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Abstract

The primary purposes of this report are the
identification of those potential energy-conservative
pipeline innovations which are most energy-effective
and cost-effective, and the formulation of recommendations
for the R, D, and D programs needed to exploit those
opportunities. From a candidate field of over twenty
classes of efficiency improvements, eight systems are
recommended for puréuit. Most of these possess two highly
important attributes : large potential energy savings and
broad applicability outside the pipeline industry. The
R, D, and D program for each improvement and the recommended

immediate next step are described.
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PREFACE

Subsequent to Congressional approval of the Department of
Energy Organization Act of 1977 (Public Law 95-91 - Aug. 4, 1977),
various federal government departments and agenéies previously
having some. form of regulatory jurisidiction over pipelines were
removed of some or all of their regulatory responsibilities. These
regulatory responsibilitiés were transferred, mainly, to either
the Federal Energy Regulatory Commission (FERC) or the Economié
Regulatory Administration (ERA) within the newly formed Department
of Energy (DOE).

Two of the independent agencies, the Federal Power Commission
(FPC) and the Federal Energy Administration (FEA), were liquidated
and all of their duties transferred to the DOE. In additibn, the
Interstate Commerce Commission (ICC), as related to its pipeline
regulatory responsibilities, was relieved of all of its duties
except for jurisdiction over coal slurry pipelines. The remaining
federal agencies and departments described in Section 5.0 of
report number HCP/M-1171-3 of this series (i.e. the Department of
Transportation, the Environmental Protection Agency, the Department
of the Interior and the Department of Labor) retained their regu-
latory responsibilities over pipelines.

FERC (an independent, five-member organization with the DOE)
inherited most of the gas pipeline regulatory functions of the FPC.
In addition, FERC inherited the authority of the ICC to estabiish
rates or charges for the transportation of o0il by pipelines as well
as the valuation of such pipelines. Under the DOE Organization
Act, the FERC was delegated the following general responsibilities:

o Issue and enforce licenses for hydroelectric power-projects.

o Establish and enforce rates and charges for the sales and
transmission of electricity and for the non-emergency
interconnection of facilities for the generation, trans-
mission, and sale of electricity,

o Establish and enforce rates and charges for the transmission
and sale of natural gas.



o Issue and enforce certificates of public convenience and
necessity for construction of facilities, abandonment
of services or facilities, etc., for natural gas pipelines.

o Establish and enforce curtailments of natural gas (other
than establishment and review of curtailment priorities).

o Regulate mergers and securities acquisitions under the
Natural Gas Act and Federal Power Act.

o -‘Other functions as may be assigned by the Secretary

The ERA is charged with administering many of the DORE's
regulatory programs'other than those of'the FERC. The ERA inherited
the former responsibilities of the FEA as related to oil pricing,
allocation, and'import programs. In addition, the ERA adminispers
other regulatory programs, including conversion of oil- and gas-
fired utility and industrial facilities to coal; natural gas import/
export controls; natural gas curtailment priorities and emergency
allocations; regional coordination of electric power system planning
and reliability of bulk power suppiy, and emergency and contingency
planning. ‘ ' ,

Under the DOE Organization Act, the ERA was delegated the
following responsibilities:

o Assure availability and regulate pricing and allocation 6f
crude 0il, natural gas liquids, and natural gas liquids
products. o ‘

o Assure availability and regulate pricing and allocation
of petroleum.products :

0 Develop and implement standby and emergency regulatlons and
programs.. A .

o Assure compliance with and enforcement of ERA program
regulations. :

o Ensure market competition.
o Provide a Special Counsel for compliance and enforcement.

-0 Administer program for conversion of utllltles and MFBI's
to coal.

o Intervene before FERC and other Federal regulatory agencies
(with Assistant Secretaries and General Counsel)



o Perform compliance and -litigation for regulatory programs
(with Assistant Secretaries and General Counsel).

o Intervene before state utility regulatory proceedings (with
Assistant Secretaries and General Counsel).

0 Regulate natural gas and eléctric power imports and exports.
o Establish natural gas curtailment priorities. |

o Assure voluntary coordination of electric utilities.

0 Perform long range utility planning; |

o Assure establishment df emergency interconnections.

o Review interlocking directorates.

o Perform non-FERC oii pipeline regulation.

Pipeline industfy data collectibn, previously done by the BOM,
FPC, and ICC has been consolidated under the Energy Information
Administration of the DOE. This organization is responsible for
the collection of data required by the FERC and the ERA.

It is of particular interest to note that the FERC, as stated
in the DOE Organization Act, is not subject to the supervision or
direction of any other official of the DOE. However, the ERA is
charged with the responsibility of organizing and managing an
active intervention program on behalf of the Secretary of the DOE
before the FERC and other Federal and State regulatory agencies in
support of Departmental policy objectives.

It is apparent then that the FERC is now the principle pipeline
regulatory agency of the Federal Government. It concerns itself
with tariffs, profits and other similar matters that directly impact
the day to day operation of a pipeline. The reporting requirements
previously administered by the FPC and ICC are now handled .by the
FERC. The duties of the ERA are more hroad and policy oriented
than FERC. It is apparent from the list of their responsibilities
that the ERA 1s interested in assiuring that energy is distributed
and allocated fairly and at reasonable prices. The ERA does not
involve itself with daily operation unless it becomes necessary to
influence the industry to achieve a policy objective, or change a

condition such a3 a market place imbalance.



This study was substantially completed before the DOE was
created. As a.result, references to the pipeline regulatory
structure do not acknowledge the events and agencies described
above. The purpose of this preface is to alert thé reader to this
situation and to update the regulatory references of this report.
In general, an accurate understanding of the regyulatory structure
of the Federal Government as relates to pipelines will result if
the reader substitutes DOE (FERC) for all references to the FPC or
ICC in the context of gas and oil pipeline regulation.



GLOSSARY OF ABBREVIATIONS,
SYMBOLS AND TERMS

AGA - American Gas Association

B,Bbl - Barrel

B-Mi - Barrel Mile\

B-M - Barrel Mile

B-Mile . - Barrel Mile

Bbl-Mile - Barrel Mile

BS&W - basic sediment and water

DOE - Department of Energy

ED - Eminent Domain ’
EI,Ig - Energy Intersity A

ERA - Economic Regulatory Administration

ETSI - Energy Transportation Systems, Inc.

FERC - Federal Energy Regulatory Commission

FPC - Federal Power Commission . (
FOCo - Florida Power Corporation

fps - feet per second

gpm - gallons per minute

hhv - high heating value

IC - Internal Combustion

ICC - Interstate Commerce Commission

IRD - Internationl Research and Development Co.
IS0 - International Standards Organization

JFM - General Financial Model

LAC - long ran average cost, présent/discounted)

value of the total average unit cost over

the lit'e of the project

ratio of the amount of capital that a firm can
raise based on the amount of cash that is invested
by that firm, e.g., if a firm puts up $1000 and
based on the investment is able to raise another
$100,000, then the leverage is 100:1.

leverage

lhv - lower heating value



loss carry

forward - Refers to that portion of operating loss that 1is
carried forward to the next year after the
maximum amount alllowed has been deducted from
the current year's books o '

MMM - billion

MOD - United Kingdom Ministry of Defense ~

PEM - Pipeline Economico Model

PEP - Pipeline Energy Programs

Pipelech - Pipeline Technologista, an;

PSI - pounds per square inch o

~ ROI - ratioes on inveatment

ROW - right of way

rpm - revolutions per minute

scf - standard cubic feet

S3 - systems, science and software

T-Mi - Tow-mile ) .

T-Mile - Tow-mile

Ton-Mile - Tow-mile

= - 1is defined as

A - absolute or dynamic¢ viscosity
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10 OBJECTIVES ‘
}.1 Purpose of the Project

The work reported here is a part of a project which was
conducted by the team of Systems, Science and Software (S3) of
San Diego, and Pipe Line Teghnologists, Inc.. (Pipetech) of Houston,
under DOE contract EY-76-C-03-1171, "Energy Study of Pipeline
Transportation Systems." The basic purpose of the project was to
assess the susceptibility of the 0oil, gas, and other pipeline
-industries to energy-conservative technological innovations, and to
identify the necessary research, development, and demonstrations
(R, D, & D) to exploit those opportunities.

The project final report was publishedAas DOE report
HCP/M-1171-1, "An Energy Study of Pipeline Transportation Systems."
That final report is an executive summary, combining the results
from the reports listed in Table 1.1-1. As will be noted from the

table, this present report is one of those task reports.

1.2 Purpose of this Report

This report presents the results of Task 3, which has two
primary objectives: ‘ ‘ |

(1) Identification of those potential energy-conservative
innovations which are most energy-effective and cost-effective.

(2) Formulation of recommendations for the R, D, and D

programs which are needed to exploit those opportunities.
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TABLE 1.1-1

Project Reports

Associated
HCP/M=1171- Title ' ___Task
1 An Energy Study of Pipeline Trans- all
portation Systems
2 A Energy Consumption in the Pipeline. 1
' Industry
3 - 'Eederal.Regulation of the ?ipeline _ 2
Industry ' '
4 Efficiency Improvements in Pipeline 3
Transportation Syctemg ' ‘
5 Energy Conservation Opportunities 4,5
in the Pipeline Industry
SSS-R-77 . ‘ Related Reports
3021 An Economic.Model of Pipeline Transportation
- 7 System (Limited Issue)
3023 Slurry Pipelines - Economic and Political
‘ Lssues -.A Review (Limited Issue)
3069 's? Financial Projection Model - Preliminary

- User's Manual' and system Overview
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2.0 SUMMARY

Most of the energy conservation opportunities which
are identified here possess two highly imbortant attributes :

(1) The potential energy savingé are large, that is,
of the order of several hundredths of a quad.

(2) The technology whereby the energy_savinés maf
be realized is broadly applicable outside the pipeline industry.

An example of attribute (1) will be found in Section 4.1
below, where it is seen that bottoming engines and internal
‘cooling of IC engines may each easily aspire, through ultimate
industry-wide application, to savings well over a tenth of a
quad. o a o o

An example of attribute (2) will be found in Section 4.3,
where the somewhat startling, though still tentative, conclusion
is derived that the pipeline application is likely ‘to be.a much
more attractive breeding ground for fuel cell development than
the one upon which virtually all of the money is currently being
spent, that is, the electric utility application. Rather than a
commentary upon misdirection of R & D, this observation merely
reflects the fact that, for various reasons{ the utility industry
and its equipment suppliers have been energetic in persuading
the government to support their R & D, while the pipeline
industry has chosen to go its own way. It is, of coufse, the
identification of just such opportunities as this which is the

bagsic purpose of the present study.

2.1 Recommended Programs

Table 2.1-1 presents the eight programs recommended

' for pursuit. This study has concluded that each of the listed

. programs satisfies the first three of the criteria listed below:

1 - Energy-effective |

2 - Cost-effective

3 - Technically feasible on a moderate (3-7 year) time
scale

4 - Broadly applicable outside the pipeline industry.

-15-



Table 2.1-1

RECOMMENDED RESEARCH, DEVELOPMENT AND DEMONSTRATION

Program

Gas-fired Combined Cycle Compressor Station
Internally Cooled Internal Combustion Engine
Methanol-Coal Slurry Pipeline

Methanol-Coal Slurry-Fired and Coal- Flred
Fngines

Indirect-Fired Coal Burnlng Combined Cycle
Pump Station

Euel Cell Pump Station

Internal Coatings in Pipelines

Drag-Reducing Additives in Liquid Pipelines

16-

Report Section No.

4.1.1.4
4.1.2.2
5.2.2

6.1.1.2

6.1.1.2

4.3.6.2



Of the eight recommended programs, the first six on Table 2.1-1
additionally satisfy criterion 4, that is, only programs 7 and 8
are pipeline-peculiar. ' '
"For the benefit of the reader who dpeS~not require alfull,
detailed explanation, the recommended programs are succintly

summarized below. -

It is recommended that the programs discussed below be
undertaken. In each case, the prbgram should be coordinated with
other active and planned DOE programs and with other government
~agencies previously and/or currently engagedAih similar or related

programs.

(1) Gas-Fired Combined-Cycle Compressor Station

A study énd demonstration of a Brayton-Rankine and/or
Otto-Rankine combined cycle power plant should be conducted using
advanced second or third generation gas turbines with organic
Rankine bottoming cycle. The program, including selection of
engine type, and size should be primarily oriented to pipe-
line applications but with broad application potential.to

utilities and other industrial work.

(2) 1Internal Cooled Internal Combustion Engine

A study and demonstration of an ihternally coocled reciproc-
ation internal combustion engine, with bottoming cycle, should be
cohducted. The objective should be to develop the necessary
technology to retrofit existing reciprocating pipeline drivers, and
at the same time lay the groundwork for development and appiication
of ‘internally-cooled internal combustion engines for a broad spectrum

of non-pipeline applications.



(3) Methanol-Coal Slurry Pipeline

A -study and demonstration of methanol-coal slurry pipeline
should be conducted. Their potential for delivering coal over
long-distance pipelines at relatively low cost, with low net water
requirements, and with a broad spectrum of end use options is
extremely attractive,. Conversion ofAexisting pipelines to. coal=-oil
slurry transport may offer a convenient transition to the coal-
methanol mode, and a brief comparison of the two systems should

therefore be made..

(4), Methanol-Coal—Slurry-Fired and Coal-Fired Engines

. A study and experimental work should be conducted to assess
the potential for operating gas turbineé on methanol-coal slurry
and on pulverized coal separated from slurry. The program should
supplement previous investigations of hot corrosion and erosion.
problems in turbines and should includegwork to:identify thé
fouling méchanism, means of inhibiting fouling, and dpprvaches for
minimizing the effect of ash deposits on erosion of turbine hot-end
components. The work should be closely coordinated and compatible.
with the study recommended in 2:1(3) above felating to methanol-

coal slurry pipelines.

(5) Fuel Cell Pump Station

A study and demonstration should be conducted of high
efficiency, indirécthired'gas tﬁrbihes wiﬁh Rankine bottoming
cycle, using pulverized coal fuel. The program should capitalize
on existing technology in closed Brayton cycle engines which- have
operated successfully on coal_in Europe, but at- relatively low
.efficiency because of‘limited cycle temperatures. Effort should be
concentrated on achieving substantial increases in efficlency
through the use of advanced, high-temperature materials in the air

heater and the addition of an organic Rankine bottoming system.

-18-



(6) Indirect-Fired Coal-Burning Combined Cycle Pump Station

A study and demonstration should be conducted of fuel cell
power sources in combination with DC.motors in a liquid pipeline
pump station. The pipeline application offers a unique and
extremely attrative application for fuel cell power plants for two
reasons. First, the use of DC motors in the pipeline application
would avoid the need for inverters to convert the fuel cell output
to AC. Freed of this burden, the economics of the pipeline appli-
cation for fuel cells becomes much more attrative than’ the electri-
city utility application. Second, the nature of petroleum products
pipeline operation is such that the use of DC motors would enable
an energy saging in the order of 5-10%. The ‘fuel cell, of course,
offers the opportunity to realize that improvement. The combination
of these two factors indicates that the pipeline is the preferred
application for early commercialization of the fuel-cell. Accord-
ingly, it is recommended that continuing ERDA fuel cell programs be
reconsidered in this: light. '

(7): Drag-reducing Additives in Liquid Pipelines

Further research should be conducted on drag-reducing additives
for liquid pipelines, including: basic research into: the mechanism
of‘drag reduction; system studies to identify operating problems
and assess economic aspects; and a demonstration to prove the

soundness of the concept in practical pipeline operation.

(8) 1Internal Coatings in Pipelines

Demonstrations should be conducted of internal coatings in
both gas and liquid pipelines to determine quantitatively their
effect on improving pipeline flow efficiencies and to assess the
economic potential of their further use in liquid pipelines. The
program should begin with analysis and testing to establish the'
longevity and dependability of present commercial coatings which
are applied in place, followed by research and development if
necessary, and a demonstration in full station-to-station section

of an operating pipeline.
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2.2 Candidate Improvements .

Early in the study the categories of efficiency.improvements
listed in Tabler 2.2-1 were identified as candidates for examination.
With few exceptions the numbered improvements represent classes of
devices rather than a single device. Thus, even though an improve-
ment category may not appear in the earlier list of recommended
programs, it may well be that future inventions will justify a
program in that category. For example, this study was unable to
identify an electric motor improvement which would be appropriate
for DOE support for pipeline application. However, the possibility
always exists that a new idea and/or fresh approach, e.g., the
Wanless motor, may appear énd offer an opportunity for energy
savings.

Additionally, it is well to note that some of the improvements
in Table 2.2-1, for example, capsule pipelines, were excluded from
Table 2.1-1 on the basis of very preliminary analyses. This
exclusion could safely be made at this time because, even if that
preliminary conclusion is reversed after further study, the reali-
-zation of the improvement is still weil into the future. Accord- '
ingly, it is strongly recommended that the list and the associated
conclusions be maintained by recurrent review and update, so that

future opportunities can be exploited as they appear.
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TABLE 2.2-1

Classification of candidate efficiency improvements

Heat Engine Improvements

- Bottoming engines

- Gas turbine regenerators

Internal cooling of internal combustion engines
- Slurry-fired engines

- Coal=-fired engines :

- Indirect-fired, coal-burning engines

AUV bW
|

Non-Heat Engine Energy Conversion

7 - Fuel cells
8 - Electric motor improvements

Flow~-Inducer Improvements

9 - Pump improvements
10 - Compressor improvelients

Slurry Pipelines

11 - Coal-water system improvements
12 - Coal-methanol systems

13 - Cryogenic systems

14 - Pneumatic slurries

Drag Reduction

15 - Heating
1l6 - Additives
17 - Internal coatings

Leak Prevention

18 - Internal coatings

Operational Improvements

19 - Automatic control of transients
20 - Computerized optimization of duty cycles
21 - Improved capital utilization

Ncne of the Above

22 - Capsule pipelines
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3.0 RECOMMENDED R, D, & D PROGRAMS

This section presents the broad outlines of the programs of
research, development, and demonstration which are needed to
realize the energy-conservative potential of the technological
innovations that are discussed in later sections of this report.

In each case the recommended program consists of the six
phases which are described below: ' '

Phase 1 - Identification of the Opportunity

This phase has been in progress under the present study,
and with the publication of this report is noW»compIete.

Phase 2 - Concept Validation

In this phase the concept is'validated analytically and a
definitive program plan 1is developed.

Phase 3 - Research and Development

The research and development identified under Phase 2 is
performed in accordance with the appered R&D plaﬁ. The R&D
program continues through the design phase (Phase 4) and possibly
beyond.

Phase 4 - System Design

A preliminary design is prepared of the demonstrator system
on the selected site. ' '
Subphase 4.1 - Site Selection - Several candidate sites

are identified and the one best meeting the criteria developed
under Phase 2 is selected. ‘

Subphase 4.2 - Preliminary Design - A pfeliminary design

is prepared of the demonstrator system on the selected site.
‘ Subphase 4.3 - Detailed Desgin - The detailed design

of the demonstrator, consisting of drawings and specifications
suitable for use in construction, is ?repared and doucumenled, along
with supporting design analyses. This subphase is paced by the
progress of the research and development under Phase 3 above, which

will have been proceeding concurrently with Phase 4.
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" Phase 5 - Demonstrator Construction

The demonstrator system is constructed. Data regarding
construction costs, design feedback} and technological difficulties
are collected, analyzed, and published in accordance with the
program plan which was developed under Phase 2. '

Phase 6 - Demonstrator Operation

<

The demonstrator system is operated in accordance with the
program plan. Data regarding the operation is collected, analyzed,
and published in accordance with the program plan.

The costs of these programs vary widely. The mosﬁ widely
varying component is the research and development, Phase 3. 1In
some cases, for example the viscosity-reducing additives discussed
in Section 8.3 below, a few hundred thousand dollars may be ade-
gquate. In other cases, for example internal cooling of IC engines,
the R&D may run into the millions.

'~ As noted above, Phase 1 has been identified in each case as
the opportunity identification under this present study. Thus, the
next phase for each of the progréms'is the concept validation
phase, which is expected to consist of major subphases having the
following objectives: A

1) To validate the concept analytiCally and, in some cases,
eiperimentally. |

2) To prépare the system assessments which establish feasi-
bility from several major viewpoints, e.g., technical, economic,
environmental; etc. ‘ : |

3) To prepare any additional supporting studies and assess-
ments which may be needed or desired, e.g., alternate approaches,
alternate national policies, etc.

4) To identify the necessary experiments and tests and to
formulate the plan for their performance '

5) To define the complete—R, D, & D program and to formulate
the complete detailed program plan. | B

A Figure 3.0-1 presents a generaliEed Phase 2 schedule, in which
the effort to achieve each of these objectives is designated as a
suhphase. The major second-tier subphases (tasks) under the

primary subphases are also shown. The 1l2-month period indicated
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for completion may be shorter or longervfor any specific program,
depending upon its‘nature and the availability 6f funds. The
magnitude of the total Phase 2 effort depends on the nature of the
necessary input and of the laboratory experiments (Subphase 2)
and/or supporting -assessments (Subphase 3). In some cases, an
adequate Phase 2 may be performed within two person-years of
effort, while in others, four or five person-years may be neces-
sary. For preliminary budgeting and plénning an estimate of
approximately three person-years is suggested.
4.0 POWER CONVERSION IMPROVEMENTS

The majority of the drivers, on prime movers, in gas pipeline-
service are reciprocating, spark-ignited, i.e., Otto-cycle gas
engines, fueled by natural gas from the pipeline. Prior.to the
Arab oil embargo, turbines had been entering service in increasing
numbers, primarily because their lower maintenance was able to
offset the higher éfficiency of the reciprocators. In recent
years, with the continued rise in gas prices, the turbines were the
first to be taken out of service on those lines whose throughput
has been declining. In an effort to reverse this trend, turbine
manufacturers have initiated R&D programs to improve turbine
efficiency. As will be discussed later, two such improvements
appear to offer a highly promising opportunity, yet appear to be
heyond the development reach of industry.

Almost all prime movers on liquid pipeline are electric
motors. As will be seen, there do not appear to be any allractive
energy conservation opportunities in motor improvements.

4.1 Heat Engine Improvements

There are of course many small ways to improve the efficiency
of heat engines. The engine manufactures are well aware of these
potential improvements but do not incorporate them because they are
not cost-effective under the existing fuel price structure. As
fuel prices rise, more and more of these small improvements will be
introduced. However, small improvements already under development

by industry do not appear to offer attractive opportunities for
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DOE-sponsored R&D. For the larger improvements which might justify
DOE-sponsored R&D, ie., step function improvements in performance,
it is necessary to address the basic thermodynamic cycle, as
opposed to small improvements in the hardware. Such basié¢ cycle
improvements are discussed below for the three principal engine
types, i.e., Brayton, Otto, and diesel.

4.1.1 Brayton Engine Improvements

The use of Brayton engines as gas turbines in gas
pipelines has increased siqnificéntly in recent-years, 1In
particular, the two-shaft gas turbine driving a centrifugal
compressor has gained increasing acceptance in the gas pipeline
industry, for several good reasons.

(1) The gas turbine's natural characteristics match those
of the centrifugél compressor. With the free power turbine coupled
directly to the compressor load, .both the turbine and the compressor
have basically the same power to speed characteristics (see Fig.
4.1.1-1). The power absorbed by the centrifugal compressor varies
approximately as the cube of the speed, and the output of the power
turbine at best efficiency also varies essentially as the cube of
the power turbine speed. The gas turbine and the centrifugal
compressor can therefore operate at the same speed, thereby avoiding
any necessity for reduction gearing and other complications, The
normal pipeline operating line goes through the high efficiency
points of the gas turbine (Fig. 4.1.1-2). ‘

(2) The gas turbine has achieved a high degree of rp]iéhility-
availability, longevity, and low maintenance. A continuing study
by one of the major producers of industrial gas turbines in high
use factor service has shown an average reliébility of 99.5% and
availability of 97.4%. A significant percentage of the units in
service have accumulated over 60,000 hours of 6peration and several
units have surpassed 100,000 hours of operation. Reliability and

availability in this instance are defined as follows:
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installed hours less unsched.outage

Reliability = < 100%

installed hours

installed hrs.less (sched.& unsched.outage)

Availability = < 100%

installed hours

(3) The average cost per installed horsepower of the gas
turbine compressor has proved to be significantly lower than that
of comparable reciprocating type units. For example, in 1973, cost
statements filed with the Federal Power Commission by 35 pipeline
companies covering installation of 503,163 compressor horsepower
_(54% of which were gas turbine driven) showed an average cost per
installed horsepower of $219 for gas turbine units as compared with
$295 per installed horsepower for reciprocating units (Ref. 3).

The major disadvantage of the gas turbine as compared with the
reciprocating engines used in gas pipelines is its higher fuel
consumption. This, of course, 1is becoming a matter of increasing
importance as the cost of fuel rapidly escalates. As a result, gas
transmission companies as well as gas turbine manufacturers have
been investigating ways of decreasing fuel consumption through
modification of existing gas turbine installations and in,applYing
gas turbines to new installations. _

Advances in technology of simple cycle gas turbines have
resulted in marked improvement in efficiency, with some of the
newer industrial types approaching 30% overall thermal efficiency.
~However, with the cost of gas fuel increasing more rapidly than
efficiency improvements in the simple cycle machines, it has become
necessary to consider other approaches. The two foremost approaches
for effecting major improveménts in fuel economy are the use of
regeneration, and the addition of a Rankine c?cle bottoming plant
to either simple cycle or regenerative cycle gas. turbine power
plants.

4.1.1.1 Regenerative Cycles

Figure 4.1.1.1-1 is a schematic representation of a regenera-
tive cycle gas turbine pdwer plant. The regenerator, which in the
case of an industrial type gés turbine is a stationary heat
exchanger (or recuperator), takes heat from the gas turbine exhaust
and transfers this heat to the compressor discharge air before it

enters the combustion chamber.
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The use of regeneration is limited to gas turbine engines with
moderately low pressure ratios. For a typical industrial gas
‘turbine, a regenerator would be completely useless at'pressure ratios
of 14 or higher because the ¢ompressor discharge temperature
is so high that it is eqdal to the exhaust temperature and there-
fore there is no chance for_regéneration. The effect can be seen
in Fig. 4.1.1.1-2. 1In most cases a pressure ratio of 6 to 8
represents a good compromise for both simple and regenerative cycle
gas turbines, considering both fuel cost and installed first '
cost. '

Addition of a regenerator of 80% effectiveness to a simple
" cycle two-shaft gas turbine increases thermal efficiency at full
load by approximately 30%. Regenerators with an'effectiveness of
approx1mately 81% have been used w1th gas turbines for some years.
Higher efficiencies can be achleved by adding more heat exchange
surface to the regenerator, ‘but only at the expense of considerable
added bulk, weight, and cost. Figure 4.1.1.1-3 shows the effect of
regenerator effectiveness‘én Ehermalrefficiéhcy and cost. When
effectiveness is increased from 81 to 85%, the heat exchange sur-
face must increase approximately 50%, and the additional regenerator
surface costs about $150,000. Analysis shows that for fuel coéts
between $.50 and $1.00 per million BTU, the 81l% is optimum. When
fuel values reach SL.OO to $1.50 per million BTU, én effectiveness
of 85% would be economical (Ref. 47,

4,1.1.2 Brayton-Rankine Combined Cycles

Fiqure 4.1.1.2-1 illustrates a combined cycie -power plant in
which a Rankine cycle system.is added as a bottoming plant to a
simple cycle gas turbine. Exhaust heat from the gas turbine goes
to a heat recovery boiler where vapor 1is generated and used to
drive a turbine which is connected to the load. Exhaust from the
vapor turbine is condensed and pumped -back to the boiler to form a
closed loop system. The single drive arrangement shown, with the
vapor turbine directly connected to the outboard end of the load,
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is advantageous in a pipeline application, since the vapor turbine
can be desigﬁed_with an output speed to match the compressor and
power output stage of the gas turbine. The gas turbine can also
furnish the necessary speed control for both units unaer most
conditions.

The number of combined cycle power plants installed to date
is somewhat limited, and for the most part confined to large sizes
in electric utility service. As far as this study could determine,
only two plants of less than 15,000 KW capacity are in service in
municipal utilities. The majority of the combined cycle plants in
electric_utilities are of the supplemental fired heat recovery type
in which-exhaustiheat’from the gas turbine -is supplemented by
separately fired bﬁrﬁens in supplying heat to the boiler.

‘As fo; gaé pipeline service, there are only four combined
cycle systems knowh to be in operation. These systems were
installed between 1968 and 1970, and are reported to be operating
successfully; however, with,recent advances in technology, it is
apparent that system efficiencies can be increased considerably:

The combined’cycle system of most interest for pipeline
service utilizes a simple cycle, two-shaftlgas_turﬁine exhausting
its heat to an unfired heat recovery boiler. Studies by the
General Electric Co. (Ref. 5) have indicated that such a syétem
using a standard 14,600 hp gas turbine and a steam turbine connected
directly to a contrifugal,compreSSOr,"can‘produce a combined output
of 22,000 hp at ISO conditions with an overall thermal efficiency
of approximately 39%.

Figure 4.1.1.2-2 (Ref. 5) shows estimated thermal efficiencies
at varicus ambient temperatufes for the above combined cycle system
using water as the working fluid. Steady state conditions typical
of normal pipeline compressor opgration were assumed. 'Thermal
efficiency curves for a standard regenerative cycle gas turbine are
shown for combarison. Two features of particuiar interest can be

noted from these curves.
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(1) The effect of varying ambient temperatures. At increasing
ambients, the standard gas turbine efficiencies decrease signifi-
cantly. - For the combined cycle. , however, the efficiencies
increase at higher ambient temperatures. At the 100% flow point
and 59OF, the combined cycle efficiency (39%) is approximately 15%
higher than that of the standard regenerative gas turbine (34%).

(2) Part-load characteristics. The efficiency of the combined
cycle plant decreases at a markedly higher rate at partial flows
than that of the regenerative cycle plant. For example, at 85%‘
rated flow and 59°F (a condition which requires 55% of the ISO
rated horsepower), the combined cycle efficiency drops to 32% as
compared to 3C0% for the regenerative cycle turbine. This would
indicate that the combined cycle plant is utilized to its best
advantage when operating at high load factors.

Solar Division of International Harvester Co. is actively
investigating combined cycle power plants utilizing theéir industrial
gas turbines in the 1200-10,000 hp range and expects to haQe
initial field evaluation units in the 1978-79 era. Their studies
have 'indicated that a combined cycle system for small gas turbines
would be noncompetitive in initial cost, performance, and operating
characteristics i1f it were designed around commercially available
steam turbines, boilers, condensers, and related equipment.
Accordingly, they are undertaking the design and develpment of
several major system components, described in a paper by Solar
(Ref. 6). They include: )

(1) A once-through boiler, in which heating, boiling, and
superheating take place in one tube. Steam drums are not used and
feed water flows are controlled as a function of output steam
conditions. ‘

(2) A new steam turbine having a projected efficiency of 80%.
This compares with 66% in the best available commercial turbines.
The new turbine concept is a 2-stage type with the high pressure
unit running 66,000 rpm geafed to a low preSsure‘unit running at

approximately 15,000 rpm, the same speed as the gas turbine drive.
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(3) New condensers ot both water-cooled and air-c¢ooled type.

Utilizing these new components, Solar is projecting combined
cycle power plants having thermal efficiencies ranging from 34.9%
for the Saturn engine to 41.8% for the new Mars engine which is
currently being developed. The engines cover a horsepower range
from 1160 to 10,300 in the simple cycle versions, and in the
combined cycle versions will cover a range of 1824 to 13,790 hp.
The performance of the combined cycle power plants represents an
increase in ISO'hp from 34-57% énd an improvement in fuel consumbf
tion of 25-38% ; )

The use of organic working fluidsAin the Rankine bottoming
cycle offers pétential for further improvement in efficiency of
combined cycle powef plants. ‘Althéugh all combined cycle plants
constructed to date have used water as the working fluid, studies
by Thermo Electron Corp. (Ref. 7) have indicated possible achieve-
ment ot over 43% thermal etficiency in a simple éycle gas turblne/
organic Rankine cycle bottoming plant, and over 47% in a recuperated
version of this plant. These studies are based on the use o# »
current technology gas turbine engines in large power sizes (over
60,000 kw). Other advantages of organic working tluids are low
freezing temperature and possible reduction in size and weight,
depending on the working tluid used. ‘There aﬁe diéadvahtages in
organic fluids as‘well, in that many of those that are readily
available are flammable or toxic and all are subject to decompo-
sition at moderately high temperatures such as might occur in
exhaust heat recovery boilers. Nevertheless, there appears to be
enough potential to warrant further investigation of organic fluids
in combined cycle power plants.

4.1.1.3 Comparlson of Gas Turbine Cycles

The decision to select a simple cycle, regenéfative cycle,
or combined cycle turbine power plant is sensitive to the duty
cycle under which the plant will operate, the installed first cost

of the equipment, the fuel cost, and the operating environment.
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With the rapid increase in fuel cost, the 25-28% thermal efficiency
of the typical present simple cycle gas turbine is probably not
high enough to make this power plant competitive with the other
plants in the future. .

As mentioned previously, the combined cycle power plant
has a decided advantage in efficiency at the higher ambient tempe-
ratures. This would be an important factor to consider in selecting
a. plant to operate in a hot climate.

On the other hand, if the plant were required to operate a
large part of the time at low load, the regenerative cycle turbine
would appear to be more advanteageous since the rate of increase in
specific fuel consumption at part loads is less. This is illus;
trated in Fig. 4.1.1.3-1, which shows part load characteristics of
typical gas turbine engines in simple cycle, regenerative cycle,
and combined cycle versions of the type used in pipeline service.

To compare the three cycles in a quantitative, precise way;
detailed simulations were performed using the pipeline economic |
model (PEM) developed under Task 1 of this project and describe in
References 8 and 9. The model was also introduced in Report
HCP/M-1171-3, Section 7.1. The modél is a simulator which accepts
as 1nput the design characteristics of the pipeline, the operating
and capital costs, and a market (throughput) projection. 1Its
output is the detailed financial and energy consumption history
over the life of the project.

The reference pipeline used in the>comparison studies was
designed by Pipetech and was based on earlier system designs from
.the Pipetech files. Some of these designs were actually built, and
thus the reference designs for this study represent typical,
realistic situations. The costs, derived by adjusting actual system
costs, are therefore highly accurate in térms of this study. The
PEM consists of two major submodels: a fluidics submodel and a
financial projection submodel. The gas dynamics of the line are
calculated using a (proprietary) model previously developed by
Pipetech and used by them in the design of actual pipelines. It is
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therefore more than sufficiently accurate for this study. Figure
4.1.1.3-2 displays a typical output froﬁ the gas dynamics model.
The financial projection model is an adaptation of a business
projection model previously developed by S3, modified to reason-
ably simulate pipeline operation, and bench marked against a highly
detailed pipeline-peculiar (proprietary) financial model previously
developed by Pipetech. 4

The reference gas pipeline was designed and costed on the
basis of reciprocating gas engines, since that approach represents
the best current practice. An installation schedule was prepared
for that system, detailing the points in the project 1life at which
additional capacities must be installed. A survéy of represen-
tative gas turbines was then made, and is presented in Table
4.1.1.371. The reference system was then converted from reciprocators
in Tables 4.1.1.3-2 and 4.1.1.3-3, respectiveiy. The heat rates
were then adjusted from the full-load values to those associated
with the actual operating horsepowers required, using the parf—load
characteristics from Fig. 4.1.1.3-1.

For purposes of the comparison, the simple cycle is regarded
as the baseline. The output from the economic model for this case
is shown in Fig. 4.1.1.3-3. Figure 4.1.1.3-4 presents the output
for the combined cycle. For the comparison, the total costs are
taken to be equal for both cases. Thus, the question being asked
of the model is, if these improved cycle engines could be installed
and operated at the same cost as the simple cycle, what would be
the benefit? With this information, it is possible to calculate
the operator's incentive in energy and dollar savings to adopt the
innovations. It is noted that although the total costs input for
the two cases are the same, the capital infusion rates are different,
reflecting the differences in timing for capacity additions. Some
of the more important inputs and assumptions are listed in Table
4.1.1.3-4. Table 4.1.1.3-5 presents some significant figures,

extracted from the two outputs.
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14 S1¢0.%9 TEle11 =1t 96222  10P.5 S ACa Y B52.5 6941 _J4B3.40 __13.26  yu6H  2284.5€ 11134,
1% S6Te11 £€8.00 -1t 8429 9.1 24K 2440 T174 6842 4210.80 14,78 1453 2¢4+56 652564,
1§ __6EP 00 EE&.L0 ~Te  9I2.f 10k 3 __24%E.R4 EL4. A 1£..L 1403,07 12.4C a1l . 224.00 265493
66E .00 174,09 -t G, 804 .4 7¢.0 1063.07 £03.2 €94 152,20 9.90 1612 112.00 49754,
IE 153,00 T8H4,00 10, anl,.? £S04 _ __1859.20Q 171.0 £9.4 154544 10.61_  1.248  112.00 167734
19 784.00 €22 .00 =29, T11.0 6€Y.4 1965,44 66242 6b.E 2z23.42 14,36 P 112.00 1¥106.
iC  B22.0C  E37.00 -1f. 6B2.% hHeB 2273042 6433 080T 2370498 __ £a90 2259 112.00 L45Ha
el 837.00 £91 .00 ~-1%, 6433 68e7 c370.48 474.4 (8,2 3291.,17 18.97 el 112.00 19478,
060954,
DELIVERY CUNMRRY
RILE FEESS TEMP GAS RATE
FOST FS14 LES F FESCELD
1 0.90 450400 0.0 =2:¢£+13
2 T FE b4 76.0 117400
3 8%1.C3 474,37 6He3 117.00
<2 891.00 474,37 683 ~ohh
— e Fig. 4.1,1.372(3). Typlcal LQutput, gas dynamics submodel
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FILT FEFT ARCVL  ~ FHFSSURE TEFF FRESSUFL 1LV, CHERATING REQUIPREY FCGUIKED THRCUGHPUT
0. [0S SEe_tevrt o EShA LR POl L UtTeF . PCFSEFONLE __ HFSCELD _I1onS FMUSCELL
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24634 ) 4,730 0.

= -

;_Fig.'4.l.l.3—2(b) Typical output, gas gynamics submodel




Table 4.1.1,.3-1

REPRESENTATIVE GAS TURBINES
IN GAS PIPELINE COMPRESSOR SERVICE

Regenerative (Estimated)2
Simple Cycle Cycle Combined Cycle
HP {ISO) SFC HP (ISO) SFC HP (ISO) SFC

Manufacturer Model No. Rating BTU/HP-hr Rating BTU/HP-hr Rating BTU/HP-hr
Solar Saturn 1160 11600 1100 9510 1804 7284
Solar Centaur 3830 9600 35801  g1o0! 5600 6578
Solar Centau'r3 4850 9100 4340 7460 7090 €288
Solar Mars3 . 10300 8080 9630 6625 ° 13680 6080
Allison 501K5 2745 11070 2600 9080 4120 7370
Allison 501K13 3165 9980 3000 8180 4750 6650
Cooper- RT25(GG12) 2750 13800 2600 11315 4125 9190
Bessemer (Paw)
Cooper=’ CORB125 12500 9800 11875 8035 18750 6525
Bessemer (Avon)
(Rolls Royce)
DelLaval Turbopac 3300 11600 3130 9510 4950 7728
Ingerscll Gr40/22 4250 94390 40490 7730 €375 6280
Rand
General Frame 3 6850 11000 68501 9000l 9800 7690
Electric (Mod. 3000)
General M3872 B780 10850 87%0 9000 13125 7225
Flectric
General M3102 ' 10800 10190 10800 9000 16200 6785
Electric
General M3132 13100 9760 13100 9000 19650 6500
Elcetria
Orenda oT370 8890 11800 8200 9675 13325 7860
Orenda OT-F-270 9830 11550 9070t 77701 14745 7690
1

From mfr.'s published data; all other figures on regenerative cycle are
estimates, based on assumptions that regenerative cycle hp is 5% lower
and SFC is 18% lower than simple cycle.

2Combined cycle hp figures represent increase of 33% to 55% over simple
cycle hp, depending on engine. Where published data are not available,
50% is assumed.

JDevelopment models

—h4-
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Table 4.1.1.3-2

REFERENCE GAS SYSTEM CONVERSION
RECIPROCATORS TO SIMPLE-CYCLE TURBINES

Engine TIHP

Mars 10300
Cent-D 4850
Cent 3830
Cent-D 4850
Cent 3830
Cent-D 4850
Cent 3830
Cent-D 4850
Cent 3830
Cent-D 4850
Cent 3830
Cent-D 4850
Cent 3830

Engine TIHP.
Mars 20600
Cent 8680
Cent-D 8680
Cent 8680
. Cent-D 8680
Cent 8680
Cent-D 8680
Cent 8680
Cent-D 8680
Cent 8680
Cent-D 8680
Saturn 6010
Saturn 4990

-45-

Ramt.

Yr Engine TIHP
> 20600| 19415
14 Cent 12510| 12075
14 Cent 12510| 11822
14 Cent 12510 11766
14 Cent 12510 11755
14 Cent  12510| 11731
14 Cent 12510 11708
14 Cent 12510| 11687
14 Cent . 12510{ 11645
14 Cent 12510| 11587
14 Cent 12510} 11518 .
> 6010] 5770
16 Booster 5030 5028
156,740!147,507
iigg = 1.06237
i.e., 6.24%
X Cess
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Tahle 4.1.1.3=-3

REFERENCE GAS SYSTEM CONVERSION
RECIPROCATORS TO COMBINED-CYCLE TURBINES

Engine TIHP
Mars 13680
Cent 5600
Cent 5600
Cent 5600
Cent 5600
as St. 2
| 3
2
3
2
. 3
v
Ceut=p 7090
Cent 5600

+ Yr. Engine TIHP
7 Cent-D 20770
12 Cent-D 126990
6 Cent-D 12690
12 Cent-D 12690
6 Cent-D 12690

> 12690

- = 12A90

- —> 12690
> 12690
- e ey 12690
12690
No further 7090
installatn.

" " 5600
160,360
160,360
147,507

i.e.,

RQMT.
19415
12075
11822
11766
11755
11731
11708
11687
11645
11587
11518

50128

147,500

= 1.0871,

8.71% excess
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SYSTEHS,

PIPELINE TRANSPORTAIION SYSTEMS

Pid RegpPURI NOo 34

TIME PENIQD
altlviry

ANNUVAL THROUGHPUT I MMNHCF-NILES)

NHOM{ WAL TaREFF {UNLT TRANSPe CHARGE)
aCiualL  Taw(Fs
NOM|N&ay TRANSPORTYAT]UN REVENVES
4aCTUAL TOTAL REVEANULS

LEVERAGE
LCUNG=TE2Y (FUNDEU vtBT O (CAPITAL B
LONG=VTERM (FUNDED: DEAT 10 ASSETS »

PROFLIABILITY
DPERAVIYG INCOME V6P HULES)
AatJAL FPC HATE HASE .
Hale UF RETURY ON RATE BASE (%)
alE UF REVURN ON Palu=IN CaPiraLts)
RATE OF HEJURN ON 10Tal CaP{Tar (%)

ENERGY CUNSUMPTION
ANNJAL ENERGY USAGE UF GAS5 {MucF)
ANNJAL ENERGY COSES
PRESENT VALUE OF €NERGY USED
U4IT CUST OF ENERGLY  A/MHCF

UTHER 4E4SURES !
TOTAL annNUAL UNIT COSTS
PRESENT VALUE OF avtRaGE UNIT cOSFS
HET INCOME (80UK PROFIT)
PRESENT vaLUE OF 4OUK PRUFITS
NET Ca5H GENERATEU DURING ITHE PERIOD
PRESENT

OIS_OUNT FaCTan (410300 %} =

vAalUE UF NET (ASH GENERATED .

?

SCIENCEL AND SOFTanRE
LAC PROJECTION MODEL

CaPiTar INVESTMENT PLANNING

1976

00V
000
«000
*000
«GOD

6leo4
6000

*000
206459000
«000
+0UJ
*0J0

«000

+000,

* 000
«00V

*000D

*Q0UD
~5113.C00
=51)3.000
QU

000

. 1«00y

DATE
RUN Lo
AND ENERGY
1977

57562
6604000

6324120

379%1.021
Jb38b646))

6l.454
59549

2062%08696
2062764959
10,000
1leu83
Y¢705

155%.083
2213897
20024634

le420

431e2B6
392.078 °
99249.,909

Yp22e4645
119Y90.0080
10900080

«909

valt

EWERGY (UNSERVATIUN SiHUpY

OCJUBER 13, 1976 vyi2yias

10t 370

THE NATURAL GA> REFERENCE SYSIgh

BASELINE CASE

CUNSERVATIOn IMPACT PROygcT§ON

1976 1979 1960

bUe¥3Ib 64¢5)2 6754
693.000 727650 Todegldy
6444703 6352103 6574246
422280454 46942055 51842437y
392850425 409720055 4459651
614454 574304 bh.6]8
59¢092 §4¢7}3 920687
2034924559 2ub)6535 2¢yB45483

20333%e029 20598975 20849582 ¢
10,004 10009 luevold
o151 11468 12490
4e568 4e b3y 519y
2005124 226394967 29784737
2984640 3543579 48964529
4700777 26624337 3244395
1e49 19566 jeb4y
428012 422044 4474943
353729 37088 292929
637,772 Y9I 749 07174248
7985.1014 74460843 - 73209024
174754867 ~6393069) 123580148
1494200665, «=480Q030674 84490779
075} 683

828

198

710427
Bg2e 234
6290468

S73499,Y93
449774949

54,418
S5p¢s43

292290546
uzliyebae
10,904
[WXEAR]
The 454

3307}“56
s1puel3)
39449873

10726

LI EERA]
2574393
1006y 165
c66240y?)
16239957
75994492
XY2]

PauE

kS

(OULLARS TH THUUSANYS)

1982

154158

84203406

631501
63Jubebi2
45757+ 4?4

53354
19.]“5

V7179045
177666076
lueuub
|2.q99
50524

3719678

674159

BELI XL Y
JeB 2

Hube7g0
2290572
tugudes3d?
6g¥8e 406
141380499
bphlegol
5614

EL]

100876

1963

18eYy3
Bo4edsy
bjrous
69786098y
497800457

564379
Sje5HY

wbjec?y9
2050048
fUeuy?
Jdsby
Hebdsg

49yu° 23y
83730457
42960844

teYyu3

q‘809u)
24 9es
1183509y
bgllebb,
tubs9e77;3
95724781
*5)2



gl =

AL D) LINKED wlld s4iS| REINVR = ¢

5'5'["5.

PIPELINE TRANSPORTATIUN SYSTENS

P3d REPURT wOo 38 CaPiTan

fIME PEHINOD

ACTIVIYY
ANNUAL THROUSHPUT A MHMMNCF=NILES)
NUMINAL TaRIFF {UNIY TRANSPe CHARGE'
ACIUAL  TaRiFs
NOME VAL TRAN3IPORIATLIUN JAEVENVES
ACTUAL  TOTA. REVENUVES

LEVERAGE

LUNG=TEuM (FUNDEO) OENT TO CaPiraL »
LONG=TERM (FUNDEU) QEaT TO ASSENS %

PROFIFABILITY
OPERATING INCOME lsPC RULES)
ANNUAL ¢PC RATE BASE
NATE UF KREVURN ON RATE BASE 1)
RATE OF ReTURN ON PAIO=IN CAPIFALIS)
Rale UF RETURN ON 10Tal CAPITarL (B)

ENLRAGY CONSUMPTION
ANNUAL ENERGY USaGE OF GAS
ANJUAL FNERGY CODSTS
PRESENT VALUE OF ENERHY USLL
UNIT CUST UF ENEKGY - 8/8nCF

LETE R

OTHER HEASURES

TOTAL. aNNUAL UNIV COS1S
PRESENT VALUE OF avERAGE UnIT
NEL INCOIME (830K FROFET)
PRESEN) VaLUt OF 200K PRUF TS
NET Cas4 GENERATELC DUNING 1HE PERJOD
PRESENT valUE OF ~eET (aSH GENEMATED
D1SCOUVr FACTOK (GiDepUL &) = :

cnsrs

SCIENCE ANV SOFTAARE
LAC PROJECTICH nwUVEL

17e4

Eleblb
z8e6B6
817807

759994933
521§%.56Y4

e b2b
59.38?

210283334
2101€U+¥8)
10,004
12997

Le528

Y48k 0498
892450424
HleliedlDd

|.795

Yiieble
1235484
5215577
19250063y
6643,36)
eY4o7

DATE
RJIN Lo

INVESTHENT PLANNING aNp ENERGY

1985

83¢5)3
9750121
637,150
83383¢270
54653,833

SRe229
53¢502

207710 +45¢
2076450266
12,003
1Je372
5¢111

49204997
10322+299
43776862
2¢598

Y45+ 519
1896313
115574559
4901703

35442e178

150d7.%24
429

ENERGY CUNSERYATIUN

OCTOBER 13, 1976
THE MATURAL GAS REFERENZL SYSTgM

BASELINE

CASE

LA

3iuUpy

Tt 10137

PYi2viae

CONSERVATION IMPaACT PROJEZ 10N

1986

89.033'
1U¢3«877
6560957
Y12149¢742
585¢b6.721

874197
50921

206924507
2007654299
lo.008
V1157
44399

52%4»936
11664 ) 40
4497403

2,201

472e58¢
182.20¢
9643,3)2
3717914
Bople92s
Jugle25¢
T el8e

1987

92e8Y3
1075+070
6530825
v9812+%934
60203e 142

S2e81Q
464547

20?15+ 1pb .

20895%¢9p8
10.009
120298

KR FATS

6183eb4Q
19302746
5013096

2¢ 313

48] edb)
168el26
JUS5) e 332
3698178
-31257,9
«1095e545
L EYY]

1788

®b6e2080
11280824
7.0%195
1045%1+8)23
6ylald.uy6

S1+4%¢
14¢0678

20%33+534
209338326
iueDOY
ideD22
54230

6423748
16851972
5312s664
2,429

460255
1580422

11255,180°

35360247
|¢,qi19-u9|
S237.119
«319

PAGE

L)

(DOLLARS IR VHUUSANpS.

1769

103124
JIBbSe 265
704613
1186740064
7024984080

590234
51987

25190346
225079+ ;84
10,005
150412
50402

174949
197399401
L7317e802
20550

S5¢Te4406
1520782
133204425
sbs58e450
)y /64pe?9
2109081
e 290

1990

bUdes9¢
1244520
. 19199
1269290953
820484696

bBe3.?
00324

242259127
24¢022+332
10.00Y
13ebypd
4o 599

Y5630,2d
25664 )58
014292

20678

6)Pen3"
1630223
L1798e537
30Y6439;
1065207 2
43504920
+263

35

10u876

1991

ube ¥y
13ygée7ss
B28¢899
13929Y0 234
aBdcULUS

S6e By
47¢639

236564377
2364443779
lUsuS
Jde462
40829

Lus 4037y
29642433,
Ti44u)?

282

644049,
1540284
1Le3%ev7)
278532y
|Qb9uobﬂ|
2599,23
02139
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SYSTEAS, SCIENCE AND SOFTWARE
LaC PROJECTION HUDEL

PIPELINE TRANSPORTATION SYSTEMS

DATE
RUN o

P38 R¢PORT NUe 8 CAPITar INVESTHENT PLANNING AND ENERGY

DATE 121376

ENERGY (ONSERVATION STUDY

OLTOBER 13, 1976 UPi29ias

THE NATURAL GAS REFLRENCE SYSTgM
BASELINE CASE
CONSEgRVATON

INPACT PROJECTION  (pULLARS IR

TIME PER|00 1992 1993 1994 1995 1976 Tulag
acTiviry
ANNUAL THROUGHPUT (MMMMCF=M[LES) 106e910 106910 106910 106+%10 lUbsYu 17674452
HOMiIvaL TARIFF LUMIT TRANSPs CHARGE! 1372.p%2 14400677 1812732 15880368 16670787 216230527
ACTJAL  TaRrIFs : 854,543 670,033 486,897 7054715 924.882 4132,0006
NUMINAL TRANSPORTET|ION REVENVES 1966900373 549024891 1617260135 joP8)2e439 178303006[20406)40409
ACTUAL  TOTAL REVENUES 913590193 930154170 998106127 968290943 988790102131 ¢239.59)
LEVERASE
LONS=TE®Y (FUNDEOY DEyT VO CaPrval @ 53¢7¢6 50e66] 47.1230 430053 38¢359 540741
LONG=TERY LFUNDELDY UEST TO ASSETS @ 9464 406966 374202 33130 286727 484160
PROFITabiLITY
QPERATING INCOME CePC RULES) - 229230784 219894547  21055¢362 201210222 191774606 YuoV554727
ANNJaL FPC RATE BAagE 2291020689 2197460439 2103900189 20103327493 1 V1677¢69344934334¢500
Ralz OF REFURN UN RATE BASE (w) 10.006 ‘10,007 10,008 10.00y 10.0U5 yeb40
RATZ OF RESTURN Oy PALO=}N tﬂpltAL‘l, 13eb8Y 13737 13914 14¢2u5 14937 12103
RATZ OF RETURN ON TOTat CAP[lar (%) S+458 Se534 S+959 beHqBy TeUly 4euBU
ENERGY CONSUYPT]oON : B
ANNUaAL ENERGY USage UF GAS {HMcr) 1066UcDlL 10660011 10650011 106600011 JUbb0e0l] 12945900623
ANdUAL ENERGY CUSTS 3149690182 3304920641 396Y4¢773 364290511 382509986 34567086
PRESENI VALUE OF ENERGY U3EQ 4848468 45374311 62400160 5956057 56856766 643300670
LISCOUNTED VAL UE UF ENERGY USEgn (o 10,00 ) =, V643346720
UNJT CUST OF ENERGY 67/MMCF 24952 3.100 3,255 del)7 de588 Yeev5Y
OITHER A4EA/AIURES .
TOFAL asNUAL UNIT COSTS 660,809 673,850 687,852 Tg1.%20 TiBe454 1051 8,242
PRESENT vaLUE OF avERAGE UHIY caSTs 113461} 133310 123716 114778 JUbeT 9y 49520262
S=—0I1370U4T1ED AVEHAGE (AVNUAL) UNIT CuSTS
TLONG=FUN  AVERAGE COSTS) (g 10400 &) = 2024613
HET INCAME (Bauk HROFT ’ 117410086 118734375 12y260)18Y4 22774804  [2420°843 21Ye79.82¢0
PRESENT vALUE OF HOOX PRUFLITS 25554202 2347045 21634015 - 2007454 184627y BI2434206
DISZOUNTEND VALUE GF H0IK PROFITS (o L0400 %} = 47243.206 . .
NET CaSH GENERATEND YUXING Tuk PeRIVU VEZ7Yev88 113330810 1119862494 110436376 | 10d7+507 24931564099
PRESENT VALUE OF Nel CaSH SENEIaTEL 25636067 22422334 Zu14+1023 1820031 1648087 JyL247+553
DISCOUNTEN NET Ca4SH FLUA (v 10,00 a) = 1004494593
DISZ0UNT FACTOR (alDeUIY &) = «210 198 « 180 el b4 AR K} «000
esecse INVERNAL RaFE OF RETURYN veaane
UCF = 01 oF & Be930430 (FRO YELAR ) UVER 1Y YEARS) = 689 &
UCF = U] pF B 843044900  (Faoy YEKR } UVER 15 YEARS) ® 10465 3
UCF = 331 oF B BE43U493  (Fdnq YLaR ) OVER 20 (EARS) = 12.19 &

Paut

L2

THUUSANGS)
AVERAGE

bBs 348
fuYle} 78
Tud.61u
10834070
656114994

SHe744
484460

21147786
2216664725
9540
120103
4edby

b462.98])
17280+864
)
243498

525,912
20206}

U460 Y4y
43620 )60

1¢127.435
Sut2ey78

LRIV

kY3

100876
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OTHER LINE

OTHER LLINE

OTHER (INE

(XN ENR]

HASE3l 1V INKED #1TH euaS!

TI#E 2ERI100

1TENS .
OPERATION AND MAINTENANCE EXPENSES
INTEREST €XPENSES

TUTAL EXPENSES
UNUSED TAX L0SS ’
UNUSED 1NVESTMENTY wak CREDITS
LONG=1ERN BORROAWING -
HET - aDUITIONS 10 EGUITY
ADULTIUNS TO PLANT & EQU PHENT
LONG=TERY  DERT RETIRENEN]
PLANT 4 EQUIPHENT &9 OR[GINAL CoSTY!?
NET PRUPERTY ¢ EQUIPHENT
TOTAL VEBT "B8ALANCE
TOovAL EQUITY CargialL

{IRE PERIOD

ITEMS
OPERATINON AND MAINIENANCLE EXPENSES
INTEREST EXPENSES

TOTAL EXPENSES
UNUSELU TAaX LOSS )
UNUSED TNVESTMENT 1aX CREDILIS
LONG~T1EaN B8UHROW NG
NET ADUITIUNS TO E4UlTY
ADDITIONS TO PLANT & EQUIPMENT
LONG=TERY 0ERT RE-JREMENT
PLanT & EQUIPMENT 9 OREISINAL ¢cnST)
NET PRUPERTY & EQU PMENT
TOTaL UFBT HBALANCE -
TOTAL EQUITY CAplTaAL

- TIHE PERLID

1TEMS .
OPERATIUN AND MAINTENANCE EXPENSES
INVEREST EXPEWNSES

101aL EXPENSES
UNUSED Tax LO0SS
UNUSED - INVESTMENT
LONG=TERM  BORHOAL 4
NET AQUITIONS TO EJUiTY :
_ALDDITIONS 10 PLANT ¢ EQUWIPYENT
LONG-TEIY  OEAT REFIREMENT
PLANT & EIULIPUENT {9 URIGLLAL ¢nST)
NEY PHOPERTY 6 EJURPHENT
TOTaL VERT dALANCE
Tofac EQUITY CA>ilal

Tax CHELLTS

HEINVF = o &

AND THaT*S HAE 4aY #F NILL SE sees

“h97e

+000
+000
-+ 000

s 000

383%4113
129648600
8643044900
203943+000
«000
203943 .puUp
203943900
129645460
81317400

1944

18052000
P49 8¢ 555
35812312
-+ 000

' h]

<000

~00g

-2 UG
7202+5313
253843,0U0
20%223+36
11100%,4900
9220506%

1992

18839000
1084756y
7964703390
2000

s 000

s 0UQ

«000

«000
13329089
335825.000
222022450
12229413
1083266222

1927

62492.000
10371848
24825,767

.000

« 020

2000

«000
S%67,000
..000
209512,000
403846,9),8
1296450600
31317+400

1985

11545.000
8680, 352
381314983
» 000

+ 000
30144000
<000
F092.000
739724700
262935..000
2D62640}72
133950,699
92205-06?

1993

1952&.000
V7820233
720410262
«000

«000

«D0O

«0J0

«000
1358%.922
$36825,000
él2bboedl 2
Lu870ge4 71
LObB6E,586

T TuES

1979

6567000
037|448
260814204

+000
«+ 000
. 000
2000
*000
+000
2c9512.000
158027 ¢ 14y
1290450600
€1317+400

1966

“12yb4e.000
107164056
42101082

+000
«000
«Q00
«000
35024000
85674755

226437000

2824624422

12538¢,9494
9383046y

1994

204958.900
867640239
713538.200
+000

«000

*0UO0

«000

«U00
313589922
335825.000
2333100060
95110+569
1J6693,526

197y

7159000
103714648
272274135

«0LO
LR JVI)
«00U
<000
f694 1 o0uu

1202,533

220453000
2091498036
12244366

932299148

1987

12653e000
10030635
449720748
«0U0

+ 00V

*000L

o000
"15592.000
85457e75%
28402%000
2106532395
116815,189
10938792

1995

21416004
T6pBebys
15047577
« 000

00U

000

+ 000

«0UU
13589922
3368244000
1939540846
81520644
1078274554

VATE 101376
1980 1981
17222000 937U+000
27750445 V21944490
290374974 256294473
«U0u «COU
qm 00U
«000 "+ 000
00U +000
"0V D I
72024533 7292,533
226453ey0y 2264530000
2026580092 1%0567004,
11524904533 108034°000
Pr22Ve 48 932294148
19408 1989
1340%9guu 160384000
9345215 BBogen 72
4770830213 $.81g°252
<UL . QU0
. 00V )
4258ey0y  Silp2evuu
0o » +0Qu
sulD 475500000
10253533 10253533

23202%¢y0y
2028192 ¢54
11081 ¥,65%
INERLERRAY:

IRAXS

224460y
654165
16809858
« Q00
*0uU
c0gy
s 00U
*U0u
|35590922

32Y579.400
2429354117
151668,123
10438292

tutap

¢6677%9+000
1916960469
Voc7860007
»000
JB39.113
2946180600
86430.400
3368254000
176687569

3348455000580 70134000
184877 e5794325219+/750
8793027262464 1360594
107100890203 /34) 4510

IS VrnE S-CUBED FIWANCIAL PROJLCII0N nOLEL

e JFHe

PaGat

1yu2

85580y
643¢94¢
3u565.598
YY)

)
4513,0u0
QU0
I6bSeyuu
1202,533
230138ey00
‘939620£79
1u4348s4067
12290348

19Y0

16986y
1213345y
64213706
s QU0

00V
46Y5.pyu
+ulL
3325«yuy
10253+¢53)
3329y9eg0u
2387y54145
14961 y%,5%
1U38)6792

AVERAGE

1434895y
YoU4etzl
481493239
« 000
1901956
116484505
4115733
1693%.280
841307908
2770008112
2082480559
11733%e837
970014927

VLRSJUN s

37

[IRK]

Yeyuseuyp
8yyle877
33u53.0u95
sVuu

)
T21061.000
sU00
23795.uyo
T24y24%33
2%3843vyyyp
2112749559
1182y %34
92259

1991

17793040y
11688257
6uvuﬂ'570
s UUU

LRVIV]]

)

s Y0
3%2z1vuuu
1049y y89
338bz5eyyy
231378202
1356,9,5y2
1053260222

luve?e
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GAS REFERENCE SYSTEM

"OTHER MEASURES .

SYSTEMS,

P3g REPORT NO. 3¢ =~

f[IE PERIOD

ACTIVITY
ANNUAL THROUGHPUT lnnnncr-nlL:s)

NOMINAL TARIFF (UWIT TRANSPe CHARGE)

ACTUAL TARIFF
NOHINAL TRANSPORTATION REVENUES
ACTUAL TOTAL REVENUES

LEVERAGE

LONG=TEQN (FUNDED) DEBT TO CAPITAL! &

LONG=TERW IFUNDED! OEBT YO ASSETS &

PROFITAIILITY
OPERATING INCOME (FPC RULES!
ANNUAL FPC RATE BASE
RaTE OF RETURN ON RATE BASE (%)

RATE OF RETURW. ON PalO=IN CaPITALIS) -

RaTE OF RETURY ON TOTAL CAPITAL! {#)

"ENERGY CONSUMPT]ON
ANNUAL ENERGY USaGE OF GAS (anr)
ANNUAL ENERGY COSTS
PRESENT VaALUE OF ENERGY USED
UNIT. COST OF gNERGY B/MMCF

TOTAL ANNUAL' UNIT COSTS

PRESENT VALUE OF AVERAGE UNIT cosrs,‘,

" NET INCOME IBOOK PHOFIT)"
PRESENT VaLUE OF 3CGOK PROFJTS

NET CaSH GEMERATED OURING THE PERIOD

PRESENT VALUE OF NET CASH GENERATED
OD1SCOUNT FACTOR (9100000 8) @

CO“V(RS|0“ To CO"BINEO CYCLE.

SCIENCE AND SOFTwWaRE
LAC PROJECTION MOOEL.

1976

2000

«000
+000

+000.

¢ 000

6ol N

600000 "

000
212374000
+000

»000.
;- ¢000-

+«000

«000°

2000

«000.

«000

*000
"«5113:000
*5§13.000

+000.

«000
1000

PIPELINE. TRANSPORTATION SYSTENS

DATE
RUN 1D

1977.

57758

660000
532.265
3612003413
365184374

SELIRE
89¢647:

209454772
2094574722
lo0,000

1le20)

44586

1273,805
18084803
164946366

o420

4304720

391562
99514593
90460903

17806453
161874755

0909

ENERGY CONSERVATJON S5TUDY

NOVEMBER

I 1978

OATE. 110176 PAGE

13336345 T

GAS REF. SYSTEM CONVERSJON TOU
CASE P38

{978

610326 °

6934000
s2le210
424994196
360964598

6i04]¥

59101

203754466
203625+68

10,006
106560

49323

1471,607
2194165
18130360

loﬂ?[

H17024)
3444827
938le.287
7753130
172366225
J4244%.81 4

eB826 .

1979

640945
7270650
5920348

472569953
384690797

80005}
57269

19785+703
197792443

10.003

9896
4195

1647,000
25780408

1937236

10566

409+028
307309
8791525
6605+203
92420962
694494374
o751

- CA?IYAL INVES'HENT PLANNING ANO ENERGY cons:Rv.rlaN IMPAcY PROYECTION

1980

684556

7640032,
566012

5237936

388650287

584588

554339

192050913

191960057

10+005
9:7910

4e354

1833,32)
301366y
20580373

Jeb4y

393+4p02

2680699
8804034
6013260
92550452
63215798

0683

COMBINED CYCLE
LINKED WITH PEPGAS

{OOLLARS IN»THOQSANDS)

198) jve2
720228 754742

8p2¢234 8420346

5664747 594076

B7943+542 6380]10+068
409340846 449960602

620154 620839
580565 584799

‘19948070 212260235
1993560000 2} 23240488

10,006 10006
Tie4l12 110135
4e583 4390

2066,802° 2808,329
35670340 5089¢247
22154037 28724747

10726 1e832

3774798 436527
234583 235¢}) 0
101384451  989Y2,32306
62954180 55830960
105894889  J}3)2+528

6575,488 6355,627

062]. o564

1?7

101476

*GAS2

1983

770476
8840463
622447

70293+402
49445004

65¢716
b)e259

T 22444059
224293y
10,007
12+}39
T

341543658
T 049%e258
333547

1e903

4360002
223738
107844572
$534¢194
2886028
66124509
¢513



" ENERGY CONSUMPTION

GAS REF:RENCI SVSVEn CONvthxON To conalnto CYCLE

SYSTEMS,

PIPELINE TRANSPORTATION SYSTEMS

P38 REPORY NO. 30

TIME. PER10D
TACTIVITY . ’
ANNUALS 1uROUGuPUT {MMMHCFeMILES)
NOMINAL TARIFE (UMIT TRANSP« CWARGE!
ACTUAL TARIFF
- NOMINAL TRANSPOQORTLTION REVENVES

CMCTUAL TOTAL REVENUES
LEVERAGE _
LONG™TEaM (FUNOED ©OEST TO CAPITALIE
LONG®TERM (FUNDED. OEBT TO ASSETS ¥

PROFITABILITY
OPERATING INCOME 'FPC RULES)’
ANNUAL spC RATE BasgE
RATE OF RETURN ON RATE BASE (&)
RATE OF RETURN ON PAJO=IN CAPTALISF
RATE OF RETURN ON TOTAL CAPITAL' (¥)

ANNUAL ENERGY USAGE OF GAS (MMeF)
ANNUAL ENERGY COSTS
PRESENT VALUE OF CNERGY USED

UNIT COST OF ENERGY S/MMCF.

OTHER MEASURES’
TOTAL ANNUAL UNIT COSTS
PRESENT VALUE OF &VERAGE UNIT coSTS
NET INCOME' (BOOK PROFIT)
PRESENT VALUE OF 00K PROFITS
NET CAS4 GENERATE® DURING THE PERID0

" PRESENT VALUE OF 8ET CaSH GENERATED .

DISCOUNT FACTOR (4104000 %) »

SCIENCE AND SOFTWARE
LAL PROJECTION MODEL!

““CAPITAL" INYESTMENT PLANNING

R LL]

82.64s
7284684
15¢923
767514893
50703¢378

64¢433
T 8% 8y

23)26¢094
23019676
10.0C3
14+051
4187

3)5%+¢445
6113¢024
2351,77}

1958

447« 148
208.568
'9383.428
4596750
117994045
5597463
«987

DATE

RUN -0

NOVEMEER

1o 1976

CASE F38.)

DATE. 110176

ENERGY CONSERVATION STUDY

11336145

GAS REF SYSTEM CONVERSJON TO

AND ENERGY CONSERyaYION IMPAaCY PROJECTION

1985

880152

C ®75e121-

w27e7%Q
BY4g0DBe302
54985259

640609
584277

2282470
228151053)
10004
“1leb0d
44372

3043527

[TTEYX XX,
3119,732
24078

1600631
1950324
‘10362,029
4394514
J1PL7e90C
4369,554
o424

1986

89¢768
10234677
6214390
91911128
55780¢603

624983
56e26)

22610521
22595]56)
10007

11e275

H4%32

41664490,

91766783
3538,802
24203

465858
1794483
100174148
3862044
104340046
4023.008
: 0184

1981

93070&
1075070
440079y
1207400598
600460295

670568

600564

239640975

239588+783
10¢003
13+788
Y9745

4719039%
;09160512
38264031
20212

44601238
1610626
18249+419
§2930347
18495372
- 43794552
0350

1998

97137
1128824

691340

1076500489
67154612

L 664043

58.038"

25283470

25264790006
{0e008
126376

44459

54570426
132594208
T 42244793

24429

515057}
164277
109954501
3503506
13025¢758
41504408
319

PAGE.

lb

cOMBINED CYCLE
LINKED W]TH PEPGAS

(DOLLARS IN THOyYSaNDS)

1989

1014105
11850485
7340920
1198360758
743049450

64¢363

243720477
2435029229
10.009
12395
Y YL}

60240902
153644195
24550

5329084
15490386
11011863
31894745
127224133

36854147 -

4290

‘S5e438

Je9cC

1084183
12440528
73Co448
130903530
7683Ce%20

614839

5asti? 7

2345Ce95)
234373 445)

1C+0006

lietol
Lepbh

67014610

1796Ce975

472540086

ieb78

537+205
1910443
1101ieb0ok
29014303
LODY1e067

264%,127 -

0263

101476

*5A52

1994

1080666
1304e755
734272
141999063
797900262

58¢92)
480550

- 225400462

2252524674
100007
1206238

De3b6

74030698
208150254
49634009
2¢8})2

5430384
1300082
“11226023¢
26870473
9985415
23900 36¢
0439



== ®38 REPCAT NOW 30~ 7

-€6=

GAS Rzr:ﬂcuc: svSr:n CONVERSION Yo COMBINED CYCLE

SYSTEMSy SCIENCE: AND SOFTWARE

LAC PROJECTION MODEL.

"PIPELINE TRANSPORTATION SYSTENS

DATE
RUN [DO

TIME! PERIOD 1992. 1993
CaCTIVIEY . et o . .
ANNUAL THROUGHPUT (MMMMCFoMILES) 108e666 1084666
NOMINAL TaRIFs (UNLT TRANSPe CHARGE) 1372092 14400697
ACTUN TARIFF : T 74501687 7560916
NOWINAL TRANSPORTATION REVENVUES 149097461 1565549592
ACTUNL' TOTAL REVENVES N . 809734998 822504896
LEVERAGE
LONG*TERM (FUNDED! DEBT TO CAPITAL' S 554556 5le6713
LONG=TERN (FUNOED) OEBT YO ASSETS & 7 440706 7 404553
PROFITABILITY
OPERATING INCOME (FPC RULES) T T 216290431 207180462
ANNULAL FPC RATE BASE . 2161278946 2070030149
RATE OF RETURN ON RATE BASE (%) . 10.008 10e009
RATE OF RETURN ON PAJO=IN CAPpralis) T 124870 1344105
RATE OF RETURN ON TOTAL. CAPITAL' {§) 5.0813 6,313
ENERGY CONSUMPTlON S o : :
ANNUAL eNERGY USAGE OF GAS (MMcrF) 74034608 7403¢608
ANNUAL ENERGY COSTS 216560027 229464828
PRESENT VALUE. OF ENERGY USED T 47564509 4540,304
DISCOUNTED YAILUE OF ENERGY VUSgD (9 10,00 §) » 696170154 -
UNIT COST OF ENERGY S/MMCF 20952 34100
JTHER MEASURES
TOTAL ANNUAL UNIT COSTS » 5504449 5584370
" PRESENT VALUE OF AVERAGE UNIT c0STS 117794 ° 1|0e47)
DISCOUNTED AVERAGE [ANNJAL) UNIT COSTS
{LONGeRUN AVERAGE CIS5TS) (9 10400- %) » 192738
NET LNCOME' (BOOK PROFIT) TTUM14340283  1164203)0
PRESENT VALUE OF 800K PROFITS ' 24880425 23034369
DISCOUNTED YAILUE OF 800K PROFITS (3 10400 8) = 818924937
NET CASH GENERATED OURING THE PERIOD 99520753 99420264
PAESINT VALUE OF NeT CASH GENERATED 2146,009 1967.024
DISCOUNTED NEY CcaSwy FLON (@ |0,00 Sl . 1041814533
" DISCOUNT FACTOR (J10¢00D $) = o 0218 0198
Poosee INTERNAL RATE OF RETURN [ZXTYY]

OCF « ROI oOF $ 86841999 (FROM YEAR | OVER 1D YEARS) =
JCF = ROI 0OF 8 888414999 (FROM YEAR | OVER 15 YEARS) »
2CF = ROL of 3 88684)¢999 (FROM YEAR | OVER 20 YEARS). »

“GAPITAL" INVESTHENT PLANNING AND ENERGY

NOVEMBER

1o 1976

DA

" ENERGY CONSERVATION STUDY

113363

GAS REF SYSTEM CONVERSION TO

CASE PlBe

CONSERVATION IMPACT PROJECTION

1994

108s866
15120732
7694585
164382438

836274570

470}01
364052

19807+560D
1978780342

104010.

130339
6,876

74030608
240964270
43334926

3256

567+208
1024017

118506443 .

2)31+407

995147134
1789,903

* 160

680 %
11631 8
1270 &

1995

1084646
15880368
7830747
1726019434
851660531

_ 410956
EFR R E V]

188869032
1887530589
10006
130872
7¢569

74030608
253010083
41360930

el 7

575¢929

9490169

1214608
198509808

10034¢305 -

16404689

sl 64

1996

108eb06
1667787
778¢368
181231504
847559383

35¢809
25788

1797941 4
1796284787
100006
13¢905
84308

74030608
265660437
3948.887
3588

5860732
87214

123534535
183be274

10130740
15054670

o149

TE LlOL7¢4

45

PAGE

[ 1)

COMBINED CYCLE

LINKED WITH PEPGAS

(DOLLARS N
TOTAL

17874723
218230527
130284370

20519654406
12249974453

59894
52¢066)

434021375
45200220625
94536

blel?1

44655

9¢918¢903
247190469
696170154
460954

96820974
38544762

208790.789
818920937

2307620527
104181,533

+000

THOUSANDS)
AVERAGE

89+386
10¥}e176
65)e4)8
1025%84270
612470873

59¢89Y4
52683

215514069 -

226001043}
9536
1ol 9}
49655

46450945
123594522
+000
20348

4840149
T 1920738

99420438
T 40% 40647

109684692
52094077

000

19

101476

*GAS2



Grs REFERENCE SYSTEM CONVERSIZN TO COMBINED CYCLE:

OTHER
OPERATION AND MAINTEVANCE! EXP(NSESv

"LONG=TERM

" TIME. PER1OD

LINE ITENS

INTEREST CXPENSES

TOTAL EXPENSES

UNUSED TAX LOSS
UNUSED INVESTMENT TaX CRESITS'
LONG"TERM BORROWING
NET ADOITIONS 10 EQUITY
ADDITIONS TO PLANT & EQUIFHMENY’
LONG"TERM DERT RETIREMENE.

PLANT & CQUIPHMENT (3 ORIGENAL. cosr)
NET PROPERTY & EQUIPHENT

TOTAL DEBYT BAILANCE

TOTAL ERUITY CAppTAL!

TIME. PERIOD

_OTHER LINE ITEMS

OPERATION AND MAINTENANCE. EXPENSES ~
INTEREST EXPENSES

TOTAL EXPENSES
UNUSED TAX (0SS
UNUSEO INVESTHENY TAK CREZITS
LONG=TERN BORAOWING o
NET ADDITIONS TO €QUITY
ADOITIONS TO PLANT b CQUIPMENT
DEAY RETIREMEND.
PLANT & CQUIPMENT
NET PROPERTY & EWUIPAENT
TOTAL DEBT BALUNCE’
TOTAL: cQulTy CApjpraL!

TIH. PERIOD

OTHER L]NE 1TEMS

OPERATION AND rAlurtMAth EXPENSES
INTERESY EXPENSES.

TOTAL EXPENSES
UNUSED TAX (0SS
UNUSED INVESTMENT TaX. CREJI!S
LONG"TERM BORKOWING
NET a4DOITIONS 10 EQUIETY

ADODITIONS TO PLANT ¢ EQUIFMENT
LONG=TENRM DERT RETIIEMEND -

PLANT & EQUIPMENT (3 ORIGINAL ¢aST)
NET PROPERTY ‘6 EWUIPMENT

TOTAL OEBT BALANCE

TovTaL. EQUITY CAPITAL

AND THQ1?'S TH

{8 ORIGEINAL! cOST)"

LTS A dlﬁL“g:'mi.o

1976

¢000.

+00)
002

«000.

60424858
1332634002
888414999
209972.000
* 009
209972+009

" 209972.000

13326300¢
837280997

1784

10052«00D
1283%¢489
16954.86Y
’ +00)
+00)

«00)

0003

¢ 009
88734333
274220+00)
2239860172

156186200163

837284997
1992

18639,003
98620047

59814992

«00)
+00)

© 0003

~+00)

+00)2
13987094y
328492400
209163508
1092874469
874264198

1977

6242000
10661040
24877,537

=000
+ 000
2000
000
DOUD

000
209972-000
2041394445
$33263e002

83728999

1985

11545000
1212%+613
39688642
2000

» Q00
11144,000
2000
111442000
9511et1}
286234642000
2275120949
15325309587
837284999

1993

19526,000

8743.013
60675757

» 000
»000
«000
»000

000
T 1ATBT e 944

‘3284922000

20003682730
95299726
89128424}

1978

.65670000
10661040
25587,899
«000

«000

¢000

+000

+000

«000
209972.000
198306+891
1332634002
83728999

1986

120684000
122600244
91782,903
«000

«000

+000

«000

2000
10972,.,833
253644000
219586¢72
1422800223
637284999

1994

€0458,000
76234978
€16364)16)
«000

«000

«000.

+000

«000

13987 ¢94y
3284924000
1709134952
8131178}
*1026¢974

1979

715%9+0p0
10661040
265644195
*»000

+030

«000

000

¢ 000
7403¢590
2099724000
1924744334
125859+502
837284939

1987

126530000
113820438
432110446

¢020

2030

«0J0
43128000
10972833

3284924000
25478743175

174435037}

83728979
1995

214184020
65040943
62583774
«020

0000

2020

«020

«0J0
13957091q

3284924090
181789176

673230837

9313680787.

OATE. 110176

‘1960

7722000
10068+76¢
26970,}18

+000

+s000

*+000

+Q00

2000
74032500
209972000
18664910779
118456902
837289799

tv88

1340%+000

1395483

50080956

2000

+000

2000

+000

+000

11591 +944

3284924000
2456062046}17
1628430445
837282999

1996

22446,000
53851907
63757793
+000

»000.

+000
2000
*0Q00
139670944

198}

8078000
94764480
27287,514
2000

»000
26457.000
¢ 000
26457,000
74030500
2364294000
2072840225
§37509+502
837284999

1989

160380000
130270476
536870588
+000

o000

+ 000

+000

+000
11591944
3284924000
2365374840
15125502
837284999

TOTAL

266979,000
2106510146
BB7|}4eb25
+000
60420858
2517834002
858414999

328492000
L784474404

328492°p005%30286+000
1726064139844509260875
5333508932686475+,)9
9536105827894 1+984

PAGE

1982

85584000
11000760
31548,67

o000
+ 000
Li4600000
e G00

114604000
7403+500

20

19683

76064000
113260889
465146237

VU0

«000
26311000
«LOO0
263114000
7403e5y0

2479u% 000 27%2¢00u00
2121784752 231603439}
1415660002 160493052

83728999¢%
1990

169864000
12100120
55505001|
« 000
o000
«000
«3J00
2000
139687944

837284999
1991

17793000
1098 ey84
590970264
VU0
¢ UQ0
000
000
¢U0V
13987+944

32864924000 3284929000
2274)3eub2 2182880285
1372635857 123275064

849705¢627

AVERAGE

133484950

U532+557
443850731
«000
3024143
11989647
4230457)
156424476
94490862
2627754523
211948+898
127927239}
856634993

THIS. 1S THE SwCUBED FINANCIAL. PROJECTION MODEL ®JFM® VERSJON wé

85946¢706

101476



Table 4.1.1.3-4

INPUTS AND ASSUMPTIONS

Full-load efficiency advantage of the combined cycle

over the simple cycle is one-third.

‘Full-load eff1c1ency advantage of the regeneratlve cycle_

'over the simple cycle is 18%.

Pfesent values calculated at 10%.

All profits paid in dividends.

‘All excess working capital reinvested at 6%.

Straight-line deprec1atlon on first three capltal outlays.
Market growth as shown in line 1 of the flgures.

Base year 1975, inflated as ‘shown in Fig. 4.1.1.3-3

-55—



Table 4.1.1.3-5

COMPARISON OF ENGINE CYCLES

Eﬁergy use, avg., BSCF/yr

Efficiency improvement, avg., $%

Energy cost, avg., M $/vyr

Present value of energy used,

M$(20 years)

Actual tariff, avg.,
K$/GSCF-Mi '

Tarittf reduction, %

Present value of book profit,

M$
10-yr RoI-DCF, %

20-yr

Unused investment tax credits,

MS$

-56-

Simple
6.46
0
17.28

96.43

707



Several points of interst are evident. First, from lines 1
through 4, it is seen that the energy saving actually realized for
the assumed duty cycle (which is determined by the assumed market
growth and the power increments necessary to meet it), though
reduced somewhat from the full-load values, is still very large.
Second, from the viewpoint of economy, the 20-year present value of
energy saved would be $26.8 million for the combined cycle. 1In
terms of prime mover capacity, this latter figure represents $654
per horsepower for the particular set of assumptions used, which is
almost twice the average 1975 cost of gas turbines in pipeline
service. The above dollars per horsepower figure is based on a
total horesepower requirement of 147,507 (see Table 4.1.1.3-2) and

is derived as follows:

$(96.43-68.62) 106
$(96.43) 106

x 147,507 hp = 41,011 hp

attributable to bottoming cycle

$(96.43 - 69.62)106
41.011 hp
Bottoming engines, because of their requirements for boilers and

= $654/hp.

condensers, are almost certain to be more expensive than open-cycle
"~ gas turhines, but not by a factor of two. It is therefore concluded
that the bottoming engine offers to the DOE a highly attrative
opportunity for pipeline energy conservation;

- Third, from the point of view of the consumer, the tariff
reduction is approximately 8% with the improved engines. And
fourth, from the point of view of the pipeliné operator, lines 7-10
offer liftftle indueement to invest in energy-conservative devices.
Book profits actually fall slightly. For practical purposes, Rol
is the same for all three cases, the small variations being pri-

marily due to differences in timing of the capital infusions.
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Unused investment credits increase strongly for the energy-
conservative cases, as explained in another report of this series,
HCP/M-1171-3, Section 7.0 (see pp. 1 and 2 of this report).
Basically, they derive from the limit upon profit imposed by FPC
regulation. Clearly, some change in that regulation is needed to
induce pipeline operators to conserve energy.

One regulatory change that seems reasonable would in effect
divide the advantage between the consumer and the pipeline operator.
This could be accomplished by allowing the operator to retain, in
addition to the standard regulated return, a portion, e.g. , one
half, of the additional profit generated by the energy-conservative
innovation. For purposes of policy promulgation, the allowance for
additional profit should be related to the quantity of energy
saved. However, other regulatory changes appear more effective
(see HCP/M-1171-3 of this series).

4.1.1.4 Combined System Performance

Both the organic fluid Rankine cycle and the steam Rankine
cycle were seen to offer high potential for waste heat recovery.
Projected efficiencies for the gas turbine combined cycle are shown
in Fig. 4.1.1.4-1.

For a typical first generation gas turbine with a thermo-
dynamic efficiency of approximately 20% (heat rate of 12725 Btu/
HP-HR), the addition of an organic Rankine cycle can increase the
over-all system efficiency to 31%, while a steam bottoming system
with 150°F cdndensing temperature will increase the over-all
combined efficiency to 27%. (These figures are calculated for
different site conditions and condensinq temperatures than in the
examples in Section 4.1.1.3. Thus, lbwet efficiencies are calcu-
lated in this case.) However, this turbine can also be improved by
adding a recuperator. In fact, efficiency improvement with a
recuperator 1s equal to the improVemént with an organic Rankine
cycle and beffer than a steam Rankine cycle. Because of this it is

unlikely that the bottoming engine would be cost-effective. This

-58-



TOTAL SYSTEM EFFICLENCY - %

60

50

40

30

20

10

GAS TURBINE WITH STEAM ‘ &
BOTTOMING RANKINE CYCLE- &
. . Q .
Q

N
Ao
GAS TURBINE WITH 1} - &
ORGANIC FLUID R\
BOTTOMING RANKINE | &
CYCLE \3,
O
<>
Q\'
éﬁ?
— GAS TURBINE WITH
,; REGENERATOR ADDED
100°] | |
CONDENSING |

TYPICAL SECOND

TEMP 150° , :
‘ - 100°F TYPICAL THIRD
150°F . |<a— GENERATION
| TURBINE

GEMERATION
| TURBINE
TYPICAL FIRST
GENERATION
TURBINE
| L [ |
10 20 30 " 40 50

SIMPLE CYCLE GAS TURBINE ENGINE EFFICIENCY - %

Fig, 4.1.1.4-1 Combined System Eff1c1ency with Gas

Turbine

-59-



conclusion.bears repeating for emphasis. The bottoming engine,
inherently, does not appear to be a viable candidate for retrofit
on the first-generation turbine.

For a second generation gas turbine, representative of those
installed on pipelines, the typical thermodynamic efficiency is
27%. The organic Rankine bottoming system, which offers much more
than a 20% improvement over the simple cycle engine, appears to be
cost effective, and can be applied as retrofit to the second
generation gas turbine installations.

For a third generation gas turbine with a typical efficiency
of 35%, recuperation is not possible because there is not enough
positive temperature differential between the power turbine exhaust
gas temperature and the compressor discharge gas temperature. The
steam Rankine bottoming system barely offers a 20% improvement but
the organic Rankine bottoming system offers a combined efficiency
of 47%, a 34% improvement over the open éngine.

In summary, for gas turbine engines of the future, the organic
Rankine bottoming system will offer far better than 20% improvement
over the open engine, while the steam system will offer less than
20% improvement. In terms of product obsolescence, the organic
system is much to be preferred.

The reason for thls very significant conclision Lies in the
upward trend of turbine inlet temperatures through the years. As
inlet temperatures have risen, so have exhaust temperatures, so
that the heat available to the bottoming engine increases signiti-
cantly with each new generation of turbine. Along with these
higher temperatures, pressure ratios increase, so that regeneration
become less attractive, and finally impractical.

The situation with the gas reciprocators is discussed in
Section 4.1.3 below, where it is shown that approximately 20%
improvement can be realized by adding the organic Rankine even to
the most efficient engines. This conclusion is opposite to that '
which was reached relative to the turbines. To repeat for emphasis,

the older (first generation) turbines are not viable candidates for
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bottoming engine retrofit, whereas with the reciprocators the
opposite is true, i.e., the older machines are indeed attractive
retrofit candidates. Some further implications will be examined in
Section 4.1.3.

4.1.2 Diesel Engine Improvements

The diesel engine has achieved an advanced state of development
and has gained increasing acceptance in heavy duty vehicular as
well as industrial applications in recent years. Today's modern,
high output diesel engine approaches U40% brake thermal efficiency
over a broad range of speeds and loads. While there is some poten-
tial for further improvement in efficiency through the use of high
pressure ratio turbocharging and design refinements such as bore-
stroke ratio, reduce friction, and improved combustion, such gains
will probably be marginal. For achievement of significant gains in
.fuel economy, more basic changes are necessary. Foremost among
these are combined cycle systems employing either the Brayton cycle
or the Rankinerycle to recover part of the exhaust energy of the
diesel cycle.

4,1.2.1 Diesel-Brayton Combined Cycles

This type of power plant in its usual form is known as a
turbo-compound engine consisting of a diesel engine and a gas
turbine whose outputs are connected together through gearing into a
"common output shaft.

Considerable work on turbo-compounding was carried out in
the 1945-55 period, mainly in the aircrat't tield where the main
benefits were realized in altitude performance. The Curtiss-Wright
engine used in the DC-7 aircraft is a well known exampie of a
J.cycle spark ignition turbo-compund engine. The Napier Nomad
turbo-compound engine (Ref. 10) developed during the same period,
represented a very significant achievement as a high output,
lightweight diesel engine for aircraft use. The Napier engine,
shown in Fig. 4.1.2.1-1, consisted of a 2-stroke diesel engine and
an axial flow compressor coupled together to form a common system:
the 12-stage axial compressor provided a pressure ratio of 8.25:1

at maximum speed at an efficiency of 75-77.5%. The engine produced
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3135 net hp with a special fuel consumption of 0.345 1b/hp/hr and
had only small variation in sfc with load. The engine was never
put into production, primarily because its development came at a
time when jet aircraft were superseding the propeller craft.

A more recent concept in turbo-compound engines is the
Johnston engine (Ref. 11) now undergoing development at Engine
'Systems,~Inc., under contract to the Army Tank-Automotive Command.
The engine,’illustrated schematically in Fig. 4.1.2.1-2, consists
of four basic subsystems: (1) a high-pressure ratio turbocharger,
(2) an uncooled piston, (3) internal cooling of the cylinder liner
and valve passages (details not shown in the figure), and (4) a
separate exhaust turbine connected by .reduction gearing to the
engine crankshaft. The most unusual feature of the engine is the
fact that the piston and cylinder are not cooled by conventional
means. The engine utilizes a uniflow, two-stroke arrangement with
excess- airflow during the valve .open position of the stroke, and
- the piston and cylinder are internally cooled by the excess ‘
scavenging air. The cooling medium is the working fluid, so that
all the unavailable energy is contained in the exhaust and can be
recovered in an exhaust turbine. The design by Engine Systems is
baséd on a 4:1 pressure ratio and 83% efficiency in both the
turbocharger turbine and exhaust power turbine. Matching the turbo
unit to the engine for off-design conditions is planned to be
accomplished by use of variable area nozzles in the power turbine.

The potential performance improvement of the Johnston
engine over typical commercial diesel engines is shown in Fig.
4.1.2.1-3. The curve of specific fuel consumption vs. horesepower
was computed as part of a study for the Army Tank-Automotive
Command. The data indicate a potential reduction of 25 to 30% in
fuel consumption along with an increase in horsepower of "100% for
the Johnston engine over commercial engines of the same displace- -

ment, speed, and fuel/air ratio (Ref. 12).
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The key to performance in the Johnston engine lies in the
method of cooling the piston and cylinder. Cooling is not accomp-
lished in the conventional manner of rejécting heat to a separate
cooling medium, either liquid or air. Conventional engines lose
approximately 30% of their heat energy by this route. Instead, the
piston-cylinder configuration is designed as shown in Fig. 4.1.2.1-4,
with an elongated piston in a uniflow scavenged, two-stroke arrange-
ment, which keeps the piston rings on the bottom of the piston,
away from the area of high metal temperatures. The cylinder is
internally cooled with excess scavenge air and the cylinder head
and valves by air flow which_entens'the exhaust stream, so that
most of the cooling energy is recoveéred in the exhaust turbine.

The primary engine parts must be manufactured from high tempera-
tures allowys to enable the engine to run at much higher témpera-
tures (800-1300°F) than heretofore used in conventional engines.

Engine Systems, Inc., under contract with the'U.S. Army
Tank-Automotive Command, has designed and built a single-cylinder
- research engine around this concept and conducted limited tests
which demqnstrated the feasibility of the design, including the
fact that the‘engine components could -operate-satisfactorily at
elevated (1SQOCF) metal temperatures (Ref. 12). 1In a subsequéht
contract, heat transfer and stress analyses were performed for each
of the major components, i.e,; the cylinder head, exhaust valve,
piston, and éylinder linen_(Réf.,13). A study was also made of a
GenerallMotons 6V71-diesel engihe, modit'ied to the Johnston engine

concept, és é"potential candidate for the Army XM-T723 vehicle. The
1b ,
. hp-hr’
representing a reduction of 27-45% as compared with present

study indicated a specific fuel consumption of 0.297

commercial, high-output diesel engines used in this vehicle. ‘The
study also showed that the engine would offer an appreciable weight
reduction and would fit into a slightly smaller envelope than the
existing commercial engines in the XM-T723 vehicle. Further develop-
ment awaits availability of funds.
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The methods'by which the Johnston'engine accomplishes
internal'cooling are particularly adaptable tovtwo-stroke engines.
Another development program, sqpported jointly bydthe Cummins
Engine Co. and the Army Tank-Automotive Command seeks to accompllsh
the same basic obJectlve of 1nternal coollng of a four- stroke
engine. The(bas1c approach, which is to insulate the cyllnder and
use ceramic hot parts, is described in_a paper . by Kamo (Ref. 14)
Cummins 1is hopeful that bas1c fea31b111ty of a O 28 BSFC will be
demonstrated in 1978.

It is important to emphas1ze the fundamental distinction
between the type of turbocompoundlng that 1s represented by the
curtiss- erght and Napler englnes on the one hand and by the
Johnston and Cummlns engines on the other. That distinction lles
in the fact that.these latter engines are cooled internally by air,
which then enters the exhaust streah., Thus, the approximately 30%
of input energy that is ordlnarlly lost in the cooling Jacket is
avallable kto the bottomlng engine. While both types of engine are
turbocompouunded it is the internal cooling of the Johnston and
Cummins engines that gives them the1r high potential for improved
performance. The 1mportance of 1nternal cooling, and the oppor-
tunity that is offers, are further dlscussed in Sectln 4. 1 3, where
its exploitation in the plpellne 1ndustry is recommended.

4.1.2.2 Diesel-Rankine Comblned Cycles

Recent development effort on power plants utlllzlng dlesel
englnes combined with Rankine bottoming cycles has been prompted by
rising fuel costs and the increasing emphasis on energy conser- .
vation. Earlier work on automotive Rankine cycle systems which was
directed toward reducing air pollution has provided much of the
technology for the diesel-Rankine cycle power plant. A'number of
industrial firms, including Aerojet-General Corp., Thermo electron
Corp., Sundstrand Aviation, Steam Engine.Systems, Lear Motors
Corp., Steam Poner Systems,iand‘Brobeck & Associates, have built

and demonstrated Rankine cycle power plants in passenger cars on
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buses under sponsorship of federal or state government agencies.
Others, notably General Motors Research Laboratories and Ford Motor
Co., have developed expérimental Rankine cycle systems for vehicles,
either as in-house projects or utilizing subcontractors. While the’
majority of these systems have been steam powered, three of the
companies (Aeroject, Thermo Electron, and Sundstrand) have used
organic working fluids. Extensive investigations, supported by
NASA, the DOE, and DOD agencies, have also been conducted in recent
years on small organic Rankine cycle units for space applications
and ground electric power. Studies to determine critical parameters
for organic working fluids have been made by these and other
organizations. These programs have likewise provided useful
technology for current efforts on organic Rankine bottoming cycle
systems.

Selection of the working fluid for a Rankine cycle system
often provesvto be an extremely complex process, since it involves
several major considerations, such as: thermodynamic characteristics,
thermal decomposition, compatibility with materials used in structural
components, safety.characteristics (flammability, toxicity, etc.)
freezing temperature, ahd cost. Water has the advantage of being
inexpensive, plentiful, chemically stable to high temperatures, and
having well defined thermodynamic properties. However, it is not a
good working fluid for low-temperature applications because its
high latent heat of vaporization makes it necessary to employ low
boiling pressures; therefore, cycle efficiency is low.

The general nature of this inferiority of water to other fluids
may be seen by referring to Figs. 4.1.2.2-1 - 4.1.2.2-3. The first
of these merely displays the Carnot equivalent cycle on the
temperature-entropy plot for later comparison. The second figure
shows the saturation line for water and a typical steam cycle.
Because of the negative slope of the vapor side of the dome, to
expand to a point. A with acceptable moiture content in the stean,

it is necessary to superheat to point B, much higher in temperature
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Fig. 4.1.2.2-1 Carnot-eqdivalent cycle
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‘Fig. 4.1.2.2-2 Saturation line for water
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Fig. _ . . :
ig 4.1,2.2 3 Typical saturation line for organic fluid
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than point C, the boiling temperature. 1Instead of the parallelogram
of the ideal cycle, one is left with the pointed cycle shape, in
which only an infinitesimal quantity of heat is added at the

maximum cycle temperature. The cycle is therefore very inefficient
compared to the ideal. ‘ '

On the other haﬁd, as shown in Fig. 4.1.2.2-3, the organics
generally possess a positive slope vapor line, which permits ’
expansidn to the superheated (dry) point A from the saturated point
B. By régeneration to-point C, the arca to be compared with Fig.
4.1.2.2-1 is ADEBA and with the area ADECBA on Fig. 4.1.2.2-2. If
the peak temperatures B are the same for both organic and water,
the saturation pressure at which the water boils (from E to C in
Fig. 4.1.2.2.-2) is low and so is cycle efficiency. A number of
other fluids besides water have been used or are being used in
Rankine cycle systems. These include refrigerénts (Freon 12 and
113), trifluoroethanol, fluorochemical (FC-75), isopropyl biphenyl,
monochlorobenzene} toluene and pyridine. Each of these fluids has
advantages and disadvantages, and at the present time no ideal
fluid exists to fit.all applications. 1In general, however, for low
level heat recovery systems, most of the orgnic fluids are superior
to water from a thermal efficiency standpoint.

One of the most significant recent efforts in diesel-Rankine
combined cycléé is the power plant developed by Thermo Electron
Corp., using a truck diesel engine compounded with an organic
Rankine system (Ref. 15). A schematic of this system is shown in
Fig. 4.1.2.2-4. The working fluid is Fluorinol-50, which is a
mixture of 50 mole percent trifluoroethanol and 50 mole percent
water. The design point characteristics are given in the shematic.
Since the turbine efficiency is the most critical prarameter affecting
overall system performance, a three-stage axial turbine running at
60,000 rpm with a projected efficiency of 75.5% was selected.
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At the conclusion of a conceptual design study, a test system
was assembled using a new Mack engine and existing but non-optimum
organic Rankine cycle hardware. Performance mapping consisted of
running 26 tests over the normal operating range of the diesel
engine. The maximum power obtained from the ORCS was 35.6 hp,
representing é gain of 13%. in power without additional fuel. On
the basis of these results it was concluded that, with optimum
hardware, a 15% improvement in fuel economy over a typical duty
cycle could be achieved. This would represent a potential reduction
of 1.8 billion gals/yr. (120,000 barrels/day) in the near term
transportation requirements. ’

A comprehensive study of high efficiency electrical power
plants, COhsisting of diesel engines complete with organic wbrking
fluid Rankine cycle engines was prepared<f9r the National Scilence
Foundation, Division of Advanced Energy Research and Technology, by
Thermo Election Corp. (Ref. 7). The results showed that, using a
commercially available 37.3% efficient diescl engine in a 5.5 MWe
combined c¢ycle system, an overall efficiency of 46.3% could be
achieved (24% power increase over the bLasi¢ dlesel englue ul zero
additional fuel consumption). It was also shown that, using a
large experimental U-cycle spark-ignited gas engine with a combus-
tion air refrigeration system, Lhere 1s a potential for greater
than 50% overall efficiency. o

Another major effort planned for future application to a
diesel engine .is being initiated by Sundstrand Avialivin under a
“contract recently awarded by DOE. This program involves the
design, development, test and demonstration‘of a 600 KW organic
Rankine cycle, waste heat power conversion system. Prototype
systems now being manufactured at Sundstrand are expected to be
running by the summer of 1977. Following initial tests using a
laboratory heat source, it is planned to install several systems in
bottoming cycle plants with diesel engines a@ electric utilitiés.;- 
A 22.5% conversion efficiency is predicted for the organic Rankine
cycle system, using toluene (CP-25) as the working fluid and. based
on cycle conditions of 550°F/300 psi at the turbine inlet.
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4.,1.3 Otto Engine Improvements

Otto cycle engines accounted for approximately 40% of the total
~horsepower installed in gas pipeline compressor stations in the
United States between 1963 and 1973 (Gas Turbine Intern'l.,4'74).
They probably account for half of all presently existing instalia-
tions. These are spark-ignition reciprdéating units operating on
natural gas fuel. Many of the units are integral engine-compressor
types in which some of the-cylinders are used for power and the
remainder for compression. Others are matched engine-compressor
sets in which the engine drives a separate reciprocating'compressor.

Natural gas has a very high antiknock rating, making possible
the achievement of high efficiency in engines fhrough the use of
high compression‘ratios. There are presently a number of manufac-
tures marketing engines with compression ratios of 10.5:1 or
higher. The application of turbo-supercharging has achieved
furthef gains in power output and fuel economy, with some of the
modern, high-compression, turbocharged engines showing specific
fuel consumption figures at full load as low as 6500 BTU/hp-hr (39%
thermal efficiency). .

A number of gas engines. have been installed in recent years
in on-site power (also referred to as "total energY") installations.
Most of these installations havé been in commercial buildings where
the primary uses of waste heat energy from the enginés have been‘
for space heating, water heating, and air conditioning. The same
concép; has been explored for industrial qpplications with addi=
tional uses of heat energy such as process heating, cooling,
evaporators, and possible conversion of any residual heat to
mechanical energy (Ref 16).

‘Only limited effort to. date has been d1rected toward adaptlng
bottomlng cycles to gas reciprocating engines to produce add1t10na1
shaft power; howeyer,_thc same pr1nc1ples used in the diesel
appllcatlons, which were discussed in Section 4.1.2 can be adapted
to gas engines. Studies have shown that adding an organic Rankine
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bottoming system to a gas reciprocator can result in more than a
20% improvement in fuel economy, even in the most efficient engines,
Figure 4.1.3-1.

Figure 4.1.3-2 shows a typical heat balance for a four-stroke,
naturally aspirated gas engine. The unconverted heat is removed
through four mechanisms:

(1) Cooling water

(2) Exhaust gas

(3) Lubricating oil

(4) Radiation
The low level of lube o0il temperatures (190°F or less) and of
radiative surface temperatures makes the conversion of heat from
these sources into useful work impractical. The primary sources
for waste heat recovery therefore are jacket-water and exhaust gas.
The full load heat rejection from the jacket water is seen in
Fig. 4.1.3-2 to be about equal to the useful shaft work and to the
energy in the exhaust. There are two possibilities tor recovery of
thie energy.

The first and obvious recovery possibility is by raising steam
with the heat trom the jacket. 1In principle, Lhe jacket itself
could be designed as a steam generator; but practical limitations
would more likely favor simply using the cooling water heat for
building heat or to power absorption refrigeration equipment.
Current practice 1s to operate with cooling water temperatures
around 250°F, which is quite compatible with standard heating and
cooling equipﬁent. At this low temperatures, conversion to mecha-
nical power is economically beyond consideration, and no innovation
proposals for such conversivn have been identified in the cuurse of
this study. It is therefore concluded that this possibility
presents no R&D qpportunity and no further work on the concept is
recommended.

The second recovery possibility is to cool the engine
‘internally with intake air in a manner similar to that discussed in

Section 4.1.2, so that the heat appears in the engine exhaust at a
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much higher temperature than when removed in cooling water. This
heat can then be converted to shaft work.in a bottoming engine to
supplemeht the shaft output of the primary engine. This of course .
is equivalent to fufbo-compounding the gas engine in a way similar
to that discussed for the diesel engine in Section 4.1.2 above.
The compounding (bottoming);engine can be either an open cycle
" turbine or a closed cycle engine and in principle could be either a
Brayton or Rankine engine and'éither a turbine or a reciprocator.
Internal cooiing,of the gas engine therefore endows the engine with
the same attractivenésé for bottoming as the turbine, in which all
of the unconverted heat appears in the exhaust. Figure 4.1.3-2
suggests that 25-30% of the input energy is available to the
bottoming engine. 1In view of this attractiveness, two additional
points are worth discuséion;

First, if the internal cobling development can be conducted
in a way that is applicable to both gas and diesel engines, the
benefits would extend far beyond the pipeline industry. They would
acérue inlvehicUlar and ma:ine~trahspo:tation and in many stationary
"applications as well. , '

Second, it is worth noting that both the diesel and gas
engines burn precious forms of fuel whose conservation holds
attractions beyond the simple economics of fuel consumption. A
rough estimate of the potential energetic and economic benefits of,
ﬁurbocompounding may be derived as follows. It has been found
elsewhere in.this study (Report HCP/M=1171-2) that the enerygy
consumed in gas pipelines is approximétely 0.7 Quad/yr. If only
40% of this enérgy is consumed in reciprocating engines, and if it
is practical to retrofit half of these, and if internal cooling of
these could recover the 25-30% of input which'is presehtly lost
in -the cooling water, and if the bottoming engine can convert
25-30% of that, then the energy saving would be .

0.7x10%°x0.4x0.5x0.25x0.3 = 1.05x10%3 BTU/yr
If, natural gas is valued at $2/Mcf, the value of this saving

will exceed $20 million per year. And on a five-year payout basis,
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the justified R&D éxpenditures would exceed $100 million. Even if
this rough estimate is several times too high, when the extreme
breadth of potential application outside the pipeline industry is
recognized, it is clear that an extremely attractive energy conser-
vation opportunity lies in the internal cooling of pipeline engines.
This attraction is further enhanced by recalling the discussion in
Section 4.1.1.4, where it was seen that in contrast to the situation
with the turbines, the older reciprocators are attractive candidates
for bottoming retrofit. And by development of internal cooling,

the advanced reciprocators.of the future also become attractive
candidates.

4.2 Electric Motor Improvements

Liquid pipelines are predominantly powered by electric motors
of the integral horsepower polyphase a-c type. In the téference
pPipeline systems, the sizes range from approximately 1500 to 3500
hp. Motors of this size are generally built by the electrical
manufactures to customer specifications, including efficiencies and
panwer factors., Efficiencies are generally in the range of 90 to
95%.

4.2.1 Improvements in Motor Efficiency

In conventional electric motors, power losses can be reduced
by reducing core losses. There are several methods for doing this,
€.g., addingimore material to the magnetic core structure or using
steel with improved core loss properties. Another method is to
increase the cross sectional area of the conductors, whic¢h means
adding winding material to the stator and rotor. Another technique
is to shorten the air gap, thereby reducing the magnetizing current
required. These are straightforward design approaches of the type
which would be used by any electric motor manufacturer 1n meeting
specifications for high efficiency, and do not appear to warranht
any significant research and development effort to improve motor

efficiencies over the present industry average.
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The application of superconductors to electrical power
equipment is another area which has recéived wide attention in
recent years and is regarded as having excellent future poténtial
for certain applications. Efforts are being concentrated on
electric motors and generators as well as superconductive trans-
mission lines.

Superconductivity is the total loss of electrical resistance
shown by some materials when they are cooled to temperatures near
absolute zero. Mercury, tin, lead, and many metal alloys become
perfect conductors of electricity near absolute zero. Recent
research has resulted in improved alloys such as niobiumtin and
niobium-titanium, although the cost of these materialsd remains
high (approximately $2 per gram for the high purity metal and $30
per pound for the regular grade).

The first efforts, in the 1960's, to incorporate supercon-
ducting windings in rotating electrical equipment were directed
toward military applications in which size and weight were the
dominant concerns. These programs established the feasibility of
using superconductors in field windings and the need to shield the
superconductor frdm any a-c magnetic field. Advances in supercon-
ducting magnet technology, namely, the commercial availability of
stabilized NbTi conductors, were the principal causes of the recent
efforts to develop large rétating electrical machinery wiﬁh super-
conducting field windings." ‘

In 1970, the International Research and Development Co. (IRD)
of the United Kingdom demonstrated a 3250-hp homopolar electric
motor with a superconducting NbTi field winding that could operate
at full load in an industrial envirconment. Homopolar machines are
variants of the Faraday-disk machine in which the armature (a thin
circular disk) rotates inside an axial magnetic field. . Such
machines operate at low voltages and high currents (Ref. 17).

Although there has been éﬁ'incbeasing interest recently in
industrial application of hfgh;rated homopolar machines, the main
thrust of development to:date has been for marine propulsion
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systems. The United Kingdom Ministry cf Defense (MOD) has funded
the development by IRD of a d-c¢ superconducting generator and motor
suitable for use as a propulsion system for high speed naval
vessels. The U.S. Navy has launched a major effort to develop a
superconducting motor generator for ship propulsion systems.
Design contracts for a 30,000 hp m-g set have been awarded to the
General Electric Co. and Garrett Corp. Two 3,000 hp prototype
superconducting motors are being constructed by GE and are scheduled
fcr sea trials beginning in. late 1977. These units will be fore-
runners of 20,000 to 40,000 hp motors being planned for the future.
Because of the low voltage, high current characteristics, it is
necessary to use 1liquid metal brushes to carry the heavy current
across the narrow gap separating the rotor and stator. A major
advance in the design ot thesé c¢urrent coullectours is claimed by GE
engineers, using liquid sodium-potassium collectors which can
handle 100 times the 60—A/in2 capacity of solid collectors made
of carbon-based materials and which do not wear. '

For a-c machinery, the principal market area of interest
has been central power stations. MIT, under a project funded by
Edison Electric Institute, developed and demonstrated a 45-kva
machine and initiated work on a machine with a capacity of 2 tou 3
" Mw. .. Westinghouse has builllb and Lested a S=Mva supcroonduating
machine, demonstrating technical feasibility of their design.
Design considerations prohibit the use of superconductors in the
a-c armature as the losses would bé too high; Lherefore, the
superconductors are used in the d-¢ field winding only. Current
collection problems for large blocks of power rule out rotating
the armature winding, so the field winding is rotated. Problems
associated with a rotating cryogenic system have presented a
formidablé/challenge to the cryogenic and structural engineers.
Although both MIT and Westinghouse have demonstrated workable
designs, the economics of such generators has yet to be demon-
strated (Ref. 17).
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In assessing the adaptability of superconducting motors
for pipeline use, there appears little likelihood that such machines
will reach the stage of practical application within the néxt 10
years. The only types envisioned for near term use are the d-c
homopolar type machines planned for marine propulsion systems, and
these do not appear economically attractive except in large power
sizes>(20,000 to 40,000 hp). Although these machines offer a major
advantage -in power density over conventional motors, the gains in
efficiency are only marginal and are largely offset by the losses
involved in the refrigeration equipment. The motor sizes involved
in liquid pipelines are much smaller and are a-c polyphase induction
type. If superconducting d-c machines were used, it would be
necessary to use a 3-phase rectifier bank in order to obtain d-c
output, and this output would be synchronous a-c only. For these
reasons, the expenditures of any significant R&D effort toward
superconducting electric motors for pipeline application does not
appear warranted at this time.
4.2.2 Improvements in Speed Variability

Pipeline motors operate upon alternating current, and are
therefore constant-speed machines. Control is then effected by
throttling excess pressure above that which the pipe is designed to
accept. This throttled enefgy isvof'course wasted, and sometimes
is a significant quantity. If a cheap way could be found to vary
motor epccd; either within the motor itself or in a variable-speed
drive, a considerable saving of energy could be realized in
petroleum-products pipelines; ]

An interesting possibility for accomplishing speed variability
in pipeline pump motors is the use of DC motors powered by fuel
cells. This concept is discussed in Section 4.3.6.2. -

4.3 Fucl Cells -

The fuel cell concept and characteristics are briefly described

below and shown in Figs. 4.3.1-1 through 4.3.2-4 (Ref. 18).
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4.3.1 Fuel Cell Description

The fuel cell was first invented in 1839, but remained 1itt1e
more than a scientific curiosity until the first practical fuel
cell was demonstrated 120 years later by Francis T. Bacon and J. C.
Froét of Cambridge University. Since that time, fuel cells have
been widely used in the space program where they have proved to be
reliable sources of electrical power. However, their high cost and
the difficulties involved in adapting their use to conventional
hydrocarbon fuels have effectively retarded their adoption as
ground pouwet SUurCES.

The fuel cell is an electrochemical device which directly
combines fuel and air to produce electricity. As illustrated in-
Fig. 4.3.1-1, a hyrodgen-rich fuel is electrochemically combined
directly with oxygen from the air to produce electricity and water.
Waste heat produced by the reaction process is removed with the
exhaustéd air. Single fuel cells can be assembled in stacks of

varyling sizes to produce a wide range of output levels.

= ANV — 02

\‘\\‘~'/ 4 ELECTROLYTE

;2;:5225?;:}%; ™ ELECTRODE

Fig. 4.3.1-1 - Fuel Cell Concept

Source: Reference‘l8
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Small fuel cell powerplants. have been built and operated for a
variety of space and military applications, and experimental
demonstrations have been built for commercial applications. The
specific arrangement of the powerplant is dependent on the fuel
and oxidant used and the application requirements. For space
applications, such as the Apollo manned voyage to the moon, the
fuel cells operated on pure hydrogen and oxygen, supplying DC power
for the spacecraft electrical needs. This very simple powerplant
consisted of a cell stack and a few controls.

Commercial fuel cell powerplants operating on fossil fuel and
air comprise three main elements as shown schematically in Fig.
4.3.1-2. The reformer section converts natural or synthetic hydro-
carbon fuels into a more reactive form, usually a gaseous mixture
of hydrogen with some carbon dioxide. The power section consists
of a number of individual cells which convert the processed fuel

with oxygen from the air to produce DC power. In the fuel cell

HYDROCARBON FUEL TO ELECTRIC POWER

PROCESSED
* FUEL :
REFORMER FUEL CELL
‘(run POWER D.C. POWER IMVERTER A.C. POWER
m PROCESSING) [ SECTION ;

............
-------------

PRODUCES
THE REFORMER SECTION :@THE POWER SECTION ( THE INVERTER
2 PROCESSES i CONVERTS PROCESSED: USEABLE A.C. POWER
HYDROCARBON FUEL | FUEL AND AIR T0 MEET CUSTOMER
FOR FUEL CELL USE i INTD D.C. POWER REQUIREMENTS

Fig. 4.3.1-2 - The fuel cell powerplant

Source: Reference 18
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stack the individual cells are connected electrically in series of
permit generation of any voltage up to hundreds or thousands of
volts DC. Connecting a number of cell stack assemblies in parallel
permits generation of any power level from kilowatts to multimega-
watts. The third major section is the inverter, which converts the
DC output from the fuel cell section to alternating current (AC)
electricity suitable for commercial applications.

4,3.2 Attractive Characteristics of Fuel Cells

Fuel cells have several unique characteristics which make them
attractive for use in several power generation applications. These
include the following:

(1) High theoretical conversion efficiency

Fuel cell powerplants ranging in power output from less than
100 kw to thousands to kilowatts are potentially capable of effi-
ciencies comparable to the best diesel electric and large steam
powerplants, as shown in Fig. 4.3.2-1

60

o—
S FUEL CELL SYSTEMS
ESOAN RO g
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EFFICIENCY*  3of ‘ N 77/
s
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\ \ Vi /
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\ & GAS TURBINE
10 GASOLINE SYSTEMS
> ELECTRIC
(o] Sl
1 10 100 1,000 10,000 100,000

POWFR QUTPUT -~ KIl OWATTS

*BASED ON LOWER HEATING VALUE

Fig. 4.3.2-1 - Fuel economy/efficiency for all sizes

Source: Reference 18
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First generation fuel cell powerplants, using phosphoric acid
electrolyte, are being developed with efficiencies approaching
40%, while future advanced fuel cell concepts are expected to have
efficiencies as high as 57%.

(2) High efficiency in small plant sizes

Efficient fuel cell systems based on present concepts can be
built in sizes starting at about 25 kw. Small increases in effi-
ciency can be obtained with increasing size up to about 1 megawatt,
with little efficiency gain beyond this power level. Again referring
to Fig. 4.3.2-1, it is seen that fuel cell efficiencies are poten-
tially quite good in sizes down to 10 kwe and below.

(3) Good part-load efficiency

Unlike conventional power generation equipment, fuel cell
efficiency increases as load is reduced from rated power, down to
about 40% load is illustrated in Fig. 4.3.2-2. This characteristic
is important, as most generating equipment, except for base load
plants, is required to operate over a wide range of outputs, in

many cases averaging only about 50% over the equipment lifetime.
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Fig. 4.3.2-2 - Fuel economy/efficiency at part load

Source: Reference 18
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(4) Low noise, thermal, and chemical pollution

Because of the static nature of the conversion process, fuel
cell powerplants are inherently less noisy than conventional steam
and internal combustion engine powerplants. The noise sources are
confined to the ancillary equipment such as liquid feed pumps, and
air blowers which are required for fuel cells. Cooling water is
not required since waste heat can be transferred directly to the
atmosphere. Measured emissions from experimental powerplants have
shown that the fuel cell exhaust contains significantly lower
emissions of particulates, oxides of nitrogen, and sulfur oxide, as
indicated in EFlg. 4<3.2=3s

POUNDS OF POLLUTANTS PER MILLION BTU HEAT INPUT

l-——— FEDERAL STANDARDS 1_——-|

GAS-FIRED  OIL-FIRED COAL-FIRED
CENTRAL CENTRAL CENTRAL  EXPERIMENTAL
STATION STATION STATION _FUEL CELLS"*
PARTICULATES ___ 01_______ 01_____ ___.U.1_____0.0000029
I A - 7 e oo |y ML 0.013-0.018
: NO
SO,____.___REQUIREMENT____08 ________ & S 0.000023
SMOKE _ _ ___ 20% OPACITY _ 20% OPACITY. _ 20% OPACITY__ NEGLIGIBLE

*FEDERAL STANDARDS EFFECTIVE 8-17-T1
**YORK RESEARCH CORP., Y-7308 APRIL 1970

Fig. 4.3.2-3 - Environmental impact

Source: Reference 18

(5) 8iting flexibility

The characteristics of high efficiency in small sizes and low

pollution allow considerable freedom in site selection of fuel cell
powerplants. Those systems that require a minimum of fuel processing
can be placed within buildings to make direct use of some of the
waste heat for space heating and cooling. Fig. 4.3.2-4 shows the

relative amounts and types of waste heat available.
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Fig. 4.3.2-4 - Waste heat recovery potential
Source: Reference 18

4.3.3 Problem Areas
The primary problems associated with fuel cell development are

cost and durability. For the fuel cell to produce electricity at
room temperature, the electrodes must contain a very active electro-
catalyst. The best catalysts discovered to date are very expensive
noble metals - platinum and palladium. Nickel electrodes, which
operate at higher temperatures, have electrode degradation and
electrolyte decay problems. Fuel processing equipment is complex
and expensive. Steam reforming, partial oxidation hydrocracking,
and hydrodesulfurization are being tried with varying degrees of
success. Steam reforming is a fuel processing technique now '
commonly being used with phosphoric acid electrolyte fuel cells.

It requires a nickel catalyst, which is susceptible to poisoning by
elements such as lead, chrome, and sulfur. Light distillate fuels
low in contaminants give the best results with steam reforming, but
the life of such a system is presenlly limited to about 15,000

hours (approximately two years) (Ref. 19). 1Initial work has bgen
done chiefly with phosphoric-acid electrolyte, which has an operating
temperature of 160 to 200°C. The next generation of fuel cells,

expected to have higher efficiency,; will probably use molten
carbonate. Opcrating at a temerature of 500 to 7000C, this
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material is more tolerant of fuel impurities, but there are other
problems yet to be solved. Life for existing molten carbonate
cells is presently reported to be about 10,000 hours, as compared
with a projected life of 50,000 hours by 1985 (Ref. 19). The last
element in the fuel cell system, the inverter which converts DC to
AC, does not yet exist in the sizes needed for large—scéle power
conversion. Recent develbpment of large SCR's which can be used in
thyristor invester circuits may be the answer, but there are a
number of problems that must be overcome to meet the goal of 96%
efficiency. '
4.3.4 Fuel Cell Development Status
Fuel cells can be categorized ac¢cording to their state of

’

development into three generations (Ref. 20). Goals for the first
and second generation programs of the electric utility industry are
shown below (Ref. 21).

Firct . Second
Characteristic Generation Generation
Commercial 1ntroduction 1580 1985
Capital cost (1975 §) $250/kw S200/kw
Life ' 20 years 20 ycarc
Stack refurbishment 40,000 hr 40,000 hr
Heat rate (Btu/kwh) 9300-95000 7500-7300
Thermal efficiency, % 36.7-37.8 45.5-46.8
Fuel Naptha n Distilléte
"Natural gas Naptha ‘
-Clean coal Natural gae
fuels Clean coal
~ fuels
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The two major programs in support of this electric utility industry
fuel cell effort are the FCG-1 and RP114 programs, both initiated
in 1972. The FCG-1 is sponsored by the United Technologies Corp.
and nine major utilities, with the objective of bringing a first
generation, 26-MW fuel cell -power plant into commercial service by
1980. The nine utilities are supporting this effort through down
payments on provisional orders for a total of 56 FCG-1's. The RP114
project was initiated by United Technologies Corp. and Edison:
Electric Institute (EEI). It is intended to broaden the appli-
cation of fuel cells beyond the near-term needs of environmedtally
constrained utilities to result. in a second generation powerplant
for the utility industry to be used in a wide variety of.
applications.

The Electric Power Rgseanch Institute (EPRI), upon its formation
in 1973, inherited the RP114 program (Ref. 21). 1In 1974, EPRI
expanded its fuel cell activities and implemented a comprehensive,
5-year plan, adressing four major issues critical to achieving the
objectives of the second -generation fuel celi powerplant. Critical
issues include the following: ‘

(1) Participation with DOE in an early 4.8-MW demonstration
of the FCG-1 technology, as a prerequisite to the second-generation
program. '

(2) Cost/availability of fuel cells in the near fo inter-
mediate future. In October 1974, a contract was awarded to Arthur
D. Little, Inc. (RP318) to develop fuel cell scenarios and favorable
means of integrating these within utility systems. 4

(3) Delineation of the teéhno-economics of fuel cells in a
utility network. Of primary importance is a quantification of the
benefits as well as a definition of the potential fuel cell market
as a function of capital cost. A contract with Public Service
Electric and Gas Co., New Jersey (RP729) is providing these assess-
ments, using the scenarios from the RP318 project.
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and is reported to have met or exceeed all of its operational and
performance goals (Ref. 22), including 40% overall efficiency over a
wide operating range. This efficiency figure is based on the lower
heating value of natural gas fuel, and includes the inverter as -
well as all other elements in the system. Limitations in utility
company funding have precluded early completion of the development
and demonstration required to introduce the 40 KW unit into the
commercial market.

Third generation fuel cells are charactérized by efficiency
goals much higher than second generation systems. A goal of 50
to 60% efficiency has been established (Ret. 2U). ‘'here is little
existing technology for third generation systems. The only known
candidate is the solid oxide electolyte system. Demonstration
systems are probably 15 to 20 years away. '

NASA Lewis Research Center, at the request of DOE and NSF,
has studied a number 60f advanced energy conversion systems for
central station, base load electric power generation using coal and
coal-derived fuels (Ref. 23). The program is identified as Energy
Conversion Alternatives Study (ECAS). The General Electric Co. and
the Westinghouse Electric Corp. were selected by competitive
bidding to study these systems, one of which is fuel cell power-
plants.  In ECAS Phase I, three types of low-temperature fuel cells
and two types~of high-temperature fuel cells were subjected to a
parametric analysis. An important part of the high-temperature
fuel cell system study was the utilization of waste heat either by
a steam bottoming cycle, the coal gasifier, or both. These are
referred to as integrated cases. In the Westinghouse study of
high-temperature fuel cells, efficiencies of 48 to 53% were pro-
jected for the zirconia solid electrlyte integrated case, and 46%
for the molten carbonate system. In both GE and Westinghouse
studies, the highest overall efficiencies of the low-temperature
fuel cell powerplants (30 to 36%) were appreciably lower than
efficiencies of the high-temperature systems.
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4,3.5 Technology Assessment

While the feasibility of attaining high efficiencies in medium
to large size fuel cell powerplants using fossil fuels is proven,
extensive engineering development and demonstration remain to be
done before overall economics, operating reliability, and durability
are established. Development effort is needed on all major elements,
including the fuel processing equipment, fuel cells, and inverters
(Ref. 20). ’
4.3.5.1 Fuel Processing Technology

Although fuel processing technology is well established, a
direct application of this technology will not meet the expected
requirements of commercial fuel cell powerplants for'thelnear term
or the future. The particular requirements of the fuel cell
application dictate new requirements for the processor. For
example, for a phosphoric acid fuel cell the specification limits
for sulfur and CO impose stringent requirements on the fuel and
fuel processor, and complex integration of the processor with the
fuel cell stack is often necessary. The future U.S. energy
scenarios anticipate the introduction of coal-derived fuels, which
will impose new requirements on the‘fuel processor. In the first
generation FCG-1 phosphoric acid fuel cell powerplant, the fuel
processor development, though quite advanced, is by no means
complete. Steam reforming‘ié limited to lower molecular weight
fuels (up to naptha). A number of advanced concepts are being
developed under the EPRI program to extend the range of fuels to be
processed by steam reforming. Other processes receiving attention
are partial oxidation and cracking (thermal or catalytic). As far
as second generation fuel cell systems are concerned, little other
than systems work by UTC is being done on fuel processing for the
molten carbonate system. Work needs to be done to determine the’
cells' tolerance to possible fuel impurities, their sensitivity to
diluents, etc., in order to develop an optimum fuel processor fqr

the molten carbonate system.
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(4) A matrix of technology programs necessary to maximize
the probability of achieving second-generatilon guals; These
include projects to improve catalysts for phosphoric acid fuel
cells (in the hope of stimulating a breakthrough necessary to
achieve second-generation goals); to investigate molten carbonate
electrode sintering mechanisms, since the molten carbonate fuel
cell is the main thrust of the RP114 program; and to assess techni-
ques for removal of COp from the fuel stream in the alkaline fuel
cell. _ '

'The FCG-1 program is being accomplished by scaling up from
kilowatts to megawatts in steps: (a) a 1-MW pilot plant, (b) a 4.8-
MW demonstration plant; and (c) several 26-MW demoﬁstration plants,
all to precede the manufacture of 26 -MW FCG-1 powerplants on a
production basis. The 1-MW pilot plant has been built and tested
successfully. The 4.8-MW demonstration plant is under contract,
jointly funded by ERDA ($25 million), EPRI ($5 million), and UTC
($12 million). Delivery is scheduled for mid=-1978 and testing by
early 1979. Results of testing the 1-MW unit indicate that the
4,8-MW plant will meet the performance goal ol 9300 Dtu/kw-hr at
_rated output,

Another major program called TARGRT (Team to Advance Research
for Gas Energy Transformation), sponsored by'United Technologies
Corp. (UTC) and a number of companies'iu the gas induatry, ie aimed
at -providing a family of fuel cell powerplants in the 25-250 KW
range for on-site power generation in buildings and al industrial
locations. This program began in 1967 and was sponsored by 28
natural gas transmission and distribution utilities. it has since
expanded to include gas utilities and combination gas and electric
utility companies. The program has been jointly funded at $56
million for effort from 1967 to the present. On the basis of
market studies, 40 KW was selected as an appropriate size for
initial entry into commercial and multiresidential markets. As a
result, work has been directed toward development of a 40 KW power-
plant, designated PC18. A pilot PC18 powerplant has been tested
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4,3.5.2 Fuel Cell Technology _ 4
For terrestrial applications, fuel cells can be categorized

by operating temperature: low = ambient to 200°C, intermediate =
200°C to 700°C, and high = above 700°C. The first genefation

fuel cells will operate in}the low temperature fange. The problems
most common to fuel cells in this category are in the area‘of ’
electrocatalysis, invariant. cell 1life, and system cost; In the
intermediate temperature category the major problems are to develop
the materials to assure long cell 1life in the severe conditions of
high temperature and corrosive .environment. In the high temperature
category, using solid-oxide electrolyte, the materials pfoblems

will be more difficult to overcome than for the intermediate range.

4.3.5.3 Power Conditioning Technology

The basic element of the fuel cell power processor is the
inverter, which accomplishes DC to AC power conversion. Inverters
designed for low power applications are commonplace. However,
large-scale inverters capable of handling megawatts of power have
not been built, largely because of lack of semiconductors which can
handle the large currents and voltages. In addition, the common
designs are handicapped by poor efficiencies. UTC, working with
semiconductor manufacturers, has developed and tested inverters for
the TARGET program capable of handling 20 and 40KW power levels.
They are also testing a 1.8MW unit inverter for use as a building
block in the FCG-1 power processor, using components proved in the
TARGET program. The scale-up is accomplished by operating the
SCR's in a series/parallel combination to accommodate the higher
fuel cell power voltages. Potential problems in the scale-up
include: .

(1) Simultaneous triggering of the SCR's, which are operated
in series. Simultaneity is necessary to prevent excessive voltage
buildup on the late-firing SCR's. '

(2) Possible unbalanced load current sharing among SCR's
operated in parallel; and
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- (3) Undetected failure of individual SCR's or drive circuits,
. resulting in overloading of the remaining SCR's.

The UTC goals show a targét efficiency of 96% for the FCG-1 vs

a demonstrated 90% on the 25KW TARGET inverters. Although some
improvements can be expected from the scale-up to the megawatt
size, efficiency, compatibility, and life tests will be required to

verify design goals.
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4.3.6 Pipeline Applications of Fuel Cells

In Section 4.2.2 abéve,-it was noted that, if
an economical and efficient means could be fouﬂa to véry the
speed'of the pump motors, an appreciable saving in energy could
be realized. To understand the losses that are thus avoided,
it is necessary to examine products pipeline duty cycles in
some detail. ' |

4.3.6.1 Duty Cycles in Products Pipelines

There :are two throttling conditions
that arise in pipeline operation, depending upon whether the -
system is asked to pass maximum throughout or to accommodate
to a specified pumping schedule below maximum capacity. These
variations in duty arise from seasonal variations and from the
necessity to switch products in order to accommodate all shippers'
requirements. As an example of the former, the demand for fuel
0il and LPG increases in the fall and winter, whereas in the
spring and summer the traffic is predominantly gasoline. The
switches to accommodate shippers arise because of the necCessity,
as a common carrier, to serve all shippers without discrimination.
Thus common carrier products pipelines operate in products cycles
'of seven to ten days during which they guarantee to accept for
shipment at least a (proportionate) part of every tender.

It may be noted in passing that
similar situations can arise in crude lines if different types
of crude are found in proximity to each other. However, this
seldom occurs, so that the discussion here refers only to
products lines. These conditions are discussed in reverse
order, in the sections that follow.

4.3.6.1.1 Throttling losses at less
than maximum throughout

Because of ‘lower
capital and maintenance costs and ease of 0peratiCn, the large
majority of liquid pipeline system pumps are driven by constant-
speed electric motors. Except for older, small-diaheter éystems,
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generally crude oil gathering, the pipéline pumps are

cehtrifugal~uhits which are directly coupled to an electric

motor driver and therefore rotate at the same speed as the

motor. The available driver-pump options are, with few

exceptions: - '

' (l). Constant speed electric motor driving a centrifugal
pump through a variable-speed coupling

(2) Variable-speed electric motor directly connected to

" - a centrifugal pump 4
(3) Constant-speéd belt drive connecting electric motor
- and positive.displacement pump
(4) Variable=speed enygine driving either.centriéugal or
_ " positive displacement.pumps.

" The disadvantage of the constant-speed motor directly connected
to the centrifugal pump is the inflexibility of pump speed and
therefore the inability to vary the pumping rate and the
velocity -of the liquid in the pipeline.

With constant-speed motor-centrifugal pump units, flow
variations are obtained by either or a combination‘of the
following: o |

(1) Pumping through contrel valves that waste controlled

amounts of the pump full discharge pressure in order
to decrease line pressure and flow velocity to the
specific flow required by the shipping schedule.
. (2) Installing multiple pump and motor units at each
pump station to operate either in series or
. parallel, in combinations that yield the specific
flow required by the shipping schedule.
When a pipeline company is responsible for transporting a fixed
quantity of liquid over a fixed time period with electric-motor
driven centrifugal pumps, the management has the option of:
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(1)

(2)

(3)

Selectlng the most nearly optlmum comblnatlon of the
available pumplng units and pumplng every minute of

the time allotted at a constant average rate, throttllng
excess energy by a control valve, or

Pumping with a selected number’ of unlts; without

'wasting pressure in a control valve, but pumping at
.a faster rate than necessary; thereby wasting -energy

both in ‘start/stop and in increased fluid friction loss.

-Pumping under "a combination of part time without

throttling and part time with throttling, in such’

" .proportion that the average flow.is the required one.

The lack of ability to adjust pipeline flow with economical

and efficient variable speed motors or couplings results in

one or more of the following economic losses : .-

653

(2)
(3)

(4)

More pumps and motors are 1nstalled 1n a system than.‘
otherwise would be necessary ' ' N

Energy 1s ‘wasted when pressure is reduced by throttllng

"in a control valve.

Energy is wasted in fluid frlctlon when flow 1n a
pipeline is at a higher velocity than necessary.
Energy is wasted by start/stop transients; however,

" this loss is not usually significant.

Although variable speed drivers and couplings are available,

they are characterized byAhigh initial capital costs and

low efficiences, so that economic analysis for most pipeline

systems results in the direct coupling of constant speed

motors to centrifugal pumps.

. It is instructive to consider an example representing

the following conditions :
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(1) Pumping schedule -~ 30,000 bbl/day of medium-viscosity
' petroléum products.
(2) Pump-motor combined'efficiency - 85%.
(3) Pump and system characteristics as shown on
Figure 4.3.6.1.1-1.

The operating options, together with the associated increases
in necessary installed capacity and in energy consumption, are |
listed in Table 4.3.6.1.1-1. It is seen that the increase
in available horsepower required is about 30%, and the energy
wastage is from 5 to 30%. It is to be noted that the least
wasteful option (1) does not include the energy wasted in the

transient.

It the flow requirement were such that it became necessary
to bring a third pump on stream, point e shows the flow below
which throttling is required to maintain allowable line pressure.
This limiting pressure constitutes the limit upon system
capacify. The.examples in the table relate to limits imposed
by pump capacity. Both limits can be important. in the

operation of the pipeline.
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Pump discharge pressure (psi)

900

300

700

600

500

400

300

200

100

 Fig. 4.3.6.1.1-1 - Pump and system characteristics

3 pumps in series

2 pumps in series

Pump
Character
-, -igtics

\\\ System characteristic

| | | | I

0 10 20 30 40 50
Flow. (Bl/Day x 1000)
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Table 4.3.6.1.1-1

Energy Wasted By Operating Options Available with Constant-Speed
A Pumps
(1)~ Ideal - Operating Point a (unattainable)

30,000 bbl/day @380 psi for 24 hr = 24 x 228 hp = 5472 hp-hr

(2)- Operating on split rate schedule (attainable)
Point b S o
34,000 bbl/day @440 psi for 16.3 hr = 16.3 x 299.2 hp = 4877 hp-hr

Point c )
21,500 bbl/day @276 psi for 7.7 hr = 7.7 x 118.7 hp = 914
5791 hp-hr
Increase over ideal 71.2 hp capacity 319 hp-hr average

31.28 5.8%
(3) - Operating two pumps and throttling (attainable)
Point d - .
30,000 bbl/day @495 psi for 24 hr = 24 x 297 hp = 7128 hp-hr

Increase over ideal 69 hp capacity' 1656 hp-hr average
30.2% 30.3%
(4) - Operating two pumps wide open (attainable)
Point b

34,000 bbl/day @440 psi for 21.17 hr = 21.17 x 299.2 hp = 6334 hp-hr

Increase over ideal 71.2 hp capaéity 862 hp-hr average
~31l.2% : 15.0%
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4.3.6.1.2 Throttling losses at maximum

throughput

, , . It has been seen in the
preceding section that when the schedule calls for delivery at -
full capacity of two pumps, the optimum operating point is
at b in Fig. 4.3.6.1.1-1. However, as will be seen from the
discussion to follow, even when the demand .exceeds capacity,
it is seldom possible to achieve that optimum operating
condition. The reason lies in the-nature_of the pipeline
duty cycle, and can perhaps best be- explained by an example,
which accordingly is presented in Figs. 4.3.6.1.2-1 through
~-18. The case presented is a section of an actual, existing
pipeline, and the duty cycles in the example are representative
of those imposed upon that line in its day to day operations.

In -1 is seen the hydraulic gradlent when’ the linefill is
all gasoline, flowing 1000 bbl/hr. The assoc1ated pressures ‘
are identified, i.e., 682 and 64 psi at the upstream and down-
stream ends of the section respectively. The power require-. .
ment of 1000 hp, shown at the initial statlon 'at which it is

applied, is the maximum singleé-unit capacity at that station.

In -2, a second 1000-hp unit has'been brought on 1line’ at
the midpoint station.’ Throughput is 1500 bbl/hr, only a 50%
increase for a 100% power increase. In =3, a third lOOO?hp
~ pump has been brought on line at the guarter point. The effect
of a fourth unit at the three-quarter point is shown in -4.

Total power has now risen to 4000 hp and flow is 2200 bbl/hr.-

Now, second 1000-hp units will be actlvated at each sta-
tion in turn. When the second units are ‘activated at the
upstream station (-5) and at the midpoint station (-6); the
flow is still only 2650 bbl/hr (shown as the gradlent after

the mldp01nt statlon)

When further increase in flow- is attempted by actlvatlon

of a second unit at the guarter point (-7, throttllng
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becomes necessary to avoid excessive pipe pressures at the
quarter and midpoint station discharges. A total of 337 psi

is throttled away at these two stations. Addition of a second
unit at the three—quarter point (-8, solid linés) increases
flow to 3060, without throttling, but when an additional 600 hp,
the last available unit, is brought on the first station,
throttling again becomes necessary at the first and second sta-
tions (-é, dashed lines), while flow is increased by only 40
barrels. This is the maximum possible flow with an all-gasoline
linefill. 1In practice, this last increment of 600 hp would

almost never be justified for the small flow increment that it
provides.

From the foregoing, it has been seen that throttling
may be necessary at both maximum flow and a number of
intermediate flows below the maximum. These throttling losses
could be avoided if an‘economical, efficient, variable-speed
motor or coupling were available.

It may be noﬁed that the final discharge pressure at the
downstream end of the section varies in the foregoing cases
between a low of 11 psi and a high of 99. The pressure re-
gquirement at that point may vary, depending upon whether the
fluid is being diverted into storage or into tankers for trans-
port. Whatever the requirement, any excess pressure represents
an energy wastage which could be eliminated if appropriate means
of pump speed control were available.

Now suppose that the schedule calls for fuel oil to begin
movement through the line, following the gasoline. The profile
which exists as the oil approaches the quarter point section
is shown in -Y. The last available pump unit of 600 hp at the
initial station, shown in -8 as the dashed lines, is not in

service in -9, leaving 2000 hp in service at that station.
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The allowable line pressure is exceeded at the first and third
stations, resulting in throttling energy waste at those two

points.

There is also another interesting difference between the
situations portrayed in -8 and -9, namely, at the downstream
end of the section. With the throttling at stations 1 and 3,
the flow is reduced to 2700 bbl/hr in -9 from the 3060 in -8,
and one unit at station 4 has been deactivated. Even so, the
pressure at the downstream end of the section is 104 psi,
whiéh may exceed the requirement at that point and thus con-

stitute a waste.

As the fuel oil approaches station 3 in =10 it is seen that
the 1000-hp unit in station 1 has been replaced by the 600-hp.
unit to avoid throttling from 1422 psi to 1330 psi at station 1
and from 1608 to 1461 at station 2. It is still necessary to

throttle station 2 from 1461 psi down to 1328 psi. Flow is now
down to 2500 bbl/hr from the previous 2700.

In -11, as the fuel 0il is approaching station 3, two
profiles are shown. The solid line is the profile that would
be required to hold the 2500 bbl/hr flow from the previous
figure, i.e./ activation of a second 1000-hp unit at station 4.
Station 2 would then be throttling from 1553 pis to 1328, and
station 3 from 1503 to 1424, while the downstream discharge
pressure would be 530 psi. By not activating the additional
pump at station 4, only 80 bbl/hr of flow is lost, discharge
pressure is held to 34 psi, and some, though of course less,
throttling is still necessary at station 2, from 1461 psi to
1328, and at station 3, 1424 to 1330.

The situation when the entire line fill is fuel o0il is
depicted in -12. Flow is 2500 bbl/hr with eight pumping

in service, and throttling is necessary‘at stations 2, 3,
and 4. ‘ '
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Now consider the case in which propane instead of fuel oil
follows the gasoline. Earlier, -8 has shown that, with all
nine pumps operating, 3100 bbl/hr of gasoline could flow.

When propane is introduced at the upstream end, the profile is
as shown in -13 as the propane apprcaches station 2, and as in
-1l4 as the propane approaches tation 3. The controlling seg-
ment is always the one just'ahead of the propane. 1In -15,
solid -line profile, as prépane approaches station 4, that sta-
tion requires 2000 hp to maintain the flow. However, the
dashed line shows that 1000 hp can be dropped from that station
at a sacrifice of only 40 bbl/hr. Note also-thaf gasoline has
been introduced upstream and has filled the first segment,
requiring that 1,000 hp be added at station 1, of which a
large part 1s throttled away.

In -16, the propane is approaching the terminal. The 600-
hp unit in station lhas been dropped and segment 2 is control=-
ling, 130 psi being throttled there. Flow is 2849 bbl/hr.

As the gasoline approaches station 3 (shown in -17), segment 1
takes control. The upper line shows the profile that would
obtain if all three pumps in station 1 remained on line. The
entire pressure contribution of the 600-hp unit wdgld be
throttled away, 239 psi at station 1 and 145 (1504 down to
1359 psi) at station 2. Accordingly, - that pump is switched
off without loss of flow, and segment 2 assumes control.

Figure =18 simply shows the profiles when the linéfill
is all propane. With its lower density, the full head with
all units pumping never exceeds allowable line pressure. . The
last 600-hp increment of power at station 1 gains 120 bbl/hr
of flow.

Figure 4.3.6.1.2-19 shows how the actual unit power cost
varies with throughput. Disregarding flows less than 1000
bbl/hr,below which the demand change dominates, it is seen
that fdr a factdr of 3.2 in throughput, i.e., 1000 to
3200 bbl/hr, power cost rises by a factor of 4.4, or approxi-

-106-



mately as the 1.28 power of the flow. Figure 4.3.,6.1.2-20
shows barrel-miles and power cost in cents/barrel mile for the -
15-month period of the study.

The throttling pressures are plotted in Fig. 4.,3.6.1.2=21
for the full-capacity profiles, -8 through -17. 1In .the uppér-
most plot of energy wastéd at the terminal, it has been assumed
for simplicity that pressure up to 15 psi could be used in moving
the product to storage, but that any pressure above that value
represents wasted energy. Since the times between the. successive
figures are roughly the same in each instance (5-6 hr), if the
operations are continuous, then thése pressure profiles .are
approximately equivalent to timeAtraces of the enérgy wasted per
unit of flow. _It is clear that the energy wasted in typical
operation is not insignificant. |

' 4.3.6.2 Fuel Cells with DC motors

The reader will have anticipated the
principal conclusion of this section: direct-current motors,
with their éapability for infinitely variable speed control,
offer a means to avoid the throttling waste discussed above.
They are not used, of course, because of the expense of the
converter to convert the AC power provided by electric companies
to DC. But the fuel cell is a source of direct current and '
thus is compatible with the variable speed DC motor. It will
be recalled Lhat the fuel cell development programs that were
described in Section 4.3.4 above included the development of
an inverter to convert the fuel cell DC current to. AC. If
fuel cell development is justified for the electric utility
situations which require the inverter, thenlit should be even
more attractive for the pipeline application.wheré the inverter
1s not needed. Qualitatively ét least, one can say that pipe-
line service offers one‘the most attractive application for
the initial demonstration and commercialization of large fuel

cells. To render this statement quantitative requires some

-107- -



discussion of the economics of pipeline energy consumption and
of prospective fuel cell efficiency.

Referring again to Fig. 4.3.6.1.2-21, it has been observed
that the abscissa also roughly represents a time scale, if the
operations described. above are continuous, with each spacing
representing approximately six hours. A further step in the
analysis would be to calculate these time steps exactly and
convert the throttling preSsures to horsepower and replot the
results, giving time profiles of power wasted at each station.
Integration of these curves would then yield the energy wasted.
However, for this calculation to yield an.estiﬁate of the
energy actually wasted in the industry, it would be necessary
to write a computer program, characterize each pipeline indi-
vidually, and input that data, along with the full-year duty
cycle of each pipeline into the computer, a task which is
"clearly impractical.

A vecry rough cctimate of tho energy wasted may be developed
in the following way. The total operations expenses of the
105 interstate oil pipelines in 1974 was $357,122,000. The
ICC statistics do not further subdivide this figure, although
in the individual company reports the cost of fuel and energy
is reported. Reference to a few of those reports reveals that a
figure of 40% for that cost, fuel and energy is not atypical.
If that fiqure were valid, the energy cost for all companies
would have been approximately $140 million. For the set of
full capacity profiles presented above in Figs.4.3.6.1.2-8
through -17, the average throttling head loss is approximately
6 to 83%. If this fraction were valid nationally, the total
wastage would be around $10 million annually. This order of
potential saving is clearly enough to justify a R&D program
of several million dollars.
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Another question of course is that of fuel cell efficienéy
vs utility electric power. The latter seldom reaches 25% after
all power generation and transmission losses are taken into
account. It was noted in Section 4.3.4 above that fuel cell effi-
ciencies of 45 to 47% are expected in the large second-generation
units presently under development. When losses in conversion and
transport of the fuel are accounted for, the net efficiency of the
fuel cell power source will be reduced somewhat but will still far
exceed the electric utility power source.

It is not suggested that the ready adaptability of fuel Cell—.
DC motor power sources to pipeline applications is an established
conclusion. Any experienced operator of motorized equipment will
testify to the large maintenance burdens which are imposed
by DC motors. This fact is very important in pipeline opera-
tions, where the motor locations are often remote and/or unattended,
and where round-the-clock service is often required. However,
the potential clearly exists for significant energy saving, and
it is therefore strongly recommended that further work be done
to define an appropriate R, D&D program for the applications of
fuel cells in pipeline-service.
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5.0 SLURRY SYSTEM IMPROVEMENTS
5.1 Technological Status of Coal Slurry Pipelines

The technology of coal slurry pipelines is solidly estab-
lished. Slurry pipelines first gained recognition as a viable
method of transporting solids in 1957 when the 108-mile Consoli-
dation Coal pipeline entered service in Ohio, with a capacity of
1.3 million tons/year. This slurry line moved 7 million tons of
coal from 1957 to 1963, when it closed down, not because of techni-
cal problems, but because of rail rate reductions for large
tonnages. The economic and political forces involved have been
examined under Task 2 of this project, and are discussed in Section
4.2.1 of Reference 24,

The longest and largest slurry system yet built is the Black
Mesa line. The history and description of the line have been
presented (Ref. 25) and updated (Ref. 26), and are summarized
below.

Black Mesa Pipeline, Inc., was organized in 1966 to construct,
own, and operate a coal slurry line connecting the Black Mesa,
Arizona, coal field to the proposed Mohave Generating Station in
southern Nevada, over the route shown in Fig. 5.1-1. Black Mesa
Pipeline, Inc. is a wholly owned subsidiary of Southern Pacific
Pipe Lines, which operate 2400 miles of petroleum products pipe-
lines. These pipeline systems in turn are a part of Southern
Pacific Company. This is the longest and largest slurry line yet
built. In 1967, a 35-year transportation contract was signed with
Peabody Coal Company and engineering design began. Shakedown
began in August 1970, and by November, commercial operation was in
process.

Black Mesa Pipeline receives coal at a central point in
Peabody's strip mine located on the Black Mesa of the Navajo

18-
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and Hopi Reservations in northeastern Arizona. The pipeline
system includes slurry preparation plant, pump stations, pipe-
line, test loops, control and communication facilities, but
not terminal storage and dewatering facilities, which are part
of the power plant (Fig. 5,1-2). Slurry process water is fur-
nished by the coal company from deep wells. The Black Mesa

system cost approximately $39 million.

Coal is received from the coal company at the pre-
paration plant by a conveyor belt, which delivers 2" x 0"
coal into three elevated raw coal bins. Each bin feeds a pro-
cess line consisting of an impact crusher, a rod mill, a sump
and centrifugal sump pump, shown in Fig. 5.1-3. Impactors reduce
the coal to 1/4" x 0" by dry crushing, and rod mills pulverize
the coal.by wet grinding to 8 mesh x 0. Slurry is formed in
the rod mills,where water is introduced. From rod mill, sump
slurry is pumped into one of four 630,000-gallon storage tanks,
which are open top and equipped with mechanical agitators to
maintain slurry suspension. The slurry is transferred from the
storage tanks by a centrifugal charge pump into the suction of

the mainline high-pressure pumps.

The pipeline system is capable of pumping 660 tons of
coal per hour. At 48% =olids by weight, flow is 4200 GPM and
velocity is 5.8 fps. When lower delivery rates are required,
flow is reduced, down to about 5 fps. Any necessary further re-
duction is accomplished by inserting water slugs between batches
of slurry. Transit time is three days, and line fill includes
45,000 tons of coal.

Four pump stations are required. These are sizeable
installations, utilizing the largest piston pumps with elec-
tric motor drives and hydraulic couplings for speed control.
Three stations have three pumping units installed, with one a
spare. The fourth station has four units, with a spare. The
three-unit stations operate at about 1000 psi, and the four-
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unit station at about 1500 psi. Driver horsepower is 1500
and 1750 respectively.

The pipe is 18" diameter and traverses mountainous
northern Arizona terrain with elevations varying from 6500 ft
to 500 ft (Fig. 5.1-1). The last 12 miles drop 3000 ft and
in this stretch, diameter is reduced to 12". The pipe is a
high-pressure steel, welded pipeline and is conventional
except that a 16% maximum slope limitation was observed for
hydraulic reasons. The line is extensively telescoped with
wall weights ranging from .469" to .219". Even though most
of the ditch was rocky, a tape coating system was success-
fully used, with extensive dirt padding.

At the time of construction, it was not known
whether the line could bc restarted afler an extended shut-
down. Accordingly, ponds were provided into which the con-
tents could be dumped in case of shutdown.

Early in 1971 thec pipeline was shul down twice due to
power failures. Particle size gradation (consist) was relatively
coarse and difficulties were encountered in restarting sections
of the line. On each shutdown, onc hard plug was encountered
and had to be located and removed. Plugs were specific - ahout
4U-tt 1n length. To be on the safe side, other sections were
restarted and line fills were dumped into station ponds. In
the first instance the affected line section was down 4 1/2 days,
but subsequent to removing the plug the section was restarted
without difficulty. The consist was adjusted to provide a finer
grind and since then, numerous restarts have been handled with-
out difficulty. It is not expeccted that extensive dumping will
occur again. The two important keys to a restartable slurry

are a fine grind and a well-graded consist.
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Pump stations and pipeline operation are supervised from
origin point. Stations, which are complex, are operated unat-
tended; however, there are two resident employees at each booster
‘station to perform maintenance and to provide on-call availability.
Pumping is "tight-lined," i.e., without surge tankage at booster
stations, Locations are linked by a solid state, hot, standby,
microwave system operating at 2100 MHz. One 1link of 109 miles
involves use of space diversity antennas to cope with atmospheric
fades. |

The slurry is delivered at the power plant into large
(7,800,000 gallon) storage tanks. The tanks, with 500-hp
agitators, though much larger than any such tanks previously built,
have operated satisfactorily. Slurry is withdrawn from tankage by
a centrifugal pump and transferred to a battery of 40 centrifuges,
where 65% of the water is removed. The resulting wet cake is
conveyed to 20 bowl‘mills for drying and further pulverizing.
Dried coal is carried pneumatically to the combustion chambers.

Fifty-two permanent employees are required to operate the
‘pipeline. Of these, about 36 are at the Black Mesa preparation
plant. The remainder are technical and administrative personnel
located in Flagstaff and at the booster stations. At Black Mesa,
Navajo and Hopi Indians are éiven employment preference under terms
of the mining lease. At both Peabody and Black Mesa Pipeline,
Indian personnel are in the majority;

The system is operated by a four-man shift at Black Mesa.

The group includes a Shift Supervisor, a Pipeline Operator in the
System Control Room, and Operator-Repairman handling preparation
plant and other facilities, and an Operator—Repaitman Assistant
primarily doing slurry quality control testing in the Testing
Laboratory. ‘

It has been noted earlier that pipelining solids requires
considerable testing to determine minimum operating velocities-
with respect to deposition or bedding.and to assure good restart
characteristics. Varying the percent solids and the size consist

affects these .important operating characteristics. High capacity
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test loops are useful here, and Black Mesa has several well instru-
mented loops, including one 1000' long and 24" in diameter. After
determining the desired specification, it is necessary to monitor
carefully to assure that specification is consistently met.
Percent so1ids or density. is extremely important and is monitored
by a nuclear density meter mounted outside the pipe. Size consist
must be laboriously obtained by sieve analysis run every hour or
two.

The slurry is sometimes corrosive and requires the addition
of some inhibitor. Water batches especially require use of an
iﬁhibitor. Careful corrosion monitoring is necessary.

While the pipeline can be shut down and slurry allowed to
settle, pump cylinders and valve chambers as well as convolved
station piping must be promptly flushed upon shutdown. The slurry
tends to pack into dead spots except for those on top of the pipe,
which affects valve selection. A conventional gate valve will not
function well in slurry service. Ball valves and lubricated plug
valves seem best suited for slurry.

Wear is a continuing process in the mainline pumps. It is
of course to be expected, and is therefore not a problem. Valves,
seats, pistons, rods, and packing are expendable. However, these
parts have met and, in most cases, exceeded expected service
life.

The system has successfully completed more than six years
of operation. While the line is capable of transporting over 5
million tons of coal per year, it has actually averages only about
4 million tons per Year because of lesser burn requirements at the
powér plant. Pipeline availability has exceeded 99%. The plant
engineer at the Mohave Generating Station reports that, of the
three major subsystems, coal mine, pipeline, and power plant,
virtually all system downtime is due to.either the mine or the

power station. The pipeline "is always running."
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Because minimum operating velocity and design through-put
velocity are fairly close together, the pipeline has a relatively
small turndown. When the power plant requirement is less than
pipeline turndown, batching is necessary and a dispatching model
has been just as useful in this application as on a petroleum line.
Flow is measured in gallons per minute using magnetic flow meters
and by timed stroke counts. Gallons per minute and toné per hour
are related by specific gravity of solids and percent solids.

In ciosing, it is well to mention pianned future systems.
The line that is in the most advanced planning stage appears to be
the 1036-mile pipeline of Energy Transportation Systems, Inc.
(ETSI), owned by Bechtel, Lehman Bros., and the Kansas Nebraska
Natural Gas Co. The proposal to build-this billion-dollar line has
evoked strong opposition (Ref. 24). An indeterminant period of
time may be required to resolve the contested issues. A study by
the 0TA, scheduled for completion in mid-1977, will cover techno-
logical, energy, and legal issues; environmental effects (especially
water and land use); evaluation of costs and returns; and impact on
the railroads. ' '
5.2 Methanol-Coal Slurries

A promising new concept in coal slurry technology which

appears to have potential for overcoming some of the problems and
limitations associated with coal-water slurries 'is the methanol-
coal slurry system. Leonard Keller, President of the Methacoal
Corporation, Dallas, Texas, holds patents (Ref. 27) relating to the
methanol-coal slurry, which he calls Methacoal. He describes h
Methacoal as a pseudo-thixotropic, or shear-thinning, mechanically
stabilized suspensoid. At rest it appears to be a moist, solid
mass of black mud, but when subjected‘to stirring oflagitation, it

' becomes thinner and flows easily. The flow characteristics are
such that it ‘is typified by viscous or laminar flow, rather than

the turbulent flow characteristics typical of coal-water slurries.
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5.2.1 Methanol Carrying Capacity
5.2.1.1 Experimental Measurements of Carrying Capacity

It appears that methanol has somewhat greater carrying
capacity than water. To acquire some first-order verification of
this hypothesis, as a part of this project rheology tests were
conducted under subcontract by Prof. R. R. Faddick of the Colorado
School of Mines. His report is condensed and summarized below.

In conjunction with rheological tests, additional bench
tests are necessary to determine solids specific gravity, solids
screen analysis, density and viscosity of the liquid carrier and,
wheré coal is concerned, a proximate analysis. A Western coal was
selected for which all this information was readily available. A
relatively fresh, unused sample of Utah coal was available in the
Rheology Lab from a previous study.

Three concentrations of coal, from maximum possible down to
-5%, -10% from maximum were studied at room temperature. Com-
mercially available methanol was used with one particle size
distribution of coal. .

Rheology is the science of the flow deformation of liquid-
like substances subjected to shearing stresses. These stresses are
measured over a range of shearing rates. The resulting relation-
ship of shear stress vs. shear rate depicts the flow deformation
characteristics of the slurry for a specific solids concentration,
size digtribution, and temperature. These data, when plotted, form
the slurry rheogram. The slope of the rheogram is called the
dynamic, or absolute, viscosity ot the slurry.

Newtonian liquids, such'as water and most hydrocarbons,
bear a linear shear stress-shear rate relationship, the slopé o0t
which is a constant. The deviation of the slurry rheograms from
linearity is a measure of their non-Newtonian characteristics or
variation in viscosity with shearing rate. Translated to pipeline
flow, this means that the viscosity of the slurry varies with the
flow and is not a constant as it would be for a Newtonian liquid.
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The purpose of the rheology measurements, then, is to
determine a slurry's shear stress-shear rate relationship. A
mathematical model of the shear stress-shear rate curve (rheogram)
is then defined, and this model is used to predict slurry friction
head losses for pipe flow. The model may also be used to scale
actual, measured, pilot loop friction losses to pipe sizes other
than that used in the loop.

The rheological measurements were made with a Brookfield
Model RVF viscometer over a range of slurry concentrations and at a
temperature of 25°C. The slurries were placed in a blender. jar
containing a heating coil which was connected to a
constant temperature bath. The viscometer spindle was lowered
into the slurry, which was then agitated as necessary to sus-
pend the solids. With the blender off and the slurry in a
guiescent state, the shear stress-shear rate relationships
were obtained. Measurements were made with both ascending and
descending spindle movements, and all measurements were reneated
four £b eight times. Yield stresses were obtained by record-
ing the static torque reading when the spindle was allowed

to come to rest in the slurry.

A three-parameter yield-pseudoplastic model was fitted
to the data. This model does not fit all of the rheology
data as well as a four- or five-parameter model would, but
it is much easier to deal with mathematically. The model
was adjusted to fit the rheology data over the range of shear
rates to be encountered in the prototype pipeline operation.

The model selected was a yield-pseudoplastic having the
form . ' ' ' -

T -7 = K"

T
Y
where

o
I

> shecar stress (dyne/cmz)

L. = yield shear stress (dyne/cmz(TAUY)*)o
= flow consistency index (dyne—secn/cm“(KYP)*)

P

shearing rate (sec™ ¥)

CRRS
!

= flow behavior index (dimensionless (NYP)?%*)

(*Computer notation, used in Fig. 5.2.1.1-1)
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ﬁtah Carbon King coal from Braztah Corp. in Helper,
Utah, was crushed in a_laboratqry—typé hammermill (Holmes)

in several passes.

Specific gravity (measured) = 1.4294 @ 25°C .-

Moisture content - 1.16%

Screen Analysis

+100 mesh 0.3%

+200 . 13.7
"+325 65.60
-325 20.4

100.0%

Analycis of Coal

_AS Moyl sture & asli-
received Dry basis free basis.
Volatile matter’ 37.4% 40.2% 47.5
Fixed carbon 41.4% 14.5% 52.5
Ash : 14.2% 15.3% -
Btu/1lb 11,355 12,210 ' 14,420
Sulfur | 0.7% - 0.7% -

Rheological data are listed on the computer printouts.
Four concentrations were measured, two at 64% solids concen-
tration by weight, and one each at bU% and 55%. Lt was con-
cluded that higher concentrations, possibly above 70% by
weight, could.probabiy be pumﬁed, although of course pipewall
friction would be high.

Nomenclature is given in Fig. 5.2.1.1. Along with the
rheological data are included the predicted preséure drops to
overcome pipewall friction in psi per mile. The specific
po&er (kilowatts to transport one dry short ton of coal per
hour one mile) is listed also. In both cases, pressure drop
and specific power are for pipewall friction only and do not
include pipeline bends, elevation differences, fitting

losses, or pump motor efficiencies.
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PROGRAM

THIS PROGRAM SUMMARIZES AND ANALYZES RHEOLOGY pATA FOR SLURRIES OR LIQUIDS MEASURED
WITH A BRIOKFIELD VISCOMEYER (MODEL LVY OR RVF) USING CYLINDRICA{ SPINDLES
SUBROUTINE OPMI PERFORMS A4 LINEAR REGRESSJON ON TAUBOB = K®OMEGAweN
SUBROUTINE PIPE PRENICTS PIPELINE ZHERGY REQUIREMENTS

NOTE: PROGRAM COMPUTES IN SI UNITS. SOME DATA OQUTPUT IS [N ENGLISH UNITS,

NOMENCLATURE

RC 2 RADJUS OF CONTAINER MEASURED AT SPINDLE LOCATJUN, cM
RS = RAD[US OF SPINDLE. Cn

RAT([: a3 RC/RS WHERE | = SPINpLE _NUMBER

CcHW = GRAVIMETRIC.-CONCENTRATION (DECINAL FRACTION)

cv = VOLUIETRIC CONVENTRATJON (DECIHAL FRACTION)

TEMP = SLURRY TEMPERATURE IN DEGREES CENTIGRADE

s a SPECIFIC GRAVITY OF SOLIDS

sL = SPECIFIC GRAVITY OF LIQUID
TAUK(1)= SPINDLE COEFFICIENT FOR STRESS WHERE | = SPINOLE
NUMBEFR ,

SH = SPECIFIC GRAVITY OF SLURRY _ ‘
CYIELD = SLURRY WIELO STRESS,. DYNES/CM/CM . . . | e
RPM = SPINDLE SPEED, REV/MIN

DIaL = BROOKFIELD NDJAL READING

STRESS = STRESS MEASURED AT WALL OF SPINDLE, bYNES/CH/CH o
KEMGAM = SHEAR RATE (1/SEC) FROM KRIEGER, ELROD, MARON (KEM)

EQUATION -

BROGAM = SHEAR RATE (1/SEC) FROM BROUKEY EQUATION _ _
ALVGAM = SHEAR RATE (1/SFC) FROM ALVES ET AL, EQUATION.
OMEGA = SPINDLE ANGULAR VELOCITY, RADIANS/SEC

K = CONSISTENCY INDEX, DYNE~SEC®®H/CHeu2

N = FLOW RBEHAVIOR INDEX, DIMENSIONLESS

KYP 3 INTERCEPT OF DELTAU VS, ALOGAM (LOGARITHM{C PLOT)
NYP = SLOPE OF DELTAU VS. ALVGAM (LDGARITHMIL PLOT)
DELTAL = TAU - TAUY _

TAU. = SHEAR STRESS  DYNES/CM/CM

TAUY = YIELD

RYP = COEFFICIENT ‘oF CORRELATION roR LEAST SOUARES FIT
"D1A = PIPE INNER OIAHETER, INCHES .

RELRUF = RELATIVE ROUGHNFSS (ABSOLUTE ROUGHNESS/PIPE 10)

veL 2 CRITICAL VELOCITY DENOTING LAMINAR FLOW

VCT 3 CRITICAL VELOCITY DFNOTING: TRANS!YIDN FLOW

VLCTY = VELOCITY OF fFLOW, ' FPS.

SHRATE = SHEAR RATE, 1/SEC

THROUGHPUT 1S [N DRY SHQORT TONS PER HOUR

RE 3 GENERALIZED REYNQLDS MUNBER BARED ON SLURRY' PRoPEaTlLs
T M = FAMND!G FRICTION FACTOR

PNDROP = PRESSURE DROP DUE TO WALL FHICIION' ONLY, PSI/MILE
KILW-HR/TQil=M] = SPLCIFIC POKER

Fig.5.2.1.1, p.1



FOUR DATA POINTS

SLURRY: . S35 HETHACOAL (64.3X). 3-12-77 4 - o 4 A . ; . _ -
I RC(CHM) RS(CHM) RAT(I) LN(RATCI)) Zh(X) CV(X) TEMP(C) S SL  TAUK(]) sM YIELD(DYNES/CHM/CH)
2 4,0400 9,5128 7,8MA3  2,p542 ¢«,3 52,8 25,9 1,425 9,791 92,1487 1,119 6,40

RPM DIAL STRESS KEMGAM BRCGAM ALVGAM OMEGA L M(OMEGA] LN(STRESS) ' ' TAU-TALY ~

10. 10.5  74.632.498+24 4,52 4,50 1.,0472 09,0451 4.312%  STHESS = 75,08(0MEGA )»e 0,465 R 2 28,9933 68,23

20. 15.9 113.014.98E+21 S.,e1  9.01 2.,0944 09,7393 4.7274 . STRESS = 17,19(KEMGAM)u» B,465 R 3 08,9933 106,61

50, 21,5 152,811.25€+@2 22,52 22,51 5.2360 .1,6556 5,2292  STRESS 2 38,09{BROGAM)ne 3,465 R = 90,9933 146,41

-1 R =

100, 32,2 228.862.47£+¢2 45,03 45,0310.,4720 2,3487 5.4331 STRESS J8,10{ALVGAM) ne §,465

0,9933 222,44

K= 38.10 N 1 0,485 KYP = 33,73 HYP = 3,490 RYP = 9.993%

A%

Fig. 5.2.1.1, p.2
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‘ . _ SYSTEM PROPERTIES
MINERAL =-= SS1 METHACOAL (64,3%! 3-12-77

AVERAGE SOLIND SPECIFIC GRAVITY (S ) --- 1,429 -
-L1oUID PHASE SPECIFIC GRAVITY (SL) --- 0,791
SLURRY . .. ._- . SPECIFIC GRAVITY {SM) --- 1,118
SLURRY CONCENTRATION RY WEIGHT --- 0,643
SLURRY CONCENTRATIO!N BY VOLUME --- p,500
ABSOLUTE PIPghisl L ROUGHNESS (E), FEET --~ 3,0001%00p ) .
GRAVITATIONAL ACCELERATION --=- 32,1573 FEET/SEC/SEC
SLURRY TEMPERATURE (TEMP). NEGREES CELSIUS --- 25,5 ) )
PIPE TYPE o 3 R ) --- B o
PlPE SLOPE R ~~~ HORIZONTAL
MESH PERCENTY

0.,007/100 . 0.30

104/204 13.72

2007325 65.60

325/PAN 20.40

TOTAL =  100@.0 .
WEIGHTED MEAN DIAMETER ©5,8349E-02 MH THRQUGHPUT (TONS/HR) = ~ SHORT
COEFFICIENT QF VARIATION = 44,68804 SETTLING REGIME = LAMINAR

ORAG COEFF OF WEIGHTED MEAN DJA ® 221,863 VISCOSITY FACTOR = 1,2 ..
REYNOLDS NUMRER OF SETTLING = 9.11 o
FOSIN - RAMMLFR EQUATIONI R 3 100 @ EXP(-(D/ @,P88649) %e 2,585¢45)

SLOPE = 2,585645 ___ INTERCEPY B .8, 0,06864908340 MILLIMETERS . _.
CORRELATION COEFF. 3 @,965528 05¢ = 2,06 MILLIMETERS
"KYP = 33,73 NYF = 0,492  TAUY 3 6,396
SH. THEORY ‘ .
PH = NJA,

Fig.5.2.1.1,p.3
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DIA
IN,

6.0093

8.0v0
10.040
12.009
14,0209
16.704
18,069
20.000
22,709
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6,007
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12,709
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E/DIA
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2.,%0022
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0.,69915
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2.02010
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g.a%008
0,02007

0.,00030
g,00022
p.0rO18
2.,0.015
23,0201
2.920011
P.00010
0,20009

2.,9v018

2,09007

2.,94030
0,20322
¢,0:,018
0,00015
2.,00013
0,00011
g,0u010
f,249¢9
D,200¢8
R.00p27

2.,872030
0.,06022
B,02018
2,04015
2.,0M013
2.,00'911
c@,90910
2.00829
P,0°008
8,0'007

0,04039

0101‘—022
2,0.018

0,3:6015 -

0,0:013
2.721011
0,7:010
2,07209
2,0.:008

veL
FPS

11.82
1e.04
9.34
8.82
8.37
8.02
7.72
7.46
7!23
7.03

11.02
1e¢.04
.9.34
8.80
a.37
8.02
7.72
7.46
7.23
7.23

11.02
12.04
g¢.3¢
.6.,880
6.37
6.02
T7.72
7.46
.23
.03

11.02

i9.04

?.34
R.8%
8.37
R, 22
7.72
7.46
7.23
7.03

11.62
1i°, @4
9.34
n.80
R,37
n,02
7.22
7.46
7.23

veY
FPS

16.89
15.39
14,31
13.49

12,83

12,28
11.82
11.43
11.08
10.77

16.89
15.39
14,31
13.49
12.83
12.28
11.82
11,43
11.08
10.77

16.49
15.39
14,31

13.49

12.83
17.28
11,43
11.08

10,77
16.R%

15!39
14,34
13.49
12,83
12.28
11.82
11.43
11.08
10.77

16,09
15,39
14,31
13.49
172.83
12.°28
11.82
11.43
11.F8

JLCTY THROUGHPUT REYNOLDS
TONS/HR |

FFS
4,00

4,00

4,00
4,00
4.00
4.00
4,00

4,00 .

4.00
4,00

5,00

5.00

5.00.. ..
5.082

5,00

5,20

5.00
5,00

5,00 ..

5.00

6.00C
.00
6,002

6,00 . ...

6.08

6,00

6.70
6.008
6.00

6,00

7.00

7.00

7.09
7.00

7.00

7.09
7,00
7,00
1,00
7.00

6,00
8.29
8,03
6.00

‘8,00

8,00
8,00
8,0
3,00

62.8
111,7
174,5
251,3

342,0 .

446,7
565,4
698.0
844,86
1005,1

78,8

139,6
218.¢ .

314,10
427.5
558,4
706,7

872.5 "

1055,7
1256 .4

94,2
167,82
261 E

513,90
670,1
848,1

1 1047,9

1266,9
1587,7

109,9
195,4
305,4
439,7
598,5
781.8
989,14

1221,5

1478,3

1759,9

125,86

223.,4
349,92
572.6
684,08
893,5
1130,8
1396 .9
1609,2

376,

HUMBER

455,
.52,
584.
639,
689.
735,
779,

. 8208. .

260,
a97.

637.
733.
.B818.
894,
965,
. 1030,
1094,
1149,

~-1204. .

1256.

830.
965,
1077,

127¢,
1356,
1437,
1513.
1585.
.. 1654,

1958,

. 12i8,
1359,
1486,

... 1603,
1711.

1813.
1999..

2091,
2m88.

1294,
1490,
1663,
1R18.
1961,
2094,
2484 .
2616,
2741,

4178,

FH
nix

,000p
P00
Ppde

10000 .

0000
L0000
900D
20008
«PpPo
+ 0009
20000
0efn
002
+0pRp
Nt
200D
8000
10029
0009

+000p
000p
20

10009

Anng
12003

PS1
M1

182,922
119,3%¢7
86,249
65.778
.52.4¢64
43.0¢8
36,254

. 31,0%4

. 95,654 . .

000

P0op
0000
000n

2000

08p
Nl
O00p

P0dg

0089
» P00
000
]
0000

LT

0000
1 00dp

) ] ﬂ(mﬂ

000
D0
N463
0458

244 -

26,978
23.77¢6

203,445
132,991

73.1%1
58,204
47,878
40,226
34,454

KILh-HR
TONSM]

2,4465
£,2918.
?.2100
2,1606
£.1281
2,1051
£,¢885

.-2,0758

29,963 .

26,360

222,844
145,118
104.348%

794711

63,456
52,197
43,822
37,576
32,647
28,712

239.1214
156,218
85,827

. 68,324

56.149
47.121
48,369
35,129
32,879

254.966
166,513
119.7:¢
91.4¢€5
72,847
59.,7¢€4
77,956
69.024
61,826

g,2659
g.e98n

T g, 4986

£,3246
€,2335
2,378¢
20,1423
2.1169
e,e982
p,e844
2,08731 .

2,0643

2.%420
2,3%42
2,254y
2,1946_.
g2.15%¢
2,1273
. 2.1070
g.,2917
e.,2797
2,781

€.%337

. 2,3813

¢.2744
£,279s
2,1668
2.1374
£,1152
e,2986
2.¢8%7
2,754
£,6224
2,406%
2,2922
2,2233
2.,1778
2.,3499
2,1983
¢,1685
2.,1509

Fig.5.2.1.1,p.4



=GHYT-

ola
IN,
24.,0¢2

.8 Qe'-"-'d

8.a0n
12,000
12.000
14,0e0
15,000
13,049
29,000
22,000
24,9010

6,000
8.000
10,0904
12,004

.14.008

16.000
18,002

.2G|ﬂ0ﬁ

22,020
24,000

6.u09
E.000
10,0804
12.000
14,00
16,900
18,000
2¢ ., 09
22,400
24,0000

46,030
' 8,007
10,400
1210Qﬂ
14,00
16,009
18,000
23.090
22.200
24,000

6,009

8.000
12,099
12,240
14,009
16,019
18,000
20,000

RELRUF
E/D1A
¢,20007

2.,0003%5
8,09022
8,072018
0,02015
0,73813
8.,07011
a,0401"
7,053089
o,0varA
0,%2047

,0:4930
0,8922
0,0401R
2.,97015
9,94013
B.92011
2,310

0,2:9009 _

2,72008
2.20047

9,003
8,23022

2.00018

2,00015
2.7013
A,A011
2,009
0.91209
7,0:5008
2,22007

8,71039
0,0:022
2.,20018

8,0:1315

0.,00013
9,381
0.02010

2,20399

0,2U0¢8
0.0'7@&17‘

B,0iQ32
0,21922
0,C3018
0.0&015
0,34013
g.00011
D21
g,00u9

vel
FPS
7.03

11,82
10,04
9.34
8.82
8.37
8.02
7.72
7.46
7.23
7.03

11.02
i1e.04
9.34
8.80
8,37
8.02
7.72

7.23
7.3

11.02
10,04
.9.34
8.80
8.37

8.02

£ 7.72
7.46
- 2023
7.83

.11.02

je,.04
9.34
8.83
8.37
a.e2
7.72
7.46
7.23
7.03

11.02
1¢.04
9.34
8.80
8,37
8.02
7.72
7.46

7.46 .

ve?
FPS
10,77

16.89
15.39
14,31
13.49
12.83
172.78
11.82
11.43
11.28
19.77

16.89
15.39
14,31
13.49
12.83
12.28
11.82

11,43 .

11.”8
10,77

'16.89

15,39

14,31

13.49.
12.83
12.28
11,82
11.43

11.08

10,77

16.89

15.39
14,31

13,49 .

12.83
12.28

11.82

11.43
11.78.
17,77

16.89

15.39

14.314
13.49
12,R3
12.28
11,43

VLCTY THROUGHPUT REYNOLDS

FPS
8,00

9,00
. 9.60
9.00
9.“@
9.00
9.0

9.20.

9.0%
9.00

9,00

19,00

ig.00

190,29
12,09
10,90

10.0%

16,00

do.00

10,00
16,04

iy

11,00

11,09 _
11.00 .

14,00
11,00
11.00
11.0”

Jly.e0

11,00

12,00

12,00
12,90

12 ] 0”,_ -

12,00
12,029

12,90

12.en
12,09
12,80

13,080

13.0F
13.00

‘13,00

13,01
13,480

13,00

15,00

TOHS/HR
2010.,3

©141,3

254,3

392,6
.565,4

769,6
1205,14
1272,1
1572.5
1990,3
2261,6

157,41
279.2
436,3
628,2
855,1
1116.8
1413,5

1145.0 -
- 2111.5 -

2512.8

172.8
307,14

691,0
940,6
1228,5
1554,8
1919,5
2322,6

2764'1;“"w

188,5
335,0
523,5
.753,9

1026,1

1340,2

. 1696,2

2094,0
2533.8
3915.4

294,2
363,0
567.1
816.,7
1111,6
1451,9
1837,3
2268,5

4799 .

HUMRBER
2861,

(1546,

1780,
1986,
2432,
2623,
2801,

..2967. ..

3129,
3274,
3417,

1813,
2“67 .
2608,
2852,

. 3076,

3284,
"3479,

3664,

3839,
4006,

2093,

2699,

12 S

3293,

3552, -

3792,
4017.
4230,

4433,

4626,
2673,

3n78.-

3434,
3755,
4050,
4324,

4581,
4824, .

5855,

5276, .

JaLa.
3473.
3875,
4237,
4570,
48840,
5177,
5444,

FH - PSY
MIX Ml
«P442 55,914

0008 269,877 .

000 176,229
10000 126,657
10468 149.102
0458 124,777
0444 106,958
0438 93,379

P43y 82,710

425 74,121
10419 67.8¢6

10280 283,885
1P0R9 185,427
454 216,271
10444 175,222
2433 146,669
12425 123,768
+0417 * 109,8¢5

LoP4ly | 97,343

10405 87,297
2490 78,971
10000 297,270
1P452 323,921 .

D438 250,377 .

l0425. 202,981
10418 169,984

40407 145,833

P40 127,383
10394 112,863
10388, 101,220

+8383 © 91,628
"vB4a54 516,266

0434 372,340
10420 286,40%
0408 232,284
B399 194,5¢9
0391 166,974

10385 143,925

0379 129,329
12374 115,989

D369 109,217

+8437 583.982
0419 419,164
10405 324,31¢
B394 263,065
0385 228,461
2378 189,247
D372 165,409
D366 146,657

KILW.
TCH~}
e, 13

2,65
2,43
e,30
.36
e,
R.261

. .2.22)

2,201
£.180
2.163

2,692
g.492
2,927
'2'427
2,358
e,307
2.268
2,237
£,213
g.192
'2.72%
‘24790

_e.011

2.499.
2-‘14‘
R.355¢
2,310¢
20275f
2,247
2,229

1.2601
2,904¢
2,699

. B.B66S

2.475¢
2.407¢
£.3581
2,315
2.2831
£,298:

1,425«
1,223
2.791¢
2,642;
g,5368°
2,461
2,4m3
2,357

Fig.5.2.1.1,p.5



9yT-

D1A

IN,
22,009
24,000

6,003

8.002
190.039
12.059
14,002
146,009
18.000
20,000
22.000
24.000

$.902

8,309
10,040
12.000
14,000
16.000
18,009
20,060
22.¢00
24.,53LR

6,39

B8.400
18.000
12.04Y
14.08¢0
16,0964
18,000

. 29.%¢0

22.040
24.0pd

RELRUF
E/01A
80,7406
9.2¢007

0,2¢230
0,2:3022
2.92'018
2,71015
B.01913
g,c0011
0,920319
g.e*g09
2,00008
0,%0907

2.00030
2,3¢p922
0,77018
2,09015
9.00013
2.,00011

0.6UD1T |

2.,70n0
A,0I00R
2,007

0,e'930
B,A0Q22
0.,00018
8,00015
2.77043
ﬂ.gﬂ@il
Q.,7:1010

0.,94029.

¢.,0'008
GI9”ﬂ97

VCL
FPS
7.23
7.03

11.02

in.04
9,34
8.80
a.37
.8.02
7.72
7.46
7'23‘
7.03

11.02
10.04
9.34
8.86
8.37
a.02
7.72
7.46
7.23
7.03

11.02
i0.04
9.34
8.8¢€
8'37
8.0z
7.72
7.4¢€
7.22
7.03

veT

FPS
11.08
106,77
16,89
15,39
14.31
13.49
12,83
12.28

11,62

11,43
11.08
10.77

16.89

15.39
14,31
13.49
12.83
12.28
11132
11.43
11.78
1¢,77

16.89
15.39
14,31
13.49
12,63
12.78
11!F2
11,43
11.68
10,37

VLCTY THROUGHPUT RLYNOLDS

FPS
13,00
13,00

14,00

14,00
14,00
14,00
14,080
14,00
14,00
14,00

14,00.

14,09

15,00 ..

15,00
15,00
15,40
15,06
15,00

15.00..

15,00
15,00
15,980

16,09

.16,0¢ |

16,07
16,02

16.0¢.

14,00

116,00
16,00

16,00

16,00

TONS/HR
£744,9
3266,7

219.9
- 390.,9

610,8

879,5
1197.1
1563,5
1978,9
2443,0
2956.1
3518,0

. 235,6.
418,8 .

654 ,4

942,3

1282,6
1675,2

2120,2.

2617,5
3167,2
.3769.3

251,3

T 698,0
1805,1
1368,1
1786.9
2261,6
2792,9
5378.4
1820,%

-.446,7. ...

NUMBER
5704,
5953,

3373,
38A4.,
4334,
4739,
5111.

. -,4._5457...

5782,
60886,
63680,
6658,

. .-3744., .

4311,
4809.

5259, .

5672.
6n56.
. . 6416.
6757,
7080,
7389.

4127.
4752,
5302.

5797-'

6233,

6676

7073,
. 1448,
7804,
8143,

FM

Hix
10361
10357

0423

10409
1B392
0384
18373

BP366 .

10360

A358
0350
0348

9410
+N393
t038ﬂ
0370
0362

2 @358
20350

A345
10340

0338

18399

83682

8379
10360
10353
10344
10344

aP338

10334
0327

207,275

P81 KILWaHR

M] T
131,545
119.121

654,927
472,340
364.052
295.421
247,689
212,635 .
185,871
164,821
147,878
133,924

729.0869 ...
523.823
405,569

329,229

276.0¢8
237.0855

183,842
164,949
149,412

806,324
579.572. .
448,928
364,482
305,697
262,347
229,603
203.675_ ...
182,769
165.574

ON~-M]

2.3211"

2,299

1,%986
1,1480

£2,8886 .

g.,7211
£2.6045

2.5190. .

£.4537

2,4023 -
.2.,3609
2,3269

1,7796 ..

1,278¢
2.99%0
2.8036
22,6739
2,578

. 245059..

2,4487
£.,4026

£.,3647

1,9681

1,4147..

1,987
£.8897
£,7462

2,6400

e,%9624

£.4974

2,446
2,404

Fig.5.2.1.1,p.6



FAUR NATA POINTS
SLURRY: SSI HETHACOAL (63.7%) 3-12-77
' I RC(CH) RS:iCM)

2 4,000 98,5128

RPM DIAL STRESS  KEMGAM BROGAM ALVGAM OMEGA

19, 7.0 49,894,.53E+00 3,44 3,43 1.0472
22, 8.9 43,049.P6E+0F 6,87 6,87 2.0944
€9, 15,8 119,402.26F+01 17,19 17.17 5,2360
128, 27.7 196.944,53¢+p1 34,37 34,3310.4728

K= 21.54 N = 2,618 KYP u 2p,22 NYP a 0,626

—LYT-

RAT(L) LNCRAT(I)) CW(X) CV(X) TEMP(C) S

77,8003 2,0542 3.7

LN(OMEGA) LN(STRESS)
D,0461 3.9899
f,7393 4.143A
1,6556 4.7823
2,3487 5.2829

RYP & 84,9912

STRESS
STHESS
STRESS
STRESS

49,

2

SL TAUK(I) SM YIELD(DYNES/CM/CH)

25,1 1,429 0,791 0.,14907 1,103 2,38
TAU=TAVY
44,67(0MEGA )e» P,610 R 2 90,9908 47,55
10,28 (KENGAM)es 8,610 R = ¢,99p8 60,70
21.,63(BROGAM)»e P,610 R 3 03,9908 117,06
21,65(ALVGAM) e DB,610 R = P,99098 194,690

Fig.5.2.1.1,p.7



-8%1-

SYSTEM PROPERTIES

MINERAL =-- SSI ME"HACOAL (63,7%) 3-12-77
AVERAGE SOLID SPECIFIC GRAVITY (S ) --- 1,429
LIQUID PHASE SPECIFIC GRAVITY (SL) --- 2,771
SLURRY . . SPLCIF1C GRAVIT™ (SN) --- 1,139
SLURARY CONCEMTRATION gy WEIGHT --- 0,637
SLURRY CONGENTRATION gY VOLUME --m 0,492
ABSOLUTE PIPEWALL ROUGHKESS (g3, FECE™ --- @,0722150P0 A
GRAY]TATIONAL ACCELERATEDN -~~~ 32,1573 FEET/SEC/SEC
SLURRY TEMPERATURE (TEMF), DEGREES CLLSIUS --~ 25.1
PIPE TYPE 4 . Lm— .
PIPE SLOPE ‘ ==~ HOREZONTAL
MESH PERZENT

¥,B807/10% n.30

130/20¢ 13.70

2961/ 325 65.60

325/PAN 2¢.40

T0TAL = 100.9
WEIGHTED MFAM DIAMETER 53,8349E~-p2 MM THFQUCHPUT (TONS/HR) = SHORT
COEFFICIENT nF VARIATION =  44,668801 SETTLING REGIME s LAMINAR

DRAG COEFF OF WEIGHTEND MEAN D1a » 221,865 VISCOSITY FACTOR = 1,0
REYNOLDS NUMRER OF SETTLING » g.11
ROSIN - RAMMLER EMUATIQHt R = 100 » EXP(-(D/ ©,06B8649) ®*» 7,585¢19)

SLOPE = 2,585615 .. IHTERCEPY D .= Q,06£864788347% MIL.IMETERS .
CORRELATION COEFF, = 3,965528 ‘D59 = 2,06 MILLIMETERS
KYP = 20,22 ‘NYP 2 0.626 TAUY = 2,345
SH THEORY
PH = N,A,

Fig.5.2.1.1,p.8



67T~

.. 22,000

DIa
IN,

6.009

8.000
10.000
12,000
14,000
16,000
18.000

20,009

22,000
24,002

6,000
8.¢nn
10,000

T12.000

14,200
16.000
18.9000
20.000

24,900
6,000

8.0u0
10.700

12,400

14.002
16,000
18,0410
29,400
24,000

5.000

8.0023
10,420
12,000
14,103
16.000
18.00a
20,02
22.v0@
24.7019

b.000

8,060
10.000
12,000
14.009
16,942
10,4300,

-20.000

22.v00

RELRUF
E/D]4A

2,02037
2,00022
2.2::018
0,2015
0,04813
0,04011
92,0701
0,081009
2,00008
8,29097

0,20030
8,0r022

2,0u018

0,23015
0.,22013

2,09011

2.,20019
8.22099

0,27028

2,437

9.02039
0,24022
2,72018

8,00215

g,2v0143
.A5011
2,7:010
0,23979
2.29308

0,000¢7

2,2203%
0,71922

0,23018

0.22015

P,09013 .

p.Y2011
2,270192
2,329009
9.,39008
8,72307

022933
0,03022
P,21'9110
2,04015
0,92013
2,011
Q.01'010
2,3'689
0,7::908

vCL
FPS

12.47
10.94
9,088
9.09
8.47
7.97
7.56
6.90
.63
12.47
106.94
9.88
Qozq
8.47
7.97
7.9%%
7.20
6.90
6.63

12.47
10.94
9.88

.9.09

8.47
7.97
7.56
7.29
6.99
6.63

12,47
10.94.

9.68
9.99
8.47
7.97
7.56
7.20
6'9”
6.63

12.47

10.94
9.88
9.09
8.47
7.97
7.56
7.29
6.90

ve?
. FPS

19.93

17.48
15.79 -

14,53

13.35 .
12.75 .

12.08

11.51 .

11.02
10.%9

19.93
17.48

15.79 .

14,33
13,55

12,75 _..
12.08 -

11.51

11.02

10.9%9

19.93:_ .

17.48
15.79
14,33
13.55
12.75
12.28
11.51
11.72

106,59

19.93
17.48
15.79
14,93

13.55,

12.75
12.78

11,51

11.02
10.5%9

17.48
15.79
14.53
13.55
12.75
12.08
11.951
11,02

VLCTY THROUGHPUT REYNOLDS

FPS TONS/HR . NIUMBER
4,00 61.9 440,
4,008 18,4 527,
4,00 172,41 607,
. 4,00 247.8 680,
4,00 337,2.._. . .749,
4,00 440,5% ata.
4,00 557,85 876.
4,00 . 6B8,2 . 936,
4,A0 832,8 994,
4.00 991,90 1049,
5,49 77.4 598,
5,00 137,6 717,
5,00 215,1 . 824,
5,00 3re,7 924,
5,3 421.,% ' 1417,
5,00 550.,6 1106,
5.00 696,8 1191,
5,00 860,3 1272,
. .5,00  108490,9 1354,
5,05 1238,8 1426,
6,00 2.9 __ . 769,
6,00 165,2 921.
6.00 258,1 1059,
6,00 _ 371,6___ 1187,
6,02 505,8 - 1307,
6,09 660,7 1421,
6,80  836,2  1530:
6,49 1032,3 1634,
6,00 12491 1735,
6,00 1486,6 4832,
7.00 108,4. 950,
_ 1400 192,7 . 1138,
7.00 391,1 1308,
7.00 433,6 1467,
2By 590,22 1619,
7,09 770.8 1756,
700” 975.6 18981
7.00 1204,4  2n19.
7.09 1457,3 2339,
7.089 1734.,3 2473,
8,39 123,9 1141,
8,29 220,2 1367,
8,20 Ja4,1 1572,
8, M} 495.5 1762,
8,27 674,5 1940,
8,04 880,9 2302,
8,04 1114,9 2478.
8.0 1376,5 2647,
8.”'.4 lbbsns 281”:

FM
HIX

+2009

4000

2000
0000

280820

00920
AOBn
Bndg
1BoAp
411

10000
P00p
+F00g

-+ Paop

0000
2n0g
+000p
«9200Q

10000
~+0pPa -

2009
000n
2000

.+ B0RY

NLLh

200
P00

Po020
Boana

.o 00Rg

10000

. +80029

10000
10000

. 1P00g.
0000

9000
12000
1047¢
10463

P800

0800
10003
0090
10000
19474
10463
18453
1P445

P31
. Ml

184,843

116,023

at,827
6#,225

. 46,945

37.77%
31.,2¢7
26,3¢8
22,622

19,662

212,262
133,129

. 92,828 .

69,096
53.8%9
.43,40%
35,829
38.22¢8

..25.929 .

22,961

237,7%4 .
149,122

103.827

L 2Ta357.

6€,269
48,562
.40,19¢0
33,824
29.08¢7

261,617

164,089

114,297
85.p8¢¢e
66,306
53,386
44,111
37.22%
49,541
44,643

284,298

178,316

124.1¢¢
92,4214
71,956
89,421
77,702
68,464
{)10117

25,183

KIL¥<HR
TON=-MT .

£.,4976
2,26873
g.20e4
2,1491
g.1164
2.,2938
2,2774
_..p.,L683 _.
2,236
2,0487

2,5255 -
"2,3296
'2-22904_
e,1714
e,1333
24075,
e,c887
2.074&
g.0642 _
2.9559

€.3886 __
26,3692
£.,2570

— €,1915 .

£,1492
g,1202 !
.'2.3994 .
2.,2838
g.,2718
_P.RBe23 __ .

C,0477
€e4082 |
2,2830
2.21%6
LR, 1641
£.1322
e.,1092
2,922
20,1220
2,1185

2,7038
2,4414
2,3774
g,22818
2.1782
2.2215
2,1924
2,18%6
,1513

Fig.5.2.1.1,p.9



_OS;T_

01A
lNl
24,000

6.900

f8.000
17,000
12.000
14,000
16,000
18,908
22,008
22.00p
24,009

6.0120

8.,0u0
10,7000
12.200
14,099
16,004
18,000
22.000
22.0u00
24.000

6,000

8,000
10,300
12,0490
14.060
16,000
18.009
27,809
22,009
24,900

4,000

8,930
190.290
12,179
14.030
16.0800
18,000
20,000
22,709
24,909

6,009

8.002
10,040
12.083
14,000
16,900
18,0609
20,000

RELRUF
E/01A
o,a0007

2.0:030
f, 01022
9,4n018
8,3%0815
2,20913
P01
09,0001
P.I7029
9,208
p.,p0ar7

9,00026

g.,0v022.

0,7:'018
0,200815
0,0¢213
0.,01011
90,0010
g,n00ec9
2,002¢8
p.200¢7

0,r1020
0,21922
0,74018
9,30015
3,00013
P,a0041
0,08030
2.,70209
0.AUBB
8,118¢7

2,90033
2,210z7
2,9°018
0.020815
0,27813
8,a9011
0,02039
0,969
0,008
2.71067

2,3:9%2
0.,0"3z2
9,2'011
P,77045
2,9°913
2,2'011L
g,Argn
[/ I Ea

veL
FPS
6,63

12.47
10.94
9.88
9.09
8.47
7.97
7.56
712”
6.90
6.63

12.47
10.94
9.88
9.09
8.47
7.97
7.56
7.20
6.90
6,63

12.47
10.94
9.88

9.09:

8.47
7.97
7.56
7.20
6.90
6.63

12.47
10.94
9.88
9.09
8.47
7.97
7‘56
7.2
6.90
6,63

12.47
10.94
9.88
9.09
8.47
7.97
7.56
7'20

veT
FPS
10,99

19,93

17,48 -

15.79
14,53
13.55
12.75

12.78 .

11.51
11.082
10.5%9

19,93
17&48
15-79
14,53
13.55
12.7%
12.78
11.51
11.02
10.5%9

19.93
17.48
14.53
13.55
12.75
12.98
11.91
11.92
10.59

19.93
17.48
15.79
14.53
13.5%5
12.75
12.78
11.51
11.972
10.599

19.93
17.48
15.79
114.53
13.55
12.75
17.78
11.51

JLCTY THROUGHPUT REYNOLDS

FPS
8,00

.9.00 .

9.00
9.00

9.00 .

9,00
9,00
9,00
9.00
9,00

9,00

19,00
1p.09
ig,00

10,00 .

1p,00
10,08

1@,00 .

19,00

12,00
11,08

11,08

11.09 ...

11,40
11,00

.11,00

11,03
11,00
11,00
11,00

12,08
12,00 -

12,00
12.00
12,00
12,00
12.09

12000'

12,00

12,00,

13,089
13,00
13,00
13,00
13.00
13.0%
13,00
13,00

~ TONS/HR

247.8
387.1
557.5
758,8
991.7

. -.1254,3 .
1548,5%:

1873,7
2229.,9

154,9

e 275.3.

430,14
619,4
843.1
1101.,2
1393.7
1720,6
2081,9
2477,6

170,3
3nz2,8
.473.2
681,3
927.4

1211,3 .

L533,0
1892.6
_229@,4
2725, 4

185.,8
330,3
516,2
743.3
i1611,7
L321,4
1672.4
2p064,7
2498,13
2973.1

201,31
357.9
559,2
ans,2
1096,0
1431,5
1011.8
2236,7

139,4

NUMBER
29687,

1607,
1848,
L2071,
2489.
27%6.,
.29113.,
3112,
3303.
.....3488,

1551,

1857, .

2330,
2611,
-..28786,
3127,
33686,

.. — 3596, .

3817,
4231,

~ 768
2309,

.- 2636,

29770
-3279.
.. 3564,
3837,

- 4099,
... 4351,
4595,

1992.
2602,
2993,
- . 3355,

3695, °

4217,
. 4323,
4620,
4904,
5178,

2426,
2905,
3341.
3745,
4124,
" 4484,
4827,
5157,

..1342.

FM
MIX
10437

, 0000
,0000
, 0000
NPLE)
D462
7430

9434
Paza

aP417 .

P00

0000,

D472
10486
442
10434
P4a2q

aPAL3

18405

40399
0800

2474

18454

108438
10428
12414
D405
8397

.+9390

10384

hana
,8457
0437

_0422

P4l
10409
0394
10384
8377
0374

10467
,0442
1A423
.0409
0397
N387
.A379
D372

PS|
My

55,086

305,949
191,894
133.567

99.415 .

126,328

- 107,667
0440 .

-93,534
82,482
73,626

66,303

326,629

204,822 ..

223,078
179,316
149,126
127,1%5

110,529
97,486

87.848
78,507

346,598

338,627

259,166 .

208,4¢4
173.4¢2¢
147,914
128,562
113,478

..103.3%6

91,425

365,940
368,285
297.324
aiv.210
199.117
169,943

.147.7¢4

138,422
116,528
105,145

621,737
44€.555
337.544
271.653
226,242
193.122
167,954
148,327

KILW<HR
TON=H]
2.,1364

€.7574
2,4730
2,3307
. R,2464
20,3127
2,2665

. 2,2315 ...

2,2042

£,1823-
R,1643

2,8086

2.,5071 ..

2.9%23
2,4439
02,3492
2,3148
22,2736

2,2413 .

£,2155
£,1944

2,8589
2,8383

2,%9159
£2.4293
R,3662
£,3183
g2.2a809

..2,2309
-B.2264

2,90%9
2,9612
2.7360

. £.9922

0.,4929
2,420¢6
'FRLET:!
.3229
g,2885
_2.,2603

1,9391
1.89¢¢
2.83%s
2,6726
2,9601
2,4781
2,480
R,3572

B,4416_

Fig.5.2.1.1,pl10



-DIA

N,
22,20
24,900

6,940
8.n0n
18060
12.,m00
14,040

S 16,00

18,0400
20,008
22.800
24,000

6,900

8.070
10,029
12,090
14,429
16,004
18.000
20.000
22.840
24.040

6.000
8.000
19,.4pe
12.0492
14,190
16,200
18.200
20, vyp
220 ':“U‘f‘
24.000

RELRUF
E/D]A
9,290c8
9,000e7

0,00030

0,00022
0.,00018
#¢,n'015
B,5013

0,00011.

g,0:019
8,20009
g.70na
8.,9v0n7

@,7%032
g,nn922
23010
#,07015
2, N:013
2,32011
2,24010
¢,0n809
2,97:1208

8,27007

@,71032
0,010822
2,00018
3,01015
2,20013
0.70041
2,701
3,71329

2,299¢8 -

2,93807

vel

FPS -

6.9¢0
6.63

12.47

10.94
9.88
9.89
8.47
7.97
7.56
7.20
6.90
6.63

12.47
17.94
¢.88
9,09
8.47
7,97

. 7.5

7.20
6.9
6.63

6.63

“veY
FPS
11.22
10.%9

19.93

172..48

15,79 .

14,83
131.55
12.75
12.08
11.51
11.92
1™, 59

19.93..

17.48
15.79
14,53
13.95

12,08 __.

11,51
11,02

10,59

19.93

17,48

15.79
14.53

1335

12.75
12.928

A'ilogi_

11.02
17.9%9

VL.CTY THROUGHPUT REYNO{.DS
_ TONS/HR

FPS
13,00
13,04

14,00

14,00

14,00

14,00
14,00

14,00

14,00
14,00

14,00

14,008

15,03 |

15,00
15,00

15,00 .

15,00
15,00
15,0¢
15,00
15,09

.15.00..

16,00

16,00

14,00
16,00

16,20

16,00
16.00

.16,00

16,00
14,00

27906,4
3220, %

216.4
385,4
. 602,2
867,2
1160,3

.. 1541.6

1951,1
2408,8
2914.,6
3468,7

232.,3
412,9
545,2

1264.,6
1551.,7

. e990,5

2580,8
JL2z,8
3716,4

247,8
149,5
$68,2
991.,0
. 1348.9

1761,9

2229,9

_2752,9
3331,0
3964,2

729,1

NUMBER
5474,
5780,

F13IT8

3216,
. 3698,
4146,
4566,
4964,
5343,
S7R9,
.6néR,
8400,

3536,
4066,
.4558,
Se20.
5458,

8277,
6663,
.. 136,

3227,

3864,

4443,
4981,
. .5483,
8964,
6421,

.. 6858,

7688,

2953,

e 9876

4]

MIX
0368
2360

0453

0428
P410

T 0397

10389
378
10368
P364
18358
0350

A44p
Rals
0399
03848
'R378
D368
18358
8352
1346
18344

19429

10406

0369
10376

18366

2357
18350

18343

0338
18333

PS1

Ml
132,548
119,621

698,817

495,420
379,701
305:819
254,746
217,516

189.2&3‘

167,142

.149,3¢8

134,847
779.329

- 552,868

424,002

341,594
- 284,602

243,074

. 211,549

186,861
167.042
150,627

863,345

612,798

478,170
378,874

315,787

269,773
239,834

207,467 .

185,454
167,458

KILW=HKR
TCH=1]

2.3281'
.2961

1,7380
1,2268
g.,9402
e.78714
2,636

£.9385_
B.4685 |
El‘isei
£.3698 ..

2,3338

..1.9293

1.,3687
1.,8497

£.84%6 .

£2.7046
e.6018

. B,.%237.

e.4626
0.4439

83733

2,1373

443170

1,1639
£.,9379

e,7818 .

2.6878
e,%9014

B.%136 ..

2,45892
€.,4448

Fig.5.2.1.1,p.11



FOUR DATA POINTS

. SLURRY$: SS1 HETHACOAL (59,2%) 3-12-77 , . : . A - e e
I RC(CHM) RS(CM) RAT(L}) LMCRAT(I)) CHIX) CV(X) TEMP(C) § SL TAUK(1) SM YIELD(CYNES/CM/CM)
1 4.0P00 90,9421 4,2458  1,4489 29,2 44,6 25,9 1,429 9,791 P,5814 1.076 7,28

"RPM DIAL STRESS KEMGAM RROGAM ALVGAM OMEGA LN(OMEGA' LN¢ST3ESSy ~~~~~ =~~~ = .7 T U RAUSTADY T T

99,65(0MEGA ) e 9,391

10, 32.6 56,049.48E+07 5,36 5,36 1,0472 09,0461 4.0260  STRESS = R = 00,9785 48,78
28. S51.1. B7,961.74g+pt 10,72 10.72 2,0944_. 0,7393 = 4.4769 . STRESS ¢ 25,01(KEMGAM)se D,391 R = 00,9785 60,68
S50. 68,7 118,204.,34C.0L 26,81 26,79 5,236 1,65586 4.7724  STRESS = 31,51 (BROGAM)=e 0,391 R s @,9785 119,92
100, 82,2 141,319.88E+p1 53,81. 53,5810,4720 2,3487 4.9519  STRESS = 31,51(ALVGAM)ae P, 391 R =.9,9789 134,04
K = 31.51 N = 0.391 KYF s 26,15 NYP = @,427 RYP » B,0741 '
LAST THREE DATA POIYTS . O O e
SLURRY: SSI METHACDAL €59.2%) 3-12-77 ‘ . :
1 RC(CH) RS(CHM) RAT(I) LMTRAT(I)Y Cw:X) CV(X) TEMP(C) - S SL  TAUK(]) SM  YIELO(OYNES/CM/CM)
1 4.,0000 03,9424 ... 4,2458 1,4459 20.2 . .44,.6. 25.9 1.429 @,791 0,5814 1.876 = 7,28
RPM DIAL STRESS KIMGAM BROGAM ALVGAM OMEGA |N(OMEGA) LN(STRESS) : , TAU-~TAUY
10, 32.6 56,M49,58F+p0 5,36 . 5,36 1,0472 " 9,0461 4.0260 . STRESS = 99,65(0MEGA }se P,391 R = P,9785 48,74 _
28, 51,1 " R7.961.94E+81 10,72 10.72 2.0944 ~ 9,739% §5.,4769  STHESS = 28,01(KEMGAM)#s 3,391 R = 20,9785 80,68
50, 68,7 118,204.B4E+A3 26 ,B1 26,79 5,2368 1,6555 4,7724  STRESS a 31,51(BROGAMIse 2,391 R = D,9785 110,92
198, 82.2 141,319.68E+01 53,61 53,5810.4720__2,3487 4.951@  STRESS o J1,51(ALYGAM)®® 2,391 R _= 0,978% 134,04

K= 31.51 N = 0,391 KYF = 38,36 NYP = 2,317 RYP = 2.997g

o =Cu L=

Fig.5.2.1.1,p.12



_E:g'[_

SYSTEM PROPERTIES -

MINERAL ~-- SS| HMETHACOAL (59,2X) . 3-12-77

AVERAGE SOL1D SPECIFIC GRAVITY (S ) ~-- 1,429
LIQUID PHASE - SPECIFIC GRAVITY .(SL) --~ 2,791
SLURRY _SPECIFJC GRAVITY (SM) ===~ 1,876 -
SLURRY CONCENTRATION BY WEIGHT ~=v 0,592
SLURRY CONCENTRATIOM BY VOLUME --» 0,446
ADSOLUTE. PIPEWALL RQUGHNESS. (E), FEET . ==+ 0,00015000
GRAVITATIONAL ACCELERATION -— 32,1573 FEET/SEC/SEC
SLURRY TEMPERATURE (TEMP), DEGREES CELSIUS --~ 25,9
PIPE TYPE e e el TRI
PIPE SLOPE _ ~<~ HORIZONTAL
MESH PERCENT

a.007/120 e.3¢

100/2e0 13.70

200/325 . 65,60

325/PAN 2¢.40

TOTAL = 100.¢ :
WEIGHTED MEAN DTAHETER =5,8349E-02 MM THROUGHPUT (TONS/NR) s
COEFFICIENT OF VARIATION = 44,68801 - SETTLING REGIME a LAMINAR

CRAG COEFF OF WEIGHTED MEAN DIA.m 215,939 'VISCOSITY FACTOR = 1.8 _. ..
REYNOLDS NUMARER OF SETTLING ® f.11

AOSiN - RAUMLER EQUATIONS R =z 128 e EXP(-(D/

SLOPE = 2,585615 . ... INTERCEPY B o _92,06864908340 MILLIMETERS ____
CORRELAT!ON COEFF. ® B.985528 . 050 & 8,06 MILLIHETERS
KYP ¢ 38,34 va,c 8.317  TAUY = 7,275
SM THEORY » '
PH = NGA,

2,868649) »a 2,585615)

Fig.5.2.1.1,p.13



’beI-

DIa
IN,

6,000
A,290
10,000
12.00¢
14.009
16,000
18.400
29.000
22,8140
24 .00

6,200

8,000
18,0492
12,030
14,000
16,0002
18,000
20.0490
22.2u4

“ 24,000

6.cuQ

8.¢u3
10,090
12.090
14,200
16,1299
18.200¢
20.0u9
22,390
24,000

6,000

g,000
10,000
12,009
14,402
16,400
18,030
2¢,920
22,0060

24,000

4,000

8,000
10,00
12,014
14.06H
16-CH5
18,0027
20,000
22,040

RELRUF
E/DIA

2,29030
B.72vp22
2,6°0918
9,06015
0,20013
B,2911
@,A3910
0,9:009
0,96561A
0001)007

2.,00939
0,99022
2,99018
0.,83015
2,04013
Q23011
0,27213
01“3009
9,20328
g,2u007

2.,04037 .

2,01'922
P,37218
0,3:315
2,29013
0,0v011
A.oupLs
0,31306
2,2028
0.7:4097

0.0rg32
D,3P2%7
0.2.101E
0.,9)01%
0,013
0,27811
0.0901%
0,3190¢
C.C200E
0.739007

8,20030
8,0i:022
B.70%18
0.0'015
e,F'pg3
92,9011
0,99
IR 1]
[ AT}

vCL
FPS

7'22
6.83
6.55
6.33
6.15
6.00
5.87
5.75
5.65
5.56

7.22
6.83
6.55

6.33°

6.15
6.00
5.87
5.75
5.65
5.56

7.22
6.83
6.55
6.33
6.15
6.00
5.87
5.75
5.65
5.56

7!2?
6.83
6.55
6.33
6.15
6.02
5.87
5.75
5.65
.56

7.22
6.83
6.55
€.33
6.15
6.90
5.87
5.7%
5.65

vet
FPS

10,58
10.72
9.61
9,29
9,02
8-“0
8,60
8.43
8,28
8,15

11,58

10,02

9.61 .

9.29
9.m2
8.80
8,60
8,43
-8.28
8.15

10.58
17.62
9,61
. 9.29
9'22
8.80
8.£0
8,43
8.28

8,35

18.%8
10,22
9.01
9.29

.02 .

8.£0
8,60
&I‘s
8.78
a.15

10.%8
14,22
Q.61
9.29
g.02
a.rg
g.62
g.43
£.28

VLCTY THROUGHPUT REYNOLDS
NUMBER

FPS

4,00
4,00
4,00
4,00
4.@9
4,00
4,00

4,00 .

4,00
4,80

5,00
5,080
.5,06
5,00
5.00
...5,00

5,00

5,00

.. 8,00 ..

5-0”‘

6.0%
6'0ﬂ
6.09

.-6.00.

6,09
6.00
. 6,00
6.00
8.060
6.00

7.00
7.09
7.00
7.00

7.28
7-0“
7.00
7.0¢:
7.00

8,00
8.00
8.6
8,00
8.0
8.m0
st}
. P
£,60

7.085

TONS/HR

56'1
99,7
155,7
224,2
305,2
398,6
504,5
622,8
753,46
896,9

0.4
124,6
194.6
280,3
381.,9%

. 498.,3
- 630,6
778.%6
. 942,11
11211

. 8401
149.5
233,6

e 336,33
457.8 -

597,9
7%6,8
934.3
1130,5

~-1345,3 |

9801

174,4

272,5
392.4
534,1
697,6
882,9
1090.0
1318,9
1569.6

112.14
199.3
311.4
448, 4
6102 ,4
797.,2
1869,0
1245,7
1507.3

4
. 778,
915.
969,
1218,
1062,
1182,

114@2... .

1179,
1208,
1133,
1241,

.1332..

1411%.
1482,
1546.
1605,
1659,

RYZU

1758.

1549,
1687.
i810.

2p14.,
2489.

..2508¢,

2585,
2665,

.2739. .

1996.

. 25826,

2690,
289¢,

2993,

3122.
J241.
. 3351,
3484,
3551,

2864,

3138,
J34A,
3568,
3747.
3909.
4058.
4195,
4324,

1948, ..

P
MIX

18000

19000 .

1999
P09
Do
1000
10000
2000
000
WP00Q

0089
R08p
20o0p
2000
P00
0020
+P00g
800
W N50g
000

10009
0000
0000

0000 _

1000¢
2467

10462

10457
18452

P44 .

18009

18462
18452

0444

NAIRYA

P43
18426
18422
P41
10414

N4a4
18431
12422
0414
Palg
RA03
0399
R399
NALEE

. PS1
Hi

106,102
72,9€1
54,562
43,1e¢0

35,204 .

29,687
25,4¢2

. 22.217. ..

19,682
17,847

113,428

78,028

KILW=HR
TON-MT ..

2,2992

. 2,199

. 58,385 .

46,277
37.733
31.724
27,229
23.7%@

20,979 ...

18.7¢2

119,915,

82,445
61,655

39,826
48,282
42,428
37,764

. 34,004
38,5014

125,649

130,273

101,716
83,220
78,242
60,655
53,264
47,474
a2,7¢e
38.68¢8

217,7¢7
158,584
124.877
191,589
85,753
74,23
65,103
s8.ce7
52.,2¢9

_.48,654 .

2,1493
2.,1179

.2965.
e.2812

2,2697

2,8538
2,2480

g.0e08. .

€,3104

2,2134

£,1597 .

2,1260
2,032
2.2n840
e,2745
g.265p

e,0574 _

2,0513
g,3280Q

" B,2255

2.,16087

g.1e289
e.1324
2,1160
2,1033
2,093a
2.2845

2,3437
£,3598
g,2782
£.2276

0,1331.°

2,1921

e,1659
2,145%8
0.1299
g.1172
2.,1063

2,595
2,4338
22,3394
2,2776
2,234
2,2026
2,178%
g.,1587
2.,1430

Fig.5.2.1.1,p.14
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DIaA
!NO
24,1090

5,300
8,030
10.000

c12.009

14,000
16,00
18,049
29.7A90
22.100
24,000

6.209

8,000
10.0wY
12,9600
14,000
14.000
16.0¢0

P AB0

22,102
24,4@d
6,000
8,149

10,000

12.023
14.9¢9
16,059
18.0uv0
23220

o 22.099

24,009

6,004
8,430
18,000

.. 12,000

14,000
16,093
18,000
20.900
22,4390
24,640

6.000

8,000
12,900
12.000
14,009
16.0u0
18.000
29,000

RELRUF
E/D1A
9,00307

P.29330
2,00022
P.0C01L8
0,%79215%
80,2013
g,20011
3,00010
0,R40pP9
0,60n8

0,00097

g,00030
9,01822
9,7¢318
3,230615
2,07013
Be2011
0.,07617
2,94809
0,02408
2.20807

2.03030
9,00022
6,61218
0,24€15
0,77213
0.011011
0,0:010.
2,203n9

g.71008

9,82007

2,31830

f,09822

09,2318
0,74015
9,00013
2,00011
0,9901¢
90,0000
0,22078
2,20007

p,r7030
B.%0d22
9,03916
2,24015/
9,71013
B.R:011
2,00017
P,7.806

Vel veY
FPS  FPS
5.56 B8.15
7.22 10,58
6.83 1p,P2
6.55 9,61
6.33 .29
6.15 .9.02
6.20 8.00
5.87 8,40
5.75 8.43
5.65 a.28
5.56 8.15
7.22 10.5%8
6.83 10,02
6,55 9.61
6.33 9.2¢
6.15. 9,02
6,00 8.80
5,87 8.60
5.75..8.43 _
5.65 8,28
5,56 8.15
7.22 10,58
6.83 10.02
.6.55_.9.61
6.33 9.29
6.15 9.02
6.00..8,80
5.87 8,60
5:75 B8.43
.5:65_“&nzaﬂu
5.55 8.15
7.22 10,98,
6.83 10,02
6.55 9,61"
6.33. 9,29 ..
6.15 9,82
6.00 8,80
5.87 8,60
5,75 8,43
5.65 B8.28
.5.96 . 8.15_.
7.22 10.98
6.83 {p,02
6.55 9.81
6.33 9,29
6,15 9.,M2
6.00 @8.A0
S.87 B,hD
5.75 8,43

VLCTY THROUGHPUT REYNOLDS
NUMBER

13,00

e 0178

4445,

3492,

3a2e6,
4106,
4350,
4568,
4766,
4947,
5115,
5272,
5420,

4170,

4568,
4903,
519‘0
5458,
5691.
5907,

4295,
6471,

4895,

© 5363,

991,9 -

FPS TOMS/HR
8,80 - 1793,8
9,00 224,2
.00 350,4
. 9.0mr _  5B4,5
9,00 686.7
9,008 896,9
9.00 1135,1
9.00 1401.4
9.20 1695.7
9,00 2018,0
1g.00 147.,4
19,00 245,14
10,00 389,3
10,09 560,46
10,00 . 763,90
19,80 ~ 996.6
10,00 1261.3
10,00_. 1557,14
ip,00 ~ 1884.4
19,00 - 2242.2
11.020 154,2
13,00 274,14
11,00 __ . 428,2
11.00 616,68
11,00 839,3
11,00 . 1@96,2
11,00 . 1387.,4
11,00 1712.8
11.,80__2072,5 ___ _
11,02 2466,58
12,09 168,2
12,00 299,90
12,00 467,14
12.00__.. 672.7
12,09 915,46
12,90 1195.9
“12,00 1513,5 -
12,00 1868,5
12.00 2260,9
12,00 2690,7
13.90 182,2
13,80 323.9
13,00 506,1 -
13.09 728,7
13,00
13,80, 1295.5
13,00 1639,6
2024,2

5756, .._

6098,
6404'

FM
Mix
0388

D419
B407
@398

8394

12385
380
10376
0373
18369
18368

+0397
123834
10378

0372

B366
WN362
0358

B354

10351
0349

P380

10369
10361
1A355
12350

BELAL]L)

10342
P339

28338 .

