
8270-1-633-302-181
8270-1-571-302-201

8270-1-531-302~-231

8270-1-531-302-232

8270-1-652-302-241

8270-1-652-302-242
8270-1-413-302-281
8270-1-403-302~321

8270-1-403-302-322
8270-1-403-302-323
8270-1-410-302~341
8270-1-249-002-001

8270-1-240-002~002



SDD No.

342

351
37

401
501

SDD _AND ASSOCIATED DRAWING LIST (Cont'd)

System Design Description

SEED MANAGEMENT

SLAG MANAGEMENT
PLANT INDUSTRIAL WASTE

FIRE SERVICE WATER
OXIDANT SUPPLY

Drawing Title

Seed Feed Lock Hoppers

Ash/Seed Removal From
Power Systems (Flue
Gas Cleanup)

Seed Unloading and
Storage Area - Plan

Seed Unloading and
Storage Area - Section
Slag Handling

Plant Industrial Waste

Sanitary Waste

Fire Service Water
ASU (Air Separation
Unit) Compressor,
Steam Turbine Drive
Process & Instru-
mentation P&I #1

Alternative ASU
Compressor Electric
Motor Drive P&I #2

Air Separation Unit
(ASU) P&I #3

Mixing Chamber P&I #U4
Liquid 02 & N
Storage and Vaporiza-
tion P&I #5

Oxidant Compressor
Steam Turbine Drive
P&I #6

Oxidant Compressor
Eiectric Motor Drive
P&I #7

Block Diagram

Drawing Symbols and
Drawing List

Plan Compressor
Building

Plan-Cold Boxes &
Equipment

Plan-LOX Vaporizer
& LOX Storage Area

-2

Drawing Number
8270-1-410-302-342
8270-1-451-302-352

8270-1-240-002-003

8270-1-240-002-004

8270-1-451-302-351
8270-1-641-302-371

8270-1-644-302-381
8270-1-781-902-401
1-Fs-813

1-FS-814

1-FS-815

1-FS-816
1-Fs-817

1-Fs-818

1-FS-819

1-FS-820
1-FS-822
1-L0=-1577-1

1-L0-1577-2

1-L0-1577=-3
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