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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 pursuit. Most of these possess two highly 

important attribtites : large potential energy ~avings and 

broad applicability outside the pipeline industry. The 

R, D, and D program for each improvement and the recommended 

immediate next step are described . 

i 
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Pref ace 

Because of the wide scope of the subject matter of · 

this study, and the consequent bulk of this report, we have 

attempted to so organize it that it may be conveniently read 

to three levels of penetration. 

For the first level, the reader can rapidly understand 

v from Sections 1.0 and 2.0, in less than a dozen pages, our 

objectives, conclusions, and recommendations. Many readers 

will have no particular need to read. further. 

Section 3.0 presents, in another two dozen pages, 

the broad outlines of the research, development, and demonstrat

ion (R, D, a.nd D) programs which are needed to exploit the 

energy conservation opportunities which have been identified 

during the study. A brief summary of the rationale supporting 

each recommendation is also included, and many readers at that" 

point will have satisfied their purposes and will not need to 

continue. Thus, the second level'of penetration is reached 

by completion of one or more of the subsections of Section 3.0. 

To conserve bulk and weight, Sections 1.0, 2.0 and 3.0 may thus 

be separated from the remainder of the report and bound as a 

separate summary. 

Because Section 3.0 is designed as a stand-alone 

chapter, it necessarily contains some duplication of material 

with the later sections. Thus, the reader who wishes to hear 

everything that we say on any particular improvement area(s) 

need only read the introduction to Section 3.0 and then proceed 

directly to the appropriate later chapter(s), as his interest 

may require. 

ii 
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We have been ~ssisted in this study by many organizations, 

too numerous to acknowledge individually. However, we are 

attempting to remember each of them with a copy of this_ report. 

Comments, criticisms and additional information are earnestly 

solicited from these and all other readers, and should be 

directed to 

Dr. William Banks 
Systems, Science and Software 
P.O. Box 1620 
La Jolla, Ca. 92038 
Telephone 714-453:-0060 

We pledge that all such feedback will be coordinated, 

analyzed, and submitted to our clients, Mr. Richard Alpaugh, 

Project Man~ger, Division of T~ansportation Energy Conservation, 

ERDA - Washington, and Ms. Estela Romo, ERDA - Oakland. 

iii 

William F. Banks 

James H. Horton 
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1.0 OBJECTIVES 

1.1 Purpose of the Project 

The work reported here is a part of a project which 

is being conducted by the team of Systems, Science and Software 

(S 3 ) of San Diego, and Pipe Line Technologists, Inc. (Pipetech) 

of Houston, under ERDA contract E(04-03)-1171, "Energy Study of 

Pipeline Transportation Systems." The basic purpose of the 

project is to assess the susceptibility of the oil, 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 is being published as s 3 

report SSS-R-77-3020, "An Energy Study of Pipeline Transportation 

Systems." That final report will be a summary, combining the 

results from the seven task 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, dud D 

programs which are needed to exploit those opportunities. 

1.3 Scope Limitations 

This rApnrt does not treat the s~bject of R and D 

strategies and the selection of certain of the recommended 

projects for pursuit in preference to the others. This approach 

was not taken under any d~lusions regarding the ultimate 

necessity to think small, that is, to eliminate some projects, 

reduce others, and defer yet others, and these questions will 

1-1 
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TABLE 1.1-1 

Project Reports 

Title 

An Energy Study of Pipeline Trans
portation Systems 

Associated 
Task 

All 

Economic Models of Pipeline Trans
portation Systems 

1 
·(partial) 

Energy Consumption in the Pipe
line Industry 

Slurry Pipelines.- Economic and 
Political Issues - A Review 

Federal Regulation of the Pipeline 
Industry 

Efficiency Improvements in Pipeline 
Transportation Systems 

Recommendations for Energy-Conserva
tive· Research and Development in 
Pipeline Transportation (published 
only in combination with R-3025) 

Energy Conservation Opportunities 
in ~he Pipeline Industry 

s3·Financial Projection Model -
Preliminary User's Manual and System 
Overview 

1-2 

1 
(partial) 

2.1 

2.2 

3 

4 
(partial) 

4 
(partial) 
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be addressed in the final project report. For the present, 

however, we are still thinking big, that is, identifying 

opportunities to save large amounts of energy, and defining 

the programs that would permit the exploitation of those 

opportunities . 

1-3 



2.0 SUMMARY 

• Most of the energy conservation opportunities which 

• 

• 

are identified here possess two highly important attributes 

(1) The potential energy savings are large, that is, 

of the order of several hundredths of a quad. 

(2) The technology whereby the energy savings may 

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. 

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 

corrunentary upon misdirection of R & D, this observation merely 

reflects the fact that, for various reasons, the utility industry 

and its.equipment suppl~ers 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 course, the 

identification of just such o.pportunities a!? this which is the 

basic purpose of the present study • 

2.1 Recorrunended Programs 

Table 2.1-1 presents the eight programs recorrunended 

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 moderat~ (3-7 year) time 

scale 

4 - Broadly applicable outside the pipeline industry. 

2-1 
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Table 2.1-1 

RECOrll1ENDED RESEARCH, DEVELOPMENT AND DEMONSTRATION 

Program Report Section No. 

Gas-fired Combined Cycle Compresser Station 

Internally Cooled Internal Combustion Engine 

Methanol~Coal Slurry Pipeline 

Methanol~Coal Slurry-Fired and Coal-Fired Engines 

Indirect-Fired Coal Burning Combined Cycle Pump Station 

Fuel Cell Pump Station 

Drag-Reducing Additives in Liquid Pipelines 

Internal Coatings in Pipelines 

2-2 

4.1.1.4 

4.1.2.2 

5.2.2 

6.1.1.2 

6.1.1.2 

4.3.6.2 

8.2 

8.3 
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Of the eight recommended programs, the first six on Table 2.1-1 

addition~lly satisfy criterion 4, th~t is, only programs 7 and 

8 are pipieline-peculiar. 

For the benefit of the reader who does not require a full, 

detailed explanation, the recommended programs are succintly 

summarized below. Section 3.0 describes each recommended pro

gram in further depth. 

It is recommended that the programs discussed below be 

undertaken. In each case, the program should be coordinated 

with other active and planned ERDA program~ and with other 

government agencies previously and/or currently engaged in 

similar or related programs. 

(1) Gas-Fired Combined-Cycle Compressor Station. 

A study and 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, size selection, should be primarily oriented to 

pipeline applications but with broad application potential to 

utilities and other industrial.work. 

(2) Internally Cooled Internal Combustion Engine 

A study and demonstration of an internally cooled reciproc

ation internal combustion engine, with bottoming cycle, should be 

conducted. 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 

application of internally cooled internal combustion engines for 

a broad spectrum of non-pipeline applications . 

2-3 
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(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 of existing pipelines to coal

oil slurry transport may offer a convenient transition ta· 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 operatinq gas turbines 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 include work to identify the 

fouling mechanism, means of inhibiting fouling, and approaches 

for minimizing the effect of ash deposits on erosion of turbine 

hot-end components. The work should be closely ~oordinated and 

compatible with the study recommended in 3.3 above relating to 

methanol-coal slurry pipelines. 

(5) 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 ex

trAmAly ~ttra~tive ~pplication 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 out

put to AC. Freed of this burden, the· economics of the pipeline 

application for fuel cells becomes much more attractive than the 

electric utility application. Second, the nature of petroleum 

products pipeline operation is such that the use of DC motors 

would enable an energy saving in the order of 5-10%. The fuel 

cell, of course, offers the opportunity to realize that improve-

2-4 
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ment. The combination of these two factors indicates that 

the pipeline is the preferred application for early commerciali

zation of the fuel cell. Accordingly, it is recommended that 

continuing ERDA fuel cell programs be reconsidered in this light. 

(6) Fuel Cell Pump Station -

A study and demonstration should be conducted of high effi

ciency, indirect-fired gas turbines with Rankine bottoming cycle, 

using pulverized coal fuel. The program should capitalize on 

existing technology in closed Brayton cycle engines ~hich 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 efficiency 

through the use of advanced,high-temperature materials in the 

air heater and the addition of an organic Rankine bottoming 

system. 

(7) Drag-Reducing Additives in Liquid Pipelines 

Further research should be conducted on drag-reducing addi

tives for liquid pipe~ines, including: basic research into 

the mechanism of drag reduction; system studies to identify 

operating problems and assess economic aspects; and a demon

stration to prove the soundness of the concept in practical 

pipeline operation. 

(8) Internal 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 

pipeline. The program should begin with analysis and testing 

to P.stablish the lonqevity and dependability of present commer

cial coatings which are applied in place, followed by research 

and development if necessary, and a demonstration in a full 

station-to-station section of an operating pipeline~ 

2-5 
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2.2 Candidate Improvements 

Early in the study the categories of efficiency im

provements listed in Table 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 improvement category may not appear in the earlier 

list of recommended programs, it may well be that future inven

tions will justify a program in that category. 'For example, 

this study was unable to identify an electric motor improve-

ment which would be appropriate for. ERDA support for pipeline 

application. However, the possibility always exists that a 

new idea and/or fresh approac~, e.g., the Wanless motor, may 

appear and off er an opp.ortuni ty for energy savings . 

Additionally, it is well to note that some of the improve

ments in Table 2.2-1, for example, capsule pipelines, were 

excluded from Table 2.2-1 on the basis of very preliminary 

analyses. This exclusion could safely b~ made at this time 

because, even if that preliminary conclusion is reversed after 

further study, the realization of the improvement is still well 

into the future. Accordingly, it is strongly recommended that 

the list and the associated conclusions be maintained by recur

rent 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 

1 - ~ottoming engines 
2 - Gas turbine regenerators 
3 - Internal cooling of internal combustion engines 
4 - Slurry-fired engines 
5 - Coal-fired engines 
6 Indirect-fired, coal-burning engines 

Non-Heat Engine Energy Conversion 

7 - Fuel cells 
8 - Electric motor improvements 

Flow-Inducer Impiovements 

9 - Pump improvements 
10 - Corapressor irnprovei.icnts 

Slurry -Pipelines 

11 - Coal-water system improvements 
12 - Coal-methanol systems 
13 - Cryogenic systems 
14 - Pneumatic slurries 

Drag Reduction 

15 - Heating 
16 - 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 

None 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 pro

grams of research, development, and demonstration which are 

needed to realize the energy-conservative potential of the 
I 

technological innovations that are discussed in later sections 

of this report. 

In each case the reconunended 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 complete. 

Phase 2 - Concept Validation 

In this phase the concept is validated analyt

ically and a definitive program plan is deve~oped. 

Phase 3 - Research and Development 

The research and development identified 

~nder Phase 2 is performed in accordance with the approved R&D 

:.-,lan. · The R&D program continues through the design phase 

{Phase 4) and possibly beyond. 

Phase 4 - SysLem Des.i13H 

A preliminary design is prepared of the 

demonstrator system on the selected site. 

Subphase 4.i - 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 preliminary 

design is prepared of the demonstrator system on the selected site. 
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Suhohase 4.3 - Detailed Desiqn - The detailed design 

of the demonstrator, consisting of drawings and specifications 

suitable for use in construction, are piepared and documented, 

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. 

Phase 5 - Demonstrator Construction 

The demonstrator system is constructed. Data 

regarding construction costs, design feedbac~ and technological 

difficulties are collected, analyzed, and published in accord

ance with the program plan which was developed under ~hase 2. 

Phase 6 - Demonstrator Operation 

The demonstrator system is operated in accord

ance with the program plan. Data regarding the operation is 

collected, analyz~d, and publish~d in accordance with the pro

gram plan. 

The costs of these programs vary widely. The most widely 

varying component is the research and development, Phase 3. 

In some cases, for example the viscosity-reducing additives dis

cussed in Section 3.8 below, a few hundred thousand dollars may 

be adequate·. 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 programs is the concept 

validation phase, which is expected to consist of major subphases 

having the followi.ng objectives: 

l) To validate the concept analytically and, in some cases, 

experimentally . 
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2) To prepare the system assessments which establish fea

sibility from several major viewpoints, e.g., technical, econo

mic, 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. 

Figure 3.0-1 presents a generalized Phase 2 schedul~ in 

which the effort to achieve each of these objectives is desig

nated as a subphase. The major second-tier subphases (tasks) 

under the primary subphases are also shown. The 12-month period 

indicated for completion may be shorter or longer for any specific 

program, depending upon its nature and the availability of funds. 

The magnitude of the total Phase 2 effort depends on the nature 

of the, necessary input and of the laboratory experiments (Sub-

phase 2) and/or ~upporting 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 necessary. For preliminary budgeting and planning 

an estimate of approximately three person-yer:irs is suggested . 
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3.1 Gas-fired Combined Cycle Compressor Station 

It is recommended that a study and demonstration of 

a Brayton-Rankine and/or Otto/Rankine combined cycle power 

plant be conducted. An advanced second or third generation 

gas turbine should be used as the primary power source for the 

Brayton-Rankine cycle power plant, and a modern gas reciprocating 

engine, representative of those used in pipeline service, as 

the primary source for the Otto/Rankine plant. For reasons 

discussed in Section 4 .1.1. 4 below, the bottoming system in 

either case should be of a Rankine type using an organic work

ing fluid. The program, including selection of engine type 

and size, should be primarily oriented toward pipeline applica

tions. However, in most cases broad application ·of the newly 

developed technology to other industrial uses is possible, 

provided that the R,D,&D program is planned and executed with 

those applications as secondary objectives. 

As is discussed in Section 4.1.1.4, both the organic 

fluid Rankine cycle and the steam Rankine cycle off er potential 

for substantial increases in overall thermal efficiency through 

waste heat recovery. However, the organic Rankine bottoming 

cycle offers significantly greater improvement and appears to 

be more cost effective, both for gas turbines and recipro

cating engines. With available technology, the organic 

Rankine system provides over one-third more power than a 

comparable steam plant, with an organic turbine that ·is less 

than one-half the size of a steam turbine . 
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Of course, it is possible to advance the technology of steam 

turbines, and at least one manufacturer has a development pro

gram in progress to accomplish t~is objective. However, the dis

cussion of Section 4.1.1.4 shows that the superiority of the 

organic system derives from the thermodynamic properties that 

may literally be designed into the fluid, and is independent 

of the technology of the expander. 

For first generation gas turbines, which typically have 

thermal efficiencies in the 18-22% range, bottoming cycles 

of fer only marginal improvement over regeneration as a means of 

increasing efficiency, and are therefore not generally cost

effective, even at current and projected fuel costs. However, 

for second generation turbines, which have efficiencies in the 

25-30% range and are commonly used in the gas pipeline industry, 

the bottoming cycle offers distinct advantages. This is also 

true for third generation turbines (simple cycle machines with 

over 30% efficiency), although they are in only limited use at 

present in pipelines. The primary reason is that turbine inlet 

temperatures have risen with succeeding generations to such a 

degree that even though the newer machines are more efficient,· 

the exhaust temperatures have also risen. In these high tem

perature, high efficiency machines,the pressure ratios continue 

tn increase as well, so that regeneration progressively loses 

attraction while bottoming gains. Projected efficiencies for 

the gas turbine-Rankine combined cycle are shown in Fig. 3.1-1. 

In a typical case, using a second generation simple cycle gas 

turbine with efficiency of 27%, an efficiency of well over 40% 

is projected in a combined cycle power plant with an organic 

Rankine bottoming engine. 

Reciproca~ing engines, which ~onstitute approximately half 

of the installed pipeline compressor power, are also strong 
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candidates for bottoming. Even with the relatively high effi

ciency reciprocators, organic Rankine bottoming cycles can 

realize performance improvements above 20%, so that large, 

nationwide energy savings are possible. This point is illus

trated in Fig. 3.1-2. 

In this connection, it is important to recognize that the 

relative heat rate improvement that may be achieved on a partic

ular engine is not necessarily of great importance. Rather, total 

~otential nationwide savings should be the primary objective, 

and the size of this total may be unrelated to relative heat 

rate improvement. For example, one might be inclined to conclude 

that because a 35% heat rate improvement can be achieved by 

bottoming a turbine as against, say, 20% for a reciprocator, 

that the turbine is a far better application. However, this is 

not necessarily true because it may be only a question of whether 

to add a 2000-hp bottomer to the turbine or a 1000-hp one to 

the reciprocator. And it may well be that more energy can be 

saved by putting more, though smaller, bottomers on reciprocators. 

These are the kinds of questions to be addressed in the system 

assessments under Phase 2. 

A central feature of the study phase of this program should 

be a careful, balanced appraisal of the primary engine.options. 

There are several major factors to consider in this appraisal. 

One is the early definition of criteria for the entire demon

stration program. As has just been discussed, efficie.ncy 

criteria should include not only the percentage improvement in 

heat rate of the engine to which the bottoming unit is applied, 

but the overall system efficiency and its effect on total energy 

savings across the pipeline industry. Broad applicability of 

the engine is another important consideration.. The engine size 

and type should be representative of a broad range of pipeline 

applications and should also consid.er other applications to 

which the technology can be applied. System analysis and com-
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ponent design and cost evaluations should include upsize and 

downsize variations around the baseline engine configuration, 

with a view of encompassing a product line to exploit a large 

portion of the total market. 

For example, it might be concluded that the baseline for 

development should be a 1000-hp engine for bottoming large 

reciprocators, while the upsize model should be a 2500-hf ver

sion for large turbines and the downsize model sh~uld be a 

300-hp version which could be applied to both reciprocating 

gas engines and to diesels. It is not suggested that a program 

to initially develop three engines be undertaken, but recog

nition should.be given to the ultimate need.for the other models 

so that the groundwork can be properly laid for their subse

quent development. 

Another important feature is site selection. It will be 

governed principally by the characteristics and commercial 

applicability of the engine which is selected for the bottoming 

cycle development. The ~ite selection must also be dictated by 

the long-term needs of the program. 

The risk areas in this program involve primarily the selec

tion of the organic working fluid and the components in the 

bottoming system. The working fluid selection involves such 

major considerations as thermodynamic characteristics, long-

term thermal stability, compatibility with materials used in 

structural components, safety characteristics (flammability, 

toxicity, etc.), freezing temperature, and· cost. Other related 

risk areas are rotating machinery bearing and seal performance, 

turbine aerodynamic design, and boiler operation. All of the~e 

factors should be carefully assessed through analysis and through 

laboratory experimentation as necessary during the study phase 

of the program. 
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3.2 Internally Cooled Internal Combustion Engine 

It is recommended that a study and demonstration be 

conducted of an internally cooled (adiabatic) reciprocating 

internal combustion engine for pipeline driver applications. 

The engine should also accept the bottoming engine being devel

oped under recommendation 3.1 above. The objective should be 

to develop the necessary technology to retrofit existing recip

rocating pipeline drivers, and at the same time to lay the 

groundwork for development and application of internally cooled 

internal combustion engines for a broad spectrum of nonpipeline 

applications. 

This program, although similar in some respects to that de

scribed in Section 3.1 and related in that the bottoming engine 

should be installed on the inter~ally cooled engine, is a sep

arate and distinct effort and is recommended on its own merits 

as an additional program. Because of the fundamental nature of 

the engine development involved in the uncooled engine concept, 

it will require a very considerable research and development 

effort. The potential payoff in terms of increased energy savings, 

however, is so great that the investment is well justified. It 

should be possible, through a well planned and executed program, 

to develop a technology which will be applicable to the millions 

of diesel engines in service outside the pipeline industry. Thus 

it is concluded that the program is entirely justified in view 

of the tremendous potential for energy conservation. 

As discussed in Section 4.1.2 below, the best potential for 

achieving significant gains in fuel economy of the diesel engine 

is to apply the engine in a combined cycle system utilizing 

either a Brayton or Rankine bottoming cycle to recover part of 

the exhaust ener~y. 

The feasibility of the diesel-Brayton cornb~ned cycle (turbo

compound) in an internally cooled 2-stroke diesel engine has 
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been proved in research and exploratory development programs at 

Engine Systems, Inc., supported by the Army Tank-Automotive 

Research and Development Command (TARADCOM) . Studies have in

dicated a potential reduction of 27-45% in specific fuel con

sumption, together with a substantial reduction in specific 

weight over comparable commercial diesel engines. A similar 

research program at.Cummins Engine Company (also partially sup

ported by TARADCOM) on a 4-stroke diesel adiabatic turbocompound 

engine with high-temperature ceramic components in the cylinders 

and no external cooling has indicated potential for similar large 

reductions in fuel consumption. 

In natural gas reciprocating engines, the principle of 

using exhaust waste heat energy for space heating, air condition

ing, and so on, has been applied in a number of on-site power 

(total energy) installations. Only limited effort to date has 

been directed toward adapting bottoming cycles to gas reciprocat-

ing engines to produce additional shaft power; however, the same 

principles as used in the diesel applications mentioned above 

can be adapted to gas engines, whether they are operated as dual 

fuel type (pilot injection of diesel fuel plus main change of 

gas) or as straight Otto cycle spark ignited engines. 

As is discussed in Section 4.1.3 below, the heat balance 

data on a typical 4-stroke, naturally aspirated gas engine 

shows that approximately 25-30% of the input energy is rejected 

in jacket water cooling. If it were feasible to cool the engine 

internally in a manner similar to that described above for the 

internally cooled diesel engine, much of the heat could be re

covered from the engine exhaust by a bottoming engine to pro

duc~ additional shaft output. This of course is equivalent.to 

turbocompounding the gas engine in the same manner as that dis..:.. 

cussed for the diesel engine. The expander for the bottoming 

cycle could in principle be either an open cycle gas power tur

bine such as used in the diesel programs described above, or a 

vapor expander (turbine or reciprocator) in a closed Rankine 

3-12 



• 

• 

• 

• 

• 

system such as that being developed under reconunendation 3.1 

above. 

The internal cooling concept has not been explored in any 

depth for gas engines. However, from what has been said, it 

is seen that if internal cooling 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 accrue in vehicular and marine transportation and in many 

stationary applications as well. As indicated in Section 4.3.1, 

if it were possible to retrofit half of the present population 

of reciprocating gas engines used in pipelines and if the econ6mic 

value of natural gas escalates of over $2/Mcf, a saving of over 

$20 million per year could conceivably be realized for pipeline 

transportation alone. 

As is indicated in Fig. 3.0-1 (Subphase 3), one of the 

first steps in the concept validation phase of the program is to 
I 

conduct a detailed study of the presently used pipeline engiries 

in order to select a suitable size and type of engine which 

could possibly be modified to the internally cooled principle. 

Recent statistics from the American Gas Assn. show that over 

3500 reciprocating gas engines ranging in size from 1000 to 13,500 

hp, are presently installed in gas pipelines. Over 70% of these 

engines fall in the 1000-2000 hp range. Of the total population 

of these engines, almost 80% are of the 2-stroke type. This 

suggests that the most representative engine to select for the 

R&D effort would be a 2-stroke engine in the 1000-2000 hp range. 

However, there are other considerations which may weigh in favor 

of the 4-stroke engine. 

Th~ 2-stroke engine compressors nr.e manufactured by two 

mnjor s~ppliers and are predominantly of the integral type, i.e., 

engines of in-line or V-angle configuration wit~ integrally con

nected horizontal compressor cylinders. This could present some 

difficulties jn converting the engine to a bottoming system 

wherein the compressor would be a separately driven unit. 
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Many of the 4-stroke engine-compressors in service are also 

of the integral type. Overall, however, there are more sources 

of separable engine-compressors in the 4-stroke category from 

which to select. The Phase 2 effort should determine the desira

bility, technical feasibility, and practicality of modifying any 

of the engine compressor types presently in service so that the 

additional power can be absorbed as additional compr~ssion work. 

If this approach is not practicable, an alternate approach would 

be to select one of the later design engines with better perform

ance characteristics and utilize it as the vehicle for an inter

nally cooled engine development to drive a separable compressor 

as well as other load devices. 

The principal problem area in this program, once a suitable 

engine is selected for modification, lies in the adaptation of 

the internal cooling principle to the engine. Considerable 

research and exploratory development effort, preferably starting 

on a single cylinder version of the engine, will be required to 

determine the proper design and high temperature materials com

bination required to achieve performance objectives. A full 

scale engineering development and extensive reliability testing 

must follow in orde~ to demonstrate a viable engine design for 

the commercial market. For those reasons, the program must be 

regarded as intermediate to long term in nature, with the first 

practical application likely in the late 1980's .. 

3.3 Methanol-Coal Slurry Pipeline 

It is recommended that a study and demonstration of a 

methanol-coal slurry pipeline be conducted. The potential of 

this concept for delivering coal over long-distance pipelines at 

relatively low cost, with low net water requirements and with 

a bro~a spectrum of end use options, is extremely attractive. 

Leonard Keller, President of the Methacoal Corp., Dallas, 

Texas, holds patents and disclosures relating to the methanol

coal slurry, which he calls Methacoal. He describes Methacoal 
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as a pseudo-thixotropic, or shear-thirinirig, mechanically stabil

ized suspensoid. At rest it appears to be a moist, solid mass 

of black mud, but when stirred or agitated, it becomes thinner 

and fl~ws easily. The flow characteristics are such that it is 

typified by viscous or laminar flow, rather than the turbulent 

flow which is typical of coal-water slurries. 

The attractiveness of the Methacoal concept derives from 

its potential advantages in two broad areas: 

1) Potential advantages of methanol over water as the 

carrier fluid of a coal slurry, and 

2) Potential advantages of the methanol slurry as a fuel, 

or of the partially separated components of the slurri, over 

straight coal as a fuel . 

3.3.1 Advantages of Methanol as Carrier 

Methanol possesses two strong advantages, in prin

ciple at least, plus a lesser one, over water as the coal slurry 

carrier fluid: 

1) For equivalent amounts of energy transported, the meth

anol slurry requires less water as input to the system than a 

water slurry system; 

2) For equivalent amounts of energy transported, the meth

anol slurry consumes less energy than the water slurry; 

3) Dependinq upon the methanol conversion proce.ss, most of 

the sulphur may not only be removed from the coal but may be re

covered in usable commercial form. Thus, the sulphur content 

of a 2 to 1 slurry is almost one-third less than that of the 

feed coal, or almost one-fourth less for a 3 to 1 slurry. What 

would otherwise be a troublesome pollutant· may be recovered as 

a marketable by-product. 

These advantages result from several characteristics which 

are described in Sections 5.2.1.2 and 5.2.1.3 below, and are 

summarized briefly here. 

3-15 



• 

• 

R-3025 

1. High efficiency of coal to slurry conversion. While the 

direct conversion of coal to methanol is at most 50% efficient, 

the equivalent efficiency of conversion for the entire slurry 

system potentially approaches 90% when the slurry itself is con

sidered as a fuel. 

2. Reduction of system water requirement. For a methanol

coal slurry which is two-thirds coal, the carrying capacity ad

vantage over coal-water slurry is calculated to be 3.2. For a 

three-fourths coal-one-fouth methanol system, this advantage be

comes 4.35. Thus, the water requirement for the methanol slurry 

may be three to four times less than that of water slurry. 

3. Benefits of dry coal. If the coal entering the slurri

fier at the head of the methanol slurry pipeline is completely 

dry, several additional benefits would accrue, as indicated below. 

Some of these would be realized in the pipeline operation and 

some in the power plant. 

a. The first benefit derives from the large increase 

in pipeline efficiency because it is no longer necessary to trans

port the water. For Western coals, which generally have high 

moisture content, this benefit can be very large. For example, 

with a coal having a one third moisture content, the efficiency 

of the pipeline is increased by 50% if the coal is dried at the 

head of the line. This increase is realized as a direct per

centage increase in the number of Btu transported per Btu con

sumed in the transportation process. 

b. The second benefit is the further reduction of 

the system water r_equirement. For carrying ratios in the range 

of two to three and moisture content in the range of 20% and 

greater, the net advantage of methanol over water as a carrier 

of dried coal is calculated to be in the range of four to five. 

c. The third potential benefit from drying the coal 

is the possibility of recovering the drying energy from the 

methanol conversion process as electric power at what is equiva

lent to zero transportation cost •. 
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3.3.2 Fuel-form Options 

At the pipeline terminal many potential options 

are available for realizing the value of the methanol. All re

present some advantage over plain coal, and a strong advantage 

over the wet coal that is separated from a water slurry. The 

principal options are listed below: 

1) The slurry may be burned directly as a fuel in power 

plant boilers. 

2) The slurry may be separated into powdered coal and 

alcohols which, in turn, provide fuel for several applications. 

The suboptions inciude: 

a) After separation from the slurry, powdered coal 

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. 

b) The alcohols may be returned vi.a a second pipe laid 

alongside the main line, to the head of the pipeline. The 

return line for methanol needs only a fifth or a sixth of the 

capacity that would be required for a water slurry. 

c) 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 be used directly as fuel in 

engines for automotive and industrial applications. 

d) The alcohols may be marketed as vehicular fuel. 

If one looks ahead to the· next century w.l1en petroleum 

can no lon~er supply most of the vehicular fuel, there appear to 

be two preeminent candidates for liquid, vehicular (ultimate) 

fuels: methanol and hydrogen. Of course there are many problems. 

and obstacles to the adoption of either of these, which means 

that a great deal of research and development will be necessary 

to bring either concept to fruition. In the near term, the use 

of methanol in the pipeline offers the opportunity to find early 
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answers to many of the questions relative to its potential as the 

ultimate vehicular fuel. That is, the principal objectives of 

the two R&D programs can be accomplished by funding only the 

smaller, more immediate of the two. Moreover, if a methanol pipe

line is built, it would constitute a part of the demonstration 

program for the ultimate fuel. 

e) The alcohols separated from slurry may be further 

separated into the basic constituents for subsequent marketing, 

including methanol, ethanol, n-propanol, and i-butanol. 

3. The slurry can ~otentially be used directly as pipe

line fuel. If it were feasible to burn the slurry in a gas tur

bine with a bottoming engine, the ·overall efficiency of the 

pumping process would then be a?proximately 50% greater than 

that of the electrically driven prime movers. The direct use 

of the slurry as prime mover fuel would render the slurry pipe

line the most energy efficient of all coal transportation 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. 

3.3.3 Problems and Limitations 

It is recognized that there are several potential 

problem areas associated with this program. Three particularly 

sensitive questions associated with methanol-coal slurries will 

be discussed. 

a) Engine fuel unknowns. Although the use of the 

slurry as boiler fuel does not appear to present any fundamental 

difficulties, the actual demonstration remains to be done. Its 

use in reciprocating engines may· not be practicable because of 

the inherent problems of burning coal in 'these engines. Use of 

the,slurry in open cycle gas turbines appears somewhat more 
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promising but raises obvious questions regarding corrosion and 

erosion effects on turbine hot end components resulting from 

the coal constituent of the fuel. The problems of burning meth

anol-coal slurry and pulverized coal in gas turbines are· addressed 

in another recommended program resulting from the initial study. 

It is important to recognize that even if the slurry cannot be 

burned directly as fuel, the concept is not necessarily invalidated. 

b) Safety. Because the flanunability of methanol

coal slurry is far greater than that of water-coal slurry, the 

safety implications of this new application must be examined. 

However, since the flammability of the methanol-coal is still 

much less than that of other pipeline fluids, it seems clear 

that safety considerations could not invalidate the concept • 

c) Environmental impact. The environmental dis

ruption resulting from a methanol-coal slurry pipeline spill is 

almost certain to be more undesirable than that from a coal-

wa ter slurry. Although this is unlikely to be a decisive nega

tive factor considering that other flammable fluids are moved 

extensively by pipeline, the impact must nevertheless be examined. 

d) Rheology of methanol-coal slurries·. The very 

brief experimental work which was performed as part of this study 

yielded very encouraging results. However, they are far from 

conclusive, and the rheology of the slurry requires further work. 

The processes of coal communition and slurrification also require 

experimental exploration . 

3.4 Slurry-fired and Coal-fired Engines 

It is recommended that study and experimental work be 

conducted to assess the potential for operating gas turbines on 

methanol-coal slurry and on pulverized coal separated from the 

slurry. The program should supplement previous investigations 

of hot corrosion and erosion in turbines and should include 

work to identify the fouling mechanism, means of inhibiting the 

fouling ctnd approaches. 
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As is discus$ed in Section 6.0 below, the conversion and 

use of coal has high priority in the President's National Energy 

Plan. Several large demonstration projects for converting coal 

to clean fuels are under way. Coal utilization programs are 

directed toward development of processes to permit increased 

use of coal by direct combustion, with the objective of develop

ing and demonstrating on a commercial scale the direct combus

tion of high sulfur coal without exceeding pollution standards. 

These processes are fluidized bed cornbustors containing sulfur 

oxide sorbents. While the coal conversion and utilization pro

jects in ERDA's Fossil Energy program have potential benefits 

in the overall spectrum of power generation, there are alterna

tive approaches which could have significant benefits more 

directly related to the pipeline industry. One of these involves 

the direct utilization of pulverized coal in liquid pipeline 

drivers with the coal brought to the pumping station in the form 

of slurries. Section 3.3 above presented a recommendation for 

a study and demonstration program on a methanol-coal slurry 

pipeline, pointing out as one of the advantages the possible 

use of the slurry as a fuel in gas turbine drivers for pipeline 

pumps. 

The problems invo~ved in burning pulverized coal in gas 

turbines are discussed in Section 6.1.1.2 below. Mention was 

made also of a recent investigation at Solar Division of Inter

national Harvester to identify the hot corrosion and erosion 

problems of a gas turbine burning coal in a fluidized bed com

bustor, and of an ERDA-sponsored program at Curtiss-Wright to 

demonstrate the feasibility of a gas turbine to burn high sulfur 

coal economically in utility service. 

The work at Solar has indicated fouling, resulting from 

volitalization of fly ash at temperatures above about 470°c,to 

be the principal deterrent to the use of coal-fired gas turbines, 

although erosion may al$o become significant in the lower tern-
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perature turbine stages. It was concluded that further work to 

-improve the potential of operating gas turbines on coal must 

identify the principal contributor to the fouling mechanism, 

and then investigate strategies for ~itigating the ash deposits. 

A continuation of the work is recommended in view of its poten

tial benefits for pipelines as well as many other applications. 

The investigation of methanol-coal slurry as a fuel for 

open cycle gas turbines would provide a very useful supplement 

to the methanol-coal pipeline study recommended in Section 3.3 

above. As discussed in Section 5.3.2 below, it has already 

been demonstrated that methanol has excellent characteristics as 

a gas turbine fuel. One approach in a methanol-coal pipeline 

might therefore be to· separate the coal from the slurry and use 

plain methanol as fuel. A far more desirable approach, however, 

would be to use the methanol-coal slurry directly as fuel. This 

latter approach remains to be investigated. 

It is anticipated that the objectives of this program could 

be largely accomplished through an analytical study, followed 

by laboratory rig tests and then a controlled laboratory test 

on a gas turbine engine of a suitable size and type for liquid 

pipeline u~e. If the results are fa~orable, the demonstration 

phase could be accomplished in conjunction with .the methanol

coal slurry pipeline demon·stration recommended in Section 3. 3 

above. 

3.5 Fuel Cell Pump Station 

It is recommended that a study and demonstration be 

conducted of fuel cell power sources in combination with DC 

motors in a liquid pipeline pump station. The pipeline applica

tion offers a unique and extremely attractive application for 

fuel cell power plants for three reasons. 

First, the use of DC motors in the pipeline application 

would avoid the need for inverters to convert the fuel cell out

put to AC. Freed of this burden, the economics of the pipeline 

application for fuel cells becomes much more attractive than 
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that of the electric utility application. Second, the nature 

bf petroleum products pipeline operation is such that the use 

of DC motors in and of itself would enable an energy saving on 

the order of 5-10%. The fuel cell, of course, offers the oppor

tunity to realize that improvement. Third~ the potential efficiecy 

of the fuel cells is much higher than that of the generating and 

transmission systems which currently supply pipeline pumping power. 

The combination of these factors indicates that the 

pipeline is the preferred application for early commercialization 

of the fuel cell. Accordingly, it is recommended that contin

uing ERDA fuel cell programs be reconsidered in this light. 

Fuel cells have some unique characteristics which make 

them attractive for power generation. As discussed in Section 

4.4.2, these include high efficiency ·at all ratings, 25 kw and 

above; good part-load efficiency; low noise, thermal, and chemi

cal pollution; and considerable freedom in site selection. Waste 

heat recovery potential is another advantage which can be exploited 

in some sites for such thermal uses as process heat/steam absorp

tion· chillers, space heating, and water heating. Second genera-· 

tion fuel cells of the high temperature type, which are targeted 

for commercial introduction in the mid-1980's, may lend themselves 

to utilizaiton of .waste heat in the form of bottoming cycles 

which can further enhance overall plant efficiency. 

The primary problems associated with fuel cells, as indi

cated in Section 4.4.3, are cost and durability. Expensive 

electrocatalysts are required in the fuel cell stacks. Fuel.pro

cessing equipment. is complex and expensive, and subject to de

gradation with fuels which contain any contaminants. Inverters, 

which are required to convert fuel cell system output from DC 

to AC, are also expensive and do not yet exist in the sizes 

needed for large-scale power conversion. While the feasibility 

of attaining high efficiencies in medium to large size fuel 

cell power plants has been proved, extensive engineering devel

opment and demon8~ration remain to be done before economics, 

reliability, and durability are established . 
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Fuel cell development status is discussed in Section 4.4.4 

below. The major development effort at present is being directed 

toward first generation fuel cell power plants, ·which are tar

geted for commercial introduction in 1980. These will be low

temperature systems of the phosphoric acid type with a heat 

rate of 9000-9300 Btu/kwh (36.7-37.8 thermal efficiency) and a 

projected capital cost (in 1975 dollars) of $250/kw if produced 

in meaningful quantities. 

The major program around which the first generation effort 

is centered is the FCG-1 program, which 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)26 MW 

demonstration plants, all to precede the manufacture of 26 MW 

FCG-1 power plants 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) , 

the Electric Power Research Institute (EPRI) ( $5 million) , and 

united Technologies Corp. ($12 million). Delivery is scheduled 

for mid-1978 and testing by early 1979. 

Concurrent with the FCG-1 program, another major effort, 

cal.led the RP114 program is under way, intended to broaden the 

application of fuel cells beyond near-term needs to result in a 

second generation power plant for the utility industry to be 

used in d wide variety of applications. Major ~oals for the 

second generation include commercial introduction by 1985, cap

ital cost of $200/kw and a heat rate of 7300-7500 Btu/kwh (ther

mal efficiency 45.5-46.8%) using natural gas and clean liquid 

fuels. The second generation fuel cells will probably use molten 

carbonate electrolyte and operate at relatively high tempera

tures (500-7000C). 

Pipeline application of fuel cells is discussed in Section 

4.3.6 below, where it is identified as an attractive R&D oppor

tunity. From analysis of duty cycles in product pipelines, it 

is seen that, depending .on the characteristics of the pipeline 
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and of the product being moved, throttling may be necessary at 

both maximum flow and a number of in~ermediate flows below the 

maximum. These throttling losses could be avoided if an econ

omical, efficient, variable-speed motor were available. 

The principal conclusion which emerges from the analysis 

just described is that the pipeline application is much more 

attractive for demonstration of megawatt-scale fuel cells than 

the electric ·utility application. There are two principal 

reasons for this. First, in the utility application, it is neces-

sary to provide inverters because utility systems in this coun

try all operate on 60-cycle AC, whereas pipeline pumps can be 

driven by DC motors. These inverters do not yet exist, so the 

requirement for them constitutes a heavy additional burden on 

• ·the fuel cell development. Moreover, the inverters, when 

developed, are certain to be expensive, possibly costing as 

much as the fuel cell itself. Thus, fuel cells for the utility 

application will always be more expensive than for the pipe

line applications. 

Second, the amenability of the pipeline to DC motors also 

offers an energy saving of the order of 5-10% in and of itself 

by avoidance of the throttling action described above. An 

accurate, quantitative analysis to yield an estimate of energy 

wasted in the pipeline industry through such throttling would 

require writing a computer program with extensive input data 

from the various pipelines. Such detaile? study is clearly 

impractical under the scope of the present .investigation and 

in fact is unnecessary. However, an approximation, derived 

from the fuel and power costs of the 105 interstate pipeline 

companies (see Fig. 4.3-3 of Report R-3022 of this series) 

indicates a total wastage of about $10 million annually. This 

order of potential saving is clearly enough to justify an R&D 

program of several million dollars. 

Another attraction of fuel cells for pipeline applications 

lies in the comparative efficiency of fuel cell power plants ~ 
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electric utility power. The latter seldom reaches 25% after all 

power generation and transmission losses are taken into account. 

If the expected fuel cell efficiencies (up to 47% in second 

generation plants) are realized in commercial applications, 

the net efficiency of the fuel cell power source, even after 

deducting losses in conversion and transport of fuel, will still 

far exceed that of the electric utility power source. 

It is not suggested that the ready adaptability of fuel 

cell-DC motors to pipeline applications is an established con

clusion. Achievement of the goals set forth for large fuel 

cell power plants in the near term, particularly those related 

to cost and durability, will be a difficult and costly task. In 

addition, the· availability of DC motors which will meet the pipe

lines' requirement of long, unattende~ maintenance-free opera

tion, must be recognized as a problem area which may require a 

significant research and development effort to resolve. How

ever, the potential that clearly exists for significant energy 

saving justifies a strong recommendation that further work be 

done to define an appropriate R&D program for the application 

of fuel cells in pipeline service. 

3.6 Indirect-fired Coal Burning Combined Cycle Pump Station 

It is recommended that a study and demonstration be 

conducted on a high efficiency indirect-fired gas turbine with 

Rankine bottoming cycle, using pulverized coal fuel. The pro

gram 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 efficiency through the use of advanced 

high-temperature materials in the air heate~ and the addition 

of an organic Rankine bottoming system. The program is further 

discussed in Section 6.1.1.2 below. 
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Development of closed Brayton cycle systems first began 

in 1939. The first power plant of this type was an oil burning 

plant manufacture.a by Escher-Wyss in Switzerland, and was 

placed in service in 1940. The first coal burning, closed 

Brayton system was an Escher-Wyss 2~00-kw power plant, COJlUTlis

sioned in 1956 in Germany, and this plant.had accumulated 

120,000 hours by June 1976. Altogether, some 14 plants ranging 

in size from 2 to 50 MW have been built in Europe, Great Britain, 

Russia, and Japan. A number of these plants, including several 

which use coal as fuel, have accumulated over 100,000 hours of 

operation. Turbine inlet temperatures have ranged from 650 to 

75o 0 c and plant efficiencies have been in the general range of 

25 to 32%. 

Although thes~ closed cycle plants have demonstrated 

economic viability, utilities have been reluctant to install 

them on a broad basis, primarily, it would seem, because of 

the hitherto wide availability of clean.fuel whose combustion 

gas can be passed directly through the turbine. With the 

present emphasis upon use of coal and with the advent in recent 

years of high-temperature ceramic materials, these plants 

deserve further exploration. 

By using new high-temperature materials, such as silicon 

nitride, silicon carbide, or other ceramics in the heat ex
changer, it may be feasible to increase turbine inlet tempera

tures by several hundred deg~ees and thereby increase the over

all thermal efficiency by a substantial amount. The addition 

of a R.an~~ne bottoming system using waste heat from the air 

heater would result in a further increase in the overall 

plant efficiency. It is estimated that with a turbine inlet 

temperature of l000°c (which should be feasible with ceramic 

materials in the air heater) and an organic Rankine bottoming 

cycle, an overall efficiency of over 40% can be achieved in a 
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plant of 2-MW capacity or higher. Another advantage of ceramic 

materials would be increased resistance to erosion and corrosion 

effects from combustion of pulverized coal. 

This program is recommended independent of the program on 

methanol-coal-slurry fired and coal-fired engines described in 

Section 3.4, although they are complementary. With the strong 

emphasis on coal in the Nation's energy plan, it is important 

that other options be explored for possible use in the event 

that practical solutions are not developed for coal-burning, 

open cycle gas turbines. 

Aside from problem areas associated with the organic Ran

kine bottoming cycle, which would be as described in Section 3.1, 

the principal risk in the indirect fired gas turbine would 

appear to lie in the air heater. The application of ceramics 

in this stationary heat exchanger should be less of a problem 

than in the hot parts of a gas ~urbine (nozzles and particularly 

the rotary parts) , such as are being pursued by several of the 

leading turbine manufacturers. However, there are potential 

problems, such as differential expansion between the metal hous

ing and ceramic core and possible fouling of the air heater sur

faces from slag, which will require careful design and develop

ment to overcome. 

3. 7 Internal Coatings in ~-~.P~-~~!!.~-~ 

It is recommended that a program be conducted of 

analysis, experiments, testa, and demonstrations of internal 

coatings in both gas and liquid pipelines to determine with 

good precision their enhancement of flow efficiencies, to demon

strutc their longevity, Rnn ~o 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 
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if necessary, and a demonstration in a full station-to

station section of an operating pipeline. 

Results of tests and applications over the past 30 years 

have proved 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 scrub

bers, strainers, pigs, and other types of pipeline cleaning 

equipment; prevention of contamination from corrosive products; 

reduced maintenance and labor costs; protection of pipe interiors 

against accumulation of foreign materials; and reduction of 

leakage. 

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 to 42 inches • 

There are two principal methods of application that have been 

used for internal coatings: in-place,or in situ, and spraying. 

In situ coating is applied to lines already laid, thereby avoid

ing the welding problem, i.e., the burnoff of the coating that 

occurs at the joints when new sections of pipe are welded to

gether. Spray application of .internal coatings is accomplished 

on individual sections of pipe at the pipe mill with appro

priately formulated epoxy type coatings followi~g sound surface 

preparation such as abrasive blasting or acid cleaning. 

When epoxy type internal coatings were first used in the 

late 1940's and 1950's, problems were encountered with obtain

ing good adherance of the coating ~o the pipe wall, with the 

result that the coating would sometimes peel off in sheets and 

clog the filters, scrubbers, regulators, and other equipment 

in the line. Manufacturers and applicators claim that this 

problem has been overcome by better surface preparation of the 
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pipe. However, interviews with a number of pipeline operators 

were conducted as a part of this study, and it was found that 

considerable skepticism still exists as to whether a pipe can 

be sufficiently w~ll cleaned in place to ensure perfect reten

tion of the coating. This, of cdurse, is precisely the kind of 

situati'on which ERDA R,D,&D programs are intended to address. 

Current.practice is generally to spray the pipe sections 

at the mill prior to laying the pipe, as it is less expensive 

and more reliable than in-place coating. The main drawback, as 

mentioned above, is that several inches of coating are burned 

off at the joints when the pipe sections are welded. In the 

case of wet gas lines or liquid lines, field cleaning or repair 

at the weld joint is usually necessary to prevent accelerated 

corrosion. Thus, much of' the benefit of the coating as a fric

tion reducer is lost, since the insides of the joints are the 

principal flow inhibitors. Also, the benefits of corrosion 

protection and leak stopping, which are most needed at the 

welds, are also lost. Thus, what is needed is a scientifically 

planned and well conducted demonstration program, in an actual, 

operating pipeline, to show that in-place coatings can in fact 

equal the durability of the mill-spray coatings, while overcom

ing the limitations and shortcomings of the former. Accordingly, 

a program of R,D,&D is recommended. 

J.O Additives to Reduce Vis~nsity 

It is recommended that a program of analysis, experi

ments, tests, and demonstrations of viscosity,- reducing addi-

tives be conducted. 

(1) Cy3tcm ctudies ~nd simulRtinns should be performed. 

The operating problems and penalties must be identified, and 

their costs estimated. Additional capital equipment require

ments must be identiEied, and similations conducted to assess 

the economics of drag-reducing additives. 
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(2) A facility should be found or established for evaluat

ing and comparing performance of additives, and the analytical 

results of step (1) above should be confirmed. 

(3) A demonstration program should be conducted on an 

actual, operating pipeline. 

The question of scaling from laboratory to field equipment 

is important because the tendency is for reductions in drag to 

be much smaller percentagewise in field-size equipment than in 

laboratory-scale systems (Savins 1976). However, the problem 

has been addressed (Savins 1976) and those investigators at 

least now feel that scaling in fact no longer constitutes a 

problem (Savins 1977). With this recent progress, existing 

facilities, e.g., University of Tulsa, are adequate for step 2 

above. Thereafter the program could move directly into field 

demonstration in an operating pipeline. 
' 

This program offers ~everal attractions. First, because 

the technology is near, it can be brought to fruition quickly . 

Second, the liquid pipeline companies are suffering the effects 

of rising power costs now, as opposed to gas pipelines whose 

fuel costs are artificially regulated to. very low levels, so 

that the economic incentives exist. Third, by virtue of both 

of these considerations, it should be possible to arrange for 

substantial cost sharing by the industry. Thus, it appears 

that an opportunity may exist to realize a significant saving 

quickly and with minimal investment of ERDA.funds. Accordingly, 

it is strongly recommended that this program be rapidly pursued. 
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4.0 POWER CONVERSION IMPROVEMENTS 

The majority of the drivers, or 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 ser

vice in increasing numbers, primarily because their lower main

tenance was able to offset the higher efficiency' of the recip

rocators. 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 dis

cussed later, two such improvements appear to offer a highly 

promising opportunity, yet appear to be beyond the development 

ment reach of industry. 

Almost all prime movers on liquid pipelines are electric 

motors. As will be seen, there do not appear to be any attrac

tive energy conservation opportunities in motor imp~ovements. 

4.1 Heat Engine Improvements 

There are of course many small ways to improve the 

efficiency of heat engines. The engine manufacturers 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 mor~ of 

these small improvements will be introduced. However, small 

improvements already under development by industry do not 

appear to offer attractive opportunities for ERDA-sponsored 

R&D. For the larger impr,ovements which would justify ERD~

sponsored R&D I i.e. I step function improvements in importance I 

it is necessary to address the basic thermodynamic cycle, as 

opposed to small improvements in the hardware~ Such basic 

cycle improvements are discussed below for the three principal 

engine types, i.e., Brayton, Otto, and diesel. 
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4.1.1 Brayton Engine Improvements 

The use of Brayton engines as gas turbines in 

gas pipelines has increased significantly in recent years. In 

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 centrifugal compressor. With the free power tur

bine coupled directly to the compresso~ 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 relia

bility-availability, longevity, and low maintenance. A con

tinuing study by one of the major producers of industrial gas 

turbines in high use factor service has shown an average relia

bility of 99.5% and availability of 97.4%. A significant per

centage of the units in service have accumulated over 60,000 

hours of operation and several units have surpassed 100,000 

hours of operation. Reliability and availability in this 

instance are defined as follows: 

Reliability _ installed hours less unsched.outage x lOO% 
- installed hours 

Availability= installed hrs.less (sched.& unsched.outage) xlOO% 
installed hours 
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(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 

b¥ 35 pipeline companies covering installation of 503,163 com

pressor horsepower (54% of which were gas turbine driven) showed 

an average cost per installed horsepower of $219 for gas tur

bine units as compared with $295 per installed horsepower for 

reciprocating units. (Gas Turbine Intern'l, Jul-Aug'74) 

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, is 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 b~en investigating ways of decreasing fuel 

consumption through modification of existing gas turbine in

stallations 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 ef fi

ciency. 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 improvements 

in fuel economy are the use of regeneration, and the addition 

of a Rankine cycle 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 repre

sentation of a re~enerative cycle gas turbine power plant. The 

regenerator, which in the case of an industrial type gas tur

bine is a stationary heat exchanger (or recuperator) , tak~s 
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heat from the gas turbine exhaust and transfers this heat to 

the compressor discharge air before it enters the combustion 

chamber. 

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 pres

sure ratios of 14 or higher because the compressor discharge 

temperature is so high that it is equal to the exhaust tempera

ture and therefore there is no chance for regeneration. The 

effect can be seen in Fig. 4.1.1.1-2. In most cases a pres

sure 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%. Regenerato~s with an effective

ness of approximately 81% have been used with gas turbines for · 

some years. Higher efficiencies can be achieved 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 on 

thermal efficiency and cost. When effectiveness is increased 

from 81 to 85%~ the heat exchange surface must increase approx

imately 50%, and the additional regenerator surface costs 

about $150,000. Analysis shows that for fuel costs between 

$.50 and $1.00 per million BTU, the 81% is optimum. When fuel 

values reach $1.00 to $1.50 per million BTU, an effectiveness 

of 85% would be economical. (Heard, '76) 

4.1.1.2 Brayton-Rankine Combined Cycles 

Figure 4.1.1.2-1 illustrates a com

bined cycle power plant in which a Rankine cycle system is 

ac.lded as a bottoming plant to a simple cycle gas turbine • 
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Exhaust heat from the gas turbine goes to a heat recovery boiler 

where vapor is generated and used to drive a turbine which is 

connected to the load. Exhaust from the vapor turbine is con

densed and pumped back to the boiler to form a closed loop sys

tem. The single drive arrangement shown, with the vapor turbine 

directly connected to the outboard end of the load, is advanta

geous in a pipeline application, since.the vapor turbine can be 

designed with an output speed to match the compressor and power 

output stage of the gas turbine. The gas turbine can also fur

nish the necessary speed control for both units under most con

ditions. 

The number of combined cycle power plants instal~ed to 

date is somewhat limited, and for the most part confined to 

large sizes ~n electric utility service. As far as this study 

could determine, only two plants of less than 15,000 KW capacity 

are in service in ~µnicipal utilities. The majority of the 

combined cycle plants in electric utilities are of the supple

mental fired heat recovery type in which exhaust heat from the 

gas turbine is supplemented by separately fired burners in 

supplying heat to the boiler. 

As for gas pipeline service, there are only four combined· 

cycle systems known to be in operation. These systems were 

installed between 1968 and 1970, and are reported .to be operat

ing successfully; however, with recent advances in ter.hnnloryy, 

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-shaft gas turbine exhaust

ing .its heat to an unfired heat recovery boiler. Studies by the 

General .Electric Co. (Hcard,'75) have indicated that such a systen, 

using a standard 14,600 hp gas turbine and a steam turbine 

connected directly to :a centrifugal compressor, can_ produce a 

combined output of 22,000 hp at ISO conditions with an overall 

thermal efficiency of approximately 39.2%. 
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Figure 4.1.1.2-2 (Heard,'75) shows estimated thermal efficien

cies at various ambient temperatures for the above combined cycle 

system using water as the working fluid. Steady state conditions· 

typical of normal pipeline compressor operation were assumed. 

Thermal efficiency curves for a standard regenerative cycle 

gas turbine are shown for comparison. Two features of particu

lar interest can be noted from these curves. 

(1) The effect of varying ambient temperatures. At increa

ing ambients, the standard gas tur0ine efficiencies decrease 

significantly. For the combined cycle, however, the 

efficiencies increase at higher ambient temperatures. At the 

100% flow point and 590F, the combined cycle ~fficiency 

(39.2%) 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 590F (a condition which requires 

55% of the ISO rated horsepower), the combined cycle .efficiency 

drops to 32% as compared to 30% 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 their in

dustrial. gas turbines in the 1200-10,000 hp range and expects 

to have 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 if it were designed 

around cornrnercialiy available steam turbines, boilers, conden

sers, and related equipment. Accordingly, they are undertaking 
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the design and development of several major system components, 

described in a paper by Solar (Wardell~ «!1·, '76). 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 geared to a low pressure 

unit running at approximately 15,000 rpm, the same speed as 

the gas turbine drive. 

(3) New condensers of both water-cooled and air-cooled 

type. 

Utilizing these new components, Solar is projecting com-. 

bined 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% and 

an improvement in fuel consumption of 25-38%. 

The use of organic working fluids in the Rankine bottoming 

cycle offers potential for further improvement in efficiency 

of combined cycle power plants. Although all combined cycle 

plants con~tr~cted to date have used water as the working 

fluid, studies by Thermo Electron Corp. (Morgan et al.,'74) 

have indicated possible achievement.of over 43% thermal effi

ciency in a simple cycle gas turbine/organic Rankine cycle 

bott~ming plant, and over 47% in a rec~perated version 

of this plant. These studies are based on the use of 
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current technology gas turbine engines in large power sizes 

(over 60,000 kw). Other advantages of organic working fluids 

are low freezing temperature and possible reduction in size and 

weight, depending on the working fluid used. There are dis

advantages in organic fluids as well, in that many of those 

that are readily avaiJable are flammable or toxic and all are 

subject to decomposition.at moderately high temperatures such 

as might occur in exhaust heat recovery boilers. Nevertheless, 

there appears to be enough potential to ~ar~ant further i~ves
tigation of organic fluids in combined cycle power plants. 

4.1.1.3 Comparison of Gas Turbine Cycles 

The decision to select a simple 

cycle, regenerative 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. 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 ths future. 

As mentioned previously, the combined cycle power plant 

has a decided advantage in efficiency at the higher ambient 

temperatures. This would be an important factor to consider 

in selecting ;:i plirn:t. to operate in a hot r.l i..rnatf::, 

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 advantageous since the rate of 

increase in specific fuel consumption at part loads is less . 

This is illustrated 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. 
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To compare these three cycles in a quantitative, precise 

way, detailed simulations were performed using the pipeline 

economic model (PEM) previously developed under Task 1 and 

described in Reports 3021 and 3069. The model was also intro

duced in Report 3024, Section 7.1. The model is a simulator 

which accepts as input the design characteristics of the pipe-

1 ine, the operating and capital costs, and a market (throughput) 

projection. Its 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 adjust

ing actual systen costs, are therefore highly accurate in terms 

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 therefo·re more than 

sufficiently accurate for this study. Figure 4 .1. l. 3-2 dis

plays a typical output from the gas dynamics model. The 

financial projection model is an adaptation of a business pro

jection model previously developed by s 3 , modified to reason

ably simulate pipeline operation, and bench marked against a 

highly detailed pipeline-peculiar (proprietary) financial 

model previously developed by Pipetech. 

The reference gas pipeline was designed·and costed on the 

bdsis of reciprocating gas engines, since that approach repre

sents the best current prac~ice. An installation schedule 

was prepared for that system, detailing the points in project 

life at which additional capacities must be installed. A 

survey of representative gas turbines was then made, and is 
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presented in Table 4.1.1.3-1. The reference system was then 

converted from reciprocators to sim~le-cycle and combined

cycle turbines, as shown in Tables 4.1.1.3-2 and 4.1.1.3-3, 

respectively. The heat rates were then adjusted from the full- -

load values to those associated with the actual operating 

horsepowers required, using the part-load characteristics from 

Fig. 4.1.1.3-1. 

For purposes of the comparison, the simple cycle is re

ga_rded 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 compari

son, 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 oper~ 

ator's incentive in energy and dollar savings to adopt the in

novations. 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 ~ore 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. 

Several points of interest 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. In terms of prime mover capacity, 

this latter figure represents $514 per horsepower for the par

ticular set of assumptions used, which is almost twice the 
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Table 4 .1.1. 3-1 

REPRESENTATIVE GAS·TURBINES 

IN GAS PIPELINE COMPRESSOR SERVICE 

Regenerative (Estimated) 2 

Simple Cycle C;tcle Combined Cycle 
HP(ISO) SFC HP(ISO) SFC HP(ISO) SFC 

Manufacturer Model No. Rating BTU/HP-hr Rating BTU/HP-hr Ratin2 BTU/HP-hr 

Solar Saturn 1160 11600 1100 9510 1804 7284 

Solar Centaur 3830 9600 35801 01ool 5600 6578 

Solar Centaur3 4850 9100 4540 7460 7090 6288 

Solar Mars3 10300 8080 9630 6625 13680 6080 

Allison 501K5 2745 11070 2600 9080 4120 7370 

Allison 501Kl3 3165 . 9980 3000 8180 4750 6650 

Cooper- RT25(GG12) 2750 13800 2600 11315 4125 9"190 
Bessemer(P&W) 

Cooper- COB125 12500 9800 11875 8035 18750 6525 
Bessemer (Avon) 
(Rolls Royce) 

De Laval Turbopac 3300 11600 3130. 9510 4950 7725 

Ingarsoll GT40/22 4250 . 9430 4040 7730 6375 6280 
Rand 

General Frame 3 6850 11000 68501 90001 9800 7690 
Electric (Mod.3000) 

General M3872 8780 10850 8750 9000 13125 7225 
Electric 

General M31,02 10800 10190 10800 9000 16200 6785 
Electric 

General M3132 13100 9760 13100 9000 19650 6500, 
Electric 

Orenda OT370 0090 llSOO R200 9675 13325 7860 

Orenda OT-F-270 9830 11550 90701 77701 14745 7690 

1From mfr.'s published data; all other figures on regen~rative cycle are 
estimates •. based on assumptions that regenerative cycle hp is 5% lower 
and SFC is 1_8% lower than simple cycle • 

. ~. 
2Combined cycle h~ figures repreGent increa~e of 33% to 55% over simple 
cycle hp, depending on engine. Where published data are not available, 
50% is assumed. 

3oevelopment. models 

4-21 



Yr. Engine 

1 ·Mars •• 8 Cent-D 

1 Cent 

8 Cent-D 

1 Cent • 8 Cent-D 

1 Cent 

8 Cent-D 

1 Cent 

8 Cent-D 

l' Cent 

10 Cent-D 

• 7 Cent 

• 

Tab 1 e 4 • 1 . 1. 3- 2 

REFERENCE GAS SYSTEM CONVERSION 

RECIPROCATORS TO SIMPLE-CYCLE TURBINES 

TIHP Yr. Engine TIHP Yr Engine 

10300 2 Mars 20600 

4850 11 Cent 8680 14 Cent 

3830 4 Cent-D 8680 14 Cent 

4 850 12 Cent 8680 14 Cent 

3830 4 Cent-D '8680 14 Cent 

4850 12 Cent 8680 14 Cent 

3830 4 Cent-D 8680 14 Cent 

4 850 12 Cent 8680 14 cent 

3830 4 Cent-D 8680 ·14 Cent 

4850 12 Cent 8680 14 Cent 
3830 . 4 Cent-D 8680 14 Cent 

4850 15 Saturn 6010 

3830 16 Saturn 4990 16 Booster 

R-3025 

TIHP Rqmt. 

20600 19415 

12510 12075 

12510 11822 

12510 11766 

12510 11755 

12510 11731 

12510 11708 

12510 11687 

12510 11645 

12510 11587 

12510 115.18 

6010 5770 

5030 5028 

156,·740 147,507 
I 

1567 
1475 = 1.06237 

i.e., 6.24% 
excess 

4-22· 



R-3025 

Table 4.1.1.3-3 

REFERENCE GAS SYSTEM CONVERSION 

RECIPROCATORS TO COMBINED-CYCLE TURBINES 

• St. Yr. En9:ine TIHP ! Yr. En9ine TIHP RQMT. 

·1 1 Mars 13680 7 Cent-D 20770 19415 , 

2 8 Cent 5600 
' 

12 Cent-D 12690 12075 

3 1 Cent 5600 6 Cent-D 12690 11822 • 4 8 Cent 5600 12 Cent-D 12690 11766 

5 1 Cent 5600 6 Cent-D 12690 11755 

6 Same as St. 2 12690 11731 

7 3 12690 11708 

8 2 - -··-···-·-----·-~ 12690 11687 

9' 3 .... 12690 11645 

10 2 12690 11587 

11 3 12690 11518 • 12 10 Cent-D 7090 No further 7090 
installatn. 

13 7 Cent 5600 " " 5600 5028 

160,360 147,500 

160,360 = 1.0871, 147,507 

i.e. , 8.71% ~xcess 

• 
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,,, •t'CREMC[ 5T5TE" CoMVCRSIO~ To COH8INCD CTCLt. 

.. , ...... . 
STSTCH5i SCICHCC AHO sorT•ARC 
LAC 'RO-ECTIOH HODEL. 

• • 
DAT[. llOIH PA Cit 

Pl'EL)HC. TRANSPORTataoH STSTCHS CHCRCiY cOHSERVATION STUoY" ... 

ACTIVITY~. ···- -·· .. 
AM~UAI. T~ROUCi~PUT l"H"Ht,•HILC~l 

NO"IHAI. fUIJ'r. IUHIT TRAHSP1 C14AltliCt 
lCTUAI. Ullll'S' . ········-

NO"IMAI. t•AMS~D~TlTIDN RCVtNUC~ 
ACTUAi.' T~TAI. RCVt .. ucs 

LtvCR&CiC 

l'H 

tOOO 
•.ODO 
•ODO 
I ODO. 
•ODD 

DATC 
RUN ID 

1977. 

S717t;I 
A•D•OOO 
•12.us 

38120•lll 
3.SIB•JH 

l.0"(i•T£u lru .. ocol OC8T TQ CAPITAL~ I ...... 
LO"Ci•TERH iru .. otol ocn Ta ASstlS I ..... --···. •O•ODD 

OPCllATIH' IMCO~[ lrPC RUl.lSI .. ·
lH~Ul1,, r~c Rlf[ Bl5[ 
RAT( or R(TUR .. ON RAT[' el5[ Ill 
Rate or RcTuR .. ON PAl0•1N CAPITal.Jll 
Rare or llctuR .. ON TOTA\,: '-''llAl1 Ill 

AH .. UAI. C~CR'T USl'C Or ''j IHHCFl 
lHHUAI,, [~(llCiT COSTS 
PRCSC"T ~Al.UC or [M(RCiY usco 
UHll co~~ or CHER'' ''""'' 

. .... OTHER ~Et5UIUS' 

T 0 T 4.1. A M-. U A I.' •Pel T C 0 S T 5 
PRESENT 111.ut or AvCRl(i[" ONIT COSTS 
MET IMCO"[' !Boo~ PROflTt" 
PRCS[HT YAl,,U[ or aool 'ROrlTS 
NET ClS~ GEHERATCO OUlllH' THE PCRIOD 
PRCSLHT YALU[ or H[T CASk Ci[HCRlTED 
DlSCOUHt rlCToR 1•101000 ,, • 

•ODD Z09'1Se772 
2&2l7'1•000 .209'1S7•72l 

.ooo 
I OQQ, 
1000 

.ooo 
• 0 00. 
1000 
t DOD . 

•DOO 
•000 

. •S&l3eOOO 
•Slll•ODO 

•000 
.ooo 

' I OD 0 

10,000 
1&•201 

'111i8' 

1213,aos 
1101.101 
I 6'1'1• lU 

It '120 

'1301720 
39ltS•l 

99Sl,S93 
9Q0o90l 

&711Q6eSll 
l•la7,7SS 

t909 

NOVCK8CR 11 197• llll•l'IS 1• 101'17• 
CiAS ~tr STSTEK CDNVERSIO~ TU cOH~IHCD°CYCLE 
tASC 'll1I LIHlCD #ITH PtPCiAS •CiA52 

I 9 7 8 

•ltlH 
HloOOO 
•21.210 

'12'199qH 
JlloH•S98 

20J7S1'1U 
20H2S• &U 

10.00• 
10.si.o 
'l1Ul 

l't 71, •0-1 
219'1elllS 
&8&J1HO 

"'191 

1117•2'11 
3'1'1•827 

9381.211 
7HlollO 

172H122s 
I '12 't 'I, a I 'I 

, BU 

''I• 9 'I !i 
727••SO 
li92el'lll 

1172S•191i3 
38'11191797 

•O•OSI 
S7• Ht 

& 978& • 7Dl 
197792••11 

10.001 
f I 89' 
'I• I 9 S 

U'l7,ooo 
H711• 'Ill I 
I 9 J-7 • 2 H 

rosu 

'IQ9•021 
307•>o9 

87911525 
hOS•20l 
92'12•'•2 
•tit'l1l7'1 

t7 SI 

t 980 

u.ss• 
71>'1 • Ol2 
su.v12 

li231'•1H 
JBBH•287 

sa.s8a 
SStllt 

192DS•913 
191Uo•os1 

10.oas 
91910 
'I• 3 s 'I 

11~3,321 
lOll•U'I 
20SBeJ73 

I I. 'I 'I 
3'13t'I02 
21111I..,9 

880'1101'1 
•Oll•HO 
'12SS•'ISi 
6litleSta 

1118) 

721221 
.802t2l'I 
Ht117'17 

679'111S'12 
'109)'1•11'1' 

1982 

7Se7'12 79•'17• 
B'l2•l'lll 88'1•'1•3 
SY'l;Q76 - •22•1'17 

•>BUl•o•B 70293•'10~ 
'1'199•••D~ '19'1'15••'11 

'21839 
58.799 

""199'181070 
1993S.•oOO 

10.00• 
II• '112 

'I• SI J 

2l22••:ZlS 
21212'11'188 

. 22'1'1'1•59 
22'12'1J•u71 

10.ua· 
l 2. 1 l' 

'I • '1 l 

2ou,1102 
lH71J'IO 
22lS•Ol7 ... 

lt72tl 

377,798 
2l'leSBJ 

IOl3&1'1SI . 
•29se180 

IOSll9e81'1 
H7Se'IBll 

I 62 I 

10,00• 
11 tl JS 

'to )90 

2aoa,119 
Sg8'112'17 
2872t7'17 

It B 12 

'll61S27 
2lS•llB 

9&Y21lH 
Ss&J19.U 

llll2•S211 
'3&5. •27. 

• 5. 'I 

3'11S,JB 
•'199•;(5 

·3))S•l'I 
1•90 

'IH•uc 
22l•/l 

107B'le!">j 
SSl'l"l 1 

1211Bll•u; 
u12.ri1 

I !» 

Fig. 4.l.l.3-4(a) 
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• • • 

SY5TcHSt 5Clt:HCC' ANO SOP'lWARC 

l AC PROJCC TI ON KOO Cl. 

• 

OAT[. 11011' PA Cit II 

PIPCllNt TRANSPORTATION 5YSTCHS [NCRGY cONSt:RVATION STUoY 

OAT[· NOVCH8CR It lt7• llll61~S 16 101~76 

RUN ID GAS REF SYSTCH CONVCRSION TO C0H8INEO CYClt 
CASE Pl8el . L&NKCD ~ITH PtPGAS •G&SZ 

-· ---- .. ll .. Rc .. Olt T. 1eo·.-Jt ···---- .... - CAP'IT &l .. I NV [ s T HCtty· l"L&NN I NG A No CNC R(iy c ONSC Rv AT I ON I HP ACT PAOJEC TI ON I OOllA Rs IN T H0u5 AN05 I 

TIHE: l"tlllOO 
. ----· - - ACT I V I r Y. -··_- - .... ··- ..... - --·· .. 

lN .. U&~· TMAOUG~l"UT llCHHHCF~HllC~I 

NOHlN&~ T&RIP'C IUNIT'TRAN5P1 C~&RGCI 
-·· -'--. - . -· . l CT U l \. T & R l F ,- .,. . . . . 

NO~IN&~ ,~, .. s;~RT&TICN RCVENUc• 
&CJu&~· TOTAL: RCHNUU 

B2o6 1h 
t;za, '86 
~tfi•t2l 

7'7il1B9l 
•o9ol1l78 

UYER4GC 
A LDNG•T[QIC cru .. ocol otaT TO CA"ITll'.1 

·--~- .. - ·· \.ONG•TCR" iru.,ocoa out ·ro ·1sstn ·,, .. --.-..... 

l.O 
,.1tornu1~1Tr 

DPEIUTll!li INCOH(' loc· RUL[SI''" ..... ·--·--·- .. - ZlD2600H 
lNMUlV rpt· RAtC 8&5C' 2l0&96o781 
ltAT( or R[TUR .. ON R&Tc· BASE t11 IOtDOl 

.. _. Rlt[ Dr llt:Tu'I-. o .. PllO•lij ,,,,,,l11r·· ll•D9& 
11&1( or lt(TUR .. ON TOhl CAPIT&~· ... ~.191 

... -.----··[It[ It ca c ON'U .... TI ON' 

AN .. U&L. CNEAliY USAGE JP' GAS IHICC'I 
AN~UAL [NCRGY COSTS 

-·--··-- .. P'1C5CNT VALUE 01 C~CRtiY USED 
UllLf COST OF (lll~Ci1 l/HHCr. 

·-·-·-·· •· ·oh1Cll otCASUll(S- •. 

lDta9o't~S 

•I tl•D2'1 
ZISl 1 77& 

I• UI 

TOU~ UICU&L' Ul41T co1St5 '1'17tl'tll 
rRt5CICT YllUE or &VlRl6C UNIT COSTS 2081598 

---·-·· llEr I ~COM.[' I 800t: P~QFI TI ... ··-·-· ....... 9BS3 e '17 8 

PRESE"T VlLUC OF 800l PROFITS 'tS96e720 
NCT C&SH Ci[NCAAT(D au~1 .. , THC ~c~1ao 1199910'IS 

·---- ·-. rRl§Clolf Y&LUC' 0, 14C1 CASH' 'CNCIUTci> -.·:· 5597,•'ll 
OISCDUNf r~cToR lil01DOO II • 1'167 

·. 

& 985 

861&52 
9Ho 12 I 
•21·190 

l'I0081JBZ 
li't08S12S9 

u82~.1e1 

ZZ81Sl•S61 
I OoOO'I 
ll166l 

'I 1l72 

J8'1l1U7. 
I06l1Ut 
l~l9.78l 

z .ova 

'160o68l 
19Sol7'1 

·aoHz,oa 
'1l9'l1SIZ 

117171910 
ou,u~ 

1'1H 

19U 

89o7U 
10211877 
•Zlolto 

t191le1Z9 
sueo.101 

1'87 

931706 
lOH1070 

6'10179'1 
1007'101598 

600'16. 295 

62 ·'SJ 
S6oUI .. 

67tS68 
601SU 

U610•Sll 
·zH9SL•S61 

101007 
IL127S 

• • 'I lZ 

'll•'•HO 
917t117'1J 
JiJB 1 I03 

Zo20l 

OS.o'IS& 
1791'1Sl 

IDDl7.&'18 
l86Z10'l'I 

IO'll'lo•o 
'tOZleD08 

.38' 

zJ9t.'1•97S 
ZJ'5BB178l 

101003 
&11788 
~ • 7 '15 

~71'1'399 

10916•113 
JB2'1031' 

2 el I J 

'ltd ti JI 
1611•26 

122'191'119 
1!2Ylll'17 

IZ'tt!ul7Z 
'll79,ssz 

1lSO 

Fig. 4.1. l. 3-4 (b) 

, , ti 8 1919 

970137 1011105 
112e.a2~ 11BS1l6S 
•91•l'IO. 7J1t1920 

&09650•'189 119Bl61758 
671~'1•612 7~30'1••So 

66•0'11 
S810l8. 

zs2&l1~10· a~11211t77 
Z526~7·0o6 Z'tlSo;z•229 

IOoOOU IOe009 
IZ•l76 &Z•l95 
~1'1St .. ,u6 

S'l591'1U 
t J2!a9 • l08 

'IZ2't1 79) 
Zo'l 29 

6151571 
1•'1•277 

·1ons.so1 
JSOJ1So6 

llOlS•7S8 
'11 !iOo 'IOll 

ell 9 

602'1•902 
lfi>''l•lu 

'1 'ISo, '161 
z,sso 

S)ZoYB~ 

IS'ltJ8' 
llDll1&6l 
J189'7'1S 

IHZZ•lll 
Has. a~' 

1290 

1990 

IOSolUl 
l2'1'1eSz8 

710•'1'18 
ll090l1SlO 
768lOe92U 

611839 
sze111 

2l'IS019S3 
Zl'l377•'1SI 

10.00• 
12 I 'ID I 

• I f6't 

1991 

10816 
1306•7 

7 3 'I I 2 
1~&999e6 

7979uejj 

22S'IO•' 
us;,isz•· 

I 01 I 
I~ I' 

s •. 

6707•810 7'101• 
1796Q197!i zou1~· 
''17291686 .. ~tbl, 

21618 Z• 

Sl71ZQS 
I 't I I '16 l 

11017,69~ 

l9Ul•l03 
IOU'll 10117 
26~'11127' 

• Ul 

5'13 • 
130; 

'11"2'· 
268 7. 
9 9 tlS I 

·· u9o. 

!:t' 
I 

w 
0 
IV 
Ul 



• • • 
·- -- .... ·---·· -· - -··-·· 

GAi RcrcRt"CE 5T5T[M CONV[RSION To cOHalNCO CYCLE' 

SYSHMS1 5CICHCE: ANO SOYTWAU 
LAC PROJECTION "OOEL . 

. ···p)PCLIHE TRANSPORJATION SYSTCHS 

• • 
OAT[. 11017' PACiE I 9 

. ENERGY CONSERVATION STUDY. 

OATt 
RUN I 0 

NOVEMBER 11 197' llll61~S 16 101~76 · 
GA~ REF' SYSTCH CONVERSION TO COH~INCO CYCLE ... 
CASE PlB•I LIN(tO WITH PtPGAS •GASZ 

ACTIVITY 
A"oeUAI,,' h;llOU(i.,.PUT I ltlt~iHCf'•H I LE'> I 
ND~l"ll. t.4RIFr IUNI~ 1RAN5Pt C ... 4RG[I 
ACtu•1.' iu1rr· · - - · 

1992 

IOS • U6 
ll72•09z 

1'15116!'a 

199l 199'1 

IOB•U6 10Be6U 
1'1'10•697 1512•7l2 
H6o916 769e5H 

NO~INll. 111AH5•0RT~i10N REVtNU[4' 
ACTUAi,,' 10T4L RCVCNUC$ 

111190991611 IS.SS'lo'i92 &6'1J820J1B 

1.CVClhCiE 
LON(i•T(rtit 1ru .. ocol oe&T TO CAiilT&L~ I 
1.0NCi•TCR1t 1ru .. oco1 otaT TO ASSETS ' 

"lOF'I Tlill.tTY· 

8097Jt99B 

551556 
'l'i • 706 

a22so. ah BH21e570 

51t'7l 'I 7 •I BI 
't0eS5l J6oOS2 

OP£1UTINCi INCOltE- l,.PC RULCSI 
•NN~AI. rpc R•TE 84SE 

-· 21629t'lll 20718•'162' 19B07o'i60 
za•127•Bh 20700l•119 &'7B7Bol't2 

~ 

I . ..., 
0 

RATE or ~(TUR .. ON lllTC' 845[ Ill 
ruTC or RCTUR .. ON pqo•1N CAPqAl.UI'. 
A4T[ or R(TUR"I ON TOUL: CAPITAi,.' Ill 

CNERCiY CON~U~PTION 

lN~Ull,. ~lj[RCiT U54Ci£ OT GAS IH1tcr1 
ANNUAi,, £1j[RCiT COSTS 
PRESENT ~Al.UC or , .. ER'' usco 
OISCOUNT[O VA(Ut or CNCRiY usco 
UNIT COST or CNERCiT llltHCr 

.Iii 10.00 

OTM[R. HC45URC5 
TOH\, ANNUAi.' UNIT COSTS 
PRESENT Yll.UE or AVtRACi[ UNIT ~~STS 
DISCOUNT(~ lV[RlGC IA~NUlLl UNIT COSTS 

ILONCi•llUN lVERACiE COSTSI I~ 10100. II 
NET INC01o1E' IBOO( PllOFITI -· 
PllESENT VALUE or BOO( PROFITS 
01scou .. rco VALUE or 800( PROf'1Ts c~ 10.00 
NET ClS ... CitNElllT[O OU~INCi T ... £ PERIOD 
PR(SE~T ~lLUE or Net Cl5 ... '[N[lllT[O 
01scouoerco ~[T CAS~ F~O- Ii 10.00 II • 
OISCOU~T rtcTo~ 1~10•000 ., • 

• 

•••••• I ~TERMlL. RATE ur· RC TURN •••••• 
ocr • 110 I o,.·. ' 188'11•999 IF ROH YEAR 

· ocr . 110 I O' I 888'1I,999 "11014 TClR I . 
ocr ROI or I Bllll'tLt9'i9 I F:1101t TEAR I 

10.ooa 
12.a10 
S • 81 l 

7'10lo608 
Z&BS01027 

'17561509 
I I • 

2t9S;z 

I0•009 
ll• 105 
6.l 1 l 

7'10l•60B 
229'181826 

'15'10.JO'I 
6U17tlSll 

l•IOO 

S58el70 
110•'171 

19Zt7lB 
ll'll'ltZ'll 116112•310 

2't8B•'t2S 2lOlo)69 

·i . a I e 9 2.• 9 J 7 
9S2e7SJ 99'12•U'f 

21u.009 1967,02'1 
IO'llBl1Sll 

• Z 111 •I 9 8 

10.010 
llol)9 
6. 676 

11f03•6Q8 
2'1096•270 
'llllt9h 

lo ZSS 

S67t208 
102•017 

llBSOo'l'tl 
Zlll•'I07 

9951.111 
1789,903 

• 180 

OllER I 0 YCARSI • 11.ao • 
OHR IS YCARSI " I I • l I • 
O~ER 20 YCARSI • I Z e 70 • 

I 99S 

I08•t.U 
15B8•l6B 

78Jt7'17 
17Ho1•'IJ't 
BSIU•Sll 

'111 956 
lit I 112. 

18&B6tOll 
1&lt7SJ•S.'t 

10t006 
ll1672 
71SU 

7'10J16Qll 
z5lo1106l 

'1136•930 

l • 't I 7 

121'16•116 
1985•9811 

IDOJll•lOS 
l6'10e689 

tU't 

&9U TOTAL AYERAftC 

l08•U6 1767e7Zl 6'tl66 
1U7•787 21&23.521 I091t&76 

7YB•368 13028'370 65 I• '1111 
1&12ll•SO't205196'it't06 102sc;a.210 

B67,S•lBJ122't997e't5l 612't9eB7l 

l!'I • B 69 591119~ 59. 8'11( 
25•788 Sze•Bl ··· SZe6Bl 

· 1797'1tltl'I 'UI021•l7S 
17962B•787'152002Z•6i5 

10•006 9o&H 
ll•'IOS ll•l91 
8el08 't1•S5 

71103••06 9(918•90J 
;zoS•••IJ7 Z'l719a•'l6Y 

39't8o887 6961711511 

leS88 

S86o7l2 
87•21'1 

12lSl•S35 
1BHt27't 

10ll0•7'IO 
asos.810 

• I 'I 9 

9U2e97't 
. .>85'11762 

2oa79 0 • 789 
81B9z1Yl7 

2lOH2eSZ7 
IO'llB1,Sll 

.ooo 

Zl55l•069 
2Z'OC.ll • 1 l I 

91SH 
11 ti '1 I 
'I, 6S5 

116'15. 91(5 
123591 S2l 

.ooo 

· 991!2o'tl8 
. '10911. ''17 

I0911Be692 
5209e077 

tOOO 

Fig. 4.l.l.3-4{c} 
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• • • 
&&s RE'CR[lj([ ST5T[" CONYCRSIDN To CO"BIN[O CYCLE: --····· .. 

- ....... . . - .... -·· .... ·-.. - ·- TIME~ '£11100 ... 197' ...... 1977:. 

OTHER LC NE I T[HS 
OPEllATION ANO "&INT[llUNCt: [lPc .. ns 
INTEREST (lP[ .. 5[5 

TOT&l' (XP[l!Sts 
U•l\.ISli:D TU 1.0'iS 
UN~S£0 IN~CST~t .. T TIX CRCblTs·· ..... 
LON,•TCll" 8011RO~IN~ 

NET AOCITIONS TO [QUITT 

1000 
1000 
.ooo 
1000. 

- ··- ... A Oil IT I o~s T 0 P'-.,At4T ' [QUI 'KENT.··-· 

,0 11 2,a~11 
1332'.loOD2 

UB't&.999 
209972,000 

• OOIJ 
209972tOUO 

··209972.000 
&l32b3•D0l 

837281999 

LON,•T£R" D£~T RCT:R£ .. £NT: 
P'LANT .. (QUIP~E .. T f.jJ ORllilN&\. cont 

--- . - . NC T PROPC•HY I. EQ\J ll'"ENT ..... . ---···· 

TOTAi. DEBT 8•(-NCC 
TOTAL CQU5TT C~PtT&\.'. 

01H£R LI .. £ ITEHS 
.. ·- •• ~ 0 p [ R A T I Q .. A .. 0 •U l'U ( N l N c t: ti', t .. st s .• --·.. I 0 0 5l • 0 0 a 

I INTE~EST [XPE .. scs . IZBJ91't8Q 
w 'TOTAL' (lPt .. scs H9S'lo81»'t 

--- t::' .... 
U .. USCO TAI 1.0SS 1000 
u~usto ... ~csr .. £ .. T TAX. CREDITS 1000 
LON,•TCll14 8011110~1 .. , 1000 

--·-.-NET AOOITIONS TO [Q\JITT ........ ·-·-··-··----·····" 1000 

A001TIONS TO Pl.l .. T I. CQUlP .. ENT tODD 
LO~~·TEll" OE~T RCTIR£H£NT. 887l1ll3 

-------PLA .. T ... £0UIP14E•H UQ ORl,IN&L'. c·o·nr--· 27'1220•000 
ktl PAOP[llTT I. CWUIP .. ENT. 22J981»•172 
TOTAL DEBT 8Al~NCE 1s1•20•1•8 

--·--··-·.TOTA\.: Ctll>.ITY Cl•IT&\.: ............... - ... _ .... 837281999 

-·-·-· OT .. Elt 1...la.t ITEt-15 ······-···· 
OPCIU TI ON &NO H& I NTENANCt; EXl'E .. SU 
INTEREST [lPE~SCS 

TOrl1.' [lP(~SES 
u .. usco Tu 1.oss 
u .. USED l .. VEST~ENT , ••. CREDITS. 

1992 

1e•JY.ooo 
9.h2•0't9 

!i98&'1•992 

1000 
1000 

'21121000 
I06'l1Q'tO 
ztt877,s37 

•000 
1DDO 
•000 
•000 
.ooo 
•ODO 

2D9972oouD 
20'1139,'t'tS 
lll2•3•ooz 
83728•999 

l 9 8 5 

l1S'tS1000 
12129•613 
lU8816'll 

•ODO 
1DOO 

lll'l'l,ooo 
1000 

lll'llt1000 
95111111 

ZHH'l•DoO 
227512•9'19 
ISlZ!il•oSJ 
8)7281999 

1993 

19526,ooo 

81'1l•Dl3 
6QUSoHt7 

oOOO 
•ODO 

\.O .. Ci•TCR~ 80qRO«I~' 
.. ET AOOITIOijS TO t~UITT 

•001T1o~s TO P1.4N1 ~ EQUlP~E"T 

•ODO .. 
1000 

•000 
.ooo 

LO~Ci•T[q~ 0£~T RCTIREHENT: 

Pl_r. .. T "E~UlP~ENT I~ ORIC'1INA\.: COSlt 
~ET PROPCllTY ·~ EQUIPHENT 
TOflL OEBT BAlA .. CC 
TOTAL. [~UITT ClPITA\.: 

• 
•••••• 

tOOD 
1398719'1'1 

328'192•000 
2Q91•l•!iiOll 
l09287tU9 
8711Z8•lh 

•000 
ll9B7t9't't 

J28'192•ooo 
2000lllo7JD 

9&299•721» 
891Zl•2'tl 

• 

1971 

HUoOOO 
lOUl•O'IO 
2SS81,B99 

oOOD 
.ooo 
1000 

•ODO 
.ooo 
• O·JO 

2099721DOO 
l98l01»0891 
i33Ul•002 
83728•999 

ltU 

12u&'t1000 
124!60•2'1'1 
'117821903 

1000 
•oOOO 
.ooo 
oOOD 
•000 
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Table.4.1.1.3-4 

. IUPU"i'S AND A-SSUMPTIONS 

1. Full~load efficiency advantage of the combined cycle 

over. the simple cycle is one-third. 

2. Full-load efficiency advantage of the regenerative cycle 

over the simple cycle is 18%. 

3. Present values calculated at 10%. 

4. All profits paid in dividends. 

5. All excess_ working capital reinvested at 6%. 

6. Straight-line depreciation on first three capital outlays. 

7. Market growth as shown in l.ine 1 of the figures. 

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

• 
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• Table 4.1.1.3-5 

COMPARISON OF ENGINE CYCLES 

• Simple Comb'd. 

Energy use, avg., BSCF/yr 6.46 4.65 

Efficiency improvement, avg., % 0 28.02 

Energy cost, avg., M $/yr 17.28 12 .·36 

Present value of energy used, 96.43 69.62 
M$ (20 years) 

Actual tariff~ avg., 707 651 
K$/GSCF-Mi 

Tariff reduction, % 0 7.92 

• Present value of book profit, 87.24 81.89 
M$ 

10-yr RoI-DCF, % 6.89 6.80 

20-yr II II II 12.14 12.70 

Unused investment tax credits, 3.84 6.04 
M$ 

• 

• 
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average 1975 cost of gas turbines in pipeline service. The 

above dollars per horsepower figure is based on a total horse~ 

power requirement of 147,507 (see Table 4.1.1.3-2) and is 

derived as follows: 

$(96.43-69.62)106 
x 147,507 hp = 41,011 hp 

$ (96. 43) 10 6 

attributable to bottoming cycle 

$(96.43 - 69.62)10 6 -
41.011 hp - $ 654 /hp. 

Bottoming engines, because of their requirements for boilers 

and condensers, are almost certain to be more expensive than 

open-cycle gas turbines, but not by a factor of two. It is 

therefore concluded.that the bottoming engine offers to the 

ERDA a highly attractive 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 pipeline operator, lines 

7-10 offer little inducement to invest in energy-conservative 

devices. Book profits actually fall slightly. For practical 

purposes, Ro! is the same for all three cases, the small varia

tions being primarily due to differences in timing of the capi-
' tal infusions. Unused investment credits increase strongly 

for the energy-conservative cases, as explained in another 

report of this series, R-3024, Section 7.0 (see pp. 1 and 2 of 
. r 

this report). Basically, they derive from the limit upon pro-

fit imposed by FPC regulation. Clearly, some change in that 

regulation is needed to induce pipeline operators to conserve 

energy. 

l 

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, 
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the allowance for additional profit should be related to the 

quantity of energy saved. However, other regulatory changes 

appear more effective (see R.3024 of this series). 

4.1.1.4 Combined System Performance 

Both the organic fluid Rankine cycle 

and the steam Rankine cycle were seen to of fer high potential 

for waste heat recovery. Projected efficiencies for the gas tur

bine 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), the 

addition of an organic Rankine cycle can increase the over-all 

system efficiency to 31%, while a steam bottoming system with 

150°F condensing temperature will increase the over-all combined 

efficiency to 27%. (These figures are calculated for different 

site conditions and condensing temperatures than in the examples 

in Section 4.1.1.3. Thus, lower efficiencies are calculated in 

this case.) However, this turbine can also be improved by adding 

a recuperator. In fact, efficiency improvement with a recupera

tor is equal to the improvement with an organic Rankine cycle 

and better than a steam Rankine cycle. Because of this it is 

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

conclusion bears repeating for emphasis. The bottoming engine, 

inherentl~ does not appear to be a viable candidate for retrofit 

on the first-generation turbine. 

For a sedond generation gas turbine, representative of 

those installed on pipelines, the typical thermodynamic effi

ciency is 27% respectively. The organic Rankine bottoming 

system 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 effi

ciency of 35%, recuperation is not possible because there is 

not enough positive temperature differential between the 
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power turbine exhaust gas temperature and the compressor dis

charge gas temperature. The steam Rankine bottoming system 

barely offers a 20% improvement but the organic Rankine bottom

ing system offers a combined efficiency .of 47%, a 34% improve
ment over the open engine . 

In s WTlil1 a ry , for gas turbine engines of the future, the 
organic Rankine bottoming system will of fer far better than 
20% improvement over the open engine, while the steam system 
will of fer less than 20% improvement. In terms of product 
obsolescence, the organic system is much to be preferred. 

The reason for this very significant conclusion 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 significantly with each new generation of turbine. 

Along with these higher temperatures, pressure ratios increase, 

so that regeneration becomes less attra.cti ve, and finally im
practical. 

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 addi~g the organic Rankine even 

t.n t.e mos h t e fficient engines. This conclusion is opposite 

to that which was reached relative to the t~rbines.. To repeat 

for emphasis, the older (fir~t generation) turbines are not 

viable candidates for bottoming engine -retrofit, whereas with 

the reciprocators the opposite is true, i.e.l the older machines 

are indeed attractive retrofit candidates. Some further 

implications will be examined in Section 4.1.3. 
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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 40% brake thermal efficiency over a broad range of 

speeds and loads. While there is. some potential for further 

improvement in efficiency through the use of high pressure 

ratio turbocharging and uesign refinements such as bore-stroke 

ratio, reduced friction, and improved combustion, such gains 

will probably be marginal. For achievement of significant 

gains in fuel economy, ·more basic changes are necessary. Fore

most among these are combined cycle systems employing either 

the Brayton cycle or the Rankine cycle to recover part of the 

exhaust energy of the diesel cycle. 

4.1.2.1 Diesel-Brayton Combined Cycles 

This type of power pl~nt 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 i.nto a common output shaft. 

Considerable work on turbo-compounding was carried out 

in the 1945-55 period, mainly in the aircraft field where the 

main benefits were realized in altitude performance. The Cur

tiss-Wri<Jht. P.nginP. nsP.n in t:he DC-7 aircraft is a well known 

example of a 4-cycle spark ignition turbo-compound engine • 

The Napier Nomad turbo-compound engine (Sammons et al.,' 55), 

developed during the same period, represented ·a very significant 

achievement .as a high output, lightweight diesel engine for air

craft 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 a~ial compressor 

provided a pressure ratio of 8:25:1 at maximum speed at an 

efficiency of 75-77.5%. The engine produced 3135 net hp with 
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engine - schematic arrangement 
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a specific fuel consumption of 0.345 lb/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 J.ohns

ton engine (Hope et al.,'71) now undergoing development at Engine 

Systems, Inc., under contract to the Army Tank-Automotive Com-· 

mand. 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 6f 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 cool-

ing 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 based on a 4:1 

pressure ratio and 83% efficiency in both the turbocharger tu1·

bine 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~· horse

power was computed as part of a study for the Army Tank-Auto

motive 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 displacement, speed, and fuel/air ratio (Anderson et al., 

I 7 5) • 
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The key to performance in the Johnston ~ngine lies in the 

method of cooling the piston and cylinder. Cooling is not 

accomplished in the conventional manner of rejecting 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 elong~ted piston in a uni

flow scavenged, two-stroke arrangement, 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 enters the exhaust stream, so that most of the 

coolin·g energy is recovered in the exhaust turbine. The primary 

engine parts must be manufactured from high temperature alloys 

to enable the engine to run at much higher temperatures (800-

13000F) 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 demonstrated the feasibility of the design, including the 

fact that the engine components could operate satisfactorily at 

elevated (1500°F) metal temperatures (Anderson et al.'75). In a 

subsequent contract, heat transfer and stress a~alyses were per

formed for each of the major components, i.e., the cylinder head, 

exhaust valve, piston, and cylinder liner (Anderson et al.'76). 

A study was also made of a General Motors 6V71 diesel engine, 

modified to the Johnston engine concept, as a potential candidate 

for the Army XM-723 vehicle. The study indicated a specific 

fuel consumption of 0.297, representing a reduction of 27-45% 

as compared with present commercial, high-ou~put 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 en

gines in the XM-723 vehicle. Further development awaits 

availability of funds. 
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The methods by ~hich the Johnston engine accomplishes 

internal cooling are particularly adaptable to two-stroke 

engines. Another development program, supported jointly by 

the Cummins Engine Co. and the Army Tank-Automotive Command, 

seeks to accomplish the same basic objective of internal cool

ing of a four-stroke engine. The basic approach, which is to 

insulate the cylinder and use ceramic hot parts, is described 

in a paper by Kamo ('76). Cummins is hopeful that basic feasi-

. bility of a 0.18 BSFC will be demonstrzted in 1978. 

It is important to emphasize the fundamental distinction 

between the type of turbocompounding that is represented by 

th: Curtiss-Wright. and Napier engines on the one hand, and .by 

the johnston and Cummins engines on the other. That distinc

tion lies in the fact that these latter engines are cooled 

internally by air, which then ent~rs the exhaust stream. 

Thus, the approximately 30% of input energy that is ordinarily 

lost in the cooling jacket is,available to the bottoming engine. 

While both types of engine are turbocompounded, it is the 

internal cooling of the Johnston and Cummins engines that gives 

them their high potential for improved performance. The impor

tance of internal cooling, and the opportunity that it 

offers,are further.discussed in Section 4.1.3, where its ex

ploitation in the pipeline industry is recommended. 

4.1.2.2 Diesel-Rankine Combined Cycles 

Recent development ef f~rt on power 

plants utilizing diesel engines combined with Rankine bottom-

ing cycles has been prompted by rising fuel costs and the in

creasing emphasis on energy conservation. Earlier work on auto

motive Rankine cycle systems which was direct~d toward reducing 

air poll.ution has provided much of the technology for the diesel

Rankine cycle power plant. A number of industrial firms, in

cluding Aerojet-General Corp., Thermo Electron Corp., Sund

strand Aviation, Steam Engine Systems, Lear Motors Corp., 
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Steam Power Systems, and Brobeck & Associates, have built and 

demonstrated Rankine cycle power plants in passenger cars or 

buses under sponsorship of federal or state government agencies. 

Others, notably General Motors Research Laboratories and Ford 

Motor Co., have developed experimental Rankine cycle systems 

for vehicles, either as in-house projects or utilizing subcon

tractors. While the majority of these systems have been steam 

powered, three of the companies (Aerojet, Thermo Electron, 

and ·Sundstrand) have used organic working fluids. 

Extensive investigation, supported by NASA, the AEC, 

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 param

eters for' organic working fluids have been made by these and 

other organizations. These programs have likewise provided 

usefui technology for current efforts on organic Rankine bot

toming cycle systems. 

Selection of the workin~ fluid for a Rankin~ cycle system 

often proves to be an extremely complex process, since it in

volves several major considerations, such as: thermodynamic 

characteristics, thermal decomposition, compatibility with 

materials used in structural components, safety characteristics 

(flammability, toxicity, etc.), freezing temperature, and cost. 

Water has the advantage of being inexpensive, plentiful, chem

ically 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 
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Fig. 4.1.2.2-1 Carnot-equivalent cycle 
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Fig. 4.1.2.2-2 Saturation line for water 
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• Fig. 4 .. 1.2.2-3 Typical saturation 1ine for organic fluid 

4-49 



• 

• 

R-3025 

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 moisture content 

in the steam, it is necessary to superheat to point B, much 

higher in temperature than point C, the boiling temperature . 

Instead 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 hand, as shown in Fig. 4.1.2.2-3, the organics 

generally possess a positive slope vapor line, which permits 

expansion to the superheated (dry) point A from the saturated 

point B. By regeneratiqn to point C, the area 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 Bare 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 in-

clude refrigerants (Freon 12 and 113) , trifluoroethanol, fluor

ochemical (FC-75), isopropyl biphenyl, monochlorobenzene, toluene 

and pyridine. Each of these fluids has advantages and disad

vantages, and at the present time no ideal fluid exists to fit 

all applications. In general, however, for low level heat 

recovery systems, most of the organic fluids are superio! to 

water from a thermal efficiency standpoint. 

One of the most significant r_ecent efforts in diesel-

Rankine combined cycles is the power plant developed by Thermo 

Electron Corp., using a truck diesel engine compounded with 

an organic Rankine system (Patel et al.,'76). A schematic of 

this system is ~hown_ in Fig. 4.1.2.2-4. The working fluid iE 

Fluorinol-50, whicn is a mixture of 50 mole percent trifluoro-

ethanol and 50 mole percent water. The design point characteristics 
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are given in the shematic. Since the turbine efficiency is 

the most critical. parameter affecting overall system performance, 

a three-stage axial turbine running at 60,000 rpm with a 

projected efficiency of 75.5% was selected • 

. 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 a 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, consisting of diesel engines complete with organic working 

fluid Rankine cycle engines was prepared for the National Science 

Foundation, Division of Advanced Energy Research and Technology, 

by Thermo Election Corp. (Morgan et aL, '74). The results showed 

that, using a commercially available 37.3 efficient diesel eng~ne 

in a 5.5 MWe combined cycle system, in overall efficiency of 

46.3% could be achieved (24% power increase over the basic diesel engine 

at zero additional fuel consumption. It was also shown that, 

using a large experimental 4-cycle spark-ignited gas engine with 

a combustion air refrigeration system, there ·is a potential 

for greater than 50% overall efficiency. 

Another major effort planned for future application to a 

diesel engine is being initiated by Sundstrand Aviation under a 

contract recently awarded by ERDA. This program involves the 

design, development, test and demonstration of a 600 KW organic 

Rankine cycle, waste heat pow~r conversion system. Prototype 

systems now being manufactured at Sundstrand are expected to 

be running by the summer of 1977. Following initial tests using 
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a laboratory heat source, it is planned to install several 

systems in bottoming cycle plants with diesel engines at 

electric utilities. 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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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.,'74). They probably account for half of all presently 

existing installations. These are spark-ignition reciprocating 

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 through 

the use of high compression ratios. There are pre~ently a 

number of manufacturers marketing engines with compression ratios 

of 10.5:1 or higher. The application of turbo-supercharging 

has achieved further 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 have been in 

commercial buildings where the primary uses of waste heat 

energy from the engines have been for space heating, water 

heating, and air conditioning. The same concept has been 

explored for industrial applications with additional uses of 

heat energy such as process heating, cooling, evaporators, and 

possible conversion of any residual heat to mechanical energy 

(Baker '62) . 

Only limited effort to date has been directed toward 

adapting bottoming cycles to gas reciprocating engines to 

produce additional shaft power, however the same principles 

used in the diesel applications,which were discussed in 

Section 4.1.2 can be adapted to gas engines. Studies have 
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shown that adding an organic Rankine bottoming system to a gas 

reciprocator can result in more than a 20% improvement in fuel 

economy, even in th~ most efficient engines, Figure 4.1.3-1. 

Figure 4.1.3-2 shows a typical heat balance for a four

stroke, rtaturally aspirated gas engine. The unconverted heat 

is removed through fou~ mechanisms : 

(1) Cooling water 

(2) Exhaust gas 

(3) Lubricating oil 

(4) Radiation 

The low level of lube oil temperatures (190°F or less) and of 

radiative surface temperatures makes the conversion of heat 
f 

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 rejectioh 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 for recovery of this energy. 

The first and obvious recovery possibility is by raising 

steam with the heat from the jacket. In' principle, the 

jacket itself could be designed as a steam_ generator, but prac

tical limitations would more likely favor simply using the 

cooling water heat for building heat or to power absorption 

refrigeration equipment. Current practice is to operate with 

cooling water temperatures around 2500F, which is quite com

patible with s~andard heating and cooling equipment. At this 

low temperature, conversion to mechanical power is economically 

beyond consideration, and no innovative proposals for such 

conversion have been identified in the course of this study. 

It is therefore concluded that this possibility presents no 
R&U opportunity and no further work on th~ concept is recom

mended. 
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The second recovery possibility is to cool the engine in

ternally 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 much higher temperature than when remov~d in cooling water. 

This heat can then be converted to shaft work in a bottoming 

engine to supplement the shaft output of the primary engine. 

This of course is equivalent to turbo-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 

either a turbine or a reciprocator. Internal cooling of the gas 

engine therefore endows tne engine with the same attractiveness 

for bottoming as the turbine, in which all of the unconverted 

heat appears i.n the exhaust. Figure 4 .1. 3-2 suggests that 

25-30% of the input energy is available .to the bottoming engine. 

In vie·w of this attractiveness, two additional points are 

worth discussion. 

First, if the internal cooling 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 accrue in vehicular and marine transportation 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 consqmption. 

A rough estimate of th.e potential energetic and econo.mic bene

fits of turbocompounding may be derived as follows. It has 

been found elsew~1ere in this study (Report R-3022) that the 

energy consumed in gas pipelines is approximately 0.7 Quad/yr. 

If only 40% of this energy 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 
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input which is presently lost in the cooling water, and if 

the bottoming engine can convert .25-30% of that, then the 
I 

energy saving would be 

15 13 0.7xl0 x0.4x0.5x0.25x0.3 ~ l.05xl0 BTU/yr 

If, as all evidence indicates, the true.economic value of 

natural gas will soon exceed $2/Mcf, the value of this saving 

will exceed $20 million per year. And on a five-year payout 

basis, the justified R&D expenditures 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 conservation 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 recip

rocators of the ~uture also become attractive candidates . 
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4.2 Electric Motor Improvements 

Liquid pipelines are predominantly powered by electric 

motors of the integral horsepower polyphase a-c type. In the 

reference pipeline systems, the sizes range from approximately 

1500 to 3500 hp. Motors of this size are generally built by 

the electrical manufacturers to customer specifications, includ

ing efficiencies and power 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 losse~. There are several 

methods for doing this, e.g., adding more material to the mag

netic core structure or using steel with improved core loss pro

perties. Another method is to increase the cross sectional area 

of the conductors, which means adding winding material to the 

stator and rotor. Another technique is to shorten the air gap, 

thereby reducing the magnetizing current req~ired. These are 

·straightforward design approaches of the type which would be 

used by any electric motor manufacturer in meeting specif ica

tions for high efficiency~ a~d do not appear to warrant any sig

nificant research and development effort to improve motor ef fi

ciencies over the present industry average. 

The application of superconductors to electrical power 

equipment is another area which has received wide attention in 

recent years and is regarded as having excellent future potential 

.for certain applications. Efforts are being concentrated on 

electric motors and generators as well as superconductive trans

mission lines . 

Supe!conductivity 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 niobium-
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tin and niobium-titanium, although the cost of these materials 

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 from any a-c magnetic field. Advances 

in superconducting magnet technology, namely, the commercial 

availability of stabilized NbTi conductors, were the principal 

causes of the recent efforts to develop large rotating electrical 

machinery with superconducting 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 win9ing that could 

operate at full load in an industrial environment. Homopolar 

machines are variants of the Faraday-disk machine in which the 

armature (a th1n circular disk) rotates inside an axial magnetic 

field. Such machines operate at low voltages and high currents 

(Hein,'74). 

Although there has been an increasing interest recently in 

industrial application of high-rated homopolar machines, the 

main thrust of development to date has been for marine propul

sion systems. The United Kingdom Ministry of 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 con

structed by GE and are scheduled for sea trials beginning in 

late 1977. These .units will be forerunners of 20,000 to 40,000 
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hp motors being planned for the future. Because of the low 

voltage, high current characteristics, it is necessary to use 

liquid metal brushes to carry the heavy current across the 

narrow gap separating the rotor and stator. A major advance 

in the design of ·these current collectors is claimed by GE 

engineers, u~ing 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 to 3 

Mw. Westinghouse has built and tested a 5-Mva superconducting 

machine, demonstrating technical feasibility of their design. 

Design considerations prohibit the use of superconductors in the 

a-c armature as the losses would be too high; therefore, the 

superconductors are used in the d-c field winding only. Cur

rent collection problems for large blocs of power rule out 

rotating the armature winding, so the, field winding is rotated. 

Problems associated with a rotating cryogenic system have pre

sented a formidable 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 demonstrated (Hein,'74). 

In assessing the aJaptability of superconducting motors for 

pipeline use, there appears little likelihood that such machines 

will reach the stage of practical application within the next 

10 years. The only types envisioned for near term use are the 

d-c homopolar type machines planned for marine propulsion sys

tems, and these do not appear economically attractive except 

in large power sizes (20,000 to 40,000 hp). Although these 

machin.es offer a major advantage in power density over conven

fional motors, the gains in efficiency are only marginal and 

are largely offset by the losses involved in the refrigeration 
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equipment. The motor sizes involved in liquid pipelines are 

much smaller and are a-c polyphase induction type_. If supercon

ducting d-c machines were used, it would be necessary to use a 

3-phase rectifier bank in order to obtain a-c output, and this 

output would be synchronous a-c only. For these reasons, the 

expenditure of any significant R&D effort toward superconducting 

electric motors for pipeline application does not appear war

ranted 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 energy is of course 

wasted, and sometimes is a significant quantity. If a cheap 

way could be found to vary motor speed, 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 varia

bility in pipeline.pump motors is the use of DC motors powered 

~y fuel cells. This concept is discussed in Section 4.3.6.2 . 
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4.3 Fuel Cells 

The fuel cell concept and characteristics are briefly de

scribed below and shown in Figs. 4.3.1-1 through 4.3.2-4 (ERDA76-54) . 

4. 3.1 Fuel Cell Descriptibn 

The fuel cell was first invented in l839, but 

remained little more than a scientific curiosity until the 

first practical fuel cell was demonstrated 120 years later by 

Francis T. Bacon and J. C. Frost 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 power sources. 

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 hydrogen-rich fuel is electrochemically com

bined directly with oxygen from the air to produce electricity 

and water. Waste heat produced by the reaction process is removed 

with the exhausted air. Single fuel cells can be assembled in 

stacks of varying sizes to produce a wide range of output levels . 

~ 
HEA~ ~ATER 

Fig. 4.3.l-l - Fuel Cell Concept 
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Small fuel cell powerolants have been built and operated 

for a variety of space and military applications, and experimental 

demonstrators have b e en 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.i-2. The reformer section converts natural or synthetic 

hy drocarbon 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 pro

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

HYDROCARBON FUEL TO ELECTRIC POWER 

fUEl 
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Fig. 4,3.1-2 - The fuel cell powerplant 
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the fuel cell stack the individual cells are connected electri

cally in series to permit generation of any voltage up to hun

dreds or thousands of volts DC. Connecting a number of cell 

stack assemblies in parallel permits generation of any power 

level from kilowatts to multimegawatts. 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 out

put from less than 100 kw to thousands of kilowatts are poten

tially capable of efficiencies comparable to the best diesel 

electric and large steam powerplants, as shown in Fig. 4.3.2~1 

EFFICIENCY* 
PERCENT 

50 

40 

20 

10 

FUEL CELL SYSTEMS 

&. GAS TURBINE 

SYSTEMS 

10 100 1,000 10,000 100,000 

POWER OUTPUT - KILOWATTS 

*BASED ON LOWER HEATING VALUE 

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

/ 
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First generation fuel cell powerplants, using phosphoric acid 

electrolyte, are being developed with efficiencies approach

ing 40%, while future advanced fuel cell concepts are expected 

to have e f fic iencies aE high as 57 %. 

(2) High eff ici·ency in ·s.ma·11 plant ·sizes 

Efficient fuel cell systems based on pre

sent concep ts can be built in sizes starting at about 25 kw. 

Small increases in efficiency can be obtained with increasing 

size up to abou t 1 megawatt, with little efficiency gain beyond 

this power level. Again referring to Fig. 4. 3.2-1, jt is seen 

that fuel cell efficiencies are potentially quite good in sizes 

down to 10 kwe and below. 

(3) Good part-load efficiency 

Unlike conventional power generation equip

ment, 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, e x cept 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. 

RELATIVE 
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EFFICIENCY 
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0.4 

0.2 '----~--'--~-'--~~'----~--'--~--'-~~'--~~~~~~ 
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PERCENT RA TED OUTPUT 

Fig. 4.3.2-2 - Fuel economy/efficiency at part load 
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(4) Low nois·e, thermal, and ·chemical pollution 

Because of the static nature of the con

version process, fuel c~ll powerplants are inherently less 

noisy than conventional steam and internal corr~ustion 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 pm·;erplants have shown 

that the fuel cell exhaust contains significantly lower emis

sions of particulates, oxides of nitrogen, and sulfur oxide, as 

indicated in Fig. 4.3.2~3 • 

POUNDS OF POLLUTANTS PER MILLION BTU HEAT INPUT 

1--- FEDERAL STANDARDS• ·I 
COAL-FIRED 

CENTRAL EXPERIMENTAL 
GAS-FIRED 
CENTRAL 
STATION 

Oil-FIRED 
CENTRAL 
STATION ST A TION FU El CELLS· ~ 

PARTICULATES ____ 0.1 _______ 0.1_ ________ 0.1. _____ 0.0000029 

NOx __________ 0.2 ------ 0.3 ________ 0.7 ______ 0.013-0.018 

NO 
S0

2 
________ REQUIREMENT_ __ ._ 0.8 ________ 1.2 _____ :_0.000023 

SMOKE_ _____ 20"/o OPACITY __ 20% OPACITY._ -20% OPACITY - - _NEGLIGIBLE 

·FEDERAL STANDARDS EFFECTIVE 8-17· 71 
.. YORK RE.SE..lllCH CORP., Y-7309 APRIL 1970 

Fig. 4. 3. 2-3 - Environmental impact 

(5) Siting 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 build

ings to make direct use of some of the waste heat for space 
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heating and cooliI'lg· 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 

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 electrocatalyst. The best catalysts 

discovered to date are very expensive noble metals - platinum 

·ynd 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 hydro

desulfurization are being tried wlth 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 presently limited 
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to about 15,000 hours (approximately two years) [Aronson, 1977]. 

Initial work has been done chiefly with phosphoric acid electro

lyte, 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. Operating at a temperature 

of 500 to 700°C, this 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 

[Aronson, 1977]. 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-scale power conversion. Recent development of · 

large SCR's which can be used in thyristor inverter 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 according to 

their state of development into three generations [NASA, 1975). 

Goals for the first and second generation programs of the electric 

utility industry are shmm below [Pickett, 1977]. 

Characteristic 
First 
Generation 

Corrunercial introduction 1980 

Capital .. cost (1975 $) $250/kw 

Life 20 years 

Stack refurbishment 40,000 hr 

Heat rate (Btu/kwh) 9300-9000 

Thermal efficiency, % 

Fuel 

36.7-37.B 

Naptha 

Natural gas 

Clean coal 
fuels 
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Second 
Generation 

1985 

$200/kw 

20 years 

40,000 hr 

7500-7300 

45.5-46,8 

Distillate 

Naptha 

Natural gas 

Clean coal fuels 
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The two major programs in support of the electric utility indus

try fuel cell effort are the FCG-1 and RP114 programs, both in

itiated 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 Un_i ted 'I'echnologies 

Co,rp. and· Edison Electric Institute (EEI). It is intended to 

broaden the application of fuel cells beyond the near-term needs 

of environmentally constrained utilities to result in a second 

generation powerplant for the utility industry to pe used in a 

wide variety of applications. 

• 

• 

The Electric Power Research Institute (EPRI), upon its 

formation in 1973, inherited the RP114 program [Pickett, 1976] In 

1974, EPRI expanded its fuel cell activities and implemented a com

prehensive, 5-year plan, addressing four major issues critical 

to achieving the objectives of the second-generation fuel cell 

powerplant. Critical issues include the following: 

(1) Participation with EF-DA in an early 4.8-MW demon

stration of the FCG-1 technology, as a prerequisite to the 

second-genera~ion program. 

(2) Cost/availability of fuel cells in the near to 

intermediate future. In October 1974, a contract was awa~ded 

to Arthur D. Little, Inc. (RP318) to develop fuel cell scenarios 

and favorable means of integrating these within utility systems. 

(3) Delineation of the techno-economics of fuel cells in 

a utility network. Of primary importance is a quantification 

of the benefits as w~ll 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 pro

viding these assessments, using the scenarios. from the RP3la 

project. 
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(4) A matrix of technology programs necessary to maxi

mize the probability of achieving second-generation goals . 

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 car

bonate fuel cell is the main thrust of the RP114 program; and 

to assess techniques for removal of co2 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) 26 demonstration 

plants, all to precede the manufacture of 26 -MW FCG-1 power

plants 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 per

formance goal of 9300 Btu/kw-hr at rated output. 

Another major program called TARGET (Teaffi to Advance 

Research for Gas Energy Transformation) ,sponsored by United 

Techno1ogies Corp. (UTC) and a number of companies in the gas in

dustry, is aimed at providing a family of fuP.l cell powerplants 

in the 25-250 KW range for on-site power generation in buildings 

and at industrial locations. This program began in 1967 and 

was sponsored by 28 natural gas transmission and dist~ibution 

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 com

mercial and multiresidential markets. As a result, work has 
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been directed toward development of a 40 KW powerplant, desig

nated PC18. A pilot PC18 powerplant has been tested and is 

reported to have met or exceeded all of its operational and 

performance goals !Handley, 1976], including 40% overall effi

ciency 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. Limita

tions in utility company funding have precluded early completion 

of the development and demonstration required to introduce the 

4 0 KW unit into the commercial market .. 

Third generation fuel ceLls are characterized by efficiency 

goals much higher than second generation systems. A goal of 50 

to 60% efficiency has been established !NASA, 1975]. There is 

little existing ·technology for third generation systems. The 

only known candidate is the sol~d oxide electrolyte system. 

Demonstration systems are probably 15 to 20 year~ away. 

NASA Lewis Research Center, at the request of ERDA and 

NSF, has studied a number of advanced energy conversion systems 

for central station, base load electric power generation using 

coal and coal-derived fuels 1Warshay, 1976]. 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 powerplants. In ECAS Phase I, three types of 

low-temperature fuel cells and two typ~s of high-temperature 

fuel cells were subjected to a parametric analysis. An important 

part of the high-temperature fuel cell system study was the util

ization of waste heat either by a steam bottoming cycle, the 

coal gasifier, or bull~. These arc referred tn ~s integiated 

casP.s. In the Westinghouse study of high-temperature fuel cells, 

efficiencies of 48 to 53% were projected for the zirconia solid 

electrolyte integrated case, and 46% for the molten carbonate 

system. In both GE and Westinghouse studies, 
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the highest overall efficiencies of the low-temperature 

~uel cell powerplants (30 to 36%) was appreciably lower than 

efficiencies of the high-temperature systems. 

4.3.5 Technology Assessment 

• wnile the feasibility of attaining high effi-

• 

ciencies 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, operat

ing reliability, and durability are established. Development 

effort is needed on all major elements, including the fuel pro

cessing equipment, fuel cells, and inverters .!NASA, 1975J. 

4.3.5.1 Fuel Processing Technology 

Although fuel processing technology 

is well established, a direct application of this technol9gy 

will not meet the expected requirements of commercial fuel cell 

powerplants for the near term or the future. The particular 

requirements of the fuel cell application dictate new require

ments 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 com

plex 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 is 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 cata

lytic) . As far as second generation fuel cell systems are con-
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cerned, little other than systems work by UTC is being done 

on fuel processing for the· rnol ten 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 for the molten carbonat~ 

system . 

4.3.5.2 Fuel Cell Technology 

For terrestrial applications, fuel 

cells can be categorized by operating temperature: low = ambient 

to 200°c, intermediate = 200°c to 7-0o 0 c, and high ~ above 700°c. 

The first generation fuel cells will operate in the low tern-· 

perature range. The problems most common to fuel cells in 

this category are in the area of electrocatalysis, ihvariant 

cell life, and system cost. In the intermediate temperature 

category the major problert:s are to develop the materia_ls to 

assure long cell life in the s~vere conditions of high temper

ature and corrosive environment.· In the high temperature 

category, using solid-oxide electrolyte, the mat~rials problems 

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 i·s the inverter, which accomplishes DC to AC 

.Power conversion. Inverters designed for low power applica~ 

tions 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 semicon

ductor manufacturers, has developed and tested inverters for 
the TARGET program capable of handling 20 and 40KW power 

levels. They are also testing a l.8MW unit inverter for use 
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as a building block in the FCG-1 power processor, using com

ponents proved in the TARGET program. The scale-up is accom

plished by operating the SCR's in a series/parallel combination 

to. accomrno.date the higher fuel cell power voltages. Potential 

problems ~n the scale-up include: 

(1) Simultaneous triggering of the SCR's, which are 

operated in series. Simultaneity is necessary to prevent exces

sive voltage buildup on the late-firing SCR's. 

(2) Possible unbalanced load current sharing among SCR's 

operated in parallel; and 

(3) Unde~ected failure of individual SCR's or drive cir

cuits, resulting in overloading of the remaining SCR's. 

The UTC goals. show a target 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 . 

4-76 



R-3025 

4.3.6 Pipeline Applications of Fuel Cells 

e In Section 4.2.2 above, it was noted that, if 

• 

• 

an economical and efficient means could be found to vary 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 

oil and LPG increases in the fall and winter, whereas in the 

spring and surruner the traffic is predominantly gasoline. The 

switches to accommodate shippers arise because of the ·necessity, 

as a common carrier, to serve ail 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.l Throttling losses at less 
than maximum throughout 

Because ot loweL 

capital and maintenance costs and ease of operation, the large 

majority of liquid pipeline system pumps are driven by constant

speed electric motors. Except for older, small~diameter systems, 
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generally crude oil gathering, the pipeline pumps are 

centrifugal units 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: 

(1) Constant speed electric motor driving a centrifugal 

pump through a variable-speed coupling 

(2) Variable-speed electric motor directly connected to 

a centrifugal pump 

(3) Constant-speed belt drive connecting electric motor 

and positive displacement pump 

(4) Variable~speed engine driving either centrifugal 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: 

(1) Pumping through control 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 

pwnp statiun 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) Selecting the most nearly optimum combination of the 

available pumping units and pumping eve~y minute of 

the time allotted at a constant average rate, throttling 

excess energy by a control valve, or 

(2) Pumping with a se+ected number of units, 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. 

(3) 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 

(1) More pumps and motors are installed in a system than 

otherwise would be necessary. 

(2) Energy is wasted when pressure is reduced by throttling 

in a control valve. 

·(3) Energy is wasted in fluid friction when flow in a 

pipeline is at a higher velocity than necessary. 

(4) 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 by high 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 

petroleum 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.~.1.1-1. It is seen that the increase 

in available horsepower required is about 30%, and the energy 

wastage is from 5 to 15%. It is to be noted that the least· 

wasteful·option (1) does not include the energy wasted in the 

transient. 

If 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 pr.es sure constitutes the limit upon system 

capacity: 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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Table 4.3.6.1.1-1 

Energy Wasted By Operating Options Available with Constant-Speed 
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 

34,'000.bbl/day @440 psi for 16.3 hr= 16.3 x 299.i hp= 4877 hp-hr 
v 

Point c 

21,500 bbl/day @276 psi for 7.7 hr= 7.7 x 118.7 hp= 914 

Increase over ideal 71.2 hp capacity 

31. 2% 

5791 hp-hr 

319 hp-hr average 

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 

30.2% 

(1) - Operating two pumpR widR open (attainable) 

Point b . 

1656 hp-hr ·average 

30.3% 

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 capacity 

31.2% 
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4.3.6.1.2 Throttling losses at maximum 

throughput 

preceding section that when 

full capacity of two pumps, 

at b in Fig. 4.3.6.1.1-1. 

It has been seen in the 

the schedule calls fo~ delivery at 

the optimum operating point is 

However, as will be seen from the 

discussion to follow, even when the demand exceeds capacity, 

it is seldom possi~le to achieve that optimum operating 

condition. The reason lies in the nature of the pipeline 

duty cycle, and can perhap~ best be explained by an example, 

whic~ accordingly is pr~sented 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 gradient when the linefill is 

all gasoline, flowing 1000 bbl/hr.· The associated pressures 

are identified, i.e., 682 and 64 psi. at the ·upstream and.down

strearr. ends of the section respectively. The power require

ment of 1000 hp, shown at the initial station at which it is 

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

In -2, a second 1000-hp unit has been brought on line at 

the midpoint station. Throughput is 1500 bbl/hr, only a 50% 

increase for a 100% power increase. In -3, a third 1000-hp 

pump has been brought on line at the quarter 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 activated 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 gradient after 

the midpoint station) . 

When further increase in flow is attempted by activation 

of a second unit at the quarter point (-7), throttling 
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becomes necessary to avoid excessive pipe pr~ssures at the 

quarter and midpoint station discharges. A total of 337 psi 

is tl1rottled away at these two stations. Addition of a second 

unit at the three-quarter point (-8, solid lines) increases 

flow to 3060, without throttling, but when an additional 600 hp, 

the last available unit, is bro~ght on the first station, 

throttling again becomes necessary at the first and second sta

tions (-8, dashed lines), while flow is increased by only 40 

barrels. This is the maximum possible flow with an all-gasoline 

linefill. In 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 noted 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

quirement 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 -9. 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 ener~y 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, 

which 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 oil 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 oil 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 approaches stition 2, and as in 

-14 as the propane approaches ·.tation 3. The controlling seg

ment i~ always the one just ahead of the propane. In -15, 

solid line profile, as propane 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 that 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 is 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 would 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 linefill 

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 for a factor of 3.2 in throughput, i.e., 1000 to 

3200 bbl/hr, power cost rises by a factor of 4.4, or approxi-
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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. In the upper

most plot of energy wasted 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 these pressure profiles are 

.approximate1y equivalent to time traces of .the energy 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 capability 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 that the fuel cell development programs that were 

described in Section 4.3.4 above included the development of 

an inverter to convert the ~uel cell DC current to AC. If 

fuel cell development is justified for the electric utility 

situations which require the inverter, ~hen it should be even 

more attractive for the pipeline application where' the inverter 

is not needed. Qualitatively at 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 ~ender this statement quantitative requires some 
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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 bas been observed 

that ~he 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 b~ to calculate these time steps exactly and 

convert the throttling pressures to horsepower and r~plot th_e 

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 estimate 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 very rough estimate of the 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 figure 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 

· t,hrough -17, the average throttling head loss is approxirr.ately 

6 to 8%. If this fraction were valid nationally, the total 

wastage would be around $l0 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 efficiency 

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 ~equired. 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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Fig. 4.3.6.1.2-7 - Hydraulic gradient, seven pumps, all gasoline 
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4.3.6.1.2-10 - Hyd~aulic gradient, seven pumos, two sec:nnents fuel 
oil, two segments gasoline 
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Fig. 4.3.6.1.2-11 - Hycraulic gradient, seven/eight pumps, three se~ments fuel 
oil, one segment gasoline 
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Fi g. 4.3.6.1.2-12 - Hydraulic gradient, eight pumps, all fuel oil 
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R-3025 

5. 0 SLURRY SYSTEM IMPROVEMEHTS 

5.1 Technological Status of Coal Slurry Pipelines 

The technology of coal slurry pipelines is solidly 

established. Slurry pipelines first gained recognition as a 

viable method of transporting solids in 1957 when the 108-mile 

Consolidation Coal pipeline entered service in Ohio, with a capa

city of 1.3 million tons/year. This slurry line moved 7 mil

lion tons of coal from 1957 to 1963, when it closed down, not 

because of technical problems, but because of rail rate reduc

tions 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 Report SSS-77-R-3023 of 

this series, "Slurry Pipelines - Economic and Political Issues -

A Review." 

The longest and largest slurry system yet built is 

the Black Mesa line. The history and description of the line 

have been presented [Montfort, 1975] and updated [Montfort, 

1977), and are summarized telow. 

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 Gen

erating Station in southern Nevada, over the route shown in 

Fig. 5.1-1. Black Mesa Pipeline, Inc. is a wholly owned sub

sidiary of Southern Pacific Pipe Lines, which operates 2400 

miles of petroleum products pipelines. 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 pro

cess. 

Black Mesa Pipeline receives coal at a central point 

in Peabody's strip mine located on the Black Mesa of the Navajo 
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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 co"mpany at the pre

paration plant by a conveyor belt, which delivers 2" x O" 

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 O" 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 be restarted after an extended shut

down. Accordingly, ponds were provided into which the con

tents could be dumped in case of shutdown. 

Early in 1971 the pipeline was shut 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, one hard plug was encountered 

and had to be located and temoved. Plugs were specific - about 

40-ft in 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 expected 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 

unattended; 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 link 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, and have operated satisfactorily. Slurry is withdrawn 

from tankage by a centrifugal pump and transferred to a bat

tery of 40 centrifuges, where 75% 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 pre

paration plant. The remainder are. technical and administrative 

personnel located in Flagstaff and at the booster stations. 

At Black Mesa, Navajo and Hopi Indians are given employment 

preference unoer terms of the mining lease. At both Peabody 

and Black Mesa Pipeline, Indian personnel are in the majority. 

The S_Ystem is operated by a four-man shift at Black 

Mesa. The group includes a Shift Supervisor, a Pipeline Op

erator in the System Control Room, an Operator-Repairman 

handling preparation plant and other facilities, and an Op

erator-Repairman 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 
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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 characteris

tics. High capacity test loops are useful here, and Black 

Mesa has several well instrumented 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 solids or 

density is extremely important and is monitored by a nu-

clear 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 some 

inhibitor. Water batches especially require use· of an inhibi

tor. Carefµl 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 p~omptly flushed upon shut

down. The slurry tends to pack into dead spots except for those 

on top of the pipe, which affects valve selection. A conven

tional 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. How

ever, 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 averaged 

only about 4 million tons per year because of lesser burn re

quirements at the power plant. Pipeline availability has 
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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." 

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 dis

patching 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. Gal

lons per minute and tons per hour are related by specific 

gravity of solids and percent solids • 

In closing, it is well to mention planned 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 (see Report 

SSS-77-3023 under this contract). The issues may not be 

fully resolved until the results of a coal slurry pipeline 

study, approved by the Congress Office of Technology Assess

ment in July 1976, are available. The study, scheduled for 

completion in mid-1977, will cover technological, energy, and 

legal issues; environmental effects (especially water and land 

use); evaluation of costs and returns; and impact on the rail

roads. 
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5.2 Methanol-Coal Slurries 

A promising new concept in coal slurry technology 

which appears to have potential for overcoming some of the pro

blems and limitations associated with.coal-water slurries is 

the methanol-coal slurry~system. Leonard Keller, President of 

the Methacoal Corporation, Dallas, Texas, holds patents, includ

ing Ref. 5.lC, relating to the methanol~coal slurry, which he 

calls Methacoal. He describes Methacoal as a pseudo-thixo

tropic '· or shear-thinning, mechanically stabilized suspensoid . 

At rest it appears to be a moist, solid mass of black mud, but 

when subjected to stirring or agitation, it becomes thinner 

and flows easily. The flow characteristics are such that it 

is typified viscous or laminar flow, rather than the turbulent 

flow characteristics typical of coal-water slurries. 

5.2.1 Methanol Carrying Capacity 

5.2.1.1 Experimental Measurements of Carrying 
Capacity 

It appears that methanol has some

what greater carrying capacity than water. To acquire some 

first-order verification of this hypothesis, as a part of 

this project rheology tests were conducte.d under subcontract 

by Prof. R. R. Paddick of the Colorado School of Mines. His 

report is 9ondensed 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, where coal is concerned, a proximate ana~ysis. 

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 
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down to -5%, -10% from maximum were studied at room tempera

ture. Commercially available methanol was used with one 

particle size distribution of coal. 

Rheology is the science of the flow deformation of 

liquidlike substances subjected to shearing stresses. These 

stresses are measured over a range of shearing rates. The re

sulting relationship of shear stress vs. shear rate depicts 

the flow deformation characteristics of the slurry for a 

specific solids concentrat~on, size distribution, and tem

perature. These data, when plotted, form the slurry rheogram. 

The slope of the rheogram is called the dynamic, or absolute, 

viscosity of the slurry. 

Newtonian liquids, such as water and most hydrocarbons, 

bear a linear shear stress-shear rate relationship, the, slope 

of which is a constant. The deviation of the slurry rheograms 

from linearity is a measure of their non-Newtonian character

istics or variation in viscosity with shearing rate. Trans~ 

lated 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 . 

The purpose of the rheology meausrements, then, is to 

determine a slurry's shear stress-shear rate relationship. A 

mathematical model of the shear stress-shear rate curve (rheo

gram) 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 mP.ns11rP.ments 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 coptaining a heating coil which was connected to a 
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constant temperature bath. The viscometer spindle was lowered 

then agitated as necessary to sus

blender off and the slurry in a 

stress-shear rate relationships 

into the slurry, which was 

pend the solids. With the 

quiescent state, the shear 

were obtained. Measurements were made with both ascending and 

descending spindle movements, and all measurements wpre rep~ated 

four to eight times. Yield stresses were obtained by record-

ing the static torque reading when the spindle was allowed 

to come to rest in the ~lurry. 

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 flathematically. The model 

was adjusted to fit the rheology data over the range of shear 

rates to be encountered in the prototype pipeline operation. 

form 

where 

The model selected was a yield-pseudoplastic having the 

2 
'L. = shear stress (dyne/cm ) 

=yield shear stress (dyne/cm2 (TAUY)*) ti: y 
K =flow consistency ind~x (dyne-secn/cm2 (KYP)*) 

t = shearing rate (sA~-l) 
n = flow behavior index (dimensionless (NYP)*) 

(*Computer notation, used in Fig. 5.2.1.1-1) 

Utah Carbon King coal from Braztah Corp. in Helper, 

Utah, was crushed in a laboratory-type hammermill (Holmes) 

in several passes. 

Specific gravity (measured) = 1.4294 @ 25°C 

Moisture content - 1.16% 
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; ( 18,fl!CH'I ~I C1f101'.'l 7, 72 11. 82 5,00 706. 7 1!7191. , 11111100 40 I 221'1 e,e9A2 

20. "'~)Cl ". ('fl0(19 7.46 11.4~ 5, 0Cl 872,5' 1149, ,lll011ll1l 34,454 0 ,e541 
22, 1Hl21 0 I "~101)8 7,23 11.08 .. 5,01L. . 11'155. 7 _1204 ....... 111000 ··--·-·29. 9f 3 2,0731. - - -· -- .. , --·---···- -··· ··- - --· - ---·- -· . - . -"'······ -----
24, OIHJ ~ 1(11~0"7 7.03 HJ.77 5,0n 1256,4 1256. • 0~00 26. Jev. 2,0643 

,) 
6.~(10 Ill 100030 11.n 16. 119 6, lil('.I 9412 838. 10000 .2221244 - 0, 5420 .. - .... ·- ... 
8, ~IQl(/I 0,00(122 1111.04 15,:59 611'1'1 167,5 965. ,0000 145 I u 5 e,J542 

1::1 ,f'~H.'! 0,0:1'01A 9.34 14,31 6 101!' 261.8 1011. 11111110111 104. 345 212547 .. .) 
Ul· 12 .l'l00 0,(1(1015 . .. 8. 80 13. 49 . 6 ;01'1 ... ... 376.9 ... . ... ..117A, 111101'l1L ... 79, 711 0. t 946_ ... ·----· --· ·--·. --·- ...... ·-···-· ·---·---·· .... ----- .. ·-----
I 14 .1~1:)~ 010~'013 8.37 12,63 6,00 5131QI 1271'1. , 0000 6J,4<;6 e.1550 

...... 16 ,(110(• 0101'011 fl. 02 17, 28 6 ,00. 670,1 1356. ,111000 52.197 e,1213 

°' . 18,Ml'I 0, ;)PllJ 1('1 7. 72 . 11. 62 6,00 84811 1437 I. ,0111011! ... 43 I 8!.2 e. u10 
20 ,(101'1 01011!"79 7,46 11·43 6,00 1047 .Ill 1513. 10000 37.576 e,0917 

i..__ 22,Hr. 0,L1r.0vA 7.23 11.1110 6. (/10 1266,9 1585, , 0000 32.60 2111:797 
.. 24, ~kHJ. 0 ,l'IMl.l7 7 ,03 . 111. 77 ... .6100. _1511l7.7 .. ··- 1654 ·- 1~00111 7-81712 0, e 1.01 _______ . ... ---·-··· - ··-·- .. ·- ·-···-·-· --·--····--·· ·- - . -··' -· -

~:. i. 
6.0~0 0,0\'.'!03(' 11.02 16.119 7 ,00 109,9 10511. ,0n00 239 .1n e,5837 :': "-
8. ~i1"1! 0. 0~i0:12 10. 04 15.39 7 10"1 195,4 121A, ,lllflllO 156,218 213A1J 

HJ• f1N1 0, CG·l'l10 9,34 14 • :31 7. t'C?I 3(?15, 4 1359. ,111111'10 112 ,·313 ~.2741 
12. '111:1 ei ,0>l015 I\, Bill 13. 49 . 7,00 439,7 1486. ,0000 851827 0,2095 
14. "'~~ ei I '1•~013 . 0.37 12,A3 7 I :1)0 - 598., 5 . -·· .161'13, ,NllllO . 661324 IZ,1666 
16. 0ll'.1 0. 01!011 A, e;> 12,i'8 7. ~Ill 781. B 1711. ,0000 56.149 e,1311 

( 18.crnn· 0,iwo10 1.12 11·82 7. 011 989,4 1813 .. ,'11(?100 47.H1 e,1152 
20,lJtH' 0,00.0?19 ].46 11,43 7 100 1221. 5 1909. ,lll,100 40,3«;9 IZ, 2966 

. 22. ~''10 0 I 0:'0•~8 7,23 11 ·(?IA 7 ,0f1 1478,0 20'11. ,llll)!ll~ 35,H9 v. I 0857 
24,:HHl llJ1(H0~7 7. '113 10. 77 7, 00 1759,0 2'1186. 10000 30,879 e,0754 ... 

6.Nrn 0 .~:'QIJ:'.' 11.r1:2 16.119 fl ,00 125.6 1294. I 0000 254,9<;6 e1ti224 
8. '.HHl 0 ,();'1112?. F.1114 15,39 o. •1'0 223,4 1490. 100"(1 166,5~3 e, 406, ... 

10, Oil~'. 011';'11l1A 9.34 14,31 6 ,"13 349,0 1663. 111l011l0 119,?H! IZ,292::! 
12 ,W1:~ 0 I :'l::i01 r;. ~I, 80 13.49 a. 00 50!2. fl 181A· ,0000 9114t5 IZ 1 2233 

; ... 14. ··1,;r,. 0,0.:013 p,37 1?. 83 0, 011 6fl4,0 1961, 100111n 72.847 e.1110 
16. i:'l1:1 010"011 I\. 02 12. ;>/\ B, 0(1 B9J, 5 <'094, , 1/11J0~ 59,7e4 2114'9 .. ·- ··-···-·-
18 .0ni 0,;w01iJ 7 • 7'i. 11.112 0 ,0!1 1131'.1,8 2484, 1 lll4fl;> 77,9~6 e, 1<,103 
20,llMI 0 I 0•'(109 7.46 11. 4 3 8. !)0 1396,f.' 26H>. ,01155 69. "'" 4 e.16A'> 

i 
22. !?It·)~ 0, !' .. '01"8 .7 .'23 11. r.I) 8. 011 16A9,i' 2741. • Q14 40. 61,8U rz 11'309 

I 

I Fig.S.2.1.1,p.4 • 
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I. DIA RELl<UF VCL vcT VLCTY THROUCHPU.T REYNOLDS FH PSI K lLk:.Hn 

IN, E/DlA FPS FPS FPS TOtlS/llR tlUMAER Ml)( Ml TGtl•H l 
2 4. 0r.·;i 0, ;rne.qi1 7.03 10. 77 8, ~111 2010,3 2861, ,1'1442 55,9J4 2,1365 

6 ,(ll;'rJ 0, 0'103ii 11.02 16.89 9 ,01' -- 141,3 .1546 •. ,111000 269,877. IZ 16587_ -- .. --- . ---
B, cii1·" 0,0>!022 1{'1, 04 15.39 9,CHl 251. 3 1781/!. I 00flf11 176,229 IZ, <I 302 

1QI. (11'·(1 0,C1·i.'0U\ 9,34 14. :u 9,0Cll 392,6 1986, ,0000 126,6c;? 2 I 3093 
12 ,00i:1 0,0J0l5 e.e~ 13,49 9 ,'10 - 565' 4 2432. ,0466 .149,lfl7 IZ I 3640 
14.0~11 0,9'.101,3 A.37 12.83 9 ,0111 769,6 2623, I f/!455 124 I 777 2,3046 
16.11111111 0. (1'.1011 0.22 1?. ?B 9,00 111105 .1 2601. • 0446 106,9~8 2,2611 

!" 1!L0 1'.~:.1 0 .111~01r. 7,72 11. 82 9 .~111. 1212.1 2967. ,0438 93,379 . IZ, 2279 • ·-• •••••M' 

1: 
2'1, (l~H} 111 1 Qlcj~'-'9 7.46 11. 43 9,0Z 1570,5 312~h . , 111431 112,7U (Z I 21'!19 
22,>'!W'l 0,\W0t>A 7.23 11.1'!8 9 I '1C 19ri10. 3 3274, ,P1425 74,1:11 IZ 11629 

" 
24, !HHJ 0 I i:h~0"'7 7.03 111.1. 77 9 ,1'10 2261,6. 34171 , 0'419 67.2f6 2,1637 

! 
I 6,0UIJ 0,iJ:ll'JJ~ 11.02 16.89 10,00 157,1 1813. ,0(t'!01!1 203,6e5 IZ, 6929 
I 8,01.rn 0,0·~022 111'. 01 15.39 HJ. (llv.'I .279. 2 2087. ,0011.10 165,40 IZ,4526 ! . ··-
I 10 ,'('()OI 0 I 0<1 011\ 9,34 14.h 10, e:-~ 436. 3 260A, , 111456 216,271 IZ I !!279 ! .~ 12. crn1~ 0.~:-015 8.80 13. '49 10 I 0'/J 628,2 2852, , 1'14 44 175,222 fZ. 4277 r .14,0M_ 0, IL-1013 8.37 12.113 10,011) . 855 .1 3076. ,0433 146,6«;9 2,3581. 

16, 1~C'CI 0,0,,011 0.02 12.28 10,00 1116. 8 328<1. ,0425 125,HB IZ, 3071 
1 A, ~(11.?1 0 I :)f'01("1 7, 72 11.82 10,0(1 1413,5 . 3479 I ,0417 109,8t5 e,2662 
20,NH1 0,1":1009 - 7.46 .. 11.•3 - 1"J,C:l" .174~,0. - .. 3664. .. ,111411. 97 .• 343_ . 2,2376 ·----·-·-·-·--·---- . - ·-···· ·-···--· ·-· ··-··· 

H. 22. 0:?1~ 0 I Vl'..'011)8 7. 23 11. ?18 10,00 2111. 5 31139, ,0405 87,2~7 IZ I 2130 
24. ~·3Cl 0,0iH!lll7 7.03 10. 77 10,00 2512.11 006, ,04"110 78,971 e, 1921.1 

U1 6,0(10 0, 111•J03;1 11·02 16. 119 11. 00 172 .8 2093. ,0000 297, 2Hl fZ. 725.6 
I 8 ,o:Joi 0 I 0:~022 ·HJ. 04 15.39 11.00 307,1 2699, ,0452 323,921. IZ I 79~7 ....... 

-.J . 1'l. "'"'•i~ 0,00010 . 9 ._34 14 • :,, l _. _ 11 • 0 \1 . - .47'? I 9 -·-···. 3,~H 1o._ _ ,0436 ___ 250,377 .... _. 2,6111.._ - - -·· 
12.ML~ 0 I ll'!·~<HS 8 •. 60 13.49 11. ~H.'1 691,0 3;:>93. ,0425 2112,9~1 e I 4954 
14,n011 0,f.11013 8.37 12,83 11.00 940,6 3552, ,0415 169 I 9H ·2 I 4149 
16. ~00 0,M011 8 • "'2 .12 .• 28 a.00 1228. 5 3792. ,0407 .145,613 . 2,3559 
1B, >'!(>Ill 0, '1'101~ 7.72 11.02 11. 0n 1554,8 4017. ,0400 121,3e3 e,3109 
2tl, 1'{10 0 I '.Jl10(JQ 7.46 11 • .03 11.00 1919,5 423111. ,0394 112.ec;:s IZ I 2756 
22. '10" 111,Cl;:r0C18 7.23 11. 08 .. 11. 10Cl ... 2322,6 4433. 1 0300. 1('11,220 .. IZ I 2 4 ? 1 . -- --- --·· ···--~··. -·-
24. '11':1 0.~~01"7 - 7.0~ 10.77 11,0u 2764 .1 4626. ,0383 91,628 e,22~1 

!I, "-:JO 0 I P,>)03;) .11.~2 16.89 12.00 188,5 2673. ,0454 516,2~6 1. 2601 
6. 00'11 0, '11'.'022 H'l,1114 15.39 12. 00 335,0 311178. ,1'1434 37fZ,342 2 I 9'140 

12,1!:'111 0,,,,NJ18 9,34 14,31 12.00 523.5 3434, ,0420 2e6,4e5 IZ I 6991 
12,CHJ.OI 0,0\l015. 0 .• Bl' 1J,49 .. 12. 0~·l __ .. .. 753. 9 3755, ,0400 232:2~1 2,5669 - -·-··-- - ..... 
14.0Nl 0,or:oi01~ R,37 12.R3 12,0~) 1026,1 41"5111, , 111399 194,5e9 0 I 4 75CI 
16.00'<) 0 I ':.111111. a.02 12.20 12,i;rn 1340. 2 4324. ,0391 166,971 ~.4V'l76 
1 J3 'r. (I QI "·"~~010 7. 72 11.112 . 12.00 1696,2 4581. ,0385 145,9e5 2,35~1 
2~. r.1rn 111, r,l(·'<~lrJ9' 7.46 11,43 12. C'fl 2094,0 4624. , 111379 129,3~9 •fZ I 3157 
22.000 0,11(.J01U8 7.23 u ,l"B 12, cm 2533,8 5r1155. ,0374 115. 9e9 I? I 21331 
24.00'1 0. CJ 101£1?. 7.03 10. 77 12, 11111 J015,4 5276. .. '0369 H5,e17 2,25~3 

6, '1Ml 0, C'l':103::" 11.02 16.89 13, 0(1 21'14. 2 JQl11'i. ,04J7 503,9e2 1,4254 
6. "'o"' 0, ;i.1022 10. 04 15,39 i 3. PJr. 363. (II 3473. ,0419 U9,H4 1,1Z2J1 

1 ~. cin0 0, C:l01 fi 9. 311 14. :\ 1 13. 0! 1 567.1 3875. '041l5 324 '31'~ IZ, 7 916 · 
12.1~~,~ 0,00015 a.BO p,49 13 I 011 6111.7 4237. ,0394 263,0e5 e, 6422 Fig.5.2.1.1,p.5 

l_ 
14,l'l:l>J 0,vw013 A,37 12.113 13. 0l: 1111.6 45 71'1. ,0385 220,4«;1 e,5362 
16, Cl>HJ 0,0!!011 8. 0?. 1?.. ?8 1:3. ~(1 1451,9 4860. I 0371J 1U9,247 IZ,4619 
1 n. ('l\.lfl 0. :i:·ei 1.~· 7, 7? 1 t, I\?. 13. 0'. 1 10;.\7. 5 51 7"1. • l'IJ72 165,4179 IZ,4~37 
2::i .11l1r. 0 I r-•,\0'.·19 7. 116 11. 4J '5. (l;l i'Ufl,5 5444. ,0361) 1'\6,6~7 e I J '}8 ') 
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'" 
r ., .... DIA REl.RUr VCL vcT VLCTY 

A' 1 N, EIDIA rPS rPS rrs. 

f' I 22. C1~il 0, 0(!-0<16 7.23 11. ~8 13. '1ll 
. 24. ~l'\1 0 1 !?l~;j1\fl7 7.03 1£11. 77 13. 0(1 

6. t.'1~10 e, ~~··030 11.02 i6.A9 14,00 ,.. 8, lf'~Hl e,z-,,0n 1111. 04 15,39 14. 1110 
1'L O<JO 2, IW018 9, 34 14.31 14,00 
12, Mitl e,~:1015 8. fl OJ 13,49 14.00 ... 14. 00'.~ e, 0;1013 fl, 37 12.83 l.4. (/10 

1.6. C'lfl\l e,, Cl:l011 .f\.02 12.28 14. 011' 
18.0~0 e·, 0~010 7. 72 11. 112 14. 0rl • 20 ,;11'10 2', l('l'.'0t,lQ 7.46 ii. •3 14,00 
22.0kl0 0. 0~10:"8 7,23 11.08 14, o;i . 
24. fll()'11 0, ~001'17 

c: 
7. 03 10,77 14,00 

6.01'.lll Q. f111.i0~0 11.02 i6.119. 15,00 
·.· 0.:.'10J ", :.w022 10. 04 ~.5. 39 15.00 .. 10. C'lltQI 0 I ()\"01A 9.34 14. 31 15. 0C'I 

i2, Clk'.1~ ". (1~l015 8. Bf! 13.49 .15. O!Cl 

''c 
14 .0v·. ",r;·:013 e.37 12.113 15. 'J"' 
16.n::i~ 0,t"n011 11. 02 12.20 15.~W 
16, OC'll.I Cl, 0!)i!i 1·:: • 7. 72 11.~2 15.00 
20.ct:n l!l,0!1,:W9 7.46 11.43 15. 0l1 

{ir 22. 01?(1 fl 1 l,!J0iJl\ 7,23 :1. ll!8 15, e11 
V1 24 ,(H!f.I fl, 0:1 0!37 7.03 :~.77 15,00 
I 

r. ...... 6. r.• .. ,~ 0, 0i'03Cl 11·02 16.89 16 .• 0" 00 
0,,Hl0 0. C"t.'022 1~.04 15.39 .. . 16 ,00 

10. ''"" 
•;1,00018 9,34 14,31 16,Cl3 

c 12. l'l>l~l ·('I, Clt'015 0.80 13. 49 16, 00 
14.~.Jt1 21, ?1·'.'01~ 0.37 12,83 16,00 
16. ~Hlll 0:1, ~!-101.l 8, 02 12.28 16. 01'1 

t 18. 001'1 3,ii'l'·,0H1 7. 72 11, R2 16,00 
. 2~, rl'LI ;:i, ~·~0;J9. 7.46 u,43 16 ,oo:. 

(~ 
2?.. ~J~~ 3,0!~000 1.23 u,'18 16, 0l'I 
24. f'\1111 3,(hjl'J~7 7.03 U'I, 77 16 ,eC'I · 

~ 

c 

.. 
~\ 

(· 

(:• 

(• 

~ 

• • 
----·· ·--· 

THROUCHPJT 
TONS/HR 
2744,9 
3266;7 

219,9 
390,9 
6H'l,8 
879. 5. 

1197,1 
1563,5 
1978,9 
2443. Pl 
2956,1 
3518."' 

. 235 ,6. 
418,A 
654,4 
942.~ 

1282,ti 
1675,2 
?.120,2 
2617,': 
3167' c: 

.3769. ;!, 

251.3 
.. -·· .. 4 4 6.; -

698 ,(ii 
1005 .1 
1368,1 
1786. C!I 

2261.~ 
2792.~ 
3378,<I 
4020,'5 

R['(NOLDS 
tJUM8ER 
5704. 
5953, 

3373, 
38A4, 
4334, 
4739. 
5111. 

-···· 5457 •.. 
57A2, 
6088. 
6381'1, 
6658. 

rM ,PSI 
t11 x MI 

,0361 131,545 
,0357 119 .1a 

,1'1423 654,9:!7 
,0405 4?e,34111 
,f'l392 364,052 
,0301 295,4a 
,0373 247,6~9 
,llJ366 .. 212,615 
,0360 185 .871 
,'11355 164.8:!1 
,111350 147,870 
• 0 3 4 6 ·13 J • 9 2 4 

.. 3744 •. · , 111410 729.111~9 
523.623 
405,5~5 

.329,229 
276,0t8 
237,0~5 
207,275. 
163,842 
164,949 
149,412 

4311. ,0393 
4Al'l9, , 0360 
5259, ,0370 
56 72. , llJ31'i2 
6056. . , 1'1356 

.. 6416. __ , 0350 
6757. , 1'1345 
711'80!, ,0340 
1389, .,0336 

KILll~Hll 
TOtJ•HI 
e, 3211 
E,2Q0fl 

1,!1986 
1,1480 
IZ,8886 
IZ I 7211 
e, 61'145 

.. IZ, !I 19~l. 
IZ I 4537 
e, '111123 
e I 3609 
e,3269 

.1.7796 --·-·· 
1,2766 
IZ, 991cltJ 
e,8036 
e,6739 
v.. 571!6 

.. IZ I 5059 .. 
IZ,4487 
e,4026 
IZ, J6'17 

4127. 
4752 • 
5302. 
5797. 
62,3. 
6676. 
7073. 

,0399 806,324 1,9661 

·- 7.448. 
7804. 
8145. 

·,0302. 579,572 _ ... 1.'1147... _____ ... 
,0310 448,9~B 1,e957 
,0360 364,4e2 IZ,8A~7 
,0353 305,60 e,7462 ·-
,0346 262,!14? e,6400 
,0341 229i61Z:! e,!1604 

_,0336 _203,6?, ___ .e,497L_: ______ .............. . 
,0331 102,1e~ e,4461 
,0J27 165,574 IZ,4041 

• • • 

., 

.. 

.. 

Fig.5.2.1.1,p.6 
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F'"lUR "1ATA POi:JTS. 
SLURRY: 551 llETHACOAL l61.7Xl 3-12-77 

I RC<CHl RSICMl RATll> LN<RATl!ll CklX) CVIXl TEMP!C) S SL TAUK<I> SH YIELOIOYNES/CM/CHI 
2 4,0~0~ 0,5128: 7,8003 2,0542 ~3.7 49,2 25,1 1.429 et.791. 111,1407 1.10, 2,35 

RrH DI AL . sfoEsS ..... KEHGAH BROG-AH ALVGH'i b'1E Gf .. LNCOHEGAi UI i STRESS l TAU 4 TAUY 
10. 7.0 49,894.53E+111CI 3,44 3 I 4~, 1.0472 0,0461 3,9099 STRESS • 44,67!0HEGA )•• 0. 610 R :I 0,9908 47,55 
21:! I e,Q E-3 I r.149 d16E•0" 6,67 6,6l 2.l.lQ44 111,7393 4.14311 Sl~ES$ • 10,26<KEMGAH)•• li'lo6Hl R • rll, 99L'l6 60,70 
50, 16,8 119,402.26(+01 17 .19 17 .1• 5.2360 1,6556 4,7625 STH[SS = 21,63!0R0GAHl•• 0.610 R • 0,9908 117,06 

HJ0. 27.7 196.944,5~£+01 34,37 34,33HJ,4720 2,3467 !3.2829 ST HESS • 21,65!ALVGAM)•• 0. 61rll R = 0,9908 194,60 

K = 21. 64 N : 0,61'1 KYP a 20,22 NYP a 0.626 RYP a Pl,9912 

Fig. 5 • 2 . 1. 1, p. 7 
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SYSTEM PROPERTIES 

MINERAL --- SS! METHACOAL (63,7%) 3-12:.77 
AVERAGE SOLia SPECIFIC GRAVITY cs ) 1.429 
LIQUID PHASE SPECIFIC GRAVITY <SU llJ,791 
SLURRY SPECIFIC GRAVITY (Stt) .1.1"'5 
SLURRY CONr.[~JiHA TI O~I BY WE I GHT 
SLURRY CON~[~THATION BY VOLUME 
ABSOLUTE PIPEWALL ROUGHNESS ~Eli fEET 
GnAVJTATIO'IAL ACCELERATION 
SLURRY TEMPE~•TUnE (TEMP), DECREES CELSIUS 
PIPE HPE 
PIPF: SLOPE 

MESH 

t~ • 1H1 111 0 r.o 

1'.W/20l1 

2~1\l/325 
325/PAN 

TOTAL = 100 -~ 

0. 30 , 
13. 7(' 
65. 6'1 
21Z.40 

WEIGHTED HF.AN DIAMETER :5,8349E·02 MM 
COErrJr.IENT or "VARIAllON = 44,66001 
DRAG coErr or WEIGH1Eo HEAN DIA D 221,865 
RF.:YNOLOS NlH1n[R or SET TL ING • 0 .11 

rtf,'637 
"'. 492 
Ill, llJIH'l15,H'l0 
32.1573 FEET/SEC/SEC . 
25.1 

HORI i!ONTAL 

iHRri~~HP~i ·c10NS1HR> • s~oHi. 
SETTLING REGIME • LA~IN~R 
VISCOSITY fACTOR = .. 1,0 

ROSIN - RAHHLER E~UATIONI R • 1"0 • EXP(-(0/ 0,068649) •• 2,5B5et5l 
SLOPE =. 2,5~5615 INTERCEPT D .= .0106864908340. MILLIMETERS. 
CORRELt.Tl01J COlfff, • llJ,96'5528 05"1 • 0.06 MILLIMETERS 

KYP : 2~.1 .22 

SM TllEORY 

PH : N,A, 

"' NYP : 0,626 TAUY :: 2,345 

• • • 
• 

·-···-

-.. 
.. 
~ 

.. I .. 
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.. 

.. 
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• Fig.5.2.1.1,p.8 
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DIA RELRur VCL v.cT VLCTY TllROL'GHPUT REYNOLDS rH PSI K lLk;.HR 
lN, E/OIA FPS FPS rPS TONS/HR NUMBER _ HlX 111 TOIH1l 

6. 01~'il 11.1, 0~2l3'.1 12.47 19,Q3 4, 11l•J 61, 9 4411.1. • 0000 184,843 0,4576 
8 .0·J0 111. 011022 10.94 .17. 48 . 4, 0c1 __ 1~0.1 527. .. ,0000 116, 121:!5 11.1, 2 8 73 .. ·-· - ... 

1(1, 0 :ltl 0. ?if..'01!l 9. !18 15.79 4. "~ 172,1 t.07. • 1'1000 8121, 827 e, 2001 
12. ~;)11 0. ?111015 9,09 14. '53 4 ~ '110 2'47. 8 6!11'1, ,0111t'J{'I 6'1. 225 e,1491 
1·1, 1'100 0. '1•11'113 8.47 13. 55 . 4 ,0i'l 337. 2. 749, ,0000 46,915. 2 .1161 
16,000 0,0:1011 7.97 1<>. 75 4 ,(1111 440,5 814. • 0001'! 37,775 0 ,l.!935 
1:l,rl{10 0,0:'l\H0 7.56 1:?. l'IA 4 ,01"1 557,5 876. ' 0 ll 0CI 31,2n e,014 
2:.l,0<Hl 11.1, 0\'009 .. 7. 21'1 11. 51 4, 11.1'1 6 ~8. 2 ___ -·- 9 3 6 ·- - ,0000 26,Jee ____ 0, lil653 .. - ...... .. ·-·--· . 
22, C'HJ0 11.1, 000"'8 6.90 11 • "'2 4. "'" 

832,8 99<4. ,011l~QI ?.2. 622 e,e560 
24. '·ll:J:;i 0.~:'0fl7 fl. 63 10.!19 4 ,121!'1 9;11,0 1049, ,0000 19. 6t 2 0, 121487 

6. r.110 0, Q11~03n i2·. 47 19,93 5,lll'J 77 ,4 598, ,0000 212. 2f2 e,5255 
0.e~H• 0,0f.'0?2 10.94 17,48 5 ,01:1 137,6 717. ,0000 133,129 · e,J296 

i~, 0MJ 11J,(lt·l01~ .. 9.88 15. 79. 5, 0r1 215 .• 1 -·~ 824, ,111011111.1 . 92,828 -~.2290 ... ·-- ··- --··· 
12, Pl•:·1 0. ?1;101 '5 9,eQ 14. '53 5,"il 3'r/!9, 7 924. . ,11l000 69,01i6 e, 1111 
14. V.(~(l 0. ~~'013 R .47 13,,5 5 '{)£\ 421. 5 111'17. ,0u00 53.8~9 e,1333 
16,@00 0,0·itHl. 7,97 12.75_. 5 ,0{'. 550 .6 .1106. , 1'111)00 43. 42 5 0,1A75. 
1s.000 0.~"0t0 7. 56 12.0a 5,0A 696,8 1191, ,0000 35,ea e,IZ8B7 
::o ,1'00 0 '~"0'1)9 7,20 11.51 5. 0(1 86111, 3 1272. ,11111l00 30,2a1 e, e740· 
22 ,t'1~0 .0 ..• ?·'01.16 ___ 6 •. 90 11. 02 .. _ .. '3. 0C'I .. H_40,? _____ 1.351'1, . - • 0000 . 25,9~9_ . e, 0 64 2 ________ ... 
24,!HI~ 0,011~~7 6.63 10. 59 5.0~ 1~ 38. 8 1426. . ,0000 22,5H 0,0559 

6.~00 0,Cl~030 12.47 19.9J·_ ... 6.12111l _.92 '9 ____ 769; ,0000 237,7~4 .... e,,886 
8. ;mo 0. 'il.J11122 10.94 17,4A 6, vHl 165,2 921. ,0~01'1 149 .122 e,J692 

10 ,110121 0,913018 9.88 15. 79 6,0~ 258,1 11'!59. ,0iiHl0 103,827 e,2510 
12.IJ0C' 0,01015 __ 9.0~ 14,53 -· 6,01'. ·-··· 371..6_ -·· 1187 •.. . ,01)00 77. 3~ 7 .. -. IZ,1915 ______ . 
14,,;1~"' 0 ,1'1:1013 8.47 1.3.55 6.0~ 505,8 1307, ,00'110 61':,2~9 e,1192 
16. '11~1" 0,"''.·101.\. 7.97 12.75 6,00 660,7 1421. ,0000 48,5~2 IZ, 1202 
18 ·• •11110 0, 0::010 7.56 12,Q'8 6,0!J ..... 636,~ -···· 1530; . ,1Hl00 .. 40, 1'0 IZ,1':994 
20. ~f.10 0 ,v.t•·l0"19 1.20 11·51 6,00 1~32,3 1634, ,11111.100 33' 8:! 4 e,08JO 
22. 001'1 0, 01:Hl0A 6.90 11. "°2 6. 011 1'249,1 1735. ,0000 29,0e1 11.1, e 718 
24, iH10 0,ell0e1 .. 6.63 .10.59 ·--- 6,00_ .1486 ,_6 ____ 1032 ~- ... ,111000 ....... 25,1e3 .. - 0, 0_623 -· --· 

6. {'100 0, ~211213'<' 12.47 19,93 7,00 11218,4. . 950, ,0000 261,617 e,647? 
8.002' 0 ';:i:1022 10.94 17.~8 710'1 192,7 1138. .. ,0000 164,0e5 e 1 '4062_. 

HJ ,1w~ 0, 3i,01A 9.88 15.79 7, 0('.) 301.1 1308. ,01'101'1 114.297 e, 2BJtl 
1~. lHl0 0.~·-1015 9. Ol9 14.53 ., • 0ll -433,6 1467, ,0000 85 '0t l1l e.21eti 
14 ':10~. 0,•;H1013 8.47 13. 55 .. ..,..J '0!l ..... ·--'~90,2 __ .... 1615, -· ,0000. 66,3e6 .. /e, l 641 _____ 

-~-···--. 

16, rHJl1l 0.~-~011 7,97 12.75 7. 0'.1 7 7 Ol, e. .1756. ,111000 53,386 e •. 1322 
18'11JP:QI 0, ;1:!.010 7.56 1?.~8 7, i;,.~ 975,6 1890. ,0000 44'.111 e,1092 
20. 0~;1 0 t ~~)0C19 7.20 11·51 7 '(21QI 1204,4 2Q!19 •. 'ri:000 37.2:!1 e, 0922 
22. llJ0QI 0 ,ll!Jl1Jllfl 6.90 11 • "'2 7, 011 11457,j 2339. '0·4 71 49,541 0,1226 
24,0\)!il 0' :(1!~0tl7 6.63 10.59 1.0~ l.734,3 2471'1. ,0463 44,643 ~ '1105 

6. 012''1 - 0' ~;-)11J3·;, ·12. 4 i i9,93 0 :a:J i23,9 ii41. ,00·00 2114,2~8 ~.7038" 
ll. Cl~i0 0 I !H022 1QI. 94 17.40 a, 111:1 220.2 1367, ,0000 178,316 e,4414 

10, ('lc;HI 0 ':~ .. •011l 9.88 15.79 A, 01J 344,1 157:?. ,0003 124, H0 "' 3!'17 4 
12. (1~Cl 0. 0·,_•01 r; 9.09 14.53 8 I;);) 495,5 1762. • 0t1l-l0 92,421 l':,2('BR 
14. 01•0 0' ~:)i1J13 8.47 13. 55 8. Z'/l 674,5 1940. ,0,100 71,9~6 "' 17tl2 
16, :HI;\ 0' :l'.'011 7,97 12.75 0 '('.\'.l 880,~ 23"12. ,0474 09,471 e,2215 
lll. 1l'H.1. 0, O'-'Cl 1 r 7.56 12. l~ll ll ,0<1 1114,9 2478 .. ,0463 77,722 e,1924 
20.noo 111,:J''CW'J 7. 2vl 11 • "1 8, C)ll L376,5 2647. '0453 £>e. 4-; 4 "' 1696 
22,lWCl 0 ,;_i,.:)01:n fl. 9'1 l.1 • I~ 2 a. o•.< 1665,5 2R1<". ,0445 61,117 "' 1513 

Fig. 5. 2 .1. 1, p. 9 
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RELRUr !•. D Ii\ VCL vcT VLCTY THROUGHPUT R[YNOLOS rt1 PSI K ILk.:.H11 · .._ 

,.1··· IN, E/OIA FPS FPS FPS TONS/HR NU"1BER t11 x tq Tor~~111 

24. (';1111 01 !111'007 6.63 1Ql,59 81 "ll 198?.,1 2967, ,0437 55 10e 6 IZ 11364 ... 
6, 0l1 U 01~!'030 12.47. 19,93 .. 9 I 01_1 ·-· 13914 .. _.1342. I elflHH'l 3051940 _e,7574 ........... ... -- ·--·· . ·--··- ..... . ··-· - . -
13, 01JO Ill 1'1110?.2 10.94 1.7 • 4 8 9. (JC! 247,8 1Ml7. • 0Q.llllf"J 191.8~4 IZ 14750 .,. 

1£'1. fHll'I "I (_111018 9.88 15.79 9 ,UO 387.1 1848, t 0~100 133 ,597 e I 3307 .. 
i2 .111110 fZ I )1~015 9 ,09 14,53 9,00 557,5 .. 2071. I '100t! 99,41'5 .212461 
1~, 0\HJ fZ 10fl013 fl,47 13.55 9. 00 758,8 2489, ,0462 126,3~0 013127 .. 16,0'10 fZ I ~(':011 7,97 12.75 9. 00 991, I'll 270!6. ,111450 ·1'l716~7 "-12665 ~ 
18, IHHJ fZi 10l1fll10 7.56 17,08 9. 00 ..... 1254. 3 . ..2913. ,044~ ..... 93,5n 212315 . - . ·-·-----·--- ---· ·- ·--·· ----·-·-
2e,"1W Qi ,i:,111ei~9 7,20 11.51 91 '10 154615; :.H12. ,0431 6214e2 e 12C'42 ... 22,CH'.1'1 01 !'lt.'.0!18 6.90 11.1112 9101'1 1873,7 3303, ,0424'· 731626 IZ,1623· ... 
24.0'10 @,000C/17 6.63 u. 59 9100 .. 22291\J . ..... 3486 I . t 111417 66,3e3 .. .0.1643 ... . - ... ··- ·- ... -· ----

.... 6.0~0 "1(11P03v 12.47 19,93 10100 154,9 15511 11111100 3261629 IZ I 80!86 • 8, '1kHl "10~·022 .10.94 17. 48. 10."a .. - ... 275.~ ... - ... -1857, __ 10H01'1. 204.822 .IZ, !l071 -·------··- ...... -- - ···-·-·- --- .. -··-·-·· --·· .. -· ·---· -···- ---- -
~'.e 

1fi1 .rci111 Cl I :1'.!I'\ 113 9.88 i5.79 Hl,0~1 430,11 2330, ,0472 '2231078 IZ I 5'323 
12 ,QllH~ 01~~015 9.09 :4,53 10,011 619.~ 1.6111 ,111456 1791316 e14439 • !: 14. 1:100 fJ,N'2'1.3 8.47 :.3,,5 10101'l 643,1 ----2676, 1 lll442 149 .1a Ill 13692 
16. 0•~111 01{1;.1011 7,97 12~75 10, 00 111111. 2 31?.7. 10431 12711,5 013148 

''.e 18.11'.1~ •:J 1 ~W010 7.56 12. 1118 HJ ,00 1393,";' 3366, 10421 110,5115 .0,2736 • 20, CH10 2! 1C'l1009 7,20 u. ,1 .. 101 00 ..... 1720. (> .. _3596, - ... 0413 .. _ 9714e6 .IZ 12413...-. ---· ··--··--· ·-· ·-·-·····--- . -···· .... --· ... - ·-·-··- .. .. ···-· -- ·-· --
'22, CHJO 211 Cl0011i6 6.90 11·2'2 10."o 2001,«:I 36171 ,0411l6 67, 046 IZ 12155 

'"" 24,Cllllt'J :!! 1irn001 6.63 Ul; '9 U:100 2477,& 4Ql31o .t 0399 7 8. 527 fZ 11944 • 
6 ,00fil 01 r11030 12.47 19,93 11100 170,3 1768. 10000 3461598 IZ ,858~ 

f\Jl 8 ,11rn0 0 I Qi'l022 10.94 17,48 11100 302,8 2309, 1 lll4 74 338,6117 1Z 18383 ~ 
I .. 1'l. 000 01 :":,1010 9.86 15.79 11. 00 .... .. 47.3,2 ____ 2656, .. .10454 .. 259 .166. Ill.~ 416._ .... - -· . . ----· -·-. - -· -- -··--·-···-·-N 12, l()IHJ ·01 :io015 9.09·14.53 1i.00 681, ~5 2977. ,0438 21'l8 I 41! 4 015159 

c.:"' 14,MHI fil1~H1013 6.47 13,55 11.00 927,4 .J.279. ,0425 173.41ZE 1Z 14,93 'W 
.16. 000 0, Ql\°1011 7.97 12.75 .11.00 1211,J -- 3564. ,0414 1'171914 IZ,3662 
18, 11:.'0 01,rn01n 7.56 12.0a 11.t'J~ 1533,21 38371 ,0405 12815i;2 fZ 13183 

1~ 20. 0110 01 '.'1!'0~9 7.20 11. ,1 11100 1692,6 '4099. t 0397 113,478 e,2009 ~ 
22, ~Hrn fil1l'l•J!Hl6 6 I 90 11.P12 11.0c .. 229(/1,1 ·-- 4351. . ,039" .. 10113~6 ..lll.2~0Q .. ·-··· ....... ·-·····-···------··· ... \-· - -- -- .. -·- .. - -····-· -·-· :1 24,!W2\ 011!''0~17 6.63 10.59 11·0"' 2725,4 4595, ,0384 91,4:!5 012264 

:;·c- '> 
6 I (H)(l 010:103J 12.47 19,93 121 'rn 185,.e 1992. ,0000 36.519~0 0,9059 
8, ~l'l' 01'.'1 1022 10.94 17.48 1210\l 330,3 2602. 10457 308,285 IZ 19612 .. 10. r.:HJ 010•-•01.'l 9.86 15.79 12. 01~ 516.2 2993. 10437 297,321 e I 7 36(.J .. 

12. ~1;:0 0 I 0,1\}15 9,09 14.53 12.00 743,3 . -· 3355 I .• 0422 239.210 e,5922 
14. 111~(1 0 I J•'.l013 6.47 13.!55 12 I 0i) 1011. 7 3695, 1111410 199,117. 014929 • 16. 00t'J 01 '1!l011 7.97 12.75 12100 1321. 4 · 4e17. t 04t'J0 169,913 IZ I 4£>fll6 .. 
18,000 01~H'0HJ 7.56 12 :1110 12 10"1 1672.4 .4325. 10391 .147,H4 IZ1J65B 
20 .1~~H~ "1011009 7 • 2"' 11·51 12. (l11 . 2064,7 462"1. 11'1384 130,4~2 IZ I 3229 • 22. ~l10 0 I :J~ 1 0~l A 6. 9(' 11.C112 12. 011 2496,3 4911!4, ,0377 11615~8 IZ 12885 ~ 

24. ~ll1J 011'! 1Cl!?·7 6.63 10.59 12. ""- 2973,1 ... 5178 I ,0371 1'l5,1~5 .e12603 . ·-··-··----

• 6. 011~~ 0 I ;J:,~030 12.47 19. 9:3 13 ,0() 201. 3 2426. 11'1467 621, 71? 115391 • 8,00Z 010''02?. H'J. 9 4 17. 49 13, 0C1 357,9 291115. , 1!!442 441Z.5~5 1,IZ9~6 
llil. (11,1('.I 010• 101fl 9. 611 15,79 13,00 559 ,.2 3341. 10423 337.541 fZ 18356 

I •• 12. °'~"' 0 I 7 ~:'·015 9. 1'19 14.53 13. 0!1 Bfll5. 2 3745. ,0409 v1.6i;3 IZ I 6726 • 14. '"jl) 01 !1!'1013 R.. 4 7 13.55 13,011 1096. Ii'! -· 4124. ,0397 226,242 IZ 15601 . ·-· -·---·-
16.0910 fil I v' .. 1011 7. 97 12,75 13. 0:~ 1431.5 . 44A4, , 0367 1Q3,1t2 IZ I 4 7~1 

l,• 18. (.l(o)l.l 0. \1!'011.1 7.56 1?. '0.A 13. QI:~ 1011.0 4627 o I ,0371) 167,9i;4 IZ I 4 t 5r) Fig.5.2.1.1,plO 20. t!Cl0 01 >"i'0f'9 , 7. 21' ti.51 13 I (I• .. • ('?.36, 7 5157. • 1'1372 146,3;:7 "1367? 

4(l ~ 

L.j 
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·ui 
I 

f.N 
·w 

<.. 

< .. 
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(.. 
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DIA REl.RUF 
IN, EID!.\ 

22. ~~ll·~ 0. 0'.'0£:8 
24. cm·:~ 0,0110~7 

6 .~Hl;, 0,0fl03f1 
8. c:iri~ 0,r.r.022 

1 V'1, l't:H.l 0,(1n01A 
12, Mllf" 0. ~i~ 01 s 
:.. 4. ('lt-1~1 0,r,rne13 

. l 6. "''~Ill 0,~11011. 

10. r11J "t t'JI: 010 
2 n, iW~J 0 I Zl.1009 
2 2. 11(l(l e., (7;~0Nl 
24, Cl!'H7 IZ,01A007 

6,fHrn e I e'Cl03~ 
a. oc>n e, 011022 

l('J, ''<hl r. ,00010 

12. ""'"' 
e ,!'!:)015 

14,08ll IZ,(Wi)13 
16, 0~H:l e. ~('-"11 
16. t"lll0 e , ri~101r. 
20 ,Ql"fll e. cH10;i9 
22.llvJ0 l?i. ~1,i1liJ8 
24, !H}(l l?i, 0•!.Ql07 

6,!WCJ 0. fi\1033 
a.na0 ~. 0~1022 

1 IJ. ~Hli.1! 0,00010 
12. 01-l'll @,(h-,015 
14. n1rn 0, '2JfJ:2113 
16, l'l\·1(/1 g. !lri011 
18 .~(1"1 0, ~'.Hli ~ 
2",1hJ~ 0 t il' 1 :21;l9 
22. ·-~~\! 0, ~·..l:JCO 
24. illHJ 0,0:-l0~7 

-
VCL · vcT VLCTY THROUGHPUT REYNOLDS FH 
FPS rPS f PS TONS/HR NU HOER ti 1 x 
6.90 11. ~2 13,tW 2706,4 5474. ,036, 
6.63 10.59 13, IJll 322'11. 9 5760, ,0360 

19.03 216:8 ·-- --~686, 
... 

12.47 14,00 ,0453 
10. 94 17,48 14. 00 385,4 3216, , l'l42A 
9.88 15.79 14. 0;1_. ~l'l2. 2 .. 369R, ,l'l<\10 
9. 09 14.53 14. fl)C') 867,2 4146, . ,1'1397 
8.47 13,55 14. 01'J 1180. 3 4566, ,l'l38!'1 
7,97 12.75 . 14. 00 - 1541.6 .. .4964 • t 1'1376 
7.56 1?.. \llfl. 14,MI 1951.1 5345, ,0~66 
7, 20 11·51 14, Oll 2406,8 571'l9. ,1'1361 
6. 9'1 u .02 14. 0'1 2914,6 . 61'161'1. ,0355 
6.63 u1·,o;9 14. 011 3468 .• 7 64M. ,0350 

12.47 19. 93 .. . 15. "~' 232.3 2953 •. t 04 43 
10. 9 4 17.48 15. 00· 412,9 35~6. I f'l416 

9. 811 15.79 15, 11)0 645,2 4"'66. ,0399 
9,09 14. '53 15.tJO ... 929,1 _.455t'. ,0366 
o.47 13,55 15.00 1264,6 5V.2QI. • 111375 
7.97 12.75 15. 0(') 1651, 7 5458. ,0366 

- 7 • 5 6 .12 • "' 6 ·- - l 5 • " (). ·-· .11090,~ ___ _5876._ - ,111356 
7,20 11 • "i1 15,00 25A0,8 6277. , 0352 
6, 9VI 11. l'l2 15. 01~ 3122,S. 6663, ,111346 
6.63 10. 59 . 15, 1!10 .... 3716,4- __ 1036. , 0341 

12.47 19.93 16,00 247,8 3227. ,0429 
10. 94 l 7. ~a .. .. 16. 0.0 .. ··- 440,5 _______ 3864. ,0406. 

9,88 15.79 16.00 688,?. 4443, , 1'1369 
9.09 14.53 16 I f/lfl) 991, 11l 4981. ,0376 
8 '<17 13,55. .. 16, eqi __ . 1348,9 _5485. ,0366. 
7.97 1.2. 75 16, 00 1761,9 '5964, ,0357 
7,56 12, 08 16. 0ill 2229,9' 6421. ,0350 
7. 2 0 :.11. 51 --· 16. 0 (i - - 2752,9 ····- .. _ 6858 •.... ,11J343 
6. 9(l 11.n2 16,00 3331,e 728121. ,0338 
6.63 lf'I. 59 16 ,0!J 3964.;;: 1688. ,0333 

··-·-------- ----·······--- ·-··-··· ------·--
;··- -·;:·: .. ::::· .. :.- ... :: ··- .. 

PSI KJLli.:HR 
Ml . TC t~ ~ t1 I 

132.545 e,3201 
119,621 e,2961 

698. 817 1,7300 
--·- ..... .. . 

495. 4:!1'l 1,2265 
379,7e1 0 t 94~2 
3051819 e,1971 
254,746 IZ,6326 .,,,, 
217.516 e,5305 ___ 
169,2f3· 0,4685 
167,142 2,4130 

. 149,3e8 e,3698 ... 
134,647 IZ I 3330 

779,3:!9 .1. 9293 
·552,Bl-0 1,3687 

424.0V.2 1,0497 
.341. 5~ 6 IZ, 8 4 '6 
7.84. 61? 2 e,7rcl46 
243.074 fZ. 6'1118 

. 211,549 1Z,,2J7 .. _._ ····-······· .. .... 
186,861 Ill, 4626 
167,fZ42 0.4139 
150.81Z7. e.~733 

863,345 2,1373 
6l?o798 ... 1. !!170. ... -·-· ······ 
470,170 1,1639 
378,8?4 fZ,9379 .) 

315 ;7e7 e,1010 
269,773 IZ, 6 6 7 8 
234,8~4 e,5814 
2'11],4f7 IZ. '136... ___ 
185~4~4 0,4592 
167,4c;0 e, '4146 '.> 

) 

•.> 

Fig.5.2.1.1,p.ll 
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·rouR DA TA f'O! llTS 
SLURRY I S5! t1ETHAC0AL. l59,2Xl 

I 
1 

... 
RPM DIAL 5TnESS KEM·GAH ElROCAH 

10. 32.6 5f.:,'149,68!E+l1lt'I 5,36 
2111. 51.1 87 .• 961 ;94;(+"1 1'11,72 
50, 68.7 111: , 204,B4.£+1111 26,81 

100. 82.2 141,319.6BrE+01 53,61· 

K = 31. 51 ~ = 0,391 K·yp • 26,15 

3-12-77_ ·- -
RCICMl RSICHl RAT<!> LNIRAT(lll ChlX) CV<Xl TEMP(CI S SI. 
4,11101110 0,9421 4,2458 1,4459 ~9.2 44,6 25,9 1.429 l/l,791 

ALVGAH OMEGA 
5,36 1.111472 

1~.72 2 .• 0944-
26,79 5.236111 
53,5810 .• 4720 

NYP a .,,427 

LN<OHE:GAI LN<STRESS) 
0,°0461 4. 111260 
lll,7393 4.4769 
1·, 6556 4.7724 
2·, 3487 4.951Pl 

RYP • 111.9761 

STRESS JI 

ST~ESS • 
STRESS a 

STRESS II 

59,65(QMEGA .l•• 
25, 01( KEMGAM) •• 
31,51(BR0GAM)•• 
31,511AL.VGAH)•• 

111,391 
0,391 
111,391 
0,391 

• • • 

TAUK<il SM 
0,5814 1.l'l76 

vi tLo < ovNEsici1/c'1, ... ··· 
7,28 

··rAU·TAUY-
R • 0,9785 48~76 
R a 111,9785 80 1 68 
R • 111,9785 11111,92 
R ~.0,9785 134,04 

~· \ ' 1 ' .' ' 

... ·-· ----. ·- - . ·-··· ... -- ... LAST THREE OATA POINTS 
SLURRY: SSJ HETHACOAL (59,2XI 3-12-77 

I RCICH) RS<CM> RAT(!) L~IRAT(lll C~(~I CV(X) TEHP<Cl S SL 
1 .4.111~111111 lll.9421-· 4,2458 1,4459 .~9.2. 4'4,6 .25,9 1.429 01791 

RPM DIAL STnEs~ KE!'l·GAH BROG AH Al.VGAH Q'1EGA LNIOHEGAI LN<STRESSI 
1'L 32.6 5t: ,!'149,68iE•l1ll'l . 5. 36 5,36 . l 01 Ill 4 7 2 ·-~ "' I Ill 4 61 4 •. 111260 ST RES~ •. 59,65(0MEGA .. >•• "',391 
23. 51.1 . 117,961.941(+1(11 111r, 12 10. 72 2 .• 111944 0·, 7393 4.4769 ST HESS • 2!1,011KEMGAH) .. 0,391 

TAUKI I) SM 
0,5814 1.11176 

Yl£LOC0YNES/CM/C~) 
7,28 

TAU·TAUY 
R a 111, 9785 ...... 48. 76_ -· 
R • 111, 9785. 8111, 68 

50, fJ8, 7 11e. 2ii'!4. 841E+1111 2il,A1 26,79 5,236111 r. 6556 4,772'4 STRESS • 31,51(BR0GAM)•• 111,391. R • 0,9785 11111. 92 
1'10. 82.2 14i,319.68[•01 53,61- 53,58Ul.,4720 ___ 2,3487 4.9510 ~TRESS D 31, 51( AL VG AH) eit 0,391 R II 111, 9785 134, 1114 .. 

K 11 31.51 ~ = 0,391 KVP a 38,36 NYP a ,2',317 RYP Ill 111.9978 

Fig.5.2.1.1,p.12 
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Ul. 
I 

~N 
. U1 

..... 

------------···- ·--- . 
• ---- -· -- -· . ·~ ···- .• ------ ---- ··-··----· -=.. =·· 

MINERAL ---.ss1 HtTHACOA~ (59,2Xl 
AVERAGE SOLID SPE:1r1c GRAViTY 
LIOUID PMAS£ SPE:1r1c GR~VITY 
SLURRY ...... - .. SPE:1r.1c .. GRAVJTY 
SLURRY CONC£NTHATION BY ~EIGHT 
SLURRY CONC(>.JTRAT I Q~I BY \IOLUH£ 
ADSOLUTE PIP~WALL ROUGHNESS 1£) 1 .(EET 
G ~Av IT AT I 0 •a,_ Ac c"E L F: RAT I '.) N . 

SYSTEM PROPERTIES 

3-12 .. 77 
(5.) _..:._ 1,429 
(SLI -- ... 0,791 
<!:1:1> .. ".''.' . .'." .. 1.076 -

-- ... 0,592 
-- .. 0,.446 

-·-· -·'-"'·.,;· 11J,11J00150011J: . 

SLURRY TEHP£1ATURE !TEMP), DECREES CELSIUS--~ 
32.1573 fEET/SECISEC 
25.9 

PIPE TYPE - .. -
PIPE SLOPE -~~ 

HE:SH 

0."~7/111'0 
HHJl20l~ 

2!°11.1/325 
325/PAN 

TOTA_ : 100 .0 

PERC[~T 

0. :!·13 
13. 7 l'l 
65.60 
20. 4 >) 

...... -- ·-. ' 

- -· THRciUCflPlii. IT ONS/ftR , .. a SHORT-· ---- ----·-----·· -· -.. - ...... -- ·····---·-·. ---·---. . ·--- ---··-- ---· .. -- . - ·--. - - - -lo:E ii;HTED HEAN i:iT.\i-1UER -~,. S349t:.-02 'i-lf1 
CO[f'F'lCIENT O~ VARIATJO~ = 44,688~1 
OR.l.G COEFT or _WEJGHrEo K'EAN CllA ... • ~15,939 

SETTLING REGiHE : LAHl~~R 
.VISCOSITY rACTOR. = ..... 1.~---· 

REYNOLDS NUHRER or SETTLING • 0.11 
ROSIN - RAIH1L.ER EOU~TlOtH R : 11210 o EXP(~<O/ 0,0686491 •• 2,585~i51 
SLOPE __ = .. 2 •. 511561 'L. - -- H.J)ERCE.P.L .a_ D - - 0 !.fl()86_~}11l834'11 ':111.L I HE:JERS -·---- --- -·-·-- -- -- ·-----···--·--·. ---· ··- --· ···--··--·-·---··-----. 
CORRELATION coErr. a 0.9~5528 D5D = 0.11Ja ~ILLtHETERs 

l<YP c JB,36 
SM THEORY 

PH = N,A, 

NY=' II 0,317 TAUY = ... J.~75 

Fig. 5. 2 .1. 1, p. 13 
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• • • 
. I'"')' . . 

··--· ···- -··· .. . -·· ·- ·-- - -···----

DIA RELRllr VCL vcr VLCTY THROUGHPUT REYNOLDS F"H . PS I Kll.k-HR. ~ 

IN, [/OJA f'PS f'PS rrs TONS/HR NUMBER MIX HI TCtl-111 .. 

"' 6. (l('.\1 0. (ll•;l03r. 7,22 1'11. 58 4, 00 56,1 778. ,001'10 1'J6,H2 IZ I 2911l2 " 0. 0~.10 0 I ':"•/022" 6.83 10.1"2 4, 1£1(~ 99,7 .. 852. ,111000. 72,9€1 IZ,l996 ......... ··-·-
i(l,f.'\1(1 ",liP018 6.55 9,61 4 ,0t1 155,7 915. ·"Ill"" 54,5~2 IZ,l493 
12.~wr 0 I r.::015 fl. 33 9. ?.9 4. "'"' 

224,2 969. , lll00C'I . 43,HC fl, 1179 
,, 

14, 1/Hl'.l 0 I 0:.'013 6.15 9,02 4,09 3l15, 2 1''118. • lhJlllJ 35. 2e 4 2,fl965. 
16. (lr.1~ l'l,~wei11 6.00 6 • AQI 4. 00 396,6 11'162. ,lllOllllll 29,6e7 IZ, IZ 612 
18. 0~10 l'I, 001010 5,87 8,60 4,00 504 ~ 5 1102. ,0000 25.4~2 IZ,2697 ..y 
2~. ''01'1 (l I '.J ~'." ~19 5.75 5,43 4. 0iJ 622. 8 .. 1140 •... ,0000 22.217. .. 2. 0606 .... ·-···· ..... ·-. - ····-· ·----· --··----
22, ~H~(i 0 ,>JCi0t~A 5.65 8.28 

4. "" 
753,6 1175. .0000 19,6~2 IZ, IZ'338 

24, 1A,1[1 ",01111107 5.56 8,15 4I11J:(} 896,9 1208. , 1'101'10 11,547 IZ I 2 460 
,., 

6, QHJ(l 0.~1103·:} 7.22 Hl,58 5,00 71'1,1 1133. ..0000 113.4~8 2I;i104 
0 ,<"110 ·ZJ ,0;~022 6.83 10. <'2 5 ,011 124,6 1241, ,00011l 78,028 2,2134 ry 

10. "(·Ji' 2J .~:1018 6. 55 . 9 .t.1 ... 5 ,0£. 194,6 ... 1332 •.. • 0000. 5B.3e5 2,1597 ·-·· -··--·····. ··-··- ..... -· -· - ·- ... ·--:. -···-· . ----- ·······-·-··-
12. (!1;10 2J I (';j11J15 6.33 9.29 5 ,lllril 260,3 1411· ,fll"HJlll 46.077 e.1260 
14, 'HH' 2J. 0'.-1013 6.15 9 .1112 

5 ·""' 
381,5 1482. I 0000 37 I 71;i IZ, 111132 '1 

16, 11:1!2! 2',iloJ011 ~.00 6 ,80 · ... s I 00 496,3 1546. .0000 31. Hl iz ,e1160 
18,0110 0, l'!'.'2'1 ~ •], 117 8 ,60 5.00. 630. 6 1605. ,l'lfl011l 27.2~9 e,e745 
20.000 0. '1\\.1009 5,75 8,43 5. 00 776. 6 1659. ,111000 23.7~0 IZ, 2651'1 ') 

22 .12'~0 0 I Q\t12J:'.JB 5.65 - 6. 28 - . 5. 00 . .942,1 , 17H'!. ·- ,0000 __ 20,979 ..... 2 I 0574 ·-· - .............. - ·-····-· 
24 ,01.l" Ill. ~-:Jfll('.17 5.56 0.15 5,00 1121.1 1758. ,lll!iH'll'I 18.7!:2 2,e513 

•) 

6,000 0 I ~!<03:!. 7.22 10. 58 6,00 84,1 1540, ,0000 . 119191'3·. IZ,3281.\ 

U1 
0. ~1~1QI 0, 1"'1'022 6,63 Hl.("12 6. 01·1 149,5 1687. ,0000 62,445 0,2255 

I 10.k1M" 0,C!i'2':1.8 6.55 · 1L61 6 ,0'1 233,6 1810. ,1'1011l('I 61.6~5 e,1667 ') 
N. 12. o~o 0,'.'.l(·J15 6 .• 33 . 9. 29 ... _ 6. 0iU .. ... - 336 ,3 ..... · ... 1918.___ .10000: ____ 48 .• 6~4 .. -- 0,1331. ---·· ... --· ·-··· - - - ----- -·- -· ··-· ··--··--· ·-··-·- .... 
0\ 14,!A~l'J 0, ~.rn13 6.15 9. 02 6. 01.1 457,8 2'1114 I ,0000 .39,8~6 2,1089 

16 .t::·l~~ 0 I V)1~011 6. 0(1 5,80 6,00 597,9 2409. ,0467 48,2e2 2,1321 "1 
18 .00(1 0 ,1"'11010 5,07 6.60 6. (1l~ 756,8 .. 2500, I 0462 .. 42. 41Z 0 2,1160. 
20 ,0.YQI 0,c:i009 5.75 e,43 6,00 ·934. 3 2585, ,0457 37,7~4 0,1033 
22. "~(J 0. i'•l0:>fl 5.65 0.20 6. 00 1131'1. 5 2665. ,0452 34. 01Z 4 2. 0930 ") 
24, ~H)(I o. ;:;,11:HJ7 5.56 .. 8, 15 .. 6,00 .--.13.45. 3. _____ 2739, . , l1l449 _ .. 30. 9fZ 1 e_,ee45 .......... ···--· -·. - ·-. -- -···-·· . --·······-

6 ,(IV,li;I 0,0NJ3'v ., • 2.2 10. !18 7,00 98,1 1996. ,0000 125,649 2,3437 :) 

e .c!J00 0,;,q02?. 6.83 10 ,12'2 7,00 174,4 2506. ,0462 130.073 0,3558 
10,CHJ0 0. ::i.1018 6.55 9,61 7. 1110 272,5 2690. ,0452 1U1,716 e,21~2 
12. ~I:):., "· ~ .J015 6.33 9,29 7. ~" 392,4 2850, ,0444 83,222 2,2276 ) 

14. "'~'~ 0. ,~;1013 6.15 9. 02 . 7, 0;J ... 534,1 2993 •. , 1'1437 70,242 2,l921 
16. ?ll'fl 0,0"011 6. 0('! 5,00 7. QIJ 697,6 3122. ,1'1431 60,6~5 e,1659 
18,1'1.J(I 0. ~·.rn1!'.1 s.e1 0 .11~ 7. 0'1 862,9 3241· ,0426 53,2c;4 2, 14!!!5 c} 
20. 0·~0 0 I {~")0C:9 5,75 5,43 7 I 0'1 1090 ,0 . 3351. ,0422 47,474 e I 1·299 
l2,Cl(i0 0 I~ ~101l B 5.65 0. :?8 7. I'll! 1318,9 3454, ,0418 42, He rz .111" 
24,'100 0, ~o!0r7 s.56 6.15 7 I ('10 1569,6 3551. ,0414 38.BfB 2,1063 •) 

6. 01rn 0, 0i:03n 7,22 1~.58 e, 00 112.1 2864, ,111444 2i7,H7 IZ, 5955 
8,CHJ0 0 ,:in0?.2 6.63 11'1. '1!2 5,00 199,3 3138. I 0431 15B,5e4 IZ, 4 338 ~~ 

10, '1iHl O,!,l!-'0].il 6.55 Q. 1'>1 9, 0,.1 311. 4 336R, I 04?.2 1~4.077 fZ. 339·4 
12, CH1~ Ill ,r. ··01':i 6.33 9.?9 0.~o 448,4 356!1. , 1'1414 1111. 5!: 9 2,2770 
14 • 0.f·'. ~1 et, i'":'Al.:'. ,, .15 9 • 1112 8, C'P 610!. 4 3747. • 01411l13 05. 7~ 3 IZ,23~6 a 
16. c:-'.·::- 0. 0"011 6.00 a.PO B ,0,l 797,2 39'19. ,0403 74,rz73 IZ, 2~26 
18. 0~1 ;>. 0 I ~(·'01;: 5.1!7 A, 60 A• r."i' HHl9,£'1 41'198. ,0J9? 65,11Z3 IZ I 1761 
21'1 ,(.l!W 0 ,~H:0'1''i 5. 71\ A.43 ~. ('.''.' 1245,7 , 4195. ,1'1395 56.en IZ, 1r;e7 

Fig.5.2.1.1,p.14 
c.) 

22 ,111;1r. Ill, r.:·011A 5. li5 A, :?8 0 I (':'.1 15£'17.3 4324. , 11l391 52.2~9 IZ, 1430 
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I ( 

I•, 

;..ui 
·.I 

N 
-...J 

r."' 

DIA RELRUr 
IN, EIDIA 

24,('IJO 0,0P0~7 

VCL 
rPS 
5.56 

vcT 
rPS 
8.15 

• 
VLCTV THROUGHPUT AtYNOLDS rM . 
r~s TONS/HR NUMBER HIX 
8,0~ . 1793,8 4445, ,0388 

PSI 
Ml 

47,513 

2591615 6, crno 
8. ('10;:1 

Hl.'100 

{l,0'.·)030 7,22 
tl,M02;i 6,83 
(J,rc~"'10 6.55 
:l,0!lfil15 6,33 
~·. ('.!>.'0P 6 .15 
o,0r 1011 6.V'ICI 
0. fo''fil10 5. 87. 
", ::i~:0r9 5. 75 
0. (.•,lfill'.'8 5. 69 
'1Jo:."L1007 .. 5,56 

10.!58 
u1.n 

9 .61 
9,29 

.Q. ~2 

9. (11(1 

9. 01J 
9 ,(llCl 
91 l1IC'I. 

126,:. 
224,2 
350,4 
504,5 
686. "7 

896,9 

3492. 
3826. 
41'ltl. 

'l'l419 
t '11407 
,039n 
,0391 
,111385 
• '11380 

··1a91211 

.. 12. 0~1~ 
14 • ~11111 
16, 0~~f.I 
18. !1fl~ 
2G. C1•:J0 
22 • l't-"~ 
24,MU(ll 

6.000 
8, OtAtl 

1'l.ClmJ 
12, ~QICI 
14. '100 
16, CHIO 
1a.on.i 

.i'O. ~;,1'.l 
22.111:n 
24, r1·1?-~1 

:0, CIP03t! 
·0,n1102? 
0, 011~1A 
0. 0:.101 s 
0, 0'.:i013 
0. 011011 
0, 0,~010 
0, !'h10Cl9. 
0. 01~008 
0100007 

8.n0 
8. 1'10 
11. 43 
a.20 
8 .1.5 

9 ·'-"" 
9. 0() 
9 ,00 
9, Oli.l 
9 ,0C1 
9 ,00 

7.22 i0.58 10,00 
6.83 1(11,1112 10100 
6.55 9.61 10.0ci 
6.33 9,29 10,0IJ 
6.15. 9,02 10100. 
6.00 a.110 10100 
5,87 8.110 10.00 
5. 7 5 ... 8 .• 4 3. - 10. 0 0 ....... 
5.65 8.28 10100 
5.56. 8.15 1010~ 

1135,1. 
1401. 4 
1695,1 
2018,0 

··-· 4 350. 
4568. 
4766. 

---- 494 7. 
. 5115. 

5272. 
5421'1. 

14111,L 417tll, 
2491l __ 4568, 
389,3 4903. 
560,5 5194. 
763,t'I .. 5455. 
996,5 5691. 

1261', J 5907. 
155.7 .1 - ____ 611'18 '-
1884, 1 6295. 
2242,2 6471. 

. t 0376 
,111373 
,0369 
,0366 

,0397 
,0J86 
,03711 
,0372 
10366 
t l/J362 
10358 
, 0354 ... 
,0351 
,0349 

146.122 
121.2e6 
102.4~4 

8B.4'i6 
7717<i8 
69.3~3 
621475 

·. 561810 

304,322 
221.ee0 
1n.ne 
142.2<i9 
121:1.218 
103.8'i3 

9113!! 1 
81,4~5 
73,3e3 
6617:!9 

K!Lll~HR 
TON•t11 

fZ t 1311l0 

e,1102 
0,5176 
e, 4051 
2,3317 
e,2e02 
IZ 12421 

- 2,2128 .... 
2,le97 
2,1709 
2,1554 

218325 
e ,6010. 
e,4753 
e,38~3 
e,3;>8? 
212842 
e, 2 499 

. ... e .•. 2221 
11:, 2'111!7 

. 2 ,1826 

6. 0u~ 01 0~0.3n 
8.11''°'~ 0,(1111022 

1 0 , f.HHl 0 , ~ :l 0 18 
12.~.n 0,<i1101'i 
14 .~~0 01f;Jl~013 
16 • Cl()~ 0 I 0 il 011 
1 6 • ,1 ~,I?' 0 ,fil !·: 010 
?.'.),fil<'J~ 01;1111~HJ9 
22.0;11~ 0,0i1009 
:?4.0~0 0,0"1007 

1.22 i0.58 1L0o--····-·is•L2 4a95. ,0380 351.17~3 e,9622 

6 ·"IH~ 
8,"1;)0 

10.~1HJ 
... 12 .00~ 

14, OIJU 
16, \l".j:'\ 
1 e. (llJ(J 

20.0;i~ 
?2 ,!l~JO 

. 2 4, filH' 

· 6.83 10.02 11.00 274,1 5363. ,0369 256,558 e,1010 
6.55 .9.61. 1110.0 ........ 428,? _____ 5756. ___ 1.0361 _20019U __ .IZ1'497 __________ , _______ _ 
6.33 9,29 11,00 616.~ 6090. ,0355 164,618 .. e,4523 
6.15 9,02 11.00 839,3 6404, ,0350 139,1~3 e,3005 
6,00 ·8,A0 .. 1i 1.0Q. 1096,:2 ____ :_6681, ·,0346 . 12012~5 .- 0,~289. 
5,87 8,60 11100 1387,4 6935, ,0342 105.1~1 e,28~2 
5,75 e.•3 11~00 1112.8 1110. · ,0339 94,2f2 e,2919 

.. 5.! 6? __ a_. ?.8 ___ 11. •. 00 ___ ?01215 ___ 139iii. ____ , 0336 ..... 8.4 I 9f 3 ___ 2, 2 32 4 
5.56 a.15 11.00 2466.~ 7597, .,0334 7712e0 e,2114 

0,(11~030 7.22 10,58 12.0~ 168,2 
" t 0. '.j 0 2 2 6 • 8 3 10 , 0 2 • 12 I 0 t:J ... .. . 2 9 9 o 0 
0.~~~18 6.55 9,61 12.00 467,1 
0,0·1015 6.33 - 9 .• 29 .. 12."10 .... - ... 67'?. • .7 
010~013 6.15 9,02 12.00 915.6 
0100011 6.0~ e.s0 12.oci 11~5.9 
0e3D010 5,87 8,60 12,0~ i513.5 
0.0110~0 5,75 13,43 12.00 1868.5 
01~~078 5.65 B,28 12 100 2260.9 
0.z~o01 .. 5.56 .. 8.15_ i2,0n .2690,7 

5667. 10364 
620A, ,11J354 
6663. 10347 

- ... _70611' •.. ,0341 
7414. ,0337 
7734, 10333 

·-- 6'12A, .. ,0329 
831'110 10326 
8556. ,0323 

.. _.8795, . ,0321 

401,845 
293,:t74 
229,672 
.188,H3 
159.0!:2 
137,4<;9 
12019~6 
107,825 

97,!';9 
88 I '119 

1 ,2992 ..... 
lZ t 8020 

·2,6283 
lZ. 5140 .. 
e,4351 
e,3761 

.... e,JJ08. 
e,2950 
IZ,2659 

.. 2.241.9 . 

6.001?1 0,Vi7'030 
8, C'IOO 0 i ~H,~22 

1~.01~'.1 0,M016 
12, '11"1>, 0, ~J.Hl15 1 

14,Cl\1' .. l 0,:i .. i01~ 
1 6 o '1 i.1 (;1 f'l I "'.·'. ~ 11 
18,Pl!J0 011'1P01;" 
20, 'H1(1 0 1 '1'.10P<i 

1.22 
6.83 
6.55 
6.33 
6.15 
6 .0'1 
5.87 
5.75 

i0,56 
10.02 

9.61 
9. 29 
9,02 
a.no 
8. flfll 
Fl. 4 3 

13,00 
13 ,0'1 
13. 0;• 
13. 0;.J 
13 I Oil 
13,00 
1~.0c 
13. 0l•) 

182,2 
323,9 
506,1 
728,7 
9.91. 9 

1295.5 
1639,6 
21/J24. 2 

6464. 
. 7104. 
76?.4. 
8(1178. 
648;,\. 
RA49, 
918fl. 
94?A, 

.0351 
,0342 
,l/J335 
,llJ329 
,V'J25 
,0321 
• '11317 
• '11315 

454150 
331.6~4 
259,8<;8 
212.9<;5 
191Z, 04 IZ 
155.6f3 
1J6,9~e 
122 .1a 

1,2434 
lZ. 9'17 3 
217109 
lZ, 5Fl26 
2,4925 
lZ t 4 25 Fl 
lZ I 3 7 4 6 
lZ I :!3~ 1 

• • • 

-. 

-. 

-. 

•. 
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r..., 
Lc:-1 DIA 

(~ r IN. 
22. :~,;;) 
2 4, CH10 

6. (.)~1 0 
( 8. 00'-l 

10. 0il0 

(· 
12, ~HH'I 
14. 910" 
16. 01'lel 
18.00~ 

l 20dJiifl 
22.0~') 

; ( 
24 '(l!(1\I 

6. (H.Vi!I 
8, Ollli'I 

(. 10 .crn;i 
12, 'lU:J 

t· 
14.MO 
16. l'~'Y.I 
18,030 
2~11H10 

( 22.C'GVI 
24.0U0 

l l[1 6 .~012' 
l\J 8.000 
00 10. 01rn 

l 12.~o~J 
14, l'l(JO 
16 ;•H:e-

l 18.nrn 
20,l'JN" 
22. "'~!0 

(' 2 4. ~10>~ 

c· 

l 

( 

( 

(.. 

I...• 

I...: 

llHRUF 
EIO 11\ 

0. •;):'!0;"8 
0 ,;,roc1 

01 ~·!03~ 
0,0r.1022 
ei.l'lt'018 
0,0f'015 
ei.~.<1'113 
0. 2~1 011. 
0. 0\1:0j,C:• 
0 I :)1H!J119 
0,0~DU\ · 
0 I 0!'o01'7 

010!'10JS. 
0 .~ti0?.2 
0.~i.i:110 
0. 0~1015 
0,01101:1 
0, r~·011 
0,0'.'01~ 
0 I :')•,:10<~9 

C ,0::l0C'O 
e I 000~:.7 

€1,IWIJJ:." 
0.111~~2'22 
1(1, 0~~018 
@, Qll·lCl1!i 
0,0'1013 
". 011 011 
"· 0;101;J 

VCL 
FPS 
5.65 
5,,6. 

\'CT 
rps 

VLCTV 
rPS 

13. 0::J 
13,00 

THROUGHPUT 
TONS/HR 

2449,3 
?.91419 

REYNOLDS f'l1 P51 KIL.11:.HR 
.. NUMRr.R . · MI)( . M 1 ..... TCtl•11l .. 

11'l111Z111 IZ ,3'112 
HHl,H3 · 212740 

B,28 
8,15 

97991, 10312 
!.0063. I 0311:l 

7,22 10.58 14100 i~~:~· ?34i; 
6.B3 1c,02 14100 348,8 8047 •. 
6.5~ 9,.61 14100. 545,l'I . - 8637. 
6.33 9,29 14100 784,8 9151. 
6.15 9,e2 14,00 1068,2 9609. 
6,00 .. 6.80 .. 14,00 ..... 1395,2 .. ____ 10025. 
5,87 a.~0 1410~ 1765,8 10406. 
5,15 a,43 14,00 2100,0 10j60. 
5,65 3,28 14,00 .2637,A .11.091'!, 
5.56 ~.15 14,00 3139,1 11400. . 

.7.22 t2'. 58 .. 15, 021 ... . 210.2. ______ e2501 
6.83 121.~2 15100 373,7 90381 
6.55 9.61 15. 0r1 583,9 9700, 
6.33 9,29 15 I Oi:I .. 840,8 . - .10278. 
6 .15 9.n 1'5. ('H) 1144,5 1'H92, 
6,00 8. !10 15,00 1494,8 11259. 
5.87 8. 6fl' 1510~ .. 1891.9. ·--116881 
5,75 8. 43 15100 2335,7 12'11115. 
5,65 8.2e 15,00 2826,~ '12455. 
5,56 8.15 15100 3363,4 .. 12804. 

7,22 10.58 16 ,l'l(J 224,2 9197. 

----··--·· 
10340 509,821 1,3945 
,0331 372~rze2 1,e110 
10J24· 291,5~0. e,7976 
,0310 239,0e1 e,6538 

· ,0314 202,0~4 IZ,5520 
,111310 ... 114.7•9 ... e,.4760 ____________ _ 
10307 15317~1 1Z14205 
,0304 131,0~1 e,3750 
,0302 .. 1231622. IZ13381 .... __ _ 
10300 1121455 IZ,3076 

I" 3 2 9. . 5 6 7 I 5 7 5 -
10321 . 414,326 
11'l314 324,H7 
1i'l3i'I? 266,246 
1031'15 225,11Ze 
,0301 19'1,6~0 

.115.526 ··-·- --- -- ... ··-·-· . 
.111333 
218885 
2. 7283 . .. : --· 
216157 
e,5325 

.10298. 171,2t3 
1l'l295 152.7-:!7 
10293 1371719 

.10291 .. 1251328 

_ . e I 4 6 8 5 .. ·- _ ---··. . .. . .. _ .. . 
014176 
e,J767 
e,3420 

10320 627,Bi9 117174 . 
6,A3 .HJ,02 16 ,0l:l ... .. 398, (> ... -10075 I .. _. I 0312 .458 I 441 --· .11 ?54i:) __ . ---·----· .. ·- .\ .. --- ·-· ... 
6,55 9,IH 16. ''Hl 622,S. 10813. 10306 359,344 0,9830 

·6.33 9,?9 16100 896,9 114 57. I 0301 29415~3 e181'l58 
6.15 9. fl'2 16, 00. 1220, lli . 120311 . ·I 0296 
6,0(11 8,A0 1610~ 1594,5 125511 10293 
5, 8.7 8,60 16,00 2018 ,"1 13<'l29. ,0290 

24910ee 2 ,6814 
215,422 015093-
109,543 e,!1185 

01.lll:J0119 . 5._75. 8,43 16100 2491.~ ..... 1~471 •. 10287. .16910~2 _____ 01~624 _____ --- - ---·· ... 
l'J 1 $<.!Z·~8 5,65 8.28 161011 3014,6 13A84, 102a' 152,"140 0141.70 
"I ~~·007 5.56 8,15 

16 ·'"' 
3587,t: 14273; 10283 13B17H~ e1J794 

• • • 
~1 .. ' 

") 

'l 

•) 

) 

') 

., 

j 

') 

.) 

..) 

Fig. 5. 2 .1. 1, p. 16 
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rrJUR QATA l'OJIJTS 
SLURRY: S<; I llf'.THACOAL I 5.1, I 6~) 3-12-77 

I RC<CMl RS<CMl RAT<!> LNlRATl!ll Ch!Xl CV!Xl TEMPie> S SL TAUKlll SH YIELO!OYNES/CM/CMl 
1 4.0~00 0,9421 4.2458 1,4459 ~4,6 39,9 26,0 1.429 0,791 0;5814 1.046 2,32 

RPM 0 I AL . -; T 11 F. S ~f K Pl G f M 13 R 0 GA H 
10. 15.2 26.113.~6£•04 12,47 
20, 16,5 26,336.13E•1114 24,95 
50. 19,2 33,061.53£•1115 n2,37 

1~~. 22,3 JR,423.e6E•05. 124,73 

ALVGAM OMEGA 
12,47 1.0472 
24,95 2.e-944 
62.37 5.2360 

124 I 7311'J, 4720 

L~~OMEG~l LN~STRES~) 
0,0461 . 3.2623 
0,7393 3.3439 
1,65·56 3,4983 
2,3487 3,6487 

K a 16.8~ N = 0,168 KYP • 14,78 NYP c 0,181 RYP c 0,9937 

- I 

STRESS a 25,46IOMEGA )•• 
STRESS • 4,531KEMGAM)•• 
STHESS a 16,801BROGAH)•• 
STRESi • 16,801ALVGAM)•• 

0,168 
0 .168. 
0.168 
0,168 

R a 111,9932 
R • 111,9932 
R c. 0,9932 
R c 0,9932 

TAU~TAUY 
23,79 
26,01 
30,74 
36, 10 

Fig. 5 • 2 . 1. 1, p. 1 7 
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I 
SYSTEM PROPERTIES 

MINERAL SS! ~ETH~COAL (54,6Xl 3-12 .. 77 
AVERAGE SOLi~ SPEC!f!C GRAVITY IS > --- 1,429 
LIOUJP PHASE SPEC1r1c GRAVITY 

·-SLURRY .. _ .SPEC If IC GRAVIJY 
!SL) --~ 0,791 
(SM) . - - - .. 1, 0 4 6 

SLURRY CONCENTnATION ~y ~EIGHT 
SLURRY cnNr.~NTRATION BY VOLUME 
ABSOLUTE P!P[WALL ROUdHNESS ![), rEET 
GRAVJTAT!O:JAL ACCELERATl~t-1 
SLURRY TEMPEP~TURE (TEMP), DEGREES CELSIUS 

.PIPE TYPE. 
PIPE SLOP[ 

!'"IESH 

0,007/1~1~ 

11-"HJ/2'-Hl 
2mJ/325 
325/PAN 

TOTAL "' HH'l.11 

PERCE~T· 

0. 30 . 
13,n 
65. 6j,ll 
2").40 

. -
W[IGHT~O MEAN ~IAMETER "''•8349[•02 MH 
cor.r•ICIENT or VARIATION : 44,68601 
DRAG corrr or WE!GHTEO HE~N DIA a 215,939 
REYN'.JLOS NlllHl(R or SETTL!r-G • 0.11 

__ ., 0,946 
__ .,.QI", 399 
----0,00015000 . 
--- 32.1573 f[ET/SEC/SEC 
--- 26.0 

. • .,.HORIZONTAL 

f iiROUGHPUT°. Ir o~·S/HR > a SHOHT 
SETTLING REGiME a L~~IN~R 
VISCOSITY rACTOA : 1,0 ·- . 

ROSI~ - RAMHLER EOUAT!ONI R • 100 • EXP(~(O/ 0~0686491 •• 2,585t1'l 
SLOP:: i: 2,585615 ...... INTERCEPT .B.:;: ... 0,06!!64908340 MILL!HrT.ERS ... . 
CORRELATION cnErr, a 0,96~528 050 a ~.06 HILLlMETEHS . 

KVP :: 14,78 
511 T4EORY 

PH = N,A, 

NYP a 0,181 TAUY a 

• 

. ' -~. 