10334

10364

N354
0347

1934y

10337
0333

.. 40329

8326
18323

P32y

0351
1P342
0338
2329
2325
W0A321
0317
+A3LS

PS1 KILh<HR

. M1 TON=M]
47,513  e,1300
259,615 ¢,7102
189,211 82,3176
148,102 £,4051
121.2¢6 £2,3317
102,424 £,2802
88.456 £,2421
77.758 . 2.2128 .
69,313 2,18%7
62,475 2,17089
'.56.812 2.1554
304,322 2,8325
221,888 R,6M70
173.728  2,4793
142,269 2,3893
128,218 2,3289
103,853 £,2842
91.3%¢ £,2499
81.425 .. @,2227 .
73,363 e,2087
68,729 - 2,1826
351,753 g,9622
256,558 2,7018
200,941 _ 2,9497_
164,618 . £2,4583
139,103 ¢,3805
0128,235 _ @,3289,
105,737  ¢,2892
94,2¢2 2,299
84,9€¢3___ 80,2324
77,280 g,21t4
401,845 31,2992
293,174 "¢,802n
.229.672 "@,6283
188,153 £,%148.
159,852  2,4351
137,459  2,374%
120,926 ._2,330s.
167,825 ¢£,2959
97,189 2,2659
88,419 ..2,2419 ..
454,543  1,2434
331,654 . 2,9073
259,858 £,7109
212,955 £,%826
132,042 2,4925
155,663 . £,4258
136,928 22,3746
122,126 2,339

Fig.5.2.1.1,p.15
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DlA
IN,
22,040

24,000

6,004

8,007
10,000
12,002
14,000
16.000
18.000
20,0490
22.009
24.00¢

. 6,000

8,000
10,200
12,200
14,70
16,0092
18.020
20,000
22.000
24.000

6,200

8,900
10,000
12,009
14,0400
16.400
18.np0
20,000
22,6400
24,009

RELRUF
. E/DIA
0,07028
0.,0c007

B,c3D3Q
0.,70922
0,00818
0,00015
P,6AM3
0.20041

8,00010

2.,20009

P,000¢H -

p.0u@p7

8,9%036.

g.0mp22
2,011318
0.90045
2.00013

2.%29012
0.,99029
0,2%00A0
2.80007

0,a1932
0,00022
P,01018
p,01015
0.,20013
B,20011
2,91012
p,2u009
0,54208
0.%¢007

Vel
FPS
5.65

5056 N
"7.22

6.83
6.55%
6.33
6.15

6.00..

5.87
5.75
5.65
5.56

.7.22

6.83
6.55

6.33,

6.15
6.00
5.87
5.75
5.65
5.96

7.22
6.83
6.55

"6.33

6.15
6.00
5.87

. 5.75.

5,65
5.56

ve?
FPS
8,28
8.15

10.58

10.72
9.61
9.29
9,02

8.80. ..

8'60
8,43
8!28
8.15

10.58
10,¢2
9.61
9.29
9.02
8;86
a.be

8,43

8.28
8.15

10.58

10,72

9.61
9.29
9'?2
8.00
8.60

8.43 .

8.28
8.15

VLETY THROUGHPUT REYNOLADS

FPS

. 13,02

13,00

id:bb“u

14,020

14,00..

14,00
14,00

14,00

14,02
14,00

14,00

14,00

15,00
15,80

i5,004. -

15,00
19.00

15,042,
15,00

15,00
13,00

16.00

16.00. .

16,308
16,00

16,00 .

16,00
16.00

16,90 _
- 3014,6

16,09

16,08

- 15,02 .

TONS/HR
2449,3
2914,9

A“idﬂ;éu

J48,8
545.0
784,8
1p68,2

4395,2.

1765,8
2180.0
2637,8
3139.1

.210,2.

373,7
583,9
840.8
1144,5
1494,8

1891.9.
2335,7

2826,2
3363,4

224,2
. 398,6
622,8
8968,9

1220,8

1594.,5
2018,0
2491.4

3587.6

979a,
10063,

9346,
Y
. 8637,
9191,
9609,

10406,
. 18760,
L4090,
i14!000

.. B250,

938,
9780,

..40278. .

18792,
112%9.,
..-41488,
1285,
';2455.
.12804.,

9197,

..—10a75, _.

16813,
11457,
12234,
{2554,
13229,
. A3474..

14273,

_.NUMBER .

_10025...

FH

MIX
0312
10310

B340

18331

10324

12318
N314

8310 ..

10307
B304

PR3k .

18320

08329 .

0321
1A314
309
2305
0304

.19298.

0298
A293

029 .

8320

10312 .

D304
18304

40296

10293
10293

10287

12208
10283

509,801

PS1 K
L] B
110,1¢0 |
100,163

372.¢€2
291,560 .
239,001
202,054
174,749 .
153,74
137.0¢61

123,602 .

112,455

567,575 _ .
414,306
266,244
223,100
194,660
171,2¢3 . .
152,77

137,749

129.3£8

627,829

458,441

359,344
294,553
249,088
215,422
189,543

.169.8%2_

1520440.
138,712

[LWHR
ONeHl . .
2,3012
e,2748
1,394%
1,€178
2.,7976 ..
2,6938
2,9928
g2,4780.. .
2.,4205
2,3750
g03381”“
2,3076

1,95926 ._
1,1333
¢,8885

. g,7283.

£2,6457
2,5325
2,4685 __
2,4178
€,37s7
£,3428 ..

147174
1,2540__
2,9839
e,8098

. 2,6814

2,5893
2,988
R.4624
2,4470
2.,3794

Fig.5.2.1.1,p.16
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FOUR NATA POINTS

SLURRY: SOl HETHACOAL (54,6%) 3-12-77
1 RC(CM) RS(CM)
1 4,0000 90,9421

t

"RPM DIAL  “TRESS KEMGAM BROGAM ALVGAM OMEGA

10. 15.2 26.113.06E+84 12,47 12,47 1,0472
20, 16.5 20,336.13E+04 24,95 24,95 2.p944
5. 19.7 33.,061.53€+05 62,37 62,37 5,2360
130, 22.3 38,423.06€+0%5 124,73 124,7310.4720

RATCD) LNCRATCI)) ChEX) CV(X) TEMP(C) S
26,0 1,429 0,79}%

LN{OMEGA)
8,046
20,7393
1,6556
2,3487

1,4459 24,6 39

LN(STRESS)
3.2623  STRESS
3.3439  STRESS
3.4983  STRESS
3.6487 STRESS

K s 16.86 N = 0,158 «YP e 14,78 NYP = 0,181 RYP = 8,9937

9

!

25,46 (0OMEGA )es
4,53 (KEMGAM) »@
16,80(BROGAH)»»
16,80 (ALVGAM) 0o

SL

2,168

0.168.

P.168
P.168

TAUK(]) SH  YICLD(OYNES/CM/CH)

0,5814 4,046 2,32
TAU-TAUY

R o 38,9932 23 79

R 2 90,9932 26 9%

R £ 0,9932 30,74

Rt 0,9932 36.10

Fig.5.2.1.1,p.17
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SYSTEM PROPERTIES

MINERAL =-- SS1 METHFACOAL (54,6%) 3-1277 -
AVERAGE SOLIN SPECIFIC GRAVITY (5 ) -~~ 1,429
LIOUID PHASE SPECIFIC GRAVITY (S{) --~ 9,791
SLURRY ... - - .SPECIFIC GRAVITY (SH) ~--_1,046
SLURRY CONCENTRATIOM BY WEIGHY --~ B,846
SLURRY CONCENTIATIOM BY VOLUME . -=n 0,399
ABSNLUTE PIPEWALL RCUGHNESS (), FEET ~-=.(3,00015000 .
GRAVITAT]ONAL ACCELERATICN --- 32,1573 FELT/SEC/SEC
SLURRY TEMPERATURE (TEMP), ntcnc[s CELSIUS -—= 26, a
PIPE TYPE . . - —-
PIPE SLOPE . --- HORIzONTAL
MESH PERCENT
0,007/1089 2.3¢
ina/200 13,7¢
2017325 . 65.62
325/PAN 22.4¢
TOTAL = 18@.4
WEIGHTED MEAN DIAMETER €%,8349E-p2 MM THRQUGHPUT (TONS/HR) & SHORT
COFFFICIENT OF VARIATION =  44,68801 SETTLING REGIME a LAFINAR

ORAG COEFF OF WEIGHTED MEAN DIA m 215,939 VISCOSIYY FACTOR = 1,8 _ . ..
REYNQLNS NUHBER OF SETTLING = g.11 ) .
ROSIN - RAMMLER EQUATIONE R = 100 . EXP('(D/ P,06E649) sa  2,585£15)

SLOPE = 2,585515.. . .. INVERCEPT B .z..0,04864908343 MILLIMETERS, ... . _.
CORRELATION COEFF, 3 @.945528 osm 2 0,06 MILLIMETERS

KYP 2 14.78 NYF o @,181 TAUY » 2,322

SH THEORY » 4

PH = N.A.



D1a
IN,

6,009
8.000
16,040
12,900

140900

16,000
18.0090

L 20,004

22.0p0
24,000
6.000
8,000

10,900

12,000
14,000
16,000
18.000
20,000

22,000

-6GST-

24,009

6,000

8,090
10,009
12,7200
14,000
16,009
18,m00
20.004
22,000
24,900

6.000
8,000

" 18.0un

12,003
14,000
16,200
18.000

29,009

22,040
24,090

6.0809

8,209
1€.000
12,029
14,000
i6,n10
18.000
23.000
22,0070

RELARUF
E/01A

0,00230
p,A¢02?2
6,07018

8,77015

0,04013
P.ANDLY.
0,0upy"

g,00809

o.n1008
2,320807

#0003

2.00922

2,00018

0,20815
2.04013
0,92911
g,oro1e
8,¢9809

9,00008

B,20007

2,00030
0,0%022
2,70018
2,705
0,04013
8,M0011

8,An210

P.670R9

2.21208 .
8.,00807

0,90830 -

8.7M022
n,0P018
B,20045
2,003
0.,2v0e11
B,7HURL0
Q,0:009
2.,00018
., n2907

0,040239.

0,59022
20,7018
0,914815
09,0013
9,73011
0,901
0,7:4009
2,9:14908

2.487

3.04

vCL
FPS

3.04

"2.96

2.89
2,84
2.80
2.76
2.73

2,70

2.67

2.65

3.04
2.96

2.89

2.84
2.89
2.76
2.73
2.70

2,65

2.96
2.89

. 2.84

2.80
2.76
2.73
2.70
2'67
2.65

3.04
2.96
2.89
2.84
2.80
2,76
2.73

. 2.70

2.67
2.65

'3.04

2.96
2.89
2.84
2.80
2.76
2.73
2,70
2.A7

ver
FPS
4.34

.4.22
4,12

4.75

.3'99»

3.93
3.89

3.85

3.81
3.78

4,34

4,22

4,12

4,05
3.99

.3.,93

3,89
3.85%

3.78

4,34

4,22
4,12

3.99
3.93

R LD

. 6,00

483

3.89

3,85
3.8

3.78

4,34
4,22
4'12
4,05

3.99 .

3.89
3.85
3,81
3.78
4,34
4,22
4,12
4,25
3.99

3.93.

3.89
3.85

..?IBD. -

T. Rt

VLCYY: THROUGHPLT REYNOL DS FH

FPS

4,06n

4,00

4,00
4,00

4.00

4,00
4,00

4,80

4,00

4.00°

5,00

5.00

5.00 .

5.00
$.00 -
5,00
5,00
5,00
5,00
8,09

6,00
60“0
6,00
4,00
6.00
6.90
6.00 -
6,00
. 6,00

7.00

7,09
7,00
7.00__
7.00
7.09
7.08
7,08
7.29

8,09 "

8,00
8.0
8.09
8,01
8,00
8,00~
8,fv

o 0o

.JONS/HR

58,2
893
139.5

. 2NnB,8
273,4
357.1
451.9

675,11
803,4

62,8
111,86
174,3
251,14
341,7
446,3
[ 564,9
897,4
843.8

“Ti004,2

2 1543
133,9

209,2
301,3

- 440.,1
535.86

836,9
1012,6

4205, _

87,9
244,1
351.5
478,4
624,9
790.8
. 976,3
1181,4
1405,9

100, 4
178.5
. 279.0
401.7
546,7

714,17

903,.8
1115.8

4TIRMN 4

557,9 .

677.9 .

.....

NUMBER MIX
3958, 0403
.. 4178, 40397
4342, 0392
4488, ,0388
4615, ,0384
4728, ,0384
4830, 10379
4924, ..0377
5089, .P378
5089, ,0373
$939. P36
6257: ,0354
. 6518, 2349
6734, D344
6928, P34}
Y095, 40340
7248, . 9338
7388, 0334
L1847, 0338 -
7636, 0333
8274._,i5329
8717, D324
T 9877, 0320
9382, __,931¢
9648, - ,0314
9883, ,P312
18@98.  ,0310
15293- .0305
17472, ,R30¢
CAP639.. 10303
1i299%. .0304
..11538- 10301
12014, 40297
12418, 0294
12770, . 0292 .
13083, 9290
13366, ,P288
13623, 0287
13864, (0285
14781, D284
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As a point of comparison, the Black Mesa pipeliné trans-
ports 660 dry tons of coal per hour at 48% solids by weight

at less than 6 fps in an 18" diameter pipe. Pressure drop is
approximately 18 psi/mile. The closest predicted methanol

data point is 27.6 psi/mile for 675 tph at 6 fps and a solids
concentration of 55% by weight. Thus, the methacoal slurry

does not appear to be substantially more viscous than a\coalf
water slurry. It does of course require ¢onsidefably more power

to move the greater amount of payload.

A range of pressure drops for pipe inside-diaméters
from 6" to 24" in 2" increments is listed in Fig.5.2.1.1-1 for
velocities from 4 to 16 fps in 1-fps increments. Pipe rough-
ness is assumed to be that of new commercial steel (0.00015 ft).

The slurry is essentially a nonsettling or homogeneous
slurry for minus-100 mesh coal but it is on verge of settling.
Thus a coarser particle size is likely to produce a settling
slurry. Thus, the experiment has produced two very significant
pieces of information, both of which are important in the econ-
omics of slurry pipelining - carrying capacity and coarseness
limit.

5.2.1.2 Importance of Carrying Capacity

The carryihg capacity of tﬁe coal is

important for the several reasons which are discussed below.

5.2.1.2.1 Reduction of Methanol Con-
version LOSS

The greater the carrying
capacity of the methanol, the smaller is the total system
energy loss to the methanol conversion process. Coal can be
" converted to methanol at only 40 to 50% efficiency. However,
if the slurry itself is recognized as a fuel and compared to
pure methanol, then the conversion -loss ig only taken on'the
portion converted to methanol; and that loss can be spread

over the entire mixture.
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Consider, for example, a slurry which is two-thirds coal
and one-third methanol, the coal being 60% carbon and 30% mois-
ture. Then a ton of coal ylields akout 3200 Lb ot methanol,
which in turn transports 6400 1b of coal. The loss of the addi-
tional ton of coal that is consumed in the conversion process
can now be charged to the full 9600 1b of fuel delivered to the
power plant. The overall conversion efficiency of the process
is

ey X 100 = 83% .

If the carrying ratio is increased from two to three, the over=
all conversion efficiency increases to 86%.

This conclusion is sufficiently important to merit repe-
tition. While the direct conversion efficiency of coal to meth-
anol is at most 50%, the equivalent efficiency of conversion -
for the entire system potentially approaches 90%. It will be
seen in Section 5.2.1.3.2 below that this efficiency can be
further increased, possibly exceeding 90%.

5.2.1.2.2 Reduction of System Water
Reguirement

The ton of coal, which in
the above example is converted to methanbl, requires about
3000 1b of water for conversion,if the natural moisture in the
coal can be used in the prbcess, and yields about 3200 1lb ot
methanol. 'hé carrying c¢apacity of this 3000 1b of water,
after its conversion to methanol, may be compared with the
carrying capacity of an equal amount of water at Black Mesa,
where 52 1lb of water carries 48 1lb of coal. For a slurry which
is two-thirds coal, the 3200 1lb of methanol carries 6400 1b of
coal. But the 3200 1lb of methanol itself is equivalent, on a
heating-value basis, to approximately the same amount of coal,
so that the equivalent of 6400 + 3200 = 9600 1lb of coal is
carried by 3200 1b of methanol. At Black Mesa, the same 3000
lb of water entering the system carries
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3000 x 48 = 2769 1lb of coal
= 55

Now consider the removal of water from the coal-water slurry.
In Report HCP/M-1171-2 of this series (see Table 1.1), it was seen
that at the Mohave Generating Station, 1,176,000 Btu/ton are
required to separate the coal and water and dry the coal to the
contract moisture value of 10.74%. About 1,420,000 Btu would be
required to yield bone-dry coal, which for the coal used in the
preceding numerical examples (not the same as Black Mesa coal)
would be equivalent to 166 1lb of coal consumed.

In the case of the methanol slﬁrry, of the 50% energy lost
in conversion, it seems reasonable to expect that some can be used,
at low-grade waste heat from the process, to dry the incoming coal.
Therefore, it is not necessary to again charge the methanol system
with the energy loss in obtaining dry coal.

Thus, for the water system, 2769 1lb of coal and 3000 1lb
of water enter the system, and 2769 - 166 = 2603 1lb of dry coal
eventually appears ih the power plant boiler. The transportation
efficiency may then be said to be

2769 - 166 = 94.0% .
2769

With the one-third - two-thirds methanol system, along with
the 3000 1b of entering water, there is a ton of coal to be con-
verted, a ton to be lost, and 2x3200 = 6400 1lb to be transported.
That is, 10,400 1lb of raw coal enter and the equivalent of 9600 1b
of dry coal emerge, for a transportation efficiency of

9600 = 92.3% .
10,400
The advantage of methanol as a slurry carrier may now be

portrayed as the ratio of its carrying capacity to that of water,

i.e.,
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10,400 x 0.923
2769 x 0.940

= 3.7
For the one-fourth - three-fourths methanol system, the advan-

tage 1is

12,800 x 0.941

7769 % 0.940 - %-& -

The'foregoing example was based upon using the natural
moisture in the coal, which was taken as 30%, or 600 lb/ton.
If none of this meisture is used, the ratios calculated above
must be reduced by 3000/3600 = 0.833, becoming 3.1 and 3.9
respectively. '

A highly important conclusion emerges. The water require-
ment for the methanol slurry may be three to four times less

than that for the water slurry.

In the foregoing discussion, methanol and coal have been
treated as equivalent fuels. For the present illustrative pur-
pose, this approach is adequate because the heat contents are
approximately the same. More precise calculations would be
done on a heat content basis for coals of a specific proximate
analysis and for methanol produced by a specific process from
that coal.

Clearly, the water problem for the methanol line is greatly
less than for the water line. In particular, the use of a return
line becomes very interesting when it is only required to accom-
modate such a small return fraction. It may be further noted
that, once it is decided to install the return line, system
flexibility is increased. . For example, it is no longer neces-
sary to locate the methanol plant at the head of the line; it
can be placed at any location along the line where other factors,

e.g., existing labor force, availability of cheap power, proxim-
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ity to other markets for the methanol, etc., are located. How-
ever, as will be seen in Section 5.2.1.3.2 below, there are good

reasons. for having the metharol plant at the pipeline head end.

5.2.1.3 Benefits of Dry Coal

If the coal entering the slurrifier at
the head of the pipeline is completely dry, a number of benefits
accrue. Some of these would be realized in the pipeline opera-
tion, and some in the power plant. They are discussed below,
in reverse order. ’

5.2.1.3.1 Effects of Moisture upon Power
Plant Efficiency

Any moisture that enters
the furnace must be evaporated, and the latent heat of vapori-
zation thereby‘absorbed is denied to the power conversion pro-
cess. For example, if the coal is 30% moisture as in the fore-
going example and as is the case with much Western coal, then
approximately 350 Btu/lb of coal input is required to vaporize
the moisture, representing an energy loss of about 4% for most

Western coal.

'Now, it is not possible to avoid taking this loss some-
where between the mine mouth and ;hebpower plant stack. 1In
principle; this latent heat; along with that of the water formed
during combustion, could be recovered by installation of suffi-
cient preheater surface to cool the stack gas below‘the'boiling
point. In practiée, this is not done because condensing mois- |
ture combines with the sulfur dioxide and other stack gases to
form acids. The process is complex, and heat recovery in the
preheatervis genérally limited to about 300°F. However, the
less moisture in the gas, the lower the témperatﬁfe to which
the stack gas can be economically cooled. And since'30°F in
additional stack gas cooling 1is worﬁh appfoximately a l% in-
crease in efficiency of the power plant, the availability of
boné-dry coal should have some value'by~enablin§ a small increase

in power plant efficiency.
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5.2.1.3.2 Effects of Moisture on Pipeline Operation
It one now examines thé éntiré mine-pipeline-power plant

cohplex as an integrated system, it is seen that drying the coal
along with the methanol conversion process offers several attrac-
tions. First, of course, is the possible increase in power plant
efficiency just discussed.

There are three large additional benefits which accrue to
the pipeline operation from the use of dry coal. The first benefit
derives from the increase in pipeline efficiency because it is no
longer necessary to transport the water. For Western coals, which
generally have high moisture content, this benefit can be very
large. Again using the example of coal which has a 30% moisture
content, the efficiency of the pipeline is increased by almost 50%
if the coal is dried at the head of the line. 1If the raw coal is
only 20% moisture, the pipeline efficiency is still increased 25%
by drying. This increase is realized as a direct percentage
‘increase in the number of Btu transported per Btu consumed in the
transportation process.

The second benefit of drying lies in the turther reductién
of the system water requirement, as was seen in the discussion of
water requirements in Section 5.2.1.2. The third benefit from
drying the coal lies in the possibility ot obtaining the drying
energy from the methanol conversion process, as was also assumed in
the discussion of Section 5.2.1.2.1 above. As noted there, the
methanol conversion process is very inefficient, being estimated at
41% (Ref. 28) to 50% (Ref. 29). Most of this inefficiency appears
in the form of waste heat. If this otherwise wasted heat is used
to dry the coal to be shipped, then that same amount of energy
becomes available as sensible heat to the power plant energy con-
version cycle instead of being lost as latent heat in the boiler.
It is as though low-grade waste heat from the methanation plant
were transported without coat and transformed into high-grade heat
at the power plant, in defiance of the second law of thermodynamics.
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5.2.2 Methanol Consumption and MarkétingﬁOptions
: - ,

At the pipeline terminal, many options

arc available for Ledliziug the value o6t the methanol.

1. The slurry may be burned directly as a fuel
in power plant boilers. |

2. The'slﬁrry may'be séparated'into powdered coal
and alcohols which, in turn, provide fuel for several applicaf

tions. The suboptions include:

2.1 Powdered coal, after separation from the
slurry, may be used as feed stock for low-BTU gas plants in
areas where water for the gasification is available, or for

synthetic natural gas plants or ammonia plants.

2.2 The alcohols may be returned, by a second |
pipe laid alongside the main line, to the head end of the
pipeline. As has been seen in Sections 5.2.1.2.1 and 5.2.1.3.2,
the return line fof methanol iny needs a fifth or a sixth of

the capacity that would be required for a water slurry.

2.3 The alcohols may be marketed as fuel-grade
methanol for stationary engines. The market could include
natural gas supplement, replacement for propane or butane,
gas turbine fuel, additive to gasoline fuel, or used difectly

as fuel in engines for automotive and industrial applications,

2.4 The alcohols may be marketed as vehicular
fuel. 1If one looks ahead to the time, early in the next cen-
tury, when petroleum can no longer supply most of the vehicular
fuel requirement, there appear to be two preeminent candidates
for liquid, vehictular (ultimate) fuels: methanol and hydrogen.
There are, of course, many problems and obstacles to the adop-
tion of either of these, which means that a great deal of
research and development will be necesséry to bring either
concept to fruition. The use of methanol ih the pipeline in

the nearer term offers the opportunity to find early answers
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to many of the questions relative to its potential as the ultimate
vehicular fuel. That is, the principal objectives of two R&D
programs can be accomplished by funding only the smaller, more
immediate of the two. Moreover, should a methanol pipeline be
built, it would constitute a part of the demonstration program for
the ultimate fuel.

2.5 The alcohols separated from slurry may be further
separated into the basic constituents for subsequent marketing.
These could include: methanol, ethanol, n-propanol, and i-butanol.

3. The slurry can be used directly as pipeline fuel. When
burned in‘'a gas turbine with a bottoming engine, the overall
efficiency of the pumping process would then be approximately 50%
greater than that of the electrically driven prime movers. The
direct use of the slurry as prime mover fuel would render the
slurry pipeline the most energy-efficient of all coal trans-
portation modes insofar as the consumption of mechanical energy of
movement is concerned. When these two factors are combined in a
system design and subjected to economic analysis, it may well be
that the methanol-coal slurry is overall the most energy-efficient
mode of long-distance coal transport.

These simple figures are quoted only to show the promising
potential of the concept. As has already been stated, it is
strongly recommended that further research be performed. Specific
recommendations are presented in Report HCP/M-1171-1.
| 5.2.3 problem Areas

It is necessary to recognize disadvantages compared to other
approaches, potential pitfalls, limitations, technological un-

certainties, and economic constraints.
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The brevity with which these factors are treated here is no
indicationtwhatever of their anticipated severity. The future
work which is being recommended here should begin with a quan-
titative, in-dépth'treatment of these factors. The present
purpose is to identify potential opportunities, not to assess
them in depth. Accordingly, brief mention will be made of only

two particularly sensitive questions.

5.2.3.1 Safety

Present-technology coal slurry pipe-
lines, i.e., water-coal slurry, appear to be far safer than
any other mode of long-distance coal transport, partly because
the water-coal slurry is not flammable. Methanol-coal slurry,
of course, does not possess this attraction. However, since
it is still far iess'flammable than some of the fluids presently
moved by commercial pipéline, flammability is certainly not a
barrier to the introduction of methanol-coal slurry pipelineé.
However, the safety implications of this new application must

be examined.

5.2.3.2 Environmental Impact

Although it has not been analyzed,
the environmental disruption resulting from a methanol-coal
slurry pipeline spili is almost certain to be more undesirable
than that from a water-coal slurry. However, the consequences
appear to be much less ﬁndesirable than some fluids which_are
presently moved all over the country by pipeline. Therefore,
it seems unlikely that environmental impact will prove to be
a¢decisive negative factor in the competition. Nevertheless,

that impact must be examined.

5.3 §€&lurry~-fired Engines

To utilize coal-water slurry as a fuel for engines,
it is customary to first dewater the slurry and then utilize
the dry, pulverized coal for firing in the engine. Two dif-

ferent systems have been used in the United States to dewater
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and dry coal at the terminus of the coal pipeline. The original
Consolidation Coal pipeline in Ohio used disk filters followed
by flash dryers. The Black Mesa line uses centrifuges mounted
directly on top of the pulverizer, and the centrifuge cake 1is
dried .in the pulverizer. One other method is the direct combus-
tion of a concentrated, stabilized coal slurry in a cyclone
burner. This was done only experimentally, but the test was

successful.

Dewatering facilities generally produce environmental
effects similar to those of the c¢oal preparation area and, for
the most part aré similarly solved. One exception is the dis-
posal of water from the élurry stream. Water treatment may or
may not be required, depending on intended use of the water.
Normally a coal slurry pipeline can be expected to supply a
steam power plant. 1In this case, effluent from the dewatering
facility can be used as a part of the cooling water makeup. If
the water is used for boiler feed water, treatment is generally

required.

The major problems involved- in burning pulverized coal in’
internal combustion engines will be discussed later in para. 6.1,
For the reciprocating engines theylwould primarily involve meter-
ing, combustion, deposits, and wear. For open cycle gas turbines,
hot corrosion and erosion resulting from high sulfur and ash

content of most coals are the principal problems.

The severity of the problems'is dependent to some extent
on the source and analysis of the coal used. There is a wide
variety ot coal mined i1n the United States (see ''able 5.3-1).
Fixed carbon ranges from 40% to 96%, calorific values from 9300
to 15,700 Btu/1lb and ash content from 4% to 22%. Some of the
coals, particularly those in the Midwest, are high in sulfur

content, creating difficult air pollution problems.

Little is known about the ignition quality of coal as com-

pared to conventional ligquid fuels used in internal combustion
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Table 5.3-1 Sources and Analyses of Various Ranks of Coal

-egll-

Iy i
Froximate, percent Ultimate, percent

Classificatior. by rank State County Bed Condi- Vola- Calorific
tion* | Mois- tile Fixed |Ash [|Sulfur {Hydro-} Car- | Nitro-| Oxy- } value Btu

| ! : ture matter | carbon gen bon gen gen per 1b.

1 t 13,2 2.€ 65.3 18.9 0.3 1.9 64.2 0.2 14.5 9.310

Meta-anthracite Rhode Island | Newport Middle 2 i 2.9 75.3 21.8 0.3 0.5 74.1 0.2 3.1 10.740
3 i 3.8 96.2 0.4 0.6 94.7 0.3 4.0 13.720

1 4.3 5.1 81.0 9.6 0.8 2.9 79.7 0.9 6.1 12.880

Anthraczite Pennsylvania |Lackawanna |<lark 2 5.3 84.6 |10.1 } 0.8 2.5 83.3} 0.9 2.4 13.470
: 3 5.9 94.1 0.9 2.8 92.5 1.0 2.8 14.980

. 1 2.6 110.6 79.3 7.5 1.7 3.8 | 81.4 1.6 4.0 13.880

semianthracite Arkansas Johnson. Lower 2 10.8 8l1.5 7.7 1.8 3.6 83.6 1.6 1.7 14.240
Hartahorne 3 11.7 88.3 1.9 3.9 90.6 1.8 1.8 15.430

1 2.9 17.7 74.0 5.4 0.8 4.6 83.2 1.3 4.7 14.400

Low-volatile West Wyoming 2ocahontas 2 118.2 76.3 5.5 0.8 4.4 85.7 1.3 2.3 14.830
bituminous coal Virginia No. 3 3 119.3 80.7 0.8 4.6 90.7 ] 1.4 2.5 15.690
1 2.1 ‘24.4 67.4 6.1 1.0 5.0 8l1.6 1.4 4.9 14.310

Medium-volatile Pennsylvania |Clearfield |Upper 2 24.9 68.8 6.3 1.1 4.8 83.3 1.5 3.0 14.610
bituminous coal Kittanning 3 . 26.5 73.5 1.1 5.2 88.9 1.6 3.2 15.590
1 2.3 36.5 56.0 5.2 | 0.8 5.5 78.4 1.6 8.5 14.040

High volatile A West Marion Pittsburgh 2 1 37.4 57.2 5.4 0.8 5.4 80.2 1.6 6.6 14.370
bituminous coal virginia 3 39.5 60.5 0.8 5.7 84.8 | 1.7 7.0 15.180°
Kentucky, . 1 8.5 1 36.4 44.3 10.8 2.8 5.4 65.1 1.3 14.6 11.680

High volatile B western | Muhlenburg |Number 9 2 :39.8 48.5 11.7 3.0 4.9 71.2 1.5 7.7 12.760
bituminous coal - | field 3 . 45.0 55.0 3.4 5.5 80.6 1.7 8.8 14.460
1 14.4135.4 40.6 9.6 { 3.8 5.8 59.7 1.0 20.1 10.810

Higa volatile C Illinois Sangamcn Number $ 2 41.4 47.4 11.2 4.4 4.9 69.8 1.2 8.5 12,630
bituminous coal 3 46.6 53.4 5.0 5.6 78.6 1.3 9.5 14.230
1 16.9 | 34.8 44.7 3.6 1.4 6.0 60.4 1.2 | 27.4 10.650

Subbituminous A Wyoming Sweetwater |Numbexr 3 2 41.8 53.8 4.4 1.7 4.9 72.7 1.5 14.8 12.810
coal 3 43.7 56.3 1.8 5.2 76.0 1.5 15.5 13.390
1 22.2 133.2 40.3 4.3 0.5 6.9 53.9 1.0 33.4 9.610

Subbituminous B Wyoming Sheridan Monarch 2 42.7 51.7 5.6 | 0.6 5.6 69.3 | 1.2 17.7 12.350
coal 3 45.2 54.8 0.6 6.0 73.4 1.3 18.7 13.080
1 25.1 | 30.4 37.7 6.8 0.3 6.2 50.5 0.7 35.5 8.560

Subbituminous C Colorado El Paso Fox Hill 2 40.6 50.3 9.1 0.4 4.6 67.4 1.0 17.5 11.430
coal 3. - 44.6 55.4 0.5 5.0 74.1 1.1 19.3 12.560
1 36.8 [27.8 29.5 5.9 0.9 6.9 40.6 0.6 45.1 7,000

Lignite North McLean Unnamed 2 43.9 46.7 9:4 1.4 4.5 64.3 1.0 19.4 11.080
Dakota 3 48.4 51.6 1.6 5.0 70.9 1.1 21.4 12.230

*1, sample as received; 2, moisture-free; 3, moisture and ash-free

Source: Reference 30



engines. This could be an important factor, particularly in
Otto cycle and diesel engines, wherein the basic engine design
(compression ratio, ignition or injection timing, etc.) is
largely influenced by the fuel properties. Ignition quality
"is largely dependent.on the particle size and volatility of the
coal used. It is known from past work that ignition quality and
burning rate improve as particle size decreases. Particle sizing,
however, has not been reported in enough detail to clearly iden-
tify the sizes needed for optimum combustion characteristics.
Work needs to be done not only in ' this area but also to iden-
tify the chemical mechanisms by which ignition is initiated.
The effort should also include a determination of whether the
process of pulverizing changes the chemical as well as the phys-

ical properties of coal.

The concept of methanol-coal slurries introduces new possi-
bilities and considerations with respect to utilization as fuel
in engines. One approach is to burn the slurry as fuel in its
as-received condition. This should definitely be feasible in
Rankine cycle and other external combustion engine power plants.
It may be feaéible in gas turbines, although problems of corro-
sion and erosion could result from the coal constituents of
the fuel, debending on the particular type of coal used. Us-
ing a methanol-coal slurry as fuel in reciprocating engines
would be highly questibnable because of the inherent diffi-
culties associated with burning coal in these engines, as pre-

viously described.

The other approach is to separate the pulverized coal
from the methanol to provide fuel for different applications.
The use of pulverized coal in various types of engines will
be discussed in more detail later. A discussion of using

methanol as fuel follows.

5.3.1 Reciprocating Engines

Methanol has some significant advantages as a

gasoline engine fuel. It burns much cleaner than petroleum
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fuels or even natural gas. It is a more flexible fuel than
gasoline, permitting wider deviations from ideal fuel-ailr ratiovus.
Although the net heat of combustion of methanol (8550 Btu/1lb) is
only about half that of gasoline, engines burning methanol can be
made more efficient than gasoline engines. Compression ratios can
be increased to take advantage of methanol's higher flame speed and
good antiknock properties. Because it burns cleaner than gaso-
line, fewer emission control devices are needed. Since it burns
cooler and has a cooling effect as it evaporates in the cylinders,
cooling systems can be smaller and consume less power (Ref. 31).

It is completely mixable with gasoline in concentrations up to
about 15%, an advantage which facilitates its uese as a gasoline
additive. The addition of 15% methanol to most motor gasolines
increases the Research Octane Number (RON) significantly and the
Motor Octane Number (MON) slightly. For example, with a typical
unleaded gasoline having a RON of 93 and a MON of 84, the addition
of 15% methanol haV1ng octane blendiny values of 120 ROM and 91 MON
would increasebthe octane numbers of the gasoline-methanol blend to
97 RON and 84 MON (Ref. 32).

Methanol has some disadvantages as well. One of its most
serious problems associated with methanol-gasoline mixtures is
phase separation, which relates to the questiun Of fuel stubilily.
Because of methanol's polar character, its solubility in gasoline
is limited to about 15%, as indicated earlier. However, the phase
separation problem becomes critical when the blend contacts even
very small quantities of water. Rapid phase separation occurs,
with the polar water—-methanol phase settling out at the bottom.
Gasoline containing methanol would therefore have to be stored and
distributed under anhydrous conditions, which would be difficult
and expensive. As an alternative, it might be possible to bhlend
alcohol with gasoline at the pump, but this would also be expensive
and require special equipment. Another problem with methanol is
the possibility of vapor lock occurring in the engine fuel system.
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The addition of methanol to gasoline considerably increases the
volatility of the fuel. 1If current gasoline _vapor pressures were
to be maintained, the use of 15% methanol blends would require

- removal of all the butanes and a significant fraction of the
pentanes. A further potential disadvantage of using methanol-
gasoline blends is the possible adverse effect on road performance
of vehicles. Because of emission controls, most new cars are
already carbureted near the lean limit for satisfactory perfor-
mance, and additional leaning by methanol may tend to compound this
problem. The wider flammability limits of methanol may partially
compensate for the leaner carburetion, but the proplem would still
exist.

Essentially the only engine applications to date for methanol
have been in racing cars and boats and in piston engine aircraft
where it was injected directly into manifolds for added takeoff
power. Some experimental testing has been conducted with methanol-
gaéoline blends during the past three years in late model and older
model passenger cars, and the results suggest that in the area of
fuel economy and emissions the benefits are only significant in the
case of the older cars which operated with rich carburetor mixtures
before emission control standards were imposed.

Burning of methanol in diesel engines presents a considerably
more difficult problem than in gasoline engines. The high octane
number of methanol, which is an advantage in a gasoline engine, is
a detriment in a diesel engine because the ignition delay {a
function of the cetane number of the fuel) with methanol is much
greater than with diesel fuel. A very high compression ratio, or
an auxiliary means of ignition, would be required to properly
ignite methanol in a cohpression ignition engine, particularly for
starting and under idling or light road conditions. This would
cause some complications in the engine design and no doubt result
in greater cost as well as maintenance. Another potential problem
would be more rapid wear in the fuel injectors because of the low

lubricity of methanol. With some development effort it may be
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possible to adapt diesel engines to run on blends of methanol-
diesel fuel, but the only apparent advantage would be to conserve a
small percentage of diesel fuel, and it is questionable whether the
compromises involved in engine design and performance would be
worthwhile.

5.3.2 Gas Turbines

Methanol has excellent chafacteristics as a gas turbine fuel,
primarily because of its clean burning characteristics which re-
sult in a lower level of harmful emissions and should help to en-
sure long component life and low maintenance. With its continuous
combustion process the turbine is not subject to the limitations of
reciprocating engines with regard to ignition quality.

The potential of coal-derived methanol as a substitute fuel
for natural gas and petroleum-derived liquid fuel for gas turbines
provided the incentive for a recent joint test project by AMAX,
Inc., Turbo Power and Marine, and Florida Power Corp. (FPCo) (Ref.
33). A 12.5-hr run on methanol was conducted at one of FPCo's gas
turbine generator installations. The power plant was converted to
a dual fuel configuration, both to allow direct comparison with
standard fuel oil and to provide gas assist starting on methanol
and No. 2 oil. The only other engine modification was addition of
a piston pump at the fuel supply to provide lubrication of the
engine fuel pump. |

Engine performance on methanol was reported to be excellent.
Acceleration was normal, and steady state running was even more
stable than on No. 2 fuel. Burner can temperature patterns were
the same as when burning Jet A or No. 2, and there was little
carbon buildup on the nozzles. Test data for NOx emissions while
burning methanol (Fig. 5.3.2-1) showed that, over the power range
tested, emissions were 74% less than with No. 2 o0il. CO emissions
were somewhat higher with methanol than with No. 2 fuel, exceeding
the projected EPA limit at loads higher than 15 MW (Fig. 5.3.2-2).
However, the whole question of meeting proposed regulations is
somewhat academic at present, because the regulations have not yet

been promulgated.
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From this and other programs (AMAX is also working with
General Motors on vehicular turbine tests), it is concluded that
methanol has excellent potential as a turbine fuel, provided it can
be produced at a price competitive with petroleum-based turbine
fuel. With coal-derived methanol, this appears to be a distinct
possibility.

5.3.3 Boilers

The potential of methanol as a fuel for industrial boilers
appears to be equally as good, if not better than, for gas turbines.
Modifications should for the most part be confined to fuel pumps
and burner nozzles to handle the larger volume of methanol required
for providing the same output as regular fuel oil. With the
continuous combustion process and a clean burning fuel, control

should be relatively simple, and maintenance should be low.
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6.0 SUBSTITUTION OF COAL FOR PETROLEUM AND GAS IN PIPELINE

OPERATIONS

The President's energy goals for the 1977-78 period, as
stated in his message to Congress in April 1977, place heavy
emphasis on both energy conservation and increased production and
use of coal. Since coal is the Nation's most abundant energy
.resources, the President is thereby relying on coal to replace oil
and natural gas for many industrial fhel applications. One of the
major goals is to increase coal production by more than two-thirds,
from 665 million tons in 1976 to more than 1 billion tons by 1985.
Electric utilities are being pressed not only to use coal for their
new power plants but also to convert existing o0il and gas-fired
generators to coal. The same philosophy applies to other in-
dustries that consume power, including the pipeline industry. The
issues being addressed in this study of'energy consumption in
pipeline transportation systems must therefore include not only
efficiency improvements in pipeline drivers usiﬁg conventional gas
and petroleum fuels but also methods of burﬁing coal in those power
plants.

The conversion of coal into synthetic fuels presents difficult
econgmic problems. At present it is estimated that synthetic
-1liquid petroleum, using the best available processes, would have to
sell for about $20-25/bbl, which is nearly double the world price
of crude oil. It 1is also estimated that, based on current techno-
logy, it would cost about $35 billion to build the coal liquefaction
plants needed to replace only 10% of today's total petroleum
consumption. Production of synthetic gas from coal is likewise not
yet economically practical. Processes now being tested in pilot
plants would require é price at least twice as high as the free
market price of natural gas produced and sold within the same
state; and three to four times higher than the government-regulated
price for natural gas sold interstate. To build a commercial
gasification plant capable of processing more than 15,000 tons of
coal a day, it is estimated that the cost would be as much as $1
billion (Ref. 34).
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ERDA, shortly after its creation in January 1975, moved
toward the implementation of large demonstration projects for
coverting coal to clean fuels. The conversion and use.of coal was
given high priority in ERDA's National Energy Plan, issued in April
1976. DOE (and its fore runner ERDA) to date has defined several
demonstration projects for translating advanced concepts into
commercial use. One, a clean boiler fuel plant, is now under way,
with the award of a $237 million contract to the Coalcon Co. in '
1975. The others include a pipeline quality gas plant aimed at
industrial and commercial heating, and a fuel gas plant for electric
power utilities or industrial uses. Industry cost sharing is
concentrated in the more advanced phases of coal conversion,
although there is some industrial cofunding in earlier developmental
stages (Ref. 35).

DUE's coal conversion and utilization effort is directed
toward demonstrating second-generation technology on a near com-
mercial scale in the.early 1980's. A variety of processes is being
developed to convert Eastern and Western coal to liquids and gases.
Coal utilization programs are directed toward development of
processes to permit increased use of coal by direct combustion,
with the objective of developing and demonstrating on a commercial
scale the direct combustion of high-sulfur coal without exceeding
pollution standards. Fluidized bed combustors containing sulfur
oxide sorbents will be used in the burning of coal. This direct
combustion technology is considered to have near-term (1985)
potential as an alternative to existing boiler systems that use
scrubbers for emission control.

While the coal conversion and utilization efforts in DOE's
Fossil Energy program discussed above have potential benefits in
the overall spectrum of power generation, there are alternative
approaches which could have significant benefits more directly
related to the pipeline industry. One of these is discussed in
para. 4.3.6 of this report concerning pipeline application of fuel
cells, in which the potential application of fuel cell powered DC
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motors is described. Another concept which merits consideration is
the direct utilization of pulveﬁized coal in liquid pipeline
drivers with the coal brought to the pumping station in the form of
slurries., The technical and logistical aspects of this concept are
discussed below. _

6.1 Coal Dust as a Pipeline Driver Fuel

The question of substituting coal and coalfderived fuels
for the petroleum fuels presently used in pipeline operations
involves consideration of the practicality of coal-fired engines
and slurry-fired engines and the logistics of transporting coal and
coal slurries to the pipeline pumping stations.

6.1.1 Coal Dust as an Engine Fuel

Any consideration of burning coal in engines presupposes that

the coal has undergone certain processing. Coal receives an
initial processing as it comes from the mine, including cleaning
and grading to size. Those impurities that are readily removable
(e.g., slate, shale, clay, sandstone, and pyritic sulfur). are
eliminated by physical treatment. Organic sulfur and some incom-
bustible materials cannot be eliminated by physical treatment. |
While there are techniques for removing some of the ash and sulfur,
these processes are sophisticated and expensive, making it doubtful
as to whether they offer any real advantage over coal liquefaction
or gasification. Processing of pulverized coal for use in furnaces
is a well established technology. However, little is known concern-
ing the optimum particle size for efficient combustion in internal
combustion engines. |
6.1.1.1 Reciprocating Engiﬁe Fuel

Early in the development of the reciprocating internal com-
bustion engine, attempté were made to use coal as a fuel. Almost
all work has involved the use of pulverized coal either in a dry
state or slurried in an o0il or aqueous carrier. In 1898 Rudolph
Diesel, after experimenting with an internal combustion engine
using powdered coal as fuel, developed the compression ignition
engine that bears his name. The powdered coal engines were not
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then successful and were abandoned when the diesel engine, using
oil as fuel, ran with an efficiency much higher than any previous
engine.

Development projects on coal-burning diesel engines were
independently conducted by five industrial coﬁpanies in Germany
during the period 1916 to 1944, after which all efforts in this
field were terminated (Ref. 35). Under these programs, which were
in progress for periods ranging from two to 24 years, approximately
- 19 coal dust engines in the power range from 10 to 600 HP and rated
at speeds from 160 to 1600 rpm were built and tested. The major
problems experienced can be summarized as follows:

(1) Fuel feeding and control system. The most critical

components were in the pre-chamber system with its control valves
and nozzles, the task of which was to hold a properly metered
amount of coal dust or coal dust/air mixtures and transfer this
fuel into the engine cylinder with correct timing and duration of
injection in uniformly dispersed form and with a minimum of
injection energy. Two basic systems were developed: (a) a com-
pressor injection system using compressed air from an external
compressor for pressurizing the pre-chamber and injecting the fuel
in the cylinder; and (b) a compressor-less injection system using
pressure rise through partial combustion of the fuel within the
pre-chamber to inject the fuel into the cylinder. The compressor
injection system had several drawbacks including high energy
consumption, high cost, and complexity, willi resultant reduction
in system reliability. The compressor-less self-injection system
did not adequately control ignition timing or-injection timing or
fuel leakage ffom the pre-chamber to Lthe engine cylinder during the

charging period.
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(2) " Fuel and combustion characteristics. The widely varying

chemical and physical properties of coal made it very difficult
to match the operational requirements of the engine. Factors of
particular importance are heating value (typically ranging from
7000 to 15,000 Btu/lb); ignition temperature (ranging from

250°C for lignite to 800°C for anthracite)'and ash content. The
combustion phenomena involve three major parameters including
ignition time, main combustion time, and burhout time. These
parameters are affected by physical, fluid mechanical properties,
and particle size and structure. Despite more than 100 years

of combustion research, engineers are not yet in agreemézi on the

exact combustion mechanism of a complex fuel such as coal.

(3) Wear and erosion. Excessive wear of vital engine

components due to the abrasive action of ashes and unburned coke
particles were- the most serious detriment to long duration opera-
tion. Majof engine components affected were cylinder liners,
piston rings, injection nozzles, valve seats, and bearings and

other sliding surfaces.

Although the German programs were, to a degree, successful
in solving some of the basic problems of the coal-dust diesel
engine, fuel consumption and efficiency, reliability and duty
life of essential components were definitely inferior to those
vf comparable oil diesel engines. It is significant that vir-
tually all engines built under these pfograms were experimental
engines, only two of them having been put into practical use

for driving machinery in factories on a routine basis.

Experience with coal-burning engines in the U.S. has
been very limited, but in general has corroborated the results
on those developed in Germany. Another problem of some signifi-
cance, although not discussed in the German reports, is air
pollution which can arise from the high sulfur content of some

coals and the particulate matter in the exhaust. Because of
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these problems, as well as the wide variability of chemical pro-
perties of coal mined throughout the country, most researchers
have conciuded'that dlfect utilization ot pulverized coal in pis-
ton engines, at leasﬁ those used in automotive and other mobile
appiications, is not practical. The use of powdered coal in
large stationary engines should present less difficulty than in
the case of the automotive engine because the stationary engines
run at slower speeds and their combustion systems are less sen-
sifive‘to fuel quality; however, they would still face many of
the same problems with'respect to metéring, wear, and exhaust
qguality. - ,
A relatively simple and more practical approach to. burning
coal in a reciprocating engine is to fit the engine with a suit-
able gas producer to partially convert the coal to combustible
gases so that the gases may be consumed in the engine. ~Such
gas producers convert carbon to carbon“monoxide,'losing about
half the fuel heating value in the process. .Cooled, filtered
gas 1s then burned in the engine at normal engine efficiency,
although the overall efficiency from fuel to output shaft power
is of course reduced about 50%. The only engine modification
required for a spark ignition engine is to replace the carburetor
with a gas-mixing valve. For a compression ignition engine, a
small pilot charge of diesel fuel is required to ignite the gas.
In Europe, during World War II, about 500,000 trucks and autos
were operated with coal or charcoal—fired gas producers because
of the shortage of gasoline. Although bulky and inefficient,
these vehicles proved to be fairly reliable and demonstrated that
coal (or charcoal derived from wood) could be used as an emer- ’

gency fuel when conventional liquid fuels were not available.

6.1.1.2 Gas Turbine Fuel

Some of the problems involved in burn-
ing pulverized coal im piston engines are also commcn to the

open cycle gas turbine. In particular, the turbine is susceptible
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to hot corrosion and erosion resulting from high sulfur and ash
content of most coals. The gas turbine does have one significant
advantage over the diesel or Otto cycle engine in that it can burn
a wide range of fuels of varying ignition quality. The absence of
rubbing internal parts (pistons reciprocating in cylinders) in the
compression and expansion processes is also an advantage from the
wear standpoint;

Modifications necesary to a gas turbihe to burn solid coal
efficiently have recently been investigated by Solar Division of
International Harvester Co. The work was done under a subcontract
with Combustion Power Co., which had a contract with ERDA (now DOE)
to identify the hot corrosion and erosion probiemé that would be
expected in the hot end of a gas turbine burning coal in a fluid-
ized bed combustor. The process included a fluidized bed combustor
which operated on Illinois No. 6 coal, and three stages of filtra-
tion to remove the sulfur and separate the ash from the hot ekhaust
gases before they enter the turbine. The investigation indicated
fouling, which can be expected from the fly ash at temperatures
above about 470°c, to be the principal deterrent to the use of
coal-fired gas turbines, although erosion may become significant in
the lower temperature turbine stages and during spall of deposited
ash. It was concluded that future work to improve the potential of
operating gas turbines on coal must identify the principal contri-
butor to the fouling mechanism, i.e., temperature, surface chemis-
- try, particle energy; and then investigate strategies for mitigat-
ing the ash deposits and their resultant effects on the substrate.

Another contract, recently awarded by ERDA to Curtiss-Wright
Power Systems, is aimed at demonstrating the feasibility of a gas
turbine to burn high sulfur coal economically in utility service.
The contract covers the design, construction{ and operation of a
pilot plant comprising a gas turbine with a fluidized bed combustor.
This 300 MW pilot plant will be the first step in a practical
application of this principle to power generation.
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It is evident that the problems.of burning coal in gas
turbines are of far less magnitude than those in piston engines.
If the erosion and éorrosion problems can be successfully overcome,
the open cycle gas turbine engine with the addition of a Rankine
bottoming cycle could well prove to be a workable candidate for a
prime mover for pumps used in liquid pipelines. As was discussed
earlier in Section 4.1.1.2, an organic bottoming engine on a
typical second generation gas turbine, representative of those
presently installed on gas pipelines, could achieve an overall
efficiency of moré than 40% for the combined cycle plant. A
retrofit of the pumping station could be accomplished either by
fitting the combined cycle plant with an electric generator to
supply power to the existing electric motor-driven pump, or by
eliminating the electric motor and driving the pump directly from
the gas turbine and Rankine cycle turbine (e.g., as illustrated in
Fig. 4.1.1.2-1 above). 1In either case, a significant saving in
operating cost over the cost of using utility power should result.
There are of course other major cost factors to consider, including
capital cost and maintenance cost, but the concept appears to be
worthy of further study.

Another concept which merits consideration is the use of
an indirect-fired coal-burning combined cycle pump station, such as
a closed Brayton cycle power plant with a bottoming cycle, or some
variation thereof. Since the turbine fluid (air in the case of a
closed cycle gas turbine), is not subject to the corrosion and
erosion problems of an open cycle plant. The problems of burning
coal are therefore confined to the air heater.

Development of closed Brayton cycle systems started in 1939
and the first power plant of this type was placecd 1n service
in 1940. This was an oil burning plant manufactured by Escher-Wyss
in Switzerland. The first coal burning closed Brayton system was
an Escher-Wyss/GHH 2300 KW-plant which started operation in Ravens-
burg, Germany, in 1956. It can be regarded as the starting point
for the practical use of closed cycle machines after about 20 years
of laboratory testing and development by Escher-Wyss and then
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licensees. This plant had approximately 120,000 hours running time
by June 1967, with reportedly only minor probléms and repairs. The
combustion system could be changed in only one or two days to
operate on coal, o0il or gas. Altogether there have béen some
fifteen closed cycle gés'turbine plants built in Europe, Great
Britain, Russia and Japan, as indicated in Figure 6.1.1.2-1. A
rumber of these plants, including several which used coal as fuel,
have accumulated over 100,000 hours of operation. Turbine inlet
temperatures have ranged from 650 to 750°C and plant efficiencies
have been in the general range of 25 to 32%. Although those closed
cycle plants have demonstrated economic viability, utilities have
been reluctant to install them on a broad basis (Ref. 37).

With the current emphasis on use of coal as fuel and with
the advent in recent years of high-temperature materials, the
closed Brayton cycle power plant may be the preferred approach to
direct use of coal. One promising approach for achieving higher
closed-turbine efficiency would be the use of new high-temperature
ceramics, such as silicon nitride or silicon carbide, in the air:
heater. The addition of a Rankine bottoming system using waste
heat from the air heater would result in a further increase in
overall plant efficiency. Preliminary analysis indicates that,
with a turbine inlet temperature of 1000°C (which should be
feasible with ceramic materials in the air heatér) and an organic
bottoming system, an overall efficiency of over 40% could be
achieved in a plant of 2000 KW or larger. Another advantage of
ceramic materials would be increased resistance to erosion and

corrosion effects from combustion or pulverized coal.
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6.1.2 Logistics of Coal Consumption in Pipelines

The pumping stations in long distance liquid pipe-
lines dfe for the most part located in remote sites, and there
is currently no economical means of transporting coal to these
sites. Since shipment by rail directly to>the'pumping station
would be but of the question in most cases; the_a;térnative wbuld
be to haul the coal by truck from the nearest rail te;minai.to
the pumping site, where it would have to be p;ocessed into pulf

verized coal. This would be prohibitively’expensiﬁe.‘

6.2 Logistics of Methanol-Coal Slurry as Pipeline Fuel

A potential solution to the logistical_Obstable'td use
of coal in pipeline drivers lies in the use of the coal—ﬁethanol
slurry, discussed earlier in Section 5.0, where it was concluded
that the methanol-coal slurry offers an extremely interesting-
concept for pipelining coal. When that technology is developed,
it will then be practical to consider use of crude o0il "and pro-
ducts pipelines to transport slurry as well. Thus, pipelines
which transport oils from oil fields and/or refineries to or
through coal mining regions could also be used to move coal to
their own pumping stations. The compatibility of the methanol-
coal slurry with these other liguids at the interfaces must of

course be investigated.

The pumping requirements of methanol-coal slurry would
differ from those of crudes and products and would have to be
carefully analyzed. The rheological tests described in paragraph
5.2.1 show that, with high concentratraticns of coal in the
methanol-coal slurry, the pipe wall friction would be high and

therefore more power would be required for a given throughput
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than with the conventional liquids. The pumps in crude oil

and products pipelines are predominantly of the centrifugal

type. Although these pumps would be suitable for pumping
slurry, they are not likely to be the preferred choice, so that
some efficiency penalty would be suffered. The mainline pumps
used on the existing coal-water slurry lines are high efficiehcy,
piston-type pumps, as indicated in Section 6.2. Although centri-
fugal pumps are used for in-plant commercial slurry systems, they .
are low.efficiency type (on the order of 65%) with a relatively
wide throat impeller clearance.

Additional questions of significance revolve primarily
around whether the direct combustion of methanol-coal slurry in
the gas turbine prime mover is determined to be practical.

As indicated earlier, there is little gquestion that metn-
anol by itself is an exc¢ellent fuel for turbinea. If it were
necessary to separate the methanol from the coal, additional
facilities would have to be provided and the logistics would be

more complicated.

A detailed logistical analysis is beyond the scope of the-
present study. However, the concept appears to possess merit,

and further study is recommended.
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7.0 FLOW INDUCER IMPROVEMENTS

7.1 Liquid Pumps’

Pumps used in liquid pipelines fall generally into

two categories: centrifugal and positive displacement pumps.

7.1.1 Centrifugal Pumps

Centrifugal pumps operate at relatively high
speeds and are usually direct connected to the drivers, the
majority of which are electric motors. Centrifugal pumps are
typically described as velocity machines in that their perform-
ance depends on the rotétihg velocity of ihpeller tips. The
operating parameters that vary with speed are output flow, head,
and the required drive power. Flow rates vary directly with
speed; head varies with the squaré of Speed; and required driye
power varies with the cube of speed. In contrast to positive dis-
placement pumps, centrifugal pumps develop a limited head at
constant speed over an éperating range from zero to rated capa-
city; therefore, excessively high pressures cannot occur. Figure
7.1.1-1 shows typical characteristic curves for a centrifugal

pump at constant rpm.

The efficiency of single stage centrifugal pumps depends
on specific speed (hydraulic design), capacity, inlet head,
internal running clearances, surface roughness, and stuffing
box friction. The influence of specific speed and capaciﬁy are
dominating in most cases. The best possible efficiencies of
centrifugal pumps depend to a large extent on specific speed as
shown in Fig. 7.1.1-2. At very low speeds, friction losses be-
come excessive, resulting in a rapid drop in efficiency as spe-

cific speeds fall below 1500 gpm.

Figure 7.1.1-3 shows a family of efficiency curves for a

typical centrifugal pump which would be used on a small
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products pipeline. The optimum efficiency of 87-88% is represent-
ative of current state of the art.

_ Centrifugal pumps used on pipelines transporting only

one type of product are normally selected to provide a certain
head at a design flow rate. The speed of the pump is constant
for that flow rate. When the pumps are driven by constant speed
motors, the throughput can be décreased by throttling. The sim-
plest and most flexible method of varying flow is by use of a
throttling valve in the output line. The throttling valve has
seve#al advantages. No pump modifications are required, and
circuit changes are minor. With such a valve, flow can be
varied pfecisely during operation to obtain required flow rates.
However, throttling has several drawbacks, the most important of
which is loss of pump efficiency. Because the pump is delivering
full effort against a partial obstruction, total pump efficiency
is low for the usable flow delivered and the driving motor may
be overloaded. Accordingly, throttling is génerally used only
for applications requiring frequent flow variations, in which
high power consumption is acceptabie. Another way to achieve a
" lower throughput is to reduce the speed of the pump by using a
variable speed drive unit, such as a diesel engine, fluid coupl-

ing, gear reduction, or variable speed motor.

When two pumps are operated in paraliel, the combined
delivery for a given head is equal to the sum of the deliveries
at that head, as illustrated in Figqg. 7.1;1-4. For satisfactory
operation in parallel, the pump units must be working on that
portion of the curve that drops off with increase in the individual
capacities of thé two units in order to.assure stable flow dis-

tribution between the pumps.

When two pumps are operated in series, the combined head
for any flow is equal to the sum of the individual heads at a

given capacity, as shown in Fig. 7.1.1-5.
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‘ Figure 7.1.1-6 illustrates an example, using two pumps in
series, in which it is necessary to operate the pipeline at a
throughout lower 'than design. Uperation at point a on Lhe syslen
curve requires a lower throughout, which can be achieved either by
throttling by an amount represented by AH or by operating at
reduced speed along the lower of the two curves. The variable
speed method of reducing throughout would normally be the more
efficient method. The application of these principles to pipeline
operation has been discussed in Section 4.3.6.

7.1.2 Positive Displacement Pumps .

Positive displacement pumps can be categorized into two
principal classes: rotary pumps and reciprocating pumps.

A rotary pump coneiets of an assembly of gears, valves, cams,
screws, vanes or other moving parts which rotate in a fixed casing.
Instead of -"throwing" the liquid as in a centrifugal pump,. the
rotor components push the liquid toward the discharge port much as
a piston of a reciprocating pump does. Unlike the reciprocating
pump, the rotary pump discharges a smooth flow. They will handle
almost any liquid that is free of hard and abrasive solid material.
Neglecting slip, rotary pumps deliver almost constant capacity
against variable discharge pressure. Typical capacity and horse-
power characteristics of a rotary pump at a given viscosilty are
illustrated in tig. 7.1.2-1. .

Rotary pumps are manufactured with capacities ranging from
less than 1 gpm to more than 5000 gpm. They can handle pressures
ranging to more than 10,000 psi and viscosities ranging from less
than 1 centistoke to more than one million SSU. Their broadest
field of application is in handling fluids that have some lubricat-
ing value and sufficient viscosity to prevent excessive slip at
required pressure.

Reciprocating pumps are positive displacement'units that
discharge a fixed quantity ofnliquid during piston or plunger
4movement through the length of the stroke. Disregarding leaks and
bypass arrangements, the volume of liquid displaced during one
stroke of the piston or plunger equals the product of the piston

area and stroke length.
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The advantages of reciprocating pumps are flexibility of
operation, nearly constant efficiency for wide ranges in capacity
and head, and ability to handle small volumes at high heads.
Disadvantages include valve. troubles, pulsating flow and head,
higher cost, greater required floor space, and higher maintenance
cost due to the complexity of movin§ parts.

Positive displacement pumps used in pipelines are predominant-
ly of the reciprocating type. The inherently high efficiency of
these pumps is almost independent of pressure and capacity and is
only slightly lower for a small pump than for a large pump. They
are most useful in applications reqdiring high pressure and rela-
tively low capacity, where their high efficiency more than offsets
the high initial cost.

7.2. Slurry Pumps

One of the most demanding applications for a pump is in .
slurry pipelines. Both of the major coal slurry lines currently in
existence use reciprocating pumps. Pertinent data on these instal-
lations are shown in Table 7.2-1 (Ref. 41).

Selection of pumps for slurry pipelines has been related
primarily to two factors: required discharge pressure and abra-
sivity. For required discharge pressures under 650 psi, centri-
fugal pumps have been selected (for'slurries other than coal) based
on lower cost. For higher discharge pressufes, only positive »
displacement pumps are technically feasible due to casing pressure
limitations on centrifugal pumps. In systems where positive
displacement pumps are utilized, the more abrasive slurries require
the use of a plunger pump which has the capabilitf to continuously
flush the plunger of abrasive.material. The less abrasive materials
allow the use of a piston pump. The fluid end sections of piston
pumps and plunger pumps are shown in Figs. 7.2-1 and 7.2-2, respec-
tively. 1In the ‘case of the Consolidation Coal and Black Mesa
slurry systems, positive displacement'pumps were selected because
of their higher pressures and operating efficiencies as compared
with centrifugal pumps. Piston and plunger type pumps were both
investigated, and the piston pumps were chosen as they were con-

sidered to have'acceptable life with the abrasiveness of the coal

slurry to be pumped.
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Table "7.2-2 compares pump capabilities in existing slurry
lines, including other slurry materials (limestone, copper con-
centrate, magnetite concentrate, and others) as well as coal.

Considerable improvement in pump maintenance costs has
been experienced on existing pipeline systems. This has largely
been accomplished with experimental programs over a period of
years. For example, the life of rubber valve inserts was increased
from only 90 hours initially to 1100 hours with improved polyure-
thane inserts; the use of chrome-plated liners increased the life
of piston inserts from 180 to 500 hours and doubled the life of
liners; and piston rod packing life was increased from 100 tov 6000
hours. Maintenance life on expendable parts for low and high
abrasive slurries is shown in Table 7.2-3 below.

Slurry pipelines utilizing positive displacement pumps
usually have at least two variable-speed operating pumps per
station in order to vary throughout and to simplify restart of the
pipeline after shutdown. A number of different speed control
devices, as indicated in Table 7.2-4 below, are being used on
existing systems.

Fluid couplings have proved to be satisfactory in high
horsepower ranges. They are rugged, reliable, and require little
maintenance, Eddy current couplings have performed satisfactorily
in the lower horsepower rahges (less than 1000 hLp) aund provide
more precise control than fluid couplings, particularly at lower
pump speeds. Variable speed motors have also proved satisfactory
for slurry pumping service, although they are more sensltive Lu
variations in load than fluid and eddy current couplings. The pdle
changing squirrel cage motor is a variable speed'device capable of
operating at two speeds and operates at high eftic¢iency at eilther
speed. By having several pumps in parallel with different speed
ratings, combinations can be used to provide several speed cap-
abilities. The "Synchrodrive" unit is a device which combines gear
reduction and speed control elements and which can be obtained in
any size required for a slurry pump. This results in a saving of

space and cost, and maintenance costs should be low because of

reduced complexities of the system.
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Table 7.2-1

Reciprocating Pumps in Use in

Major Coal Slurry Lines

Consolidation Black Mesa
Coal System System
Length (miles) 108 273
Diameter (inches) 10 18
Annual throughout 13 4.8
(million tons/yr)
Type of pump Double acting Double acting,
duplex piston duplex piston
Pump Manufacturer Wilson-Snyder Wilson-Snyder
Pump drive (hp) 450 1500, 1754,
1750
No. of pump stations 3 4
Total number of pumps 9 (S e
Flow per pump (U.S. gpm) 550 2100, 1400,
2100
Maximum discharge pressure 1200 10805 L7 85,
(psi) 1165
Concentration (% by weight) 50 45-50
Maximum particle size 14 mesh 14 mesh

Source: Reference 41
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Tump type

Plunger
Piston
Centri-

fugal

Source:

Table 7.2-2

Comparison of Pump Capabilities

Maximum

pressure

(p3i)

3500-4000
2500-3000
600- 700

Reference 41

Maximum
flow

(gpm)
920
2700
50,000
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85-90
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Table 7.2-3

Maintenance Life on Expendable Pump Parts

Expendable Part Life

(hours) *
Low abrasivity High abrasivity
(piston) ' (plunger)
Valves 1100 . 500
Piston rod . , 3000 -
Plunger sleeve - 720
Piston liner 4000 -
Brass bushings - 425
Packing 6000 425

*Approx. 1500 psi differential pressure

Source: Reference 41
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Table 7.2-4

Spced Control Devices for Electric

Drive Slurry Pumps

Type Speed Control - *Where Used
Fluid drive ' ' Consnlidatian Coall, Savage
' Riverz, Black Mcsa1
Eddy curtent CalaverasB, Waipipil1
Wound rotor motor with BOugainvilles
liquid rheostat
Synchrodrive \ West .T.ri;ms
Pole changing squirrel _ Trinidad3
cage
1 - Coal slurry lines 4 - Magnetite concentrate
2 - Iron concentrate slurry line slurry line
3 - Limestone slurry lines 5 - Copper coincentrate slurry
line

Source: Reference 41
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Centrifugal pumps are used extensively for in-plant commercial
slurry systems, typically those used for in-plant transportation of
slurries in the mining, cement, and other industries. Their
application is generally restricted to short distances because of
their limited head capability, lower allowable casing preésures,
and lower efficiencies. On long distance slurry pipeline systems
they sometimes serve as booster puhps, providing suction pressure
required for mainline reciprocating pumps. Centrifugal pumps are
also used to pump slurry through safety loops, allowing system
operators to monitor the slurry for quality before committing it to
the piéeline. '

The efficiency of a centrifugal slurry pump’is low because
of the necessarily robust nature of the impeller design and the
relatively wide throat impeller clearance. Efficiencies of 65% are
‘common, compared to 85 to 90% on the positive displacement pumps
used in slurry systems. The centrifugal slurry pump is a flexible
piece of equipment in that, if sufficient drive horsepower has been
installed, the head capacity can be increased or decreased simply
by changing the speed of the pump. Beltdriven units are most
common and the speed change is generally achieved by changing the
drive sheave. In pumps with metal impellors, the diameter of the
impeller can be increased or decreased to match the system
characteristics. | .

New coal slurry pipelines in the planning stages may require
throughputs as high as 20,000 U.S. gallons per minute to be trans-
ported hundreds of miles. Assuming that the pumps on the new
generation slurry pipelines will be adaptations of existing positive
displacement pumps, this could mean that pump capabilities of 4000
to 5000 gpm (as compared to the 1785 gpm maximum capacity of
present pumps) will be desirable.

Another type of positive displacement pump which may offer
potential for future slurry pipelines is a high flow, high pressure
axial flow pump such as used in the NASA Saturn space program for
pumping liquid hydrogen. A pump of this type is available with a
volume flow rate of 18,000 gpm at 1000 psi discharge pressure. It
could therefore-replace as many as eight’of the present piston
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pumps in a long distance coal slurry pipeline, and would probably
require less.maintenance. However, the axial flow pump is ap-
proximately 5% less efficient than the piston pumps now used, and
it is doubtful if the overall cost would be less than with piston
pumps of the latest design.

In general, it-is concluded that- the state’of the art in
both centrifugal and positive displacement pumps is well advanced
and there are no technological breakthroughs which could be ex-
ploited in an DOE-supported program.

7.3 Compressors

Until about 1947, the compression requirements of natural
gas pipelines were satisfied entirely by reciprocating compressors.
Since that time, the acceptance of the centrifugal compressor has
steadily increased until it constitutes a substantial proportion of
the total transmision compression horsepower installed. Figure
7.3-1 (Ref. 3 and Ref. 42) shows graphically the total capacity in
installed compression horsepower for both gas turbine-driven
centrifugal units and reciprocating units for the years 1963
through 1973. Over 50% of the total transmission line compression
horsepower installed during this period was of the turbine centri-
fugal type. However, during 1973, the trend reversed. Since the
Arab oil embargo,.not only have new units tended toward recipro-
cators bécause of their higher efficiency, but on those lines whose
sources are decreasing, the first units to be taken out of service
were the turbines.

The centrifugal compressor is classified as a dynamic machine
because all compression is achieved by continuous dynamic action of
the blades and channels. Inertial forces are transmitted by a
rotating impeller which, by centrifugal motion, adds kinetic energy
to the gas acceleration. The gas flows from the impeller into the
diffuser where the gas decelerates and the kinetic energy is
transformed into potential energy, i.e., pressure energy, A single
centrifugla stage provides a relatively low pressure ratio (current-
ly in the range of about 1.15 to '1.4). When larger ratios are
desired, additional stages are added in series.
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The natural gas centrifugal compressor was originally
designed for natural gas boosting service. Pressure ratios up to
5:1 or higher (dependiné on gas properties) over a wide range of
flows can be achieved. Higher pressure ratios can be obtained by
operating two or more compressors in series with intercooling.
Maximum discharge pressures of up to 4000 psig can be obtained
using a high-pressure case. '

The centrifugal compressor has broad pressure-volume
characteristics. These are accomplished by using backward swept
impeller blades, vaneléss diffusers, and a variety of inlet guide
vanes. Compfessors using this type of staging have relatively low
.pressure ratios per stage, so a multistage machine is necessary for
all but the lowest pressure ratios.

One of the most important parameters for classifying com-
pressor impellers hydrodynamically is speéifié speed. 1t is
calculated by the formula

Specific speed = rpm/Q

H3/4
where
0O = inlet volume flow (ICFM), and
H = head (feet)

The specific speed is the speed that would be required of a
geometrically similar machine to produce unit head with unit
flow. | _

The peak efficiency of centrifugal impellers occurs in the
specific speed range of 650 to 800. The selection of design speed
among available gas turbine drivers is limited, and the pipeline
industry has been reluctant to use gears. Therefore, in some cases
it may not be possible to obtain the best specific speed range with
the driver speeds available. However, efficiencies of over 80%
within the specific speed range of 400 to 1350 can be expected with
most single-stage impeller wheels. Figure 7.3-2 shows how the
maximum flow capability of a compressor changes depending on the
head (Ref. 43). '
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Development of higher efficiency centrifugal compressors
is continuaily pursued by some of the major industrial firms. For
example, one of the leading gas turbine manufacturers has achieved
an optimum efficiency of 86% in a single-stage compressor of 1.3
pressure ratio with a 24-inch-diameter impeller. However, the
improvements in single-stage compressors cannot be directly trans-
lated into multistage machines, which reﬁqire some compromises |
because of the broad range of flows and pressures involved.

In a typical case, a given compressor configuration is
desiqned to handle a wide range ot applications. For example, Fig.
7.3-3 shows '‘a performance map of a Solar C505 centrifugal gas
compressor. Using the curves, it is possible to determine whether
a specific compression job is within the capability of this basic
machine, and how many stages would be required for the specific
site condition. '

' At the low heads required for pipeline service, the axial
flow compressor could offer the possibility for a 6 to 8% improve-
ment over current centrifugal -.equipment. About 24 axial flow
compressors have been built .and operated in closed-cycle gas
turbine.power plants throughout the world, where the pressure
levels, volume flows, and heads are comparable to gas pipeline
requirements. Such a compressor, however, has two problems, one
in design and the other in operation. The design problem is that
of coping with the high bending loads imposed on the blading by the
high specific mass tlbw. The operational problem stems trom the
narrower operating range from design point to surge at the tip
speeds dictated by available turbine speeds and inlet volume flows
(Ref. 44). The axial flow compressor is also less rugged, more
complex, and more sensitive to damage from ingestion of foreign
objects than a centrifugal type. With the efficiency improvements
that are being made in centrifugal compressors, there appears to
be little likelihood that the axial compressor will be bullt in any
substantial numbers for pipeline service.
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The reciprocating compressor is classified as a positive

" displacement type machine in which a quantity of gas is drawn into
a cylihder, where its volume is reduced and its pressure increased
by movement of a reciprocating piston. Piton compressors are
designed for pressures as low as 1 psi above atmospheric or, with
single stage compression, up to approximately 100 psi. When higher
pressures are desired, the compression is divided into stages. The
reciprocating compressor has the advantage of higher efficiency
than the centrifugal compressor'at the higher pressure ratios,
although in many applications the centrifugal can claim efficiency
superiority at pressure ratios below 1.35 as illustrated in Figqg,
7.3-4 (Ref. 43). | ,

Many of the gas ehgine compressors used in pipeline ap-
plications a:é of the ihtegrai type, in which the power cylinders
and compressor cylinders are arranged in a V-angle configuration on
the same block and crankshaft. Normally such a machine has one
compressor cylinder for each two power cylinders. Other gas
engine compressors are furnished as matched engine-compressor sets,
with the engine dri&ing a separate compressor unit. Unloader
valves used in the compressor cylinders are of various types,
including both poppet and plate valves.

Many of the reciprocating engine compressors installed in
natural gas transmission lines are operated in parallel with
centrifugal compressors. In most cases there are several of the
reciprocating -engines with a large number of unloaders on the
compressor cylinders. The reciprocating engine compressor units
are usually of lesser capacity than the centrifugal compressor.
Station control is accomplished by ‘the unloaders until the horse-
power is reduced to permit shutdown of a unit. Since a centrifugal
compressor impeller has an operating flow range of approximately /0
to 130% of the design flow, it is not desirable to use a large
centrifugal to handle the flow swings of a station when in parallel
with reciprocating engines. It is much more desirable to bead load
the centrifugal to a certain horsepowef level and allow the recipro-

cating units to handle the station swings (Ref. 43).
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In general it is conclude that, as far as efficiency
improvements are concerned, there does not appear to be any
'significant rationale for advancing the state of the art. in the
compressors themselves by DOE support. Rather, as discussed
elsewhere in this report, the principal gains in efficiency will
come from the prime movers through.new design concepts and cycle

improvements.

Diecharge pressure =
830 psig

= Centrifugal
compressor

g
A

Reciprocating
compressor

hp/mmscfd

Pressure ratio

Fig. 7.3-4 - Typical horsepower requirements for
centrifugal and reciprocating compressors
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8.0 REDUCTION OF RESISTANCE TO FLUID FLOW

To examine the potential savings in both energetics and
economics that might accrue from sighificant reductions in resis-
tance to fluid flow, some simulations were run using the pipeline
economic model (PEM), which was developed under Task 1 of this
project. The model is described in References 8 and 9. .

For the simulation, the baseline petroléum products reference
system, with a linefulllconsisting of 70% gasoline, 5% avgas, 5%
kerosene, and 20% No. 2 fuel o0il, was compared with the same system
and linefill, but with viscosity reduced by factors of two and
five. Sclected output results are tabulated in Table §.0-1.

It is seen that for the 20-year period from 1976 to 1976, a
saving of $22.375 million in total energy cost could be derived
from reducing the viscosity by one-half and a saving of $48.205
million from reducing the viscosity to one-fifth that of the
baseline case. Savings in present value of the energy used are
$6.516 million and $14.016 million for the one-half viscosity case
and the one-fifth viscosity case, respectively. These savings
figures are obtained by comparing the "Energy Costs" fand "Present
Value of Energy Used" for the three viscosity categories under
‘theheading "Energetics" in Table 8.0-1. They are attributable
entirely to the increased throughput which could be obtained by
viscosity reductions alone and do not take into account any addi-
tional capital expenditures which might be involved in achieving
the viscosity reductions.

The three primary methods of reducing fluid resistance in
pipelines are:

(1) Heating the fluid to reduce viscosity

(2) Using additives in the fluid to reduce viscosity

(3) Using internal coatings in the pipe to reduce friction.

8.1 Pipeline Heating to Reduce Viscosity

The use of heating in petroleum pipelines has been confined
primarily to relatively short length lines (100mi or less) carrying

liquids such as heavy crudes and heavy fuels oils which are too
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Activity
Throughput (MM bbl/mi)

‘Revenuss

Economics
Operating income(ICC Rule
Net income (book profit)

Present value of book
profits '

Net cash generated

Present value of net cash
generated

Rate of return on total
capital (%)

Energetics
Energy used (MM kw-hr)
Energy costs. (MM §)

Presenz value of energy
used (8108) .

*
Dollars in thousands

Table 8.0-1

Viscosity Reduction Study*

Baseline Case

Viscosity reduced to %

Viscosity reduced to 1/5

Total l

Total (20 yr) Average Average Total I Average
1,704,590.7¢7 85,229.539 1,704,590.797 85,229.539 1,704,590.797 85,229.539
1,612,855.538 80,642.775 1,590,763.516 79,538.176 - 1,565,276.891 78,263.844

) 430,947.0%4 21,547.354 >43l,157.617 21,557.881 - 431,413.906 21,570.695
375,137.840 17,863.707 375,348.352 17,873.731 375,604.641 17,885.935
136,608.590 6,830.429 136,787.037 6,839.352 137,004.424 6,850.221
302,389,715 "15,119.486 302,600.223 15,130.011 302,856;520 15,142.826
115,793.697 5,786.185 115,902.142 5,795.107 116,119.530 5,805.977

8.470 8.470 8.472 "8.472 8.474 8.474

$,577,754.250 278,887,711 5,022,350.187 251,117.508 4,381,353.437 219,067.672

225,170,787 11,258,539 202,796,303 10,139,815 176,965,961 8,848,298
65,065.001 - 58,549.497 - 51,044.112 -



viscous to be pumped at ordinary ambient temperatures; Practice in
the past has been to heat the liquid to a temperature mcuh above
its pour point (often from 140°F to 2109F) at the initial

pumping station, then pump it through an insulated pipeline, kept
hot by runnig a parallel, smaller line carrying steam. On such
lines the pumping stations are usually spaced closely together and
the o0il is heated at each station.

Polyurethane foam coatings have been used for thermally
insulating pipelines for more than 10 years, but extensive use of
these coatings has occurred only since about 1970 (Ref. 45). More
than 600 mi of insulated pipeline of all sizes, including length of
pipeline up to 100 mi, have been installed since that time. The
‘value of polyurethane foam for thermal insulation lies in the fact
that it has the lowest value of thermal conductivity (0.13 Btu/sqg./
ft/hr/oF/in—per ASTM D2326) of all commercial insulation materials.

Another method of heating developed more recently uses a
concept known as "skin etfect current tracing" (SECT). This
system, as illustrated in Figs. 8.1-1 and 8§.1-2, uses the principal
of skin effect, whereby a conductor is placed inside a heat tube
and grounded to the far end of the heat tube (Ref. 46). The heat
tube is welded to the exterior of the carrier pipe, which is common
carbon steel pipe. An AC potential is applied between the heat
‘tube and conductor, causing an alternating current to flow down the
conductor and return on the inside of the heat tube. The depth of
penetration (skin depth) of the current is related inversely to the
square root of the frequency, relative magnetic permeability of the
heat tube, and conductivity of the heat tube. The welded contact
between the heat tube and the carrier pipe provides a heat flow
path, and the temperature of the heat tube is normally not more
than 15 to 20 degress higher than that of the fluid. At the SECT
control center, a transformer (Fig. 8.1-2) is provided for stepdown
of the high voltage power supply, and temperature controls are used
to maintain the required temperature settings. For most applica-
tions, one heat tube is used for fluid pipes up to 12 inches in
diameter, two tubes tor intermediate sizes and three or more tubes

on pipes larger than 30 inches in diameter.
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Figure 8,1-1 Basic skin effect
' tracing circuit.

Figure 8.1-2 Details of SECT
power circuit.

Source: Reference 46
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The SECT system was developed in Japan and is licensed to the
Ric~Wil Co. of Canada and its subsidiary, Pipe Heating Systems,
Inc., of Brecksville, Ohio. It has been used for heating pipelines
carrying viscous crude, heavy fuel o0il, molten sulphur, chemicals,
etc. Approximately 45 systems have been installed in the United
States in lines ranging up to about 10 mi long.

The effect of temperature on liquid viscosity may be correlated
within the accuracy of most experimental data (1 to 2%) with the de
Guzman-Andrade equation (Ref. 47). '

Al = AeB/T

This requires knowledge of two or more values of for evaluation

of the constants A and B. When'only one value of is known, the
temperature dependence may be obtained within approximately 20%
with the generalized chart shown in Fig. 8.1-3 (Ref. 47). The
chart is based mainiy on data forhorganic liquids and is represen-
tative of liquids such as crude o0il and petroéoleum products. Lt 1s
evident that heav liquids experience a much greater change in
viscosity with changes in temperature than lighter liquids. This
can be illustrated by the following example, which compares the

viscosities of two typical crude oils at two different temperatures
(Ref. 30)

Temperature Viscosity

(ol') ' (Centipoises)
California crude, light 60 48
| 150 9
California crude, heavy 60 3500
150 70

Source: Reference 30

————— D i - ok T . —— - —————— ———
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To assess the economics of heating pipelines to reduce friction
losses, discussions were held with pipeline heating system con-
tractor representatives. They indicated that such systems range in
cost from about $1 to $5 per diameter inch per linear foot of pipe-
line, depending on the location of the pipeline, the temperature/
viscosity characteristics of the fluid pumped, and a variety of
other factors. (Refer to Table 8.0-1)

Using the most optimistic estimate of $1/diameter inch/linear
foot for the heating installation, the total increase in capital

cost of reference the pipeline would be:

24" diameler x 5280 ft/ml x 686 m1i x $1l/in-ft
= $87 million.

Since the present value of the energy saving, at the postulated 20-
year average cost of 0.037 $/kwhr which was used in the comparison
of 1Table 8.U-1, line 11 was only $14 million, it is seen that the
cost of energy would have to increase by more than a factor of six
to even pay for the installation. It seems obvious from this
comparison that the use of heating in a long distance petroleum
pipeline is not economically practical and will not be in the
foreseeable future.

It is concluded that pipeline heating is a well established
technology for assisting in the pumping of viscous liquids for
relatively short distances, but would not be economically attractive
for long distance pipelines until energy costs were much greater
than present and also until insulation costs were less.

8.2 Internal Coatings to Reduce Viscosity

Results of various tests and applications over the past 30
years have proven that internal coating of pipelines is an effective
method of increasing pipeline flow efficiency. In addition to
increased throughput, internal coatings provide other advantages
including: protection against corrosion; reduced cost of scrubbers,

strainers, pigs, and other types of pipeline cleaning equipment;
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prevention of contamination from corrosive products; reduced
maintenance and labor costs; protection of pipe interiors against
accumulation of foreign materials; and reduction of leakage from
pipelines.

Epoxy-type internal pipe coatings are currently being used
in pipe for transmitting dehydrated natural gas, wet gas, crude
oil, sour crude oil, salt water, fresh water, and petroleum pro-
ducts. Thousands of miles of internally coated pipelines are in
service, with pipe sizes ranging from 2 inches to 42 inches.

Two principal methods of application are employed for internal
pipe coatings - "in situ" (or "in-place"), and spraying (Ref.

48). In-situ coating is applied to lines already laid and avoids
the welding problem. Historically, the first coating of this

type was carried out in 1947-47 in sour crude and sour gas gathering
lines. The first in-situ salt water lines were coated in 1953, and
potable water the following year. In-situ coating is a highly
specialized procedure, and only a few companies operate in this
field; however, as a result of experience in North America, Europe,
and other areas, ample background is now available, enabling the
in-situ coating applicator to use a proven coating, specifically
selected for the particular service requirements.

Spray application of internal pipe coatings to individual
joints of pipe is the second procedure. Suitable spray and cleaning
equipment is available today for internally coating small- and
large- diameter pipes, with appropriately formulated epoxy-type
coatings, following sound surface preparation such as abrasive
blasting or acid cleaning.

The largest spray application of epoxy coatings is for
internal coating of natural gas lines. The requirement here is not
primarily to give a protective film, but to provide a smooth
coating to improve throughput. A thin film, on the order of 1.5-2
mils, is applied, following surface preparation by a rotary wire
brush. Complete maintenance of film integrity is not essential for
this usage, and the welds will inevitably not be fully coated.
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Internal coating of gas transmission pipelines started in
1953. At the inception of this development, many queqtions were
raised as to whether the coatings used would have the necessary
properties, and whether the cost of internal coating would be
offset by the resultant benefits. These questions have been
largely resolved by close cooperation between coating manufacturers,
gas transmission companies, and engineers.

Of the many tests made to evaluate the advantages claimed for
internally coated pipe, the most elaborate have been those concerned
with increased throughput. Extensive work has been carried out to
measure the smoothness of pipeline internal surfaces, both uncoated
and covaled.

In 1955 the Institute of Gas Technology (IGT) conducted a
project titled "NB-14 - Internal Coating of Pipe", under the
sponsorship of the pipeline research committee of the American Gas
Association. Its purpose was to evaluate the feasibility of
internally coating pipe for gas pipeline service. As part of this
program, some 10 different generic resins were evaluated, involving
25 evatings, dineluding vinyls, alkyds, polyvinyls, furanes, coal
tar epoxies, phenolics, and neoprene coatings. Results showed the
superiority of the epoxy-based type.

A related project, No. NB-13, was established by the pipeline
research committee at IGT to investigate pipeline flow efficiencies.
The results of this study showed that, for the ranges of flow and
Reynolds number encountered in most large-diameter pipelines, the
flow efficiency is dependent on pipe roughness and independent of
Reynolds number. As part of its work, the pipeline research com-
mittee developed a new flow formula in which the effective roughness
of the pipe is used as a factor. The following table compares
flow efficiency with effective surface roughness of 36-inch pipe

based on this new flow formula.
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Effective surface Pipeline flow

Type of 36" pipe roughness (in.) Efficiency (%)
Internally coated 0.00028 103.8

Very smooth commerical 0.00045 100

Average commercial 0.007 96.5

Stored 0.0013 91.6

—— e ————————————————————

During this same time period, Transcontinental Gas Pipeline
(Transco) conducted an experimental test program on 1199 miles of
internally coated pipeline ranging from 20 to 36 inches in diameter
(Ref. 49). Various percentages of pipeline were coated on different
sections. Epoxy resin type coating was used, since engineering
studies had indicated it to be the most desirable for the purpose;
the results of NB-14 confirmed this thinking.

After the first internally coated pipe was installed in
1955, the pipeline flow test data failed to reveal conclusively
that internal coating was economically justified. For the next two
years, the flow tests showed some indication of increased efficiency
and were encouraging enough to Transco management to continue the
program to the extent of designing for and considering the effects
of internal coating on all main line additional facilities for
expanding their system. Costs for cleaning the pipe and applying
an epoxy coating varied considerably due to methods of manufacture,
rate of production, and other factors. However, a general rule of
thumb at that time for estimating costs of materials, application,
and handling was to allow one cent per diameter inch per linear
foot, with the smaller sizes of pipe running slightly higher.

Another project conducted during the late 1950's involved a
series of tests on an 11.9-mile section of 24-inch OD x .25-inch WT
pipe which had been in continuous service in the Tennessee Gas

Pipeline Co. system for 10 years. The test were part of a joint
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project under the auspices of eight gas pipeline companies and two
companies specializing in pipe coatings (Ref. 50). The project was
organized in three phases:

Phase 1

Phase

- The section was tested after 10 years of operation.

2 - The section was cleaned with two separately run
wirebrush pigs, and tested after cleaning.

Phase 3 - The section was cleaned with two wire brush pigs,
followed by a 3000-gal.

detergent.

plug of Ketone as a
The line was then coated with an epoxy
and tested.

The results of testing at various flow rates in each phase shawed
that pipeline deliverability was increased by approximately 5 to

10% ,
to a nearly constant 4% increase directly attributable to the
1 ko 6%

depending on the rate of flow. This increase was broken down

cleaning operation of Phase 2 and an additional indirectly
attributable to the work done in Phase 3.

The tests satisfied the overall objective of the project,
which was to answer the question of whether the condition of the

internal pipe surface has much of an effect upon the deliverability

in a large-diameter pipe in commercial service.

8.2-1.
which is directly

anwered by examining Fig.
mission tactor,
varied from approximately 5% at a
about 10% at a Reynolds number of
repeated on the internally coated

after the original tests) and, as

This question is
The total increase in the trans-
proportional to deliverability,
Reyonlds number of 7 million to
18 million. The tests were
pipe in December 1959 (a year

indicated in Fig. 8.2-2, the

results showed good correlation with the previous test results.

From this is was concluded there had been no apparent deterioration

of ‘the interior coating.

A significant recent application was recorded in 1973 when

Signal 0il and Gas Co. completed the in-place internal coafing of

an offshore gathering system.

Included in the system were 3 1/2

milcs of two 12-=inch and one 10-inch lines connecting platforms,
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and a 21.3 mile, 12-inch main line. All lines were internally
coated with a polyamid-activated epoxy. Cleaning and coating
operations on the gathering lines were carried out simultaenously
from the platforms, and, on the main line, from a platform and an
onshore site. Despite the fact that underwater tie-ins were
involved, the use of divers were not required.

Another potential application for epoxy coatings is for
protection against corrosion and metal loss within the interior
surface of slurry pipelines. A recent paper (Ref. 51) evaluated
alternative methods for corrosion control against various system
parameters including capital cost, operating cost, and user suit-
ability, environmental effects, effects on transport system, and
flexibility. The alternative methods considered were heavy wall
pipe, thin wall pipe with inhibitor, thin wall pipe with lining,
thin wall pipe with oxygen removal, and thin wall pipe combination.
The two methods involving internal coating, i.e., thin wall pipe
with lining and thin wall pipe combinatio, ranked the most favorably
on a cost comparison basis. The evaluation of thin wall pipe with
lining was generally favorable otherwise except for concern ex-
pressed in assuring a continuous coating free of pinhole leaks.

The cost figures for thin wall pipe with lining were based on
applying 20 mils dry film thickness of epoxy lining. There is
reason to believe that amply protection for a 25 to 30 year operat-
ing span could be provided with only 9 to 12 mils thickness of
epoxy lining, which would make the cost comparison3 evcn morc
favorable.

A current rule of thumb for estimating the cost of internally
coating a new pipelie, as indicated by contact with one of the
leading coating companies (Ref. 52) is to use 15 cents per diameter
inch per lineal foot for 6 mils thickness of epoxy coating, appli-
cable to water, gas and petroleum products. For slurry, the figure
would be 25 cents per diameter inch, based on 20 mils thickness of
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Source: Reference 50
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coating. These figures would apply for relatively short lengths of
pipeline (up to 10 miles) and would be somewhat less for long
pipelines. For in-situ coating of existing pipelines, there is no
reliable formula for estimating costs, because of the highly
variable nature of the cleaning and processing required.
8.3 Additives to Reduce Viscosity

The use of soluble additives to reduce the pressure loss

associated with flow through pipes and tubes has been studied
intensively since 1964. Although the data are confusing and
sometimes contradictory, the indications are that a significant
drag reduction can be obtained.

The theoretical basis for drag reduction by additivies
generally derives from modifications to the boundary layer of the
flowing fluid. In the case of solid additives, particles with a
high length-to-diameter ratio are apparently more effective than
particles with other shapes. Several investigators attribute this
to the alignment of the lenticular particles parallel to the
direction of flow and the resultant modification to the laminar and
transitional boundary layer adjacent to the channel wall. In the
case of soluble additives, a similar phenomenon on a molecular
level is postulated, since experimentally it is found that long-
chain organic molecules have the most pronounced effect.

The most convincing explanation for the phenomenon of drag
reduction 18 that propounded by  P.S. Virk (Refe. 53). His model is
hased on flow experiments with water as the solvent and with
solutions of polymers at concentrations up to 300 ppm. The results
of these experiments agree qualitatively with carefully conducted
experiments by R. J. Hansen et al. at the Naval Research Laboratory,
also with water as the solvent (Ref. 54). Experiments with organic
solvents (Ref. 55) are also in qualitative agreement.

At. a Reynolds number of 10,000, the minimum friction factor
attainable through drag reduction, according to Virk's equation,
is 36% of the Newtonian friction fractor; this is equivalent to a

64% reduction in pressure drop and pumping energy.
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Virk's model postulated an elastic sublayer between the usual
laminar boundary layer and the turbulent core; the hypothesis is
that all drag reduction is related to the thickness and properties
of this intermediate flow region. Historically, the analysis of
friction losses in flow systems starts with the velocity distribu-
tion across the channel. For flow in pipes and tubes, a wide range
of data is correlated in terms of universal velocity (U*) and
position (y*) paramters as shown in the semilog plot of Fig.
8.3=1, taken from Brod (Ref. 56).

For a Newtonian fluid in turbulent flow, two principal flow
regions are observed as indicated by the curve A-B-N. In cases
where drag reduction is observed, the Newtonian turbulent flow line
is displaced parallel to the line B-N to form a velocity profile
such as A-B-C-D, consisting of three flow zones: the turbulent
core, the laminar boundary layer, and the intermediate "elastic"
layer with the thickness represented by the horizontal "distance"
betwen the points B-C.

The characteristics of drag reduction can be seen from this
figure. The primary effect is that a higher mean velocity is
observed for the same friction factor. This desirable effect
apparently is a result of the significantly lower specific enregy
required to sustain turbulent flow of the system in the presence of
the additive. The mean velocity increases above Newtonian velocity
across the intermediate elastic sublayer, which extends from about
15<y*<60. This effective slip is the explanation for the drag
reduction phenomenon, according to Virk's model.

For practical application of drag reduction to design, the
usual correlation of friction factor with Reynolds number is used,
being derived by integration of the velocity profile of Fig. 8.2-1
over the cross section of the duct. The form of this correlation

iss
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pipe diameter.

Pipeline tests of drag-reducing additives have shown viscosity
reductions of 48%, equivalent to a reduction in turbulent flow
friction factor to 15%, which would also be the reduction in pump
CUEDIEY .

In report HCP/M-1171-2 (see Table 1.1-1 above), Sections
4.4,2.2 and 4.5.2.2, the annual energy costs of U.S. o0il pipelines
were seen to be 127 $ million each for crude and products lines, or
a total of 254 $ millin. The upside potential cost saving is thus
38 $ million/year, or 2.5 $ millin for each point of efficiency
gain. Clearly, a well-conducted R, D and D program should be
highly cost effective, and it is accordingly recommended that such

a program be undertaken.
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9.0 OTHER IMPROVEMENTS
9.1 Cybernetics of Pipeline Systems

Cybernetics is a term coined by Norbert Wiener as a name for
the science of information and control in complex systems. The
science is now a well developed body of knowledge which is applied
to practical systems through high speed, large memory computers
which assume many or all of the functions previously performed by
human operators. Automation is a ‘term which is often applied to
this process. _ )

The three major functions within a cybernetic system ére;

1) The collection of information relative to the state of
the system. ' '

2) The processihg of that information, along with whatever
operator input may be required, through an algorithm which calcu-
lates the necessary control action.

3) The effectuation of the necessary control.

Functions 1) and 2) involve information and control only, and-
they can be performed by equipment which performs no other function
and therefore operates independéntly of the pipeline system. This
equipment is generally electronic, e.g., microwave communicators and
high-speed computers. However, function 3 must be performed by
equipment which is part of the pipeline system proper, i.e., motors,
engines, pumps, valves, etc., and therefore performs noncybernetic
functions as well.

Earlicr, Sectioun 4.3.6.1 presented a detailed discussion of
duty cycles in product pipelines. There it was seen that such
pipelines operate at steady state only when the entire linefill is
a single product. However, this situation is seldom obtained, and
therein lies an opportunity for energy conservation. The existence
of that opportunity was identified in Section 4.2.2, and the
recommended approach to lifting of equipment limitations and
solution of the associated problems was presented in Section
4.3.6.2. However, those discussions only treated function (3), the

effectuation of necessary control, and showed that the objective is
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infinitely variable pump speed control, and recommended the fuel
cell-DC motor approach. The cybernetic functions (1) and (2), the
communication and ¢ontrol functltiuvns, 3till remain to he Addressed.
As noted earlier, these functions are generally performed by
electronic communciations eqﬁipment and high-speed computers. The
following discussion of these applicatﬁdns is taken from Carter
(Ref. 57). |

Pipeline scheduling involves collecting and processing
information from all shippers desiring movements as to the grade
and quantity of the material to be muved, its origin and destination,
and the approximate timing to assure that the various movements
will arrive at the proper destinations on a timely basis. )

After the schedulers have completed their work, they normally
present a monthly schedule of movements to another group of people
to handle the day-to-day, hour-to-hour, minute-by-minute activities
necessary to carry out the schedule. These people are usually
called dispatchers. Their functions and responsibilities are
listed below. '

1. The dispatcher must be assured that the material he
receives is of proper quality and grade. '

2. The dispatcher must accurately measure the volume
received for each shipper and credit it to hisc account.

‘ 3. The dispatcher must keep accurate dcvcuunts of the
location of the head-end and tail-end of each batch of fluid moving
through thé’line.

4, A dispatcher must deliver the proper amount of the
right grade and quality prbduct at the right destination for
each shipper.

5. A dispatcher must be assured at all times that his
inputs equal his outputs, taking into consideration the fluctuation
of working tankage.

6. All movements through a pipeline system must be accounted
for and the proper charge assessed to them.

This dispatching function is the 24-hour/day, 7-day/week,

nerve center of all pipeline systems. Dispatchers have at their
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fingertips the means for checking amounts of inputs and outputs and
the flow through the pipelines by reading meters and gauging tanks
remotely. They must have constant check on pressures to keep from
bursting the pipelines. The quality and grade of the petroleum
moving through the lines is known at all times through remote
reading gravitometers, BS&/w (basic sediment ~and water) monitors

and other Similar deVices. All these are data needed by the ﬂ
dispatchers to evaluate and assure them the line is running properly
and safely. The dispatchers direct tank farm personnel‘in switching
tanks off or on the sYstem and are in constant communciation with
deliveryman'and guagers, 'giving instructions as to the time,
quantity and quality of material to be delivered at locations
throughout the syotem. Practically all the work done by a pipeline
company is dependent upon effective dispatching.

The dispatching operation is being'automated in various ways
by each pipeline company by using themelectronic innovations of our
day. In the early 1970's, pipe line companies advanced beyond the
dispatching operation just described to a centralized Control
Center operation. This Control Center combines the tremendous ’
calculating capacity and data handling ability of the_computer.with
the logic of the scheduler and the minute-to-minute instructions
and logic of the dispatcher. )

The use of computers and automation“in the area of pipeline ’
operations and control has been grOWing almost exponentially since
the mid-1960's. A 1973 Survey on Computer Usage by the API showed‘
that 57% of the pipeline companies were using computers for some
type of operational application and that 33% were using computers
for data acquisition and control. This compares with only 34% of
the companies using computers in operational areas in '1962. In’
1962 there were no on-line computer applications in the pipeline
industry, and only three companies were studying on-line data

acquisition in the-mid-sixties.
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On-line cohputer installations, such as that illustrated
schematically in Figure 9.1-1, for data acquisition, dispatch
calculations, éﬁd control are commonplace. In the future, they
will be extended to all types of data. 1In addition to the presentA
on-line readings for tank gauges, meters, teﬁperatures, pressures,
gravity, orifice flow rate, and interface_detection; there will be
on-line réadings in the future for BS&W sampling, viscosity, Vapof.
pfessure, flash point, and even friction loss coefficients for
dynamic hydraulic calculations. The principal advantage ot on—data'
acquisition, is, of course, that it is much faster than obtaining
telemetered readings by manual display, or over the phone for
copying, and it is also more accurate. By 1974, 18 companies were
known to have on-line data acquisition applications representing
some 4000 on-line readings. . ,

Dispatching calculations performed at a central computer
location offer a tremendous advantage, especlally when coupled with
on-line data acqujsition, because the computef ¢an make these

calculations both rapidly and accurately. 'These are the basic

types of dispatch calculations‘for keeping track of tankage
and line inventbry, calculations for reéeipt and delivery
volume movement into and out of the line, line fill update
(or batch tracking), batch arrival time, and line over and
short calculations. 1In 1974 there were five cumpanies that
reported doing some type of dispatch calculations using on-

line data.
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ON-LINE COMPUTER INSTALLATIONS WILL BECOME COMMONPLACE
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There are definite advantages in having the remote
unattended pump sfations connected to the central computer
for on-line control and interrogation of supervisory control
status functions, as illustrated in Figure 9.1-2. Supervisory.
control equipment can be defined as equipment for controlling
and supervising the status of some device, such as a motor or
valve, over a communications circuit. The same'equipment
is used to telemeter pressures, temperatures, or tank gaugeé.
The computer in this case has the ability to communicate with
the remote control functions, and programs may be designed to
perform certain control functions such as starting a pump unitl
at a specific time; or the program may or may not entail
closed-loop operation. The computer can be tied to the remote
supervisbry control equipment to control pumping units, valves,
and set-point controllers as well as to pick up supervisory
status of alarms, pumping units running,etc. Another advantage
of on-line control is that status information can be internally

stored in the computer for hard. copy output and records.

In 1964, ARCO Pipe Line installed what is believed to
be the first on-line computer control system in the liquid
pipeline industry. The operation of the system has been very
successful and it has proved to be an economically justifiable
endeavor. The system encompasses some 3200 miles of crude
and products pipelines, 450 data acquistion points for tank

gauge, meter, temperature and pressure readings, and performs
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some 370 independent supervisory control functions,

including alarm and pumping units running status interrogation.

As technology and programming systems are developed,
more and more sophisticated closed-loop programs are being
implemented for controlling starting and stopping of pumping
units, automatic switching of tankage and terminal manifold
valves, pressure and flow set point coﬁtrol, and controlling
upset conditions in general by closed-loop action. Some of
these functions are illustrated schematically in Figure 9.1-3

Closed-loop control on the pipeline means that the
computer, through its program logic, senses a condition and
instigates some type of controlling action on its own without
manual intervention. There can be varying degrees of closed-
loop control. Pipeline segments may have only partial closed-
loop control for a few functions, or the entire system may
be under closed-loop control. The control may vary from a

simple set point control ot a suction préssure based on on-line
léalculation for arrival time of a different product, to the
ultimate in which a schedule determines the clused-loop action
for starting and stopping the pumping units, switching manitold
valves, controlling optimum pumping units, and automically
handling upset conditions. From a safety standpoint, closed-
loop operations give faster reaction-control than manual
operation in sensing upset conditions, e.g., pressure surges

and other abnormal operating conditions, and in taking corrective

. action.

ARCO Pipe Line Company has a 185-mile section of 8-inch
line from Western Oklahoma to near Shawnee, Oklahoma, which
has nine injection stations on closed-loop control, as shown in
Figure 9.1-4. This line handles a low vapor pressure crude and

condensate and a high vapor presssure stream of natural gasoline
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and butanes, The material from each of the nine points must

be injected into the proper batch of compatible material as

it passes the injection point. The computer control system}
reads the various meter readings, calculates the updated line.
£fill and batch arrival times, determines if and when a pumping
unit is to be started or stopped, and then initiates closed-

- loop action to block or clear the injecting pumping unit at

the proper time. The progfam also alerts the -operator to any ab-

.normal conditions that are detected.

The fastest-growing current recent development in fhe.use of
computers for pipeline automation is the use of the mini-

computers. Figure 9.1-5 illustrates the application potential

ARCO has an IBM System/7 computer at their Humboldt,

Kansas, Tank Farm pgmp station. This computer is designed to:
1. Effect station control
2. Acquire data

3. Maintain surveillance of operating conditions

and protective controls

4, Transmit data to and receive data from the central

IBM 1800 System computer at Independence.

Humboldt Station is a relatively simple tank pump station
operation. The station has 4 main line pumping units, 3 booster
pumps, 14 tanks with tank mixers, and 2 positive displacement
meters with meter proving facilties. The station operates

on a 24-inch pipeline system, handling 6 grades of crude oil.

The Compﬁter is programmed‘to perform a majority of the
operating functions presently being done by the man. The most
unique function the computer will do is the sensing of gravity
of the incoming streams to appropriate tankage as required.

This and other functions programmed into the computer will
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permit unattended operation at the pump station except for

daylight maintenance, housékeeping and custody transfer functions.

The computer is interfaced to the existing pipeline station
equipment and instrumentation, both analog and digital, in four
major categories, according to type of operation :

1. It functions as a station controller_by
switching tankage manifold valves, based on
schedules supplied by the central computer or
by interface detection from the gravitometer
of the incoming line. It also starts and
stops main line pumping units, booster pumps
and tank mixers on a schedule supplied from the

central computer.

2. The computer acgquires data from tank gauges and
meter readings each hour or on demand, and
pressure readings, temperatures, gravitometer,

sump tank level, etc.

3. The computer operates as a surveillance device
of the critical station operating conditions for
safe control. It reads pressures, temperatures,
sump tank levels, checks operating limits, and
takes necessary action if any of these readings
are out of predetermined limits. It checks
pumping unit running conditions and valve
positions every minute. It detects abnormal

| operating conditions such as excessive pump
unit vibration, excessive seal leakage, high .
.tank levels, etc.,“and takes whatever corrective
action is necéssary, If corrective action is
necéssary, the computer alerts the Control Center

operator at Independence of the malfunction
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condition and in some cases places a

telephone call to an on-call station
attendant in Humboldt.

4. The computer is tied directly to the central
on-line computer in Independence by microwave
communications and relays various instructions
for pumping schedules, batch arrival times,
pump unit start and stop schedules. It also
transmits hourly data on volumes received and
pumped, tank levels, pressures, temperatures,

‘and any pumping unit or valve changes.

The basic pump station design is such that in the event
of any failures, a safe condition is maintained.. This basic
analogy is also carried through to the programs within the in-
station mini-computer, and the operation of the pump station

continues in a safe manner if the computer also fails.

Eventually computers will become the heart of complete
management information systems whereby on-line data, operating
information, and billing data of each shipper will be directly
available to those shippers that are equipped to use it. All
major operating records and statistical data will be kept on
disk storage data files within the computer system for immediate
retrieval. There will be CRT displéy units, or other terminal
units, in the pipeline offices of the schedulers, oil movements
managers, and financial managers, so that they can call for the
latest up-to-date information reguired to pefform'their duties.
There will be computer-to-computer tie-ins with computers and
terminals at the shipping companies and other pipeline offices
for dircot accccc of operating information)y for obtaining the

latest scheduling information, inventory volumes, and shipping

forerastaq.,
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The foregoing discuSsion'shows.that the usehof computers
to control pipeline operation is a proved and well accepted
method of reducing oil operating costs. Additionally; a .
literature search revealed that more than 100 artlcles have
been written on the design of, and operatlng experlence with, |,
automated and computerized gas pipeline systems,.

In almost eVery case, reports indicate that decisions to
automate were made after very careful study, and results have
been very satlsfactory. Some operating companies afe.retiring
existing systems in favor of more sophisticated new systems.

In genefal, computer‘systems offer system control,.optimization,
information display and reporting, ahd telemeﬁry_capabilities,

The literatuhe review has also revealed ihat at least six
cdmpanies offef automation systems equipment design and/or
installation. In many cases ﬁhe programming of the controllers
is accomplished as a jeint'menture between the pipeline company
and the controller supplier.

~ Some of the major suppliers of eompression and pumping
units used in pipelines have also developed the capability for.
computlng physical parameters affectlng machinery selection,
and have rendered valuable assistance to the pipeline customer
in optlmlulng system controul. L

In view of the well establlshed p051tlon of computer
optimlzed control in the pipeline 1ndustry and the continuing
effort within the 1ndustry to 1ntroduce further improvements, .
there does not appear to be any. reason for DOE- -supported R&D in

this area.
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9.2 Leakage Inhibitors

9.2.1 Leakage in Liquid Pipelines

Leakage from o0il and gas pipelines accounts for a
considerable proportion of total operation expenses. It also
represents an energy loss, and reduction of leakage is there-
fore a matter of prime interest in this study.

The ICC does not publish summaries of financial and
operating statistics of oil pipelines. However, the individual
pipeline companies submit annual reports containing such data
to the ICC. These reports contain operating expense accounts
which include as one of the items, "0il Losses and Shortages."
Comparison of this figure with the Total Operations Expenses
gives an order of magnitude indication of losses due to leakage.

Under Task 1 of this study, estimates of total eneryy
consumption and of energy intensity were developed and presented
in report 1171-2 (see Table l.l-i1 above) ot this series.
TablesA9.2.l—l and 9.2.1-2 are replications of Tables 4.4-1 and
5.4-1 of that report. A comparison of columns 3, 4, and 5 is
interesting for several reasons. First, oil shortages and
losses are seen to be significant, i.e., about 6 percent, in
comparison with fuel and power costs. Second, they are also a
significant fraction, that is, almost 20 percent of non-fuel
expense. Third, extreme variations are seen from company to
company, in some cases assuming large negative values. 1In
fact, the second largest absolute magnitude in the losses and
shortages column is a negative number.

This latter observation indicates that further research
would be required before any conclusions and/or recommendations
regarding energy conservation can be developed from these

figures. Clearly, while the companies are most certainly
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Table 9,2-1
MAJOR CRUDE OIL PIPELINE COMPANIES - U.S5. INTERSTATE TRUNKLINES, 1976

COST INTENSITY ANALYSIS

8 9 10 11 12

4 5 6 7 Avg. & of Tot. Total Operating
. 3 0il Losses Total Operat- Fuel « Pover Ship- Operating Expense
1 2 Fuel & Power &Shortages ing Expense s/Mm S/M ment Expense S/MM, $/M

Cempany MM B-Mi M B $ 3 $ B-Mi B Mi Col.3 Col.A4 B-Mi B
Lakehead 293,629 391,540 18,507,533 832,231 23,206,770 63.03 47.27 750 79.8 3.6 79.03 59.27
Amoco . 190,548 410,263 16,878,116 - 22,188,€19 B8.58 41.14 464 76.1 - 116.45 54.08
Shell 128,236 368,829 9,987,771 4,628,156 17,888,104 . 77.89 27.08 348 55.8 25.9 139.49 48.50
Mid-Valley 107,986 132,803 9,977,052 104,559 11,261,282 92.39 69.87 766 88.6 9.3 -104.28° 78.86
Texas Pipe 94,083 335,957 6,668,842 397,358 9,143,089 70.88 19.85 280 72.9 4.3 97.18° 27.22

Lire Co. . . . . .

Mobil 93,114 308,884 8,401,843 415,253 10,589,953 90.23 27.20 301 79.3 3.9 113.73 34.28
Arco 81,258 239,406 7,159,934 515,104 10,724,514 88.11 29.91 339 66.8 4.8 131.98  44.80
Marathon 63,4B0 256,586 5,646,913 (1,950,054) 4,974,345 88.96 22.01 247 113.5 (39.2) 78.36 19.39
Exxon 62,111 445,637 6,178,988 1,417,716 10,988,270 99.@8 13.87 139 56.2 12.9 176.91 24.68
Ashland 52,542 76,148 3,594,068 665,964 5,007,641 68,40 47.20 690 71.8 13.3 95.31 65.76
West fexas 52,392 131,873 2,255,450 (90,901) 2,823,009 43.05 17.10 397 f9.9 (3.2) 49.19 21:41

Pipe Line
Southcap 44,234 69,378 2,393,579 - 2,649,767 54.11 34.50 638 90.3 - 59.90 38.19
Platte 35,357 51,307 1,821,852 - 2,165,823 51.53 35.51 689 84.1 61.26 42.21
Portland 23,322 140,242 3,082,864 872,086 4,173,679 132.19 21.98 166 73.9 20.9 178.96 29.76
Chicap ‘ 23,285 118,014 1,914,162 - 2,114,390 82.21 16.22 197 90.5 - 90.80 17.92
Texaco- 22,715 109,398 1,915,815 (51,751) 2,787,382 84.34 17.51 208 68.7 (1.9) 122,71 25.48

Cities service '
Pure . 20,939 93,228 1,825,319 12,325 2,861,435 87.17 19.58 225 63.8 4.3 136.66 30.69
Texas-lMex, 16,567 155,154 1,183,487 (30,687) 1,601,305 71.44 7.63 107 73.9 (1.9) 96.66 10.32
Owensboro- 16,033 54,348 538,092 (365,191) 373,886 33.56 9.90 295 143.9 (97.6) 23.32 - 6.88
. Ashland v
Minnesota 13,330 51,304 2,553,028 (126,291) 2,706,174 191.58 49.78 260 ' 94.4 (4.7) 203,01 52.75
Cities 12,788 104,546 1,115,491 (38.946) 1,629,096§ 87.23 10.67 122 68.5 (2.4) 127.39 15.58

Service : ’

Xotal 1,447,949 4p054,845 113,600,990 7,206,931 151,858,533 78.45 28.01 357 74.8 4.7 1.04.87 37.45

verage

Source: Reference 58
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Tahle 9,2-2

MAJOR PETRIJOLEUM PRODUCTS3 PIPELINE COMPANIES - U.S. TRUNKLINES, 1976
COST INTEMSITY AHNALYSIS
8 3 10 11 12
4 5 ) 7 Avg. % of Tot. Total Operatin
3 0il Losses Total Operat- Fuel 5 Power Ship~ Operating Expense,
1 2 Fuel < Power &Shortages ing Expense S/HM S/M ment Expense S/+M, s/M
Company MM B-Mi M B 3 $ S B-Mi B Mi Col.3 Col.A4 D-I-i B
Colonial 591,683 569,398 56,502,564 127,388 24,333,213 95.50 99.23 1039 87.8 0.2 loe.81 113.07
Plantation 105,642 186,089 9,05¢,872 372,462 13,632,728 85.76 4B.69 568 66.2 2.7 12«,52 73.52
Texas Eastern 65,573 115,518 5,09C, 446 657,295 9,132,267 77.63 44.07 568 55.4 7.2 140.03 79.45%
Williams 62,463 177,781 7,75€,856 - 14,029,105 124.19 43.63 351 55.3 0 22¢.60 78.91
Mid-America 42,577 203,648 3,97),866 (47€,214) 6,289,930 93.29 38.132 411 63.6 (7.6) 146.79 60.30
Explorer 33,805 59,029 1,73C,074 62%,459 3,312,077 51.18 29.31 573 52.2 18.8 97.98 56.11
Souwthern 26,08) 206,846 4,64€7,535 €7,154 8,556,931 178.24 22.47 126 54.3 0.8 328.49 41.02
Pacific

Dixie 19,797 29,078 2,15¢,141 445,103 3,453,575 114.65 74.12 646 62.4 12.9 18-.73 118.77
Hydrocarbon 18,472 27,364 3,67C,318 - 5,252,716 198.67 134.113 675 69.7 0 28¢.87 192.32
Wolverine 13,003 83,276 2,615,420 163,035 3,855,490 201.05 31.41 156 67.8 5.0 296.37 46.30
Olympic 12,833 68.424 935,814 - 1,724,286 76.79 14,41 188 57,2 13e.31 25,20
Santa Fe 3,683 20,044 26£,876 - 7,954,109 27.46 13.26 483 3.34 821.45 3196.83
Yellowstone 8,915 20,784 . 754,969 (26,227) 1,219,048 84.66 36.32 429 61.9 (2.1) 136¢.70 58.65
Laurel 8,457 ‘42,706 %8z,661 659,572 2,146,303 68.90 13.64 198 27.1 32.6 25:.79 50.26
Total/ 1,017,993 1,705,983 99,791,412 2,681,527 145,021,778 98.03 58.49 597 68.8 1.8 142.46 84.81

. Average

Source:

Reference 58



losing some o0il thréugh.leaks, the leakage can move only in the
outward direction. The presence Qf large ﬁegative values leads
then to the inference that the account is some sort'of inventory-
balancing artifice, rather than an actual tabulation of physical
losses. Additionélly, it is difficult to see how very large
amounts of oil can be lost without some kind of environmental
impact becoming evident. This physically evident consequence,
together with the'economic‘drive to minimize losses, should
insure that the.companies would move aggressively to inhibit and
stop leaks, ‘

In view of the foregoing, it is concluded that the
information at hand does not warrant a DOE program in this area.
Moreover, it is unnecessary to develop further information,
because the only method of active leak inhibition that has been
identified is by internal coating of the lines, and a DOE
program in that area has already been recommended for other
reasons in Sections 8.2 and 3.7 above. It is thus concluded
that further research to understand the implications of column

4 in the Tables is not needed for present purposes.

9.2.2 Leakaye in Gas Pipelines

Statistics of interstate natural gas pipeline companies
for the year 1974 (Reference 42) show that tranamission system
losses of all A and B companies (those with annual revenues of
$1 million or more) amounted to over 68 billion cubic feet.
This quantity constitutes 2.4 percent of the total gas receipts
for that year. At the current well head price, this loss would
be worth over $100 million, and its true national value, as
defined in Section 2,4 of rcport HCI/M-1171-3 of this series,

is about $250 million.
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Examination of the "unaccounted for" figures reported by
the individual companies reveals that, unlike the o0il case, no
negative values are reported. Also, in the case of gas, it is
easy to see how significant leakage could occur wiﬁhout environ-
mental impact or even detection. The reported figures may thus
represent significant physically real, recoverable leakage.

In the past, a large part of the leakage was due to
venting during compressor blowdown. with the recent strong
emphasis upon conserving gas, the companies have generally
taken measures to retain most of this gas.

In Section 8.2 above, it was recomménded that further R&D
be performed to realize the energy savings that are potentially
possible through the use of internal coatings. This recommenda-
tion is reinforced by the possibilities for léakage reduction
which have just been identified. | '

There is ample evidence to show that internal coatings are
effective in reducing leakage in pipelines. In one case
involving a low preéessire gas plpellne, ln-plave vuabting reduced
leakage in a 2-mile section of an old line by over 93 percent
(Reference 48). Before coating, the line was tested at 100 psi
for a period ot 24 hours. Leakage amounlted Lo 292,000 cubie
feet daily. After coating, the same test recorded a daily
leakage rate of only 19,000 cubic feet. It was concluded that
nearly complete leakage reduction might be achieved by using a
lérger application pressure and a greater number of coating
runs. '

One type of coating receiving growing acceptance for
pipeline use is the epoxy coal tar coating, consisting ot a
blend of coal and epoxy resins with a curing agent. By
blending the epoxy with coal tar, water resistance of the
coating is improved and, by application of sufficient thickness
of the epoxy coal tar coating, good leakage resistance is also
dchleved.
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As noted earlier, further research would be required to
clarify the true significance of the reported figures of
unaccounted for gas. However, for present purposes, such
research is unnecessary, for the same reasons as in the case of
the oil lines. That is, the program of internal coating
demonstration that was recommended for other reasons in Section
8.2 above will also inhibit leaks if it is conducted with that
objective in mind. Since a much thicker coating is required
for a leak inhibitor than for a viscosity reducer, in planning
the demonstration program it may be desirable to conduct

further research into the amount of leakage that exits.



10.0 REFERENCES

1. Anohymous, "Solar Centaur Natural Gas Compresbr Set", Solar
Division of International Harvester publication #T288/675, 1975.

2. Anonymous, General Electric Publication GEA-8734, General
Electric Company.

3. Gas Turbine International, "Special Report: Gas Turbine on Gas
Pipeline" July-August 1974, ‘

4, Heard, T.C., "Reduction of Gas Turbine Fuel Consumption on Gas
Pipelines" ASME paper 76-GT-80 1976. ‘

5. Heard, T.C., "Review of a Combined Steam and Gas Turbine Cycle
tor Pipeline Service," ASME paper 75-GT-154 1975,

6. Wardell, R.M., and E. E. Doorly, "Current Prospects for
Efficient Combined Cycles for Small Gas Turbines" Solar Divsion,
International Harvester, ASME Gas Turbine Conference, March 21-25,
1976.

7. Morgan, D.T., and J. P. David, "High Efficiency Decentralized
Electrical Power Utilizing Diesel Engines Coupled with Organic
Working Fluid Rankine Cycle Engines Operating on Exhaust Heat,"
Thermo Electro Report TE 4186-27-75 to National Science Foundation.
1974.

8. Banks, W. F., "An Economic Model of Pipeline Transportation
Systems", System, Science, and Softwasre Report, SSS-R-77-3021.

9. Banks, W.F. “S3 Financial Projection Model - Preliminary
User's Manual and System Overview", System, Science, and Software
Report, SSS-R-77-3069.

10. Sammons, H., and E. Chatterton, "Napier Nomand Aircraft Diesel
Engine," SAE Transactions, 63, 107-125 1955,

11. Hope, J., and R, Johnson, "A New Concept tor Reduced Fuel
Consumption in Internal Combustion Engines", SAE paper 719051

1971.

12, Anderson, K.P. and J.C. DeHaren, "The Longrun Marginal Costs
of Energy Rand Corp. NIIS PB-252504 1975.

-256-



13. Anderson, R.J. Young, and L. Shefan, "Preliminary Design
Analysis of an Internally Air Cooled Diesel Engine," Engine Systems,
Inc. Technical Rept. No. 12176, Contract DAAEO7-76-C-0125, U.S.
Army Tank - Automotive Command, 1976.

14. Kamo, R., "Ceramics for Diesel Engine" January 1976.

15. Patel, P.S. and E.F. Doyle, "Compounding the Truck Diesel
Engine with an Organic Rankine Cycle System" SAF paper 760343,
1976. o :

16. Baker, M.L., "Balancing the Thermal Elements," Actual
Specifying Engineer, August 1962.

17. Hein, R. A., "Superconductivity Large Scale Applications"
Science, 19 July 1974, 185 No. 41747.

18. DOE "National Benefits Associated with Commercial Appiiéation
of Fuel Cell Power Plants," prepared by DOE by United Technologies
Corp., Power Systems Div., under Purchase Order WA-76-3405, Feb.
27, 1976.

19. Aronson, Robert B., "Fuel Cells - A Sleeper in the Energy
Race" Machine Design, February 24, 1977.

20. NASA, "Background Information on Fuel Cells" Report prepéred
for ERDA, July 1975.

21. Pickett, Arnold D., "Structure of the EPRI Fuel Cell Program,"
Program and Abstracts, ERDA/EPRI Fuel Cell Seminar June 29-30 and
July, Palo Atlo, CA. 1976.

22. Handley, L.M., "The Target and FCG-1 Programs," Programs and
Abstracts, ERDA/EPRI Fuel Cell Seminar, June 29-30 and July 1, Palo
Alto, CA. ) ' '

23. Warshay, Marvin, "Energy Conversion Alternative Study Fuel
Cell Results" Programs and Abstracts ERDA/EPRI Fuel Cell Seminar,
June 29-30 July 1, Palo Alto, CA.

24. Banks, W.F., "Slurry Pipeline - Economic and Political Issues
- A Review Systems Science and Software Report, SSS-R-77-3023

25. Montfbrt, J.AG., "Operation of the Black Mesa Pipeline System,"
September 23, 19Y75.

-257-



26. Montfort, J.G., Private Communication, February 10, 1977
27. Keller, L.J., U.S. Patent 3968999, 1976.

28. Bodle, W.W., and K.C. Vyas, "Coal and 0il-Shale Conversion
Looks Better,™ 0il and Gas Journal March 24, pp. 45-54 1975.
29. Burke, D.P., "Methanol" Chemical Week Sept. 24, pp 33-42.
30. Baumeister, Theodore, and Marks, Lionel, Mark's Standard
Handbook for Mechanical Engineers, Sixth Ed. 1758 and Seventh Ed.,
1967. McGraw Hill, New York, N.Y.

31. Bryson, Fredrick E., "Methanol: Old’Help for a New Crisis,"

Machine Design, March 21 1974.

32. Wigg, E.E., "Methanol as a Gasoline Extender: A Critique,"
Science, 186, 785. '

33. Farmer, R.C., "Methanol - A New Fuel Source Gas Turbine
Internatibnal, May - June 1976.

34. Mullany, Kervin, "Coal Conversion" Petroleum Today Sprong
1977.

35. White, Philip C., "ERDA Fossil Energy Research Program"
Environmental Science and Technology August 1976.

3b. Soehngen, E., "The Development of Coal-Burning Diesel Englnes
in Germany," Report FE/WAPO/3387 August, prepared for DOE under
Purchase order WA76-3387.

37. Harmon, Robert A., "Operational Status and Current Trends in
Gas Turbines for Utility Applications in Europe" prepared for
Fossil Energy Org., ERDA Div. of Coal Conversion and Utilization
Advanced Power Systems, Aug. 16, 1976.

38. Benaroya, A., Fundamentals and Application of Centrifugal

Pumps for the Practicing Engineer, Petroleum, Publishing Company,
Tulsa Oklahoma, 1978.

39. Berzins, R.P. "Pumps and Pumping System Parameters," Heating/

Piping/Air Conditioning, Novembr, 1973.
40. Menon, E.S.S. "Design Procedure Can Help Select Pumps for
Multiproduct Pipelines,™ 0il and Gas Journal, May 31, '1976.

-258-



41, Thompéon, T.L., et al., Bechtel Corp., "Slurry Pumps - A
Survey" Second International Conference on the Hydraulic Transport
- of Solids in Pipes, Coventry, England, Sept. 1976.

42. Federal Power Commission, Statistics of Interstate Natural
Gas Companies, 1974.

43, Walker, G.E., "Application of Centrifugal Compressors in the
Gas Industry, General Electric Co., paper GEA-24T71A, Sept. 1970. .
44, Robinson, S.T., "Powering of Natural Gas Pipelines Columbia
Gas System Service Corp., ASME paper 72-GY-125, 1972.

45, Hale, Dean, "Foam Insulated Pipelines - A Major New Technology,"
Pipeline and Gas Journal, February 1973.

46. Hutson, Daryl, "New Type of Heated Pipeline Keeps Fuel 0il
Flowing at Savannah Mill," Pulp and Paper, January 1976.

‘47. Perry, J.H. and Chiltoh, C.H. Chemical Engineers Handbook,

5th Ed., McGraw, H.H. New York, N.Y., 1973. A

48. Kut, S. "Epoxy Coating Report From UK," E. Wood Ltd., Pipe
Line Industruy, March 1967.

49. Crowe, Raymond H., "What Transco Learned about Internal
Coating of Gas Pipeline," 0il and Gas Journal, April 6, 1959.

50. Klohn, C.H., "Pipeline Flow Tests," Gas, August 1959.

51. Jacques, R.B., and W.R. Neil, "Internal Corrosion of Slurry
Pipelines Causes -- Control -- Economics, paper presented at Second
International Technical Conf'erence on Slufry Transportation,'Los
Vega, March 1977.

52. 'Seefeld, Carl J., Mustang Services Co., private communciation,
April 1977.

53. Virk, P.S. "Drag Reduction Fundamentals"™ AICHE Journal, 21,
4653 1975.

54, Little, R.C. et al. "The Drag Reduction Phenomenon Observed
Characteristics Tmproved Agents and Proposed Mechanisms," Industrial
Engineering Chemistry Fund, 14, 4, 283, 195

55. Ramakrishmaro, B.B., and F. Rodriguez" Drag Reduction in
Nonaqueous Liquids," AICHE Symposium Series 69,130.

-259-



56. Brod, M., et al. "Field Experience with the Use of Additives
in the Pipelines Transportation of Waxy Crudes," Journal Institute
of Petroleum 57, 554, 1971.

57. Carter, C.T. "Today's Pipe Line Operation™ paper presented

to 0il Pipeline Educators Tour, Houston, July 21-24, 1974,

58. Interstate Commerce Commission, Annual Reports "P", Pipeline

Companies, 1976.

-260-