'''. ! 

• 

Fig. 5. 2. 1.1, p. 18 
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"" 
•'•· ... ... ·-·····-·- . 

~ OJA nEuwr VCL VCT VL.CTY•THROUGHPUT Rr.YNOLOS FH PSI I< ILloi;.Hf'I 
4,· JIJ. E/01 A FPS FPS FPS .JONS/HR NUMBER HIX t11 TCrHll 

' I 6. 0k1J "· 0:.1030 3,04 •I. 34 4 ,01'1 50,2 3958, ,0403 48,0f9 IZ,1468 
6 ,llDil 0. '11~'122 . 2. 96 4. 7.2 4. Ql(l 89,3 .. 4170, ,111397 35,442 IZ I ~062 ... 

·1fi.1. 01Hl 0 •""'01A 2.89 4.12 4. 011 139,5 4342. I 0J92 27,9~1Z IZ, 21!55 
12, I~ I~ ~1 0. ','1.101!; 2.84 4. '1'5 

4. ""' 
2f.10. 6 4468, ,0386 23,0e4 1Z,IZ70S 

14.01:'~1 0,!(18'113 2 .80' 3,99 4. "1~1 ;?73,4 . 4615. ,0384 19.616 IZ I 0599 
16,01H, 0,'1<1 1H1. 2.76 J,93 4,0G 357,1 4728. ,0381 17,0:!7 IZ, 2!320 
16.000 0, fllHH ti 2.73 3,89 4, l'JO 451. 9 463"1. ,0379 15,046 IZ, IZ 4!19 

. 20, ~1.1l1 0. C"t1009 2 .• 7,f'i - 3,85. 4. 00. 557,9 - 4924.1 .. .10377 .. - .13,·H4 . __ IZ I 0 411 -·· ----- ···-
22-. '10" 0 I (l:)0Cl8 2.67 3,R1 

4 I""' 675,1 5'1'09, ,037!1 12,176 e ,2372 
-·-······ - r-·-· ..... ··----··-·--

24. ~;J'1 0. '1('0'-17 2.65 3,78 4.0~· 603,4 5089, ,0373 11,ie9 IZ I ft339 

6. o:~~ 0; 000:5~ 3,04 4,34 5, 01J 62,8 5939, ,Pl360 66,9;i IZ, 2045. 
6. 01:1r. 0.~w022 2.96 4,22 5, rm 111, 6 6257, ,0354 49. :5~8 IZ, 1S08 -~ 

.10.':Hlr 0,IH'l011l 2,89 .. 4 I ~2 ... 5. 00 - . 174 1 ~ 6515 •. '0349 . 39 .12113 2I1191. -- ............. ·- -· ··- ·-- - r··. ·····-- -·· ... : -· 
12. nr.:;1 0, 1'10015 2.84 4,~5 5 ,l.Hl 251.1 6734. ,0346 .32,ieJ e,0983 
14. 0.0121 0,00013 2.80 3,99 5, 1210. 341. 7 6925, ,0343 27,3~:5 e,0835 ~. 

16.lllN-l ei.~"'4011 2.76 .3.93 5. "121 446,J 7095 •. 1034121 23,7~2 e. rz 726 
18. 0111111 0. 0(•01e. 2.73 3,89 5 I 00 564,9 7246, ,0338 20,9e9 IZ, 2641 
20.~0~ 121, 011009 2.7121 3, 115 5 I 'HI .697,4 7368, 10336 18,7e5 IZ ,0574 . ...,, 
22.000 121 10r.100a .... 2 o 6 7 _ .. 3,_81 _. 5 t 111121 ____ . 8 4 3 I 6 . ~!!17 I _ . I 1213~5 .... 16 I 9S2 -- ... IZ I 0519 ... ---·---------··-C .. ··-· .. ···- ··-- --------·--·---·-·-·· 
24.0~0 "'· '11(1007 2.65 3.78 

5, "" 
101'14 I 2 76361 ,0333 15 '505 Ii? ,0473 

_ ..... 

U1 --· 6, 0l'l0 0,'-100~:1 3.1'14 4.34 611211'1 .. 7.5,J 8274' ,0329 861241. e,269,_·_ .. 
I 8 I (111)0 0 ,£1:6022 2.96 4,22 6. "" 

133,9 8717. ,0324 65 1072 2,1987 
,w 10,CH'0 0.~1101a 2,89 4.17. 6 , 1210 209,2 9077, ,121320 s1,4e5 e11s7" ...... 12, l"O'~ 0. ;;1r.015 2.84 .. 'I .Y5 _. __ .6, 1110 ______ 31'11, 3 ___ - 938?.. ___ ,0316 ____ 42,'109 .. _IZ,1295 ... -----

14. '111Hl 121, n;101~ 2.00 3,99 6 ,1210 . 41121, 1 9648, . 10314 36,0~8 e,1101 
16. (J'1'.1 0 ,·:'IP011 ?. • 76 3,93 6,01'1 535,6 .9865. 10312 31,327 e,IZ957 ·::) 
16 I ~(l~l 121, 1'1021('. 2.73 3. 89 .. 6 ,'110 677 ,9 10r/198 •. ,03u 27,674. e,e114' -··· ...... ·····. 
20. nn:.'l i211P0C'l9 2.10 3,A5 6,00 836,9 1121293. ,0306 24 I 7 72 e,0756 
22 .1'1~-·~ 121, ~P0~1A . 2.67 3. 111 6 ,1110 1012,6 Hl47?. I 0J06 22,4e7 e,e684 
24 dHH'I 0 ,fl1'1007. 2.65 . 3 •. 78 __ 6,"1fil ...... 121215,1 _ ... 1_1'16_;59. __ ,1213f!!I : .. 20,4~9 ---~•0.624 ... 

6.Cl00 ". 01~0:50 3,04 4,34 7,1210 87,9 11119'1. ,0306 111.81e e,J415 
6, 1110•1 0 ,~fl0?.~ 2.96 4 .'2 .. 7 ,0111 - 156,2 11536. ·-· ,0301 82. 4:! 7 IZ ,25i7. 

Hl.~•11-1 0. '-11'112118 2.89 4.12 7,lllil 244,1 12f'i14 I .121297 65,116 IZ, 1969 
12. "10•) 0 ,Vl'.·1 015 ?. • 84. 4, 1215 7 ,00 351. 5 12418. ,0294 .53,723 2, 1641 
14.vHJ;J 121, '1('12113 2. 80 . 3 ... 9.9 - - 7,IHJ_ .... 478,4 12770. ,0292 45. 6f7 e,1395 __ . 
i 6. "'~,~, 121. 0.~12111 2. 76 3,93 7,00 624,9 1311183. ,Pl293 39,677 e11212 
10.0c0 0 , ... 11!1110 2.73 3,A9 7, 121!'1 790,8 13366. ,Pl28a 35dl~2 e .11'l70 
20 I ~JO?! 0, ~":·12109 . 2. HJ 3, 115 7 I '1!J 976,3 136?.~. ,0287 31,376 e,0998. 
22 .IHJCI 121,GiHWB 2.67 3,81 7, 1211·) 1181,4. 13861, • 111285 20,3e5 e,ee67 
24. Cl~J:l 121, l'l\'!0'17 ?. • 65 3.78 7 ,0ri· 1405,9 1081. • 0284 25,9rl5 0,2791 

6 I ~H:Hl Ill. 0·~0~0 3.1214 4,34 8, 01l 10121, 4 13Q611 ,0289 137,5t3 214201 
8. ?.'1'.J 0,iH02? ?. • 96 4 .22 8,00 178,5 14709, , 1'1284 11111. 3~5 IZ, Jl'l96 

..... 
~-

1e.0110 0, ~r·01a 2.89 4.12 8. 01' . 279."' 15317. 1 "2'30 OIZ,0E3 2 I 2 4 4 6 
12.~,(~0 0,(11-1015 2.84 4. 9-'5 8 I Q1'J 401. 7 15832. I 111277 66,0t4 2 I 2010 
14. rt''~ 121, 0·•01.1 2.80 3,99 8 I 0.1 546,7 1628~·. i 11127':.l 56,171 IZ I 1715 
i6.111<'0 ~. 0.)011 2.76 3. 93. 8 ,Oil 714. 1. 16679. ,111273 46,8e2 2, 1490 

Fig.5.2.1.1,p.19 
18 .1:1ct1 0,0:·011~ 2.73 3,89 8, I/I(\ 9"3,8 17~39. 10271 1:5,114 e,1311 
20. i:i11n 0· •. 1,•0•.•? 2.70 3,1.15 6. f'•' 1115,A 17.368. • "'27i1 38,5~~ e,1179 

. 22. o~:' :.1 ei, ih·~~,o ?. • 6 7 3, Rt .IJ, 0-' 1350. t 17671. , 111269 ;s4. 914 e, 11l66 
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RELRUr DI fl VCL vcT VLCTY THROUGHPUT REYNOLDS .. rM P~l KlLk.::.HR .. 

~·· . IN, E/IJIA rPS rps rrs T!JNS/HR NUMBC:R .111 x Ml . TOt1 .. 111 . ...... ··-- - -
I 24, IJiHI l1l, liltHHl7 2.65 3,78 8 I "l) 1606,6 17952. • fll267 31.6f' IZ,2973 

6. 00() 0.n<1~3:i 3.04. 4 .34 9, Dl:l _ 113,ql 17297 •. ,0214 . 165,512. 2,,051 ... . ·--·. . ··- - -·-···· - ··-· .. 
0, CHJ(1 :l, 0;102? 2.96 4. "2 9 I 01J 2~fll. !I 18223. ,0;270 121. 94'5 2. 3721 

121. C)!';-1 0.~1010 2.89 4.12 9 ,qi0 313,EI 18975. ,0266 96,2~2 111,2941 . ~ 

12 ,(J(.10 0.~~~1~ 2.84 4. f,:'15 9,llHJ. 451. 9 19613. ,0263 79 .• 426 2,2426 
14. ill111 0,0.HH3 2, B" 3,99 9 ,11J,, 61'5 .1 20169. t 111261 67,5e9 2. 21.162 

·, 16.i~~hl 0,n:rn11 2.76 3,93 9,00 8fll3. 4 20664. ,0259 58 I 6e4 2,1792 1 

18, 'Hll~ 121.(1~2'1J 2.73 ... 3. 89 ... 9."ill_._1016,8 . .... 21110 ._. , lll25D ... 51.824 l1J .1583 ··-······· .. - . . ..... ... ····-·- -·· ··········· ·····- ···-· ---·--· -·--- . ······--··-··- ·-
2e I 00(1 0 I ::'(10"-') 2.10 3,85 9 I f<li) 12'55,3 21517. ,111256 46,3e7 2,1417 
22 ,'Hl'il 0. ~C'10:'18 2.67 3. fl1 9 I fl'•~ 1518,9 21892. ,0255 41. 9f5 e,12e2 
24.0~H~ 0,0tHl217 2.65 3,78 9 ,00 .. 11307,6 22242 •.. I 0254. 38,328 2.1110.'_. 

,·· 
6.0Cil 0 ,:l!103fl 3. 04 4 ,34 10.00 125,5 211!950. ,0263 195,5J2 2,5971 ) '· 
8 .1rn·i.l 0. :il\:022 2.96 _.4,22 .. .lC,111"-. .223,2 .. 22072 •...• 0258 . 144,0:C5 ..... 0, 139 0 .. : .. ... ··-·· -- ··-·- -·- .. ..... .. ·-. --·· -·- ·-· - ----- ·-

13. 1rn:J o,0:~010 2.eQ 4 .12 10, 1iHl 348,7 22983. ,1'1255 113.717 .0,3473 
12. 001' 0, :1(:·015 2.84 4. 1'15 u.00 502, 1 23756. ,0252 93,?e? IZ,2864 
14. 0k)•il 0,l'l~.·013 2.00 3,99 1() ,·00 . 683, 4 24429. .025u 79,6f6 e,2433 
16, CP·~ 0. (;'1;·1 011 2.76 3,93 10 ,0"1 892,7 25028. ,0248 69,2~9 2,2114 

( 18.11ii.1''1 ('l,'1t·101C' 2.73 3. 119 1" ,-00 1129. 8 25568, ,0246 61.1~1 IZ,1867 
., 

2t'l .111~·~1 QI I iJ01'109 2 • 7'l! .. 3. fl5 .10 ,00 .. 1394,6. . .. ..26062 ·---- • 024' .54. 12e e, 16~1._ ··-· - ---- .... - ··-· -· ··---
22,"C·;) QI ,1'1~008 2.67 3I111 10.0r. 1607,7 265161 ,0244 ·49,5U IZ,1512 

(. ?.4 ,trn·:I 0. ~~1!,hi7 2.65 3.78 1'l. 0C'I , 201'18 I 5 26938. ,0243 45,te5 IZ,1380 

V1 6. rio;~ 0 I ~~JO:\·) J.04 4,34 11,1<H1 130,1 2491'· ,0253 227,6e1 2,6953 
( I 8, M121 0,0:io22 2.96 ·4,:>z 11.0111 245,5 26249. ,0246 167,4~3 2,5115 ·) 

w 10. vli~ ;i 0,'1·~016 2.89 4. 12 . 11.001 .. 383, 6 ....... 27.333 '- .• 0245 .. 132, 2:C5 . e,10Jo .. 
N ····-······- .. - --- - ··--- . - ·······-···---. - .... ·-· ----- --

12. ~11JIJ 0. C"\.1015. 2.84 4, 1115 11. fll('I 552,3 213252. ,0242 1"19,0~2 IZ,3329 
( 14 o1Hl!J 0,0i1013 2.00 3,99 11.00 751. 8 29053. , P124111 92,642 0,2829 ·) 

16. 01:•21 0.r.~011 2.76 3,93 11. ~rn 9A1,9 29765. ,111238 60,494 0,24'8 
18. ~~1Ql 0.~11010 2.73 3,P9 11,0~ 1242,7 30407 I ,0237 71.124 e,2111 

(. 20 ,Ol{10 0 I GJ~~f11\<" 9 ?. ·, 7'lo ~.es 11.00 1534,2 30994. ,0235 63,643 IZ,1944 -, 
.22. 0~0 0 I 0:10\~A 2.67 _J,81 11.00. 1856,4 . ... 315J4 I .. 1111234 .... 57,575 .. fZ. l 758 . -·· -·-··. - .... .. ·--
24 I"'"'" 0. 0110:.>7 2.65 3,76 11,0J1 221'19, 3 32036. ,0233 52.545 IZ,160S 

(. 

6. "'1~ 0,<rn0.n 3,04 4.34 12 ,00 150,6 29186. ,0244 261,774 e,7994 .. 
8, (ll~O 0,M0?.2 2.96 4. 22 12, l"ll 267,8 30749; I PJ2•h! 192.614 0,5082 

<. 10 • I) ~l!' 0,0;!11)18 2.B9 4.12 12. k)V. 418,4 3211119 I ,0236 151,9~6 11'. 41'J41 .. 
12.C)~HJ 0, :Jt'•i1115 2.B4 4. V.5 _.12 ,01' . 602,5 3311196. _I 0234 125.2e1 e, 3821'1 . -· ·-··--
14 ,!11Wl 0.~:1013 2 .811' J,99 12 t 01J • 620,1 34034, ,0232 1'16,446 e,J251 

( 16. (~!"1 0I0~111J11 2.76 .3. 93 12, 111:1 1071,2 34868. • fll?.3'1 92,4!!9 11',2824 ) 

18.0l"OJ 0 I :;lf101Q\ 2.13 .3, 119. 12. Qli'.l 1355,7 35621· ,02211 81, 60 IZ,2494 

2J ·"()"' 0 I '.iJ()(l?l9 2.10 3. 115 12.0fl 16 73 t 7 36308. ,02?.7 73,0~4 2,22~2 
\ 22 ,1'100 0 ,'ih'07-8 2.67 3,111 12,01'1 2025,2 36941. ·"'226 66,1'3 2. 21119 ) 

24.Pltln 0, Qli'0r.7 2.65.:J,76 12 I ~'11 .. 2410,2 37529. ,0225 60 I 3f.2 IZ,1843 ... -· - ··-----

(. 6.000 0, 111r.030 3,04 -4 I 3 4 13. "'" 
163,2 33?61'1. ,0237 298,0~5 0,9122 

e I (ilfJ~ 0, 0,Hl22 2.96' 4,22 13 ,01J 2911' .1 355613. • 0237. 219.142 2 I 6(192 
10. 01-1~1 0, v.i:i018 2.89 4.12 13 ,0t: 453,3 37l'l37. I (11229 112,en IZ, '5;i78 

~. 12. llL'~ o, ?)·;1 015 2.B4 4. 115 13. ~f: 652,8 38282. ·"'226 1'12.4~3 2 I 4 35 2 · .. ) 
14 .11110 0,1-:c01:~ 2.00 .3. 99 13 ,0e. 888,5 39367. • "'224 121.11'~6 2,3697 
16. !Hl0 l'J I 21!J01l 2.76 :J,93 13,00 1161/J. 4 40332. ,0223 105.1~e IZ, 3 211 

I 18. 1:1•11 0,~001') 2.73 3. 119 13 I fHl 1460,7 41203. ,0221 92,Btlil 2,203S 
2 Iii. \l~l\J "•"'H:le? 2. 7'1 3,85 13,0H 1813,2 41997,· ,kl22ll 03. ie e fZ I 2 <jJlj Fig.5.2.1.l,p.20 

; 
'·· 

:; 
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DIA l'lELRur VCL vcT VL.'CTY THROUGHPUT_ REYNOLDS rM PSI KILW:HR "" IN. E/l)JA F"PS rps. rPS TONS/HR NUMBER MIX Ml TOrl•M I 
22, ll\1\) 0. Clt~0!:'0 2.67 3.A1 13. 0'1 2194,0 4273111, ,0219 75,179 e,2296 
24,l'll:lVI 0 ,0 •. 1111'1'7 2.65 3,78 13,00 2611." 43409, ,0215 68,628 e, 211195 "" 
6, Mliil . .., • Ql:~0J'1 3.04 4,34 14,00 1is,7 3f16Ji. 111123" 336,3111 1, e27fl · 
6,fb(H~ 21. ~l.lt'!22 2.96 4,'-2 14. 0l1 312,4 40699. ,022(1 247,H8 0,7549 I'"\ 

1(I,0u~I 0.0 11 018 2.89 4.12 14. 0'' 488,2 4238111. I r/1223 1941, 91Z2 e,5952 
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Volatile matter 

Fixed carbon 

Ash 

Btu/lb 

Sulfur 

Screen Analysis 

+100 mesh 0.3% 

+200 13.7 

+325 65.60 

-325 20.4 

100.0% 

Analysis of Coal 

As 
received Drl basis 

37.4% 40.2% 

41. 4% 44.5% 

14.2% 15.3% 

11,355 12,210 

0.7% 0.7% 
- - - - - - -

R-3025 

Moisture & ash
free basis. 

47.5 

52.5 

14,420 

Rheological data are listed on the computer printouts. 

Four concentrations were measured, two at 64% sol:ids concen

tration by weight, and one each at 60% and 55%. It was con

cluded. that higher concentrations, possibly above 70% by 

weight, could probably be pumped, although of course pipewall 

friction would be high. 

Nomenclature is given in Fig. 5.2.2.1-1. Along with the· 

rheological data are included the predicted pressure drops to 

overcome pipewall friction in psi per mile. The specific 

power (kilowatts to transport one dry short ton of coal per 

hour one mile) iR listed also. In both cases, pressure drop 

and specific power are for pipewall friction only and do not 

include pipeline bends, elevation differences, fltLlng 

losses, or pump motor efficiencies. 

As a point of comparison, the Black Mesa pipeline trans

ports 660 dry tons of coal per hour at 48% solids by weight 
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at less than 6 fps in an 18" diameter pipe. Pressure drop is 

approximately 21 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 coal

water slurry. It does of course require considerably more power 

to move the greater amount of payload. 

A range of pressure drops for pipe inside-diameters 

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 I~portance of Carrying Capacity 

4ii The carrying capacity of the 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 is 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 yields about 3200 lb of methanol, 

which in turn transports 6400 lb of coal. The loss of the addi

tional ton of coal that is consllined in the conversion process 

can now be charged to the full 9600 lb of fuel delivered to the 

power plant. The overall conversion efficiency of the process 

is 

9600 + 2000 x 
9600 100 = 83% . 

If the carrying ratio is increased from two to three, the over

all conversion ~fficiency increases to 86%. 

This conclusion is sufficiently important to merit repe

tition. While the direct conversion efficiency of coal to meth-. 

anal 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 methanol, requires about 

3000 lb of water for conversion,if the natural moisture in the 

coal can be used in the process, and yields about 3200 lb of 

methanol. The carrying capacity of this 3000 lb 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 lb of water carries 48 lb of coal. For a slurry which 

is two-thirds coal, the 3200 lb of methanol carries 6400 lb of 

coal. But the 3200 lb of methanol itself is equivalent, on a 

heating-value basis, to approximately the same amount of coal, 

so that the equivalent of 6400 + 3200 = 9GOO lb of coal is 

carried by 3200 lb of methanol. At Black Mesa, the same 3000 

lb of water entering the system ~arries 
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48 3000 x ~ = 2769 lb of coal. 52 

R-3025 

Now consider the removal of water from the coal-water 

slurry. In Report R-3022 of this series (see Table 1.1 above), 

it was seen that at the Mohave Generating Station, l,1J6,000 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 lb of coal consumed. 

In the case of the methanol slurry, of the 50% energy 

lost in conversion, .it seems reasonable to expect that some can 

be used, as 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 lb of coal and 3000 lb 

of water ~nter the system, and 2769 - 166 = 2603 lb of dry coal 

eventually appears in the power plant boiler. The transportation 

efficiency may then be said to be 

2769 - 166 
2769 = 94.0% . 

With the one-third - two-thirds methanol system, along 

with the 3000 lb of entering water, there is a ton of coal to 

be converted, a ton to be lost, and 2x3200 = 6400 lb to be 

transported. That is, 10,400 lb of raw coal enter and the 

equivalent of 9600 lb of dry coal emerge, for a transportation 

efficiency of 

9600 
10,400 = 92 · 3 % 

The advantage of methanol as a slurry carrier may now 

be portrayed as the ratio of its carrying capacity to that of 

waler, i.e., 
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10,400 x 0.923 -
2769 x 0.940 - 3 · 7 

R-3025 

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

tage is 

12,800 x 0.941 -
2769 x 0.940 - 4 · 6 

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 moisture 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 

tr~ated 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 methanol 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.l 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 th~ 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 the power plant stack. In 

principle, this latent heat, along with that of the water formed 

during c..:urnl.Justion, could be recovered by inat.:ill.:ition of suffi..

cient preheater surf ace to cool the stack gas below the boiling 

point. In practice, 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 

preheater is generally limited to about 300°F. However, the 

less moisture in the gas, the lower the temperature to which 

the stack gas can be economically cooled. And since 30°F in 

additional stack gas cooling is worth approximately a 1% in

crease in efficiency of the power plant, the availability of 

bone-dry coal should have some value by enAhling a small increase 

in power plant efficiency. 
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5.2.1.3.2 Effects of Moisture on Pipeline 
Operation 

If one now examines the entire 

mine-pipeline-power plant complex as an integrated system, it 

is seen that drying the coal along with the methanol conversion 

process offers several attractions. 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 bene

fit derives from the increase in pipeline efficiency because it 

is no longer necessary to transport the water. For We~tern ~oals, 

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. If 

the raw coal is only 20% moisture, the pipeline efficiency is 
" still increased 25% by d~ying. 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 further reduction 

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 of obtaining the drying 

energy from the methanol conversion process, as was also assumed 

in the discussion in Section 5.2.1.2.1 above. As noted there, 

the methanol conversion process is very inefficient, being 

estimated at 41% [Bodle '75] to 50% [Burke '75]. Most of this 

inef£iciency appears in the form of waste heat. If this other

wise 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 conversion 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 cost 

and transformed into high-grade.heat at the power plant, in 

defiance of the second law of thermod~namics. 
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5.2.2 Methanol Consumption and Marketing Options 

At the pipeline terminal, many options 

are available for realizing the value of the methanol. 

1. The slurr1 may be burned directly as a fuel 

in power plant boilers . 

2. The slurry may be separated into powdered coal 

and alcohols which, in turn, provide fuel for several applica

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 for methanol only 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 directly 

as fuel in engines for automotive and industrial applications. 

2.4 The alcohols may be marketed as vehicular 

fuel. If 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, vehicular {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 necessary to bring either 

concept to fruition. The use of methanol in 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 ul

timate 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 demon

stration program for the ultimate fuel. 

2.5 The alcohols separated from slurry may 

be further separated into the basic constituents for subse

quent 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-effi

cient of all coal transportation modes insofar as the con

sumption of mechanical energy of movement is concerned. When 

these two factors are combined in a system design and sub

jected 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 will be presented in 

Report SSS-77-R-3026, R&D Recommendations. 

5.2.3 Problem Areas 

It is necessary to recognize disadvan

tages compared to other approaches, potential pitfalls, limi

tations, technological uncertainties, and economic constraints. 
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The brevity with which these factors are treated here is no 

indication whatever of th~ir anticipated severity. The future 

work which is being recommended here should begin with a quan

titative, in-depth 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 Saf~t)[ 

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 less flammable than some of the fluids presently 

moved by commercial pipeline, flammability is certainly not a 

barrier to the introduction of methanol-coal slurry pipeline~. 

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 spill is almost certain to be more undesirable 

than that from a water-coal slurry. However, the consequences 

appear to be much less undesirable 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 Slurry~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 is 

dried in the pulverizer. One other methid 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 coal preparation area and, for 

the most part are ·similarly solved. One exception is the dis

posal of water from the slurry 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. In 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 they would primarily involve meter

ing, combustion, deposits, and wear. For open cycle gas turbines, 

hot corrosion and erosion resulting from high sulfur and ash 

contPn~ nf mnst ~nals 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 of coal mined in the United States (see Table 5.3-1). 

Fixed carbon ranges from 40% to 96%, calorific values from 9300 

to 15,700 Btu/lb 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 liquid fuels used in internal combustion 
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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 chan9es 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 ut1lization 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 feasible in gas turbines, although problems of corro

sion and erosion could result from the coal constituents of 

the fuelj depending on the particular type of coal used. Us

ing a methanol-coal slurry as fuel in reciprocating engines 

would be highly questionable because of the inherent diff i-

cul ties 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 

e 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-air 

ratios. Although the net heat of combustion of methanol (8550 

Btu/lb) is only about half that of gasoline, engines burning 

methanol can be made more efficient than gasoline engines. Com

pression ratios can be increased to take advantage of methanol's 

higher flame speed and good antiknock properties. Because it 

burns cleaner than gasoline, 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 [Bryson, 1974]. It is completely mixable 

with gasoline in concentrations up to about 15%, an advantage 

which facilitates its use 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 

having octane blending values of 120 RON and 91 MON would in

crease the octane numbers of the gasoline-methanol blend to 97 

RON and 85 MON [Wigg, 1974]. 

Methanol has some disadvantages as well. One of its most 

serious problems associated with methanol-gasoline mixtures 

is phase separation, which relates to the question of fuel sta

bility. Because of methanol's polar character, its solubility 

in gasoline is limited to about 15%, as indicated earlier. How

ever, 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 blend alcohol with gasoline 

at the pump, but this would also be expensive and require special 

equipment. Another problem with methanol is the possibility 
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of vapor lock occurring in the engine fuel system. The addition 

of methanol to gasoline considerably increases the volatility 

of the fuel. If 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 p~tential 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 performance, 

and additional l~aning by methanol may tend to compound this pro

blem. The wider flammability limits of methanol may partially 

compensate for the leaner carburetion, but the problem would 

still exist.· 

Essentially the only engine applications to date for meth

anol have been in racing cars and boats and in piston engine 

engine airacraft where it was injected directly into manifolds 

for added takeoff power. Some experimental testing has been 

conducted with methanol-gasoline blends during the past three 

years in late model and older model passenger cars, and the 

results sugg~st that in the area of f~el 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 is diesel engines presents a con

siderably. more difficult difficult problem than in gasoline 

engines. The high octane number of methanol, which is an advan

tage 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 compression 

ignition engine, particularly for starting and under idling or 

light load conditions. This would cause some complications in 

the engine design and no doubt result in greater cost as well as 

maintenance. Another potP.nt.ial problem would be more rapid wear 
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in the fuel injectors because of the low lubricity of methanol. 

With some development effort it may be 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 characteristics as a gas 

'turbine fuel, primarily because of its clean burning character

istics which result in a lower level of harmful emissions and 

should help to ensure 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 igni

tion 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. (FPC) 

[Farmer, 1976]. A .12.5-hr run on methanol was conducted at one of 

FPC'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 modi

fication 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 excel

lent. 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 ~n the nozzles. Test data for NOx 

emissions while burning methanol (Fig. 5.3.2-1) showed that, over 

the po~er range tested, emissions were 74% less .than with No.2 

oil. CO emissions were somewhat higher with methanol than with 
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No. 2 fuel, exceeding the projected EPA limit at loads higher 

than 15 MW (Fig. 5.3.2-2). However, the whole question of meet

ing proposed regulations is somewhat academic at present, because 

the regulations have not yet been promulgated. 

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, pro

vided it can be produced at a price competitive with petroleurn

based turbine fuel. With coal-derived methanol, this appears 

~o be a distinct possibility. 

5.3.3 Boilers 

The potential of methanol as a fuel for indus

trial 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 £or the 1977-85 period, 

as stated in his message to Congress in April l977, place heavy 

emphasis on both energy conservation and increased production 

and use of coal. Since coal is the Nation's most abundant 

energy resource, the President is thereby relying on coal to 

replace oil and natural gas for many industrial fuel applica

tions. 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 con

vert existing oil and gas-fired generators to coal. The same 

philos~phy applies to other industries that consume power, in

cluding the pipeline industry. The issues being addressed in 

this study of energy consumption in pipeline transportation sys

tems must therefore include not only efficiency improvements in 

pipeline drivers using conventional gas and petroleum fuels.but 

also methods of burning coal in those power plants. 

The conversion of coal into synthetic fuels presents diffi

cult economic problems. At present it is estimated that syn

thetic liquid petroleum, using the best available processes, 

wuuld have to sell for about $20-25/bbl, which is nearly double 

the world price of crude oil. It is also estimated that, based 

on current technology, 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. Pro

cesses now being tested in pilot plants would require a price 

at least twice as high as the free market price of natural gas 

produced and sold wi t:.h;i.n the sarne state; and three to four 

times higher than the government-regulated price for natural 

gas sold interstate. To build a conunercial gasification plant 
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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 [Mullany, 

1977]. 
ERDA, shortly after its creation in January l975, moved 

toward the implementation of large demonstration projects for 

converting coal to clean fuels. The conversion and use of 

coal was given high priority in ERDA's National Energy Plan, 

issued in April.l976. ERDA to date has defined several demon

stration projects for translating advanced concepts into com

mercial use. One, a clean boiler fuel plant, is now under way, 

with the award of a $237 million contract to the Coalcon Co. 

in l975. 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 [White, 1976]. 

ERDA's coal conversion and utilization effort is directed 

toward demonstrating second-generation technology on a near 

commercial 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 devel

opment 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 combus

tors containing sulfur oxide sorbents will be used in the 

burning of coal. This direct combustion technology is con

·sidered to have near-term (1985) potent.ial as an alternative to 

existing boiler systems that use scrubbers for emission control. 

While the coal conversion and utilization efforts in 

ERDA's Fossil Energy program discussed above have potential 

benefits in the overall spectrum of power generation, there 

are alternative' approaches which could have significant bene

fits more directly related to the pipeline industry. One of 
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these is discussed in para. 4.3.6 of this report concerning pipe

line ·application of fuel cells, in whic.h the potential applica

tion of fuel cell powered DC motors to eliminate throttling 

losses in liquid pipelines, is described. Another concept which 

merits consideration is the direct utilization of pulverized 

coal in liquid pipeline drivers with the coal brought to the 

pwnping station in the form of slurries. The technical and 

logistical aspects of this concept ~re discussed below. 

6.1 coal Dust as a Pipeline Driver Fu~l 

The question of substituting coal and coal-derived 

fuels for the petrolewn fuels presently used in pipeline opera

tions involves consideration of the practicality of coal-fired 

engines and slurry-fired engines and the logistics of transport

ing coal and coal slurries to the pipeline pumping stations. 

6.l.l 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 incombustible 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 whetper 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 concerning the optimum 

particle siz.e for efficient combustion in internal combustion 

engines. 

6.l.1.1 Reci2rocating Engine Fuel 

Early in the development of the recip

rocating internal combustion engine, attempts were made to use 
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coal as a fuel. Almost all work has involved the use of pul

verized. coal either in a dry state or slurried in an oil 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 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 in

dependently conducted by five industrial companies in Germany during 

the period 1916 to 1944, after· which all efforts in this field were 

terminated [Soehngen, 1976]. Under these programs, which were in 
. . 

progress for periods ranging from to to 24 years, approximately 

ig coal dust engines in the power range from 10 to 600 HP and 

rated at speeds from 160 to l6oo 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 mixture 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 sys-

tem 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,with resul

tant reduction in system reliability. The compressor-less self

injection system did not adequately control ignition timing or 

injection timing or fuel leakage from the pre-chamber to the engine 

cylinder during the ~harging period. 
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(2) Fuel and comb'ustion· Char·a·cte·r·is.ti·cs. 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 burnout 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 agreement 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. Major, engine components affected were cylinder liners, 

piston rings, injection nozzles, valve seats, and bearings and 

other sliding surf aces. 

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 

of comparable oil diesel engines. It is significant that vir

tually all engines built under these programs 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 

heen very lim~ted, but in qeneral 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 concluded that direct utilization of pulverized coal in pis

ton engines, at least those used in automotive and other mobile 

applications, 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

sitive to fuel quality; however, they would still face many of 

the same problems with respect to metering, wear, and exhaust 

quality. 

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 conyert the coal to combustible 

gases so that the gases may be consumed in the engine. Such 

gas producers convert carbon to carbon monox~de, losing about 

half the fuel heating value in the process. Cooled, filtered 

gas is 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 r~place 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 convention~J liquid fuels were not available. 

6.1.1.2 Gas Turbine Fuel 

Some of the problems involved in burn

ing pulverized coal is piston engines are also conuncn to the 

open cycle gas turbine. In particular, the _turbine is susceptibre 

6-6 



• 

• 

R-3025 

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 cylin

ders) in the compression and expansion processes is also an advan

tage from the wear standpoint. 

Modifications necessary to a gas turbine to burn solid coal 

efficiently have recently been investigated by Solar Divsion 

of International Harvester Co. The work was done under a sub

contract with Combustion Power Co., which had a contract with 

ERDA to identify the hot corrosion and erosion problems that 

would be expected in the hot end of a gas turbine burning coal 

in a fluidized bed combustor. The process included a fluidized 

bed combustor which operated on Illinois No. 6 coal, and three 

stages of filtration to remove the sulfur ~nd separate the ash 

from the hot exhaust gases before they enter the turbine. The 

investigation in<licated fouling, which can be expected from the 

fly ash at temperatures above about.47o0 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 contributor to the fouling mechanism, 

i.e, temperature/ surface chemistry, particle energy; and then 

investigate strategies for mitigating 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 economical~y in utility 

service. The contract covers the design, construction, and 

operation of a pilot plant comprising a gas turbine with a 

fluidized bed corrbustor. This 300 MW pilot plant will be the 
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first step in a practical application of this principle to 

power generation. 

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 corrosion problems can be successfully over

come, the open cycle gas turbine engine with the addition of a 

Rankine bottoming cycle could well prove to be a workable can

didate for a prime mover for pumps used in liquid pipelines. 

As was discussed earlier in Se~tion 4.l.l.2, an organic bottoming 

engine on a typical second generation gas turbine, representa

tive of those presently installed on gas pipelines, could achieve 

an overall efficiency of more 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. In 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 maint

enance 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 in a closed cycle 

power plant is exposed only to the working fluid (air in the 

case of a closed cycle gas turbine), it 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 placed in 

service in 1940. This was an oil burning plant manufactured 

by Escher-Wyss in Switzerland. The first coal burning closed 
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Brayton system was an Escher-Wyss/GHH 2300 KW plant which 

started operation in Ravensburg, 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 licensees. This plant had 

approximately 120,000 hours running time by June 1976, uith 

reportedly only minor problems and repairs. The combustion 

system could be changed in only one or two days to operate on 

coal, oil or gas. Altogether there have been some fifteen 

closed cycle gas turbine plants built in Europe, Great Britain, 

Russia ~nd Japan, as indicated in Table 6.1.1.2-1. A number 

of these plants, inclu6ing several which used coal as fuel, have 

accumulated over 100,000 hours.of operation. Turbine inlet 

temperature have ranged from 650 to 75ooc and plant efficiencies 

have been in the general range of 25 to 32%. Although those 

closed cycle plants have demonstrated ecnomic viability, utilities 

have been reluctant to install them on a broad basis, primarily, 

it would seem, because of the hitherto-wide availability of clean 

fuels whose combustion gases can be passed directly through a 

turbine.· Such factors, without strong additional incentive or 

special requirements, .pave retarded nine rapid acceptance 

and application of closed cycle gas turbine systems. [Harmon, 

I 7 6J • 

With the current emphasis on use of coal as fuel and 

with the advent in recent years of high-temp~rature materials, 

the closed Brayton cycle power plant may be the pref erred 

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 nitrate 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 l000°c (which should be feasible with ceramic 

materials in the air heater) and an organic bottoming system~ 

an overall efficiency of over 40% could be achieved in a plant 

of 2000 KW or larger. 
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6.1.2 Logistics of Coal Consumption in Pipelines 

The pumping stations in long distance liquid pipe

lines are 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 out of the question in most cases, the alternative would 

be to haul the coal by truck· from the nearest rail terminal to 

the pumping site, where it would have to be processed into pul

verized coal. This would be prohibitively expensive. 

6.2 Logistics of Methanol-Coal Slurry as Pipeline Fuel 

A potential ~olution to the logistical obstacle to use 

of coal in pipeline drivers lies in the use of the coal-methanol 

slurry, discussed earlier in Section 5.0 4 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 ccinsider use of crude oil and pro~ 

ducts pip~lines to transport slurry as well. Thus, pipelines 

which transport oils and oil field 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 liquids at the interfaces must of 

course be investigated. 
L . 

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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lhan with the conventional liquids. The pumps in crude oil 

and products pipelines are predominarttly 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 efficiency, 

piston-type pumps, as indicated in S~ction-G.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 in para.S, there is little question that meth

anol by itself is an excellent fuel for turbines. 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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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 rotating velocity of impeller 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 square of speed; and required drive 

power varies with the cube of speed. In contrast to positive dis

placement pumps, cen_trifugal pumps develop a limited head at 

constant speed over an operating range from zero to rated capa

city; therefore, ~xcessively 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 capacity 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 pump 
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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 decreased 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 

several advantages. No pump modifications are required, and 

circuit.changes are minor. With such a valve, flow can be 

varied precisely during operation to obtain required flow rates. 

However, throttliQg 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 overlQaded. Accordingly, throttling is generally used only 

for applications requiring frequent flow variations, in which 

high power consumption is acceptable. 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 boupl-
\ . 

ing, gear reduction, or variable speed motor. 

When two pumps are operated in parallel, the combined 

delivery for a given head is equal to the sum of the deliveries 

at that head, as illust.rated in Fig. 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 the 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 pipeli~e at 

a throughput lower than design. Operation at point a on the 

system curve requires a lower throughput, which can be achieved 

.either by throttling by an amount represented by H or by 

operating at reduced speed along the lower of the two curves. 

The variable speed method of reducing throughput would normally 

be the more effici~·nt 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 Gategorized 

into two principal classes: rotary pumps and reciprocating pumps. 

A rotary pump consists 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 centrif

ugal pump, the rotor components push the liquid toward the dis

charge port much as a piston of a reciprocating.pump does. Un

like 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 pres

sure. Typical capacity and horsepower characteristics of a 

rotary pump at a given viscosity are illustrated in Fig. 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 rang

ing from less than 1 centistoke to more than one million SSU. 

Their broadest field of application is in handling fluids that 

have some lubricating value and sufficient viscosity to pre

vent excessive slip at required pressure. 

Reciprocating pumps are positive displacement units that 

discharge a fixed quantity of liquid during piston or plunger 

movement through the length of the stroke. Disregarding leaks 
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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. 

The ~dvantages of reciprcicating ~umps are flexibility of 

operation, nearly constant efficiency for wide ranges in capa

city 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 mainte

nance cost du~ to the complexity of moving parts . 

Positive displacement pumps used in pipelines are predom

inantly of the reciprocating type. The inherently high effi

ciency of these pumps is almost independent of pressure and capa

city and is only slightly lower for a small pump than for a 

large pump. They are most useful in applications requiring 

high pressure and relatively 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 cur

rently in existence use reciprocating pumps. Pertinent data on 

these installations are shown in Table 7 .2-1 [Thompson, et al.,1972). 

Selection of pumps for slurry pipelines has been related 

p:r imar i ly tu 

abrasivity. 

centrifugal 

two factors: required discharge pressure and 

For required discharge pressures under 650 psi, 

pumps have been selected (for slurries other than 

coal) based on lower cost. For higher discharge pressures, only 

positive displacement pumps are technically feasible due to 

casing pressure limitations on centrifugal pumps. In systems 

where posiLive ui:::;plac..:ernent pumps a:re utilized, the more abra

sive slurries require the use of a plunger pump which has the 

capability to continuously flush the plunger of abrasive 
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Table 7. 2-1 

Reciprocating Pumps in Use in 

M~jor Coal Slurry Lines 

Length (miles) 
';. 

Diameter (inches) 

Annual throughput 
(million tons/yr) 

Type of pump 

Pump Manufacturer 

Pump drive (hp) 

No. of pump stations 

Total number of pumps 

Flow per pump (U.S. gpm) 

Maximum discharge pressure 
(psi) 

Concentration (% by weight) 

Maximum parti~le size 

7-5 

Consolidation 
Coal System 

108 

10 

1. 3 

Double acting, 
duplex piston 
Wilson-Snyder 

450 

3 
g_ 

550 

1200 

50 

14 mesh 

Black Mesa 
System 

273 

18 

4.8 

Double acting, 
duplex piston 
Wilson-Snyder 

1500,1750, 
1750 

4 

6' 4' 3 

2100,1400, 
2100 

1080,1785, 
1165 

45-50 

14 mesh 
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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, respectively. In the case of 

the Consolidation Coal and Black Mesa slurry systems, positive 

displacement pumps were selected because of their higher pres

sures and operating efficiencies as compared with centrifugal 

pumps. Piston and plunger type pumps were both investigated, 

and piston pumps were chosen as they.were considered to have 

acceptable life with the abrasiveness of the coal slurry to 

be pumped. 

Table·7.2-2 compares pump capabilities in existing slurry 

lines, including other slurry materials (limestone, copper 

concentrate, 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 in

creased from only 90 hours initially to 1100 hours with improved 

polyurethane 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 to 6000-hours. Maintenance life on expendable parts 

for low and high abrasive slurries is shown in ~able .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 throughput 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. 
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• 
Table 7.2-2 

• Comparison of Pump Capabilities 

Maximum ivlaximum Mechanical Maximum 

• Pump type pressure flow efficiency particle 
Pump type (psi) (gpm) (psi) size 

Plunger 3500-4000. 920 85-90 8 mesh 

-Piston 2500-3000 2700 85-90 8 mesh 

Centri- 600-700 50,000 40-75 6 mesh 
fugal 

• 

• 

• 
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.. 
Table 7.2-3 

Maintenance Life on Expendable Pump Parts 

Low 

Valves 

Piston rod 

Plunger sleeve 

Piston liner 

Brass bushings 

Packing 

Expendable Part Life 
(hours)"!< ----

abrasivity High abrasivity 
(,eiston) (,elunger) 

1100 500 

3000 

720 
\-

4000 

425 

6000 425 

* . Approx. 1500 psi differential pressure 
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Table 7.2-4 

Soeed Control DeVices for Electric 

Drive Slurry Pumps 

Type Speed Control 

Fluid drive 

Eddy current 

Wound rotor motor with 
liquid rheostat 

SynchiLodrive 

Pole changing squirrel 
cage 

1-Coal slurry lines 

wnere Used 

Consolidation Coal1 , Savage 
River,2 Black Mesal 

Calaveras,3 Waipipi4 

Bougainville5 

West Irian5 

Trinidad 3 

2-Iron concentrate slurry line 
3-Limestone slurry lines 

4-Magnetite concentrat~ 
slurry line 

5-Copper concentrate slurry line 
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Fluid couplings have proved to be satisfactory in high 

horsepower ranges. They are rugged, reliable, and require 

little maintenance. Eddy current couplings have performed satis

factorily in the lower horsepower ranges (less than 1000 hp} and 

provide more pre~ise control than fluid couplings, particularly 

at lower pump speeds. Variable speed motors have also proved 

satisfactory for slurry pumping service, although they are more 

sensitive to variations in load than fluid and eddy current 

couplings. The pole changing squirrel cage motor is a variable 

speed device capable of operating at two speeds and operates at 

high efficiency at either speed. By having several pumps in 

parallel with different speed ratings, combinations can be used 

to provide several speed capabilities. The ·~synchrodrive" unit 

is a device which combines gear reduction and speed control ele

ments and which can be obtained in any size required for a slurry 

pump. This results in a saving of space and cost, and mainte

nance costs should be low because of reduced complexities of 

the system. 

centrifugal pumps are used extensively for in-plant com

mercial slurry systems, typically those used for in-plant trans

portation of slurries in the mining, cement, and other industries . 

Their application is generally restricted to short distances 

because of their limited head capability, low~r allowable casing 

pressures, and lower efficiencies. On long distance slurry pipe

line systems they sometimes serve as booster pumps, 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 conunitting it to the pipeline . 

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 displace-
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ment pumJ?S 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 ciapacity can be lncreased 

or decreased simply by changing the speed of the pump. Belt

driven 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 de

creased to match the system characteristics. 

New coa~ slurry pipelines in the planning stages may require 

throughputs as high as 20,000 U.S. gallons per minute to be 

transported 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 capa

bilities of 4000 to 5000 gpm (as compared to the 1785 gpm maxi

mum 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 dis

charge pressure. It could therefore replace as many as eight 

of the present piston pumps in a long distance coal slurry pipe

line, and would probably require less maintenance. However, 

the axial flow pump is approximately 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 ERDA-supported program. 
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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 substan

tial proportion of the total transmission compression horsepower 

installed. Figure 7.3-1 (FPC, 1974; Gas Turbine International,. 

1974] shows graphically the. total capacity in installed compres

sion 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 centrifugal type. However, during 

1973, the trend reversed. Since the Arab oil embargo, not only 

have new units tended toward reciprocators because of their higher 

efficiency, but on those lines whose sources are decreasing, the 

first units to be taken out of service were the turbines. 

1'he 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 trans

mitted by a rotating impeller which, by centrifugal motion, adds 

kinetic energy to the gas by 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., pres

sure energy. A single centrifugal stage provides a relatively 

low pressure ratio (currently in.the range of about 1.15 to 1.4) . 

When larger ratios are desired, additional stages are added in 

series. 

The natural gas centrifugal compressor was originally 

designed for natural gas boosting service. Pressure ratios up 

to 5:1 or higher (depending 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. 
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The centrifugal compressor has broad pressure-volume char

acteristics. These are accomplished by using backward swept 

impeller blades, vaneless diffusers, and a variety of inlet guide 

vanes. Compressors using this type of staging have relatively 

low pressure ratios per stage, so a multistage machine is neces

sary for all but the lowest pressure ratios. 

One of the most important parameters for classifying com

pressor impellers hydrodynarnically is specific speed. It is 

calculated by the formula 

where 

_ rpmJ; Specific speed -- H3/4 

Q =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, effi

ciencies ot over 80% within the specific speed range of 400 to 

1350 can be e:l;(pected with most single·-stage impeller wheels. 

Figure 7.3-2 shows how the maximum flow capability of a com

presso~ changes depending on the head. [Walker, 1970]. 

Development of higher ~fficiency centrifugal compressors 

is continually 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 com

pressor of 1.3 pressure ratio with a 24-inch-diameter impeller. 
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Fig. 7 .3-2 - Centrifugal compressor case 
characteristics 
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However, the improvements in single-stage compressors cannot be 

directly translated into multistage machines, which require some 

compromises because of the broad range of flows and pressures in

volved. 

In a typical case, a given compressor configuration is de

signed to handle a wide range of applications. For example, Fig. 

7.3-3 shows a performance map of a Solar CSOS 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% im

provement over current centrifugal equipment. About 24 axial 

flow compressors have been built and operated in closed-cycle gas 

turbine power plants throughout the world; 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 flow. The operational problem sterns from 

the narrower operating range from design point to surge at the 

t.iP speeds dictated by available turbine speeds and inlet volume 

flows [Robinson, 1972]. 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 im

provements that are being made in centrifugal compressors, there 

appears to be little likelihood that the axial compressor will 

be built in any substantial numbers for pipeline service • 

The reciprocating compressor is classified as a positive 

displacement type machine in which a quantity of gas is drawn 

into a cylinder, where its volume is reduced and its pressure 

incre.ased by movement of a reciprocating piston. Piston com-
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pressors are designed for pressures as low as 1 psi above atmos

ph~ric 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 advan

tage of higher efficiency than the centrifugal compressor at the 

higher pressure ratios, although in many applications the centri

fugal can claim efficiency superiority at pressure ratios below . 

1.35 as illustrated in Fig. 7.3-4 [Walker, 1970]. 

Many of the gas engine compressors used in pipeline applica

tions are of the integral 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 driving a separate compressor unit. Unloader 

valves used in the compressor cylinders are of various types, in

cluding 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 centri

fugal compressor impeller has an operating flow range of approxi

mately 70 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 base load the centrifugal to a certain horsepower level and 

allow the reciprocating units to handle the station swings [Walker, 

1970]. 

In general it is concluded that, as far as efficiency im

provements are concerned, there does not appear to be any sig-
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nif icant rationale for advaricing the state of the art in the 

compressors themselves by ERDA 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. 

Fig. 

ZO - DISCHARH PRESSURE• 
no PSIG 

18 

HOltSEl'OWCR 16 

14 

IZ 

llECIPROCATlllG 
COllPRESSOll 

I.I U l.J 1.4 l.S 
PRESSURE UTIO 

7.3-4 - Horsepower required for centri
fugal 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 significa~t reductions· 

in resistance 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 reports 

R-3021 a·nd R-3069 of this series (See Table 1.1-1 of this 

report). 

For the simulation, the baseline -petroleum products 

reference system, with a linefill consisting of 70% gasoline, 

5% avgas, 5% kerosene, and 20% No. 2 fuel oil, was compared 

with the same system and linefill, but with viscosity reduced 

by factors of two and five. Selected output results are 

tabulated in Table 8.0-1. 

It is seen that for the 20-year period from 1976 to 1996, 

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 f_igures .·are obtained by comparing 

the "Lne:r9y Costs" and~'Present Value of Energy Used" for the 

three viscosity categories under the heading "Energetics" 

in Table 8.0-1. They are attributabl~ entirely to the in

creased throughput which could be obtained by viscosity reduc

tions alone and do not take into account any additional capital 

. expenditures which might be involved in achieving the vis

cosity 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 
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Economics 
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00 Present value of net cash 
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capital (%) 

Enerqetics 

Energy used (MM kw-hr) 

Energy costs. (.111M $ l 
Present value of e~ergy 
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Table 8 .0-1 

Viscosity Reduction Study* 

Baseline Case Viscosity reduced to ~ 

'I'otal (20 yr) I Average Total I Average 

1,704,590.797 85,229.539 1,704,590.797 85,229.539 

1,612,855.578 80,642.775 1,590,763.516 79,538.176 

430,947.094 21,547.354 431,157.617 21,557.881 

375,137.840 17,863.707 3 7.5 I 3 4 8 • 3 5 2 17,873.731 

136,608.590 6,830.429 136,787.037 6,839.352 

302,389.715 15,119.486 302,600.223 15,130.011 

115,793.697 5,786.185 115,902.142 5,795.107 

8.470 8.470 8.472 8. 472 

5,577,754.250 278,887.711 5,022,350.187 251,117.508 

225,170,787 11,258.539 202,796,.303 io, 139 ,'sis 
65 I 065 .'OQl - 50·, 549. 497 -

Viscosity reduced to 1/5 

Total I Averaqe 

1,704,590.797 85,229.539 

1,565,276.891 78,263.844 

431,413.906 . 21,570.695 
I 

375,604.641 17,885.935 

137,004.424 6,850.221 
-

302,856.520 15,142.826 

116I119 • 530 5,805.977 

8.474 8.474 

4,381,353.437 219,067.672 

176,965,961 8,848,298 

51,044.112 -
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(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 (100 mi or less) 

carrying liquids such as heavy crudes and heavy fuel oils wh~ch 

are too viscous to be pumped at ordinary ambient temperatures. 

Practice in the past has been to heat the liquid to a temperature 

much above its pour point (often from 140°F to 210°F) at the 

initial pumping station, then plimp it through an insulated pipe

line, kept hot by running a parallel, smaller line carrying steam. 

On such lines the pumping stations are usually spaced closely 

together and the oil 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 [Hale, 1973]. 

~1ore than 600 mi of insulated pipeline of all sizes, including 

length of pipeline up to 100 m{, 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 conduc

tivity (0.13 Btu/sq.ft/hr/°F/in-per ASTM D2326) of all commercial 

insulation materials. 

Ariother method of heating developed more recently uses a 

concept known as "skin effect current tracing'' (SECT). This 

system, as illustrated in Figs. 8.1-1 and 8.1-2, uses the prin

cipal of skin effect, whereby a conductor is placed inside a heat 

tube and grounded to the far end of the heat tube [Hutson, 1976]. 

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 

hea~ tube and conductor, causing an alternating current to flow down 

the conductor and return on the inside of tl1e heat tube. The deoth 

of penetration (skin depth) of the current is related inversely to 
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Figure 8.1-1 Basic skin effect 
tracinq circuit. 

Figure 8.1-2 Details of SECT 
power ci;(cuit. 
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the square root of the frequency, rel~tive magnetic permea

bility 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 degrees higher than that 

of the fluid. At the SECT control center, a transformer (Fig. 

a.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 applications, one 

heat tube is used for fluid pipes up to 12 inches in diameter, 
-

two tubes for intermediate sizes and three or more tubes on 

pipes larger than 30 inches in diameter. 

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 oil, 

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 corre

lated. within the accuracy of most experimental data (1 to 2%) 

with the de Guzman-Andrade equation.[Perry and Chilton, 197J]. 

B/T f' = Ac· 

This requires knowledge of two or more values of p for evalua

tion of the constants A and B. Whnn only one value 6f ~is 

known, the temperature dependence may be obtained within approxi

mately 20% with the generalized chart shown in Fig. 8.1-3 [Perry 

and Ch{lt6n, 1~73). The chart is based mainly on data for organic 

liquids and is representative of liquids such as crude oil and 

petroleum products. It is evident that heavy liquids experience 

a much greater change in viscosity with changes in temperature. 

than lighter liquids. This can be illustrated by the follow-
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ing example, which compares the viscosities of two typical crude 

o'ils at two different temperatures [Baumeister and Marks, 1958] • 

Temperature Vis·cosi ty 
{op) {CentiEoises) 

California crude, light 60 48 
l:>v fl 

California crude, heavy 60 3500 
150 70 

To assess the economics of heating pipelines to reduce friction 

losses, discussions were held with pipeline heating system contractor 

representatives. They ·indicated that such systems range in cost 

from about $1 to $5 per diameter inch per linear foot of pipeline, 

depending on the location of the pipeline, the temperature/viscos

ity characteristics of the fluid pumped, and a variety of other 

factors. (Refer to Table 8.0-1). 

Using th~ 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" diameter x 5280 ft/mi x 686 mi x $1/in-ft 

= $87 million. 

Since the present value of the energy saving, at the postulate~ 20~ 

year average cost of 0.037 $/kwhr which was used in the comparison 

of Table 8.0-1, line 11 was only $14 million, it is seen that the 

cost of energy would have to increase bi more than a factor of six 

to even pay for the installation. It 9eems obyious from this com

parison that the use of heating in a long distance petroleum pipeline 

is not ec0no!~1ically 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 rela

tively short distances, but would not be economically attractive for 

long distance pipelines un~il. energy costs were much greater at 

present and also probable until insulation costs were less. 

8-7 



• 

• 

• 

R-30'25 

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; 

prevention of contamination from corrosive products; reduced main

tenance 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 products. 

Thousands qf 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 [Kut, '67J~ 

In-situ coating is applied to lines already laid and avoids the w 

welding problem. Historically, the first coating of this type was 

carried out in 1947-48 in sour crude ~nd 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 cofupanies 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 ipplication 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 appro~riateiy formulated epoxy-type coatings, 

following sound surf ace preparation such as abrasive blasting or 

acid cleaning. 
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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 smootn coating to im

prove throughput. A thin film, on the order of 1.5-2 mils, is applied, 

following surface preparation by a rotary wire brush. Complete main

tenance of film integrity ~s not essential for this usage, and the 

welds will inevitably not be fully coated. 

Internal coating of gas transmission pipelines started in 

1953. At the inception of this development, many questions were 

raised as to whether the coatings used would have the necessary 

properties, and whether.the cost of internal coating would be off

set 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 coated. 

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 inter

nally coating pipe for gns pipeline service. As part of this pro

gram, some 10 different generic resins were evaluated, involving 

25 coatings, including 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 
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Reynolds number. As part of its work, the pipeline research com

mittee developed a new flow formula in which the effective rough

ness of the pipe is used as a factor. The following table compares 

flow efficiency with effective surf ace roughness of 36-inch pipe 

based on this new flow formula . 

Type of 36" pipe 

Internally coated 

Very smooth commercial 

Average commercial 

Stored 

Effective surface 
roughness (in.) 

0.000~8 

0.00045 

0.007 

0.0013 

Pipeline flow 
Efficiency (%) 

103.8 

100 

96.5 

91.6 

During this same time period, Transcontinental Gas Pipeline 

(Transco) conducted an experimental test program on 1199 miles of 

internally coated pipeline ranging from 20 ~o 36 inches in diameter· 

[Crowe, 1959]. Various percentages of pipeline were coated on 

different sections. Epoxy resin type coating was used, ·since engi~. 

neering 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 da~a ~ailed 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 ex

panding 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, applica

tion, and handling was to allow one cent per diameter inch per 

linear foot, with the smaller sizes of pipe running slightly higher. 
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Another project conducted during the late 1950's involved 

a series of tests on an 11.9-mile section of 24-inch OD x .250-

inch WT pipe· which had been in continuous service in the Tennessee 

Gas Pipeline Co. system for 10 years. The tests were part of _a 

joint project under the auspices of eight gas pipeline companies 

and two companies specializing.in pipe coatings [Klohn, 1959]. The 

project was organized in three phases: 

Phase 1 - The section was tested after 10 years of operation. 

Phase 2 - The section was cleaned with two separately run 
wirebrush pigs, and tested after·cleanin~ . 

Phase 3 The section 
followed ·by 
detergent. 
and tested. 

was cleaned with .two wire brush pigs, 
a 3000~gal. plug of Ketone as a 
The line was then coated with an epoxy 

The results of testing at various flow rates in each.phase showed 

that pipeline deliverability was increased by approximately 5 to 

10%, depending on the rate of flow. This increase was broken down 

to a nearly constant 4% increase directly attributable to the 

cleaning operation of Phase 2 and an additional 1 to 6% directly 

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 

~n a large-diameter pipe in commercial service. This question is 

answered by examining Fig. 8.3-1. The total increase in the trans

mission factor, which is directly.proportional to deliverability, 

varied from approximately 5% at a Reynolds number of 7 million to 

about 10% at a Reynolds nuinber of 7 million to about 10% at a 

Reynolds number of 18 m1llion. The tests were repeated on the in

ternally coated pipe in December 1959 (a year after the original 

tests) and, as indicated in Fig. 8.3-2, the results showed good 

correlation with the previous test results. From this it was con

cluded there had been no apparent deterioration of the interior 

coating. 
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A significant recent application was recorded in 1973 when 

Signal Oil and Gas Co. completed the in-place internal coating of 

an offshore gathering system. Included in the system were 3 1/2 

miles of two 12-inch and one 10-inch lines connecting platforms, 

and a 21.3-mile, 12-inch main line. All lines were internally 

coated with a polyamid-activated epoxy. Cleaning and coating oper

ations on the gathering lines were carried out simultaneously from 

the platforms, and, on the main line, from a platform and an on

shore site. Despite the fact that underwater tie-ins were involved, 

the use of divers was not required. 

Another potential application for epoxy coatings is for pro

tection against corrosion and metal loss within the interior surface 

of slurry pipelines. A recent paper [Jacques, 1977) evaluated al

ternat1ve methods for corrosion control against various system para

meters including capital cost, operating cost, and user suitability, 

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 combination, ranked the most favorably on a cost 

comparison basis. The evaluation of thin wall pipe with lining was 

generally favorable otherwise except for concern expressed 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 e~oxy lining. There is reason to believe that ample 

protection for a 25 to 30 year operating span could be provided 

with only 9 to 12 mils thickness of epoxy lining, which wo~ld make 

the cost comparisons evP.n more favorable • 

A current rule of thumb fur estimating the cost of intern

ally coating a new pipeline, as indicated by contact with one of 

the leading coating companies [Seefeld, 1977] is to use 15 cents 

per diameter inch per lineal foot for 6 mils thickness of epoxy 

coating, applicable to water, gas and petroleum products. For 
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slurry, the figure would be 25 cents per diameter inch, based on 

20 mils thickness of coating. These figures would apply for rela

tively 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 . 
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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 ~tudied intensively since 1964. Although the data are con

fusin_g and sometimes contradictory, the indications are that a 

significant drag reduction can be obtained . 

The theoretical basis for drag requction by additives gen

erally 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. S~veral investigators attrib

ute 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 0£ soluble additives, a similar phenomenon 

on a molecular level is postulated, since experirr.entally it is 

found that long-chain organic molecules have the most pronounced 

effect. 

The most convincing explanation for the phenomenon of 

drag reduction is that propounded by P. S. Virk [Virk, '75J. 

His model is based on flow experiements with water as the 

solvent and with solutions of polymers at concentrations up 

to 300 ppm. The results of these experiments agree qualitat

ively with carefully conducted experiments by R. J. Hansen 

et al. at the Naval Research Laboratory·, also with water as 

the solvent [Little, et aL]. Experiments with organic solvents 

[Ramakrishrnaro et alJ are also in qualitative aq~eement. 

At a Reynolds number· of 10 1 000, the minirtmm friction factor 

attainable through drag_ reduction, according to Virk's equa

tion, is 36% of the Newtonian friction factor; this is equiva

lent 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 hypo-

. thesis 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 distribution 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+) parameters as shown 

in the semilog plot of Fig. 7.1.2-1, taken from Brod [Brod, 1971). 

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" between 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 energy 

required to sustain turbulent flow of the system in the pre

sence of the additive. The mean velocity increases above New

tonian velocity across the intermediate elastic· sublayer, which 

extends from about lS<y + <60. This effe·ctive slip is the explan

ation 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 is: 
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r k t;, o 
(4.0+o) log.lo (Ref 2

) - 0.4 -[log10 (.,t2dW) 

where 

J, WO = parameters of the drag reduction system, 

experimentally determined 

Re = Reynolds number of the solvent 

d = pipe diameter. 

Pipeline tests of drag-reducing additives have shown vis

cosity reductions of 48%, equivalent to a reduction in turbulent 

flow friction factor of 15%, which would also be the reduction 

in pump energy . 

In report R-3022 tsee Table 1~1-1 above}, Sections 4.4.2.2 

and 4.5.2.2, the annual energy costs of U.S. oil pipelines 

were seen to be ~27 $ million each for crude and products 

lines, or a total of 254 $ million. The upside potential co~t 

saving is thus 38 $million/year, or 2.5 $million for each 

point of efficiency gain. Clearly, a well-conducted R, D and 

D program should be highly cost effective, and it is according

ly 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 computerscwhich assume many or all of the functions pre

viously performed by human operators. Automation is a term 

which is often applied to this process. 

The three major functions within a cybernetic system are; 

1) The collection of information relative to the state 

of the system. 

2) The processing of that information, along with what

ever operator input may be required, through an algorithm 

which calculates 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 independently of the pipeline 

system. This equipment is generally electronic, e.g., micro

wave communicators and high-speed computers. However, func

tion 3 must be performed by equipment which is part of the pipe

line .system proper, i.e., motors, engines, pumps, valves, :etc., 

and therefore performs noncybernetic functions as well. 

Earlier, Section 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 sel

dom obtains, and- therein lies an opportunity for energy con

servation. The existence of that opportunity was identified 

in Section 4.2.2, and the recommended approach to lifting 
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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 ojbective is infinitely 

variable pump speed control, and recommended the fuel cell-DC 

motor approach. The cybernetic functions (1) and (2), the 

communication and control functions, still remain to be addressed. 

As noted earlier, these functions are generally performed .by 

electronic communications equipment and high-speed computers. 

~he following discussion of these applications is taken 

from Carter [1974]. 

Pipeline scheduling involves collecting and processing 

informa~ion from all shippers desiring movements as to the 

grade and quantity of the material to be moved, 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 scheduie of movements to another 

group of people to handle the day-to-day, hour-by-~our, 

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 his 

account. 

3. The dispatcher must keep accurate accounts of the 

location of the head-end and tail-end of each batch of 

fluid moving through the line. 
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4. A dispatcher must deliver the proper amount of the 

right grade and quality product at the right 

destination for ~ach 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 fingertips the means for checking amounts of inputs 

and outputs and the fl?w through the pipelines by reading 

meters and guaging 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 ars data.needed by the 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 

communication with deliverymen and gaugers, giving instructions 

as to the time, quantity and quality of material to be delivered 

at locations throughout the system. Practically all the work 

done by a pipeline company is dependent upon effective dispatch

ing. 

' The dispatching operation is being automated in various 

ways by each pipeline company by using the electronic innovations 

of our day. In the early 197d's, Pipe Line .Company advanced 

beyond the dispatching operation just described to a centralized 

Control Center operation. This Control Center combines the 
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tremendous calculating capacity and data handling ability 

of the computer with th~ 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 

contr.ol. _This compares ~i th 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 acquisit

ion in the mid-sixties. 

On-line computer installations, such as that illustrated 

schematically in Figure 9.1-1,for data acqusition, dispatch 

calculations, and control are commonplace. In the future, 

they will be extended to all types of data. In addition to 

the present on-line reading~ for tank gauges, meters, temperat

ures, pressures, gravity, orifice flow rate, and interface 

detection, there will be on-line readings in the future for 

BS&W sampling, viscosity, vapor pressure, flash point, and 

even friction loss coefficients for dynamic hydraulic 

calculations. The principal advantage of on-data acquisitiori, 

is, of course, that it_ is must 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 represent

ing some 4000 on-line readings. 

Dispatching calculations performed at a central computer 

location offer a tremendous advantage, especially when coupled 

with on-line data acquisition, because the computer can make 

these calculations both rapidly and accurately. These are the 
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types of dispatch calculations for keeping track of tankage 

and line inventory, calculations for receipt 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. In 1974 there were five companies that 

reported doing some type of dispatch calculations using on

line data. 

There are definite advantages in having the remote 

unattended pump stations 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 gauges. 

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 unit 

at a specific time; or the program may or may not entail 

closed-loop operation. The computer can be tied to the remote 

supervisory control equipment to control pump~ng 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 control, 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 in~ervention. 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 of a suction pressure based on on-line 

calculation for arrival time of a different product, to the 

ultimate in which a schedule determines the closed-loop action 

for starting and stopping the pumping units, switching manifold 

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 op~rating conditions, and in t~king corr~ctive 
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 program al.so alerts the operator to any ab

normal conditions that are detected. 

The fastest-growing current recent development in the use of 

computers for pipeline automation is the use of the mini

computers. Figure 9.1-5 illustrates the application p~tential 

ARCO has an IBM System/7 computer at their Humboldt, 

Kansas, Tank Farm pump station. This computer is designed to: 

1. Effect station control 

2. Acquire data 

3. Maintain surveillance of operating conditioRs 

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 wiLh ta.nk 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 computer 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, housekeeping 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 

schedulos 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 acquires 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 conni t.i.ons and valve 

positions every minute. It detects abnormal 

operating c.onditions such as excessive pump 

unit vibration, excessive seal leakage,. high 

tank levels, etc., and takes whatever corrective 

action is necessary. If corrective action is 

necessary, 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 comput~r 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 dir~ctly 

available to those shippers that are equipped to·use it. All 

major operating records and statistical data will be kept on 

uisk storage data files within the computer system for immediate 

retrieval. There will be CRT display 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 required to perfor~ their duties. 

There will be computer-to-computer tie-ins with computers and 

terminals at the shipping companies and other pipeline offices 

for direct access of operating information; for obtaining the 

latest scheduljng information, inventory volumes, and shipping 

forecasts. 
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The foregoing discussion shows that the use of computers 

to control pipeline operation is a proved and well-accepted 

method of reducing oil operating costs. Additionally, a 

lit~rature search revealed that more than 100 articles have 

been written on the design of, and operating experience 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 satisfactory. Some operating companies are retiring 

existing systems in favor of more sophisticated new systems. 

In general, computer systems offer system control, optimizat

ion, information display and reporting, and telemetry capabil

ities. 

The literature review has also revealed that at least six 

companies of fer automation systems equipment design and/or 

installation. In many cases the progranuning of the controllers 

is accomplished as a joint venture between the pipeline· company 

and the controller supplier. 

Some of the ·major suppliers of compression and pumping 

units used in pipelines have also developed the capability for 

computing physical parameters affecting machinery selection, 

and have.rendered valuable assistance to the pipeline customer 

in optimizing system controls. 

In view of the well-established position of computer 

optimized control in the pipeline industry and the continuing 

effort within the industry to introduce further improvements, 

there does not appear to be any reason for ERDA-supported R&D 

in this area. 
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9.2 Leakage Inhibitors 

9.2.1 Leakage in Liquid Pipelines 

Leakage from oil 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, "Oil Losses and Shortages." 

Comparison of _this figure with the Total Operations Expenses 

gives an order of magnitude indication of losses. due to lead

age. 

Under Task 1 of this study, estimates of total energy 

consumption and of energy intensity were developed and present

ed in report R-3022 (see Table 1.1-1 above) of this series • 

Tables 9.2.1 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%, in 

comparison with fuel and power costs. Second, they are also 

a· significant fraction, that is, almost 20% of non-fuel 

expense. Third, ext:r.eme variations are seen from company to 

~ompany, in some cases assuming large negative values. ln 

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 recommendat

ions regarding energy conservation can be developed from these 

figures. Clearly while the companies are most certainly 
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MAJOR CRUDE OIL PIPELINE COMPANIES - U.S. INTERSTATE TRUNKLINES, 1976 

COST INTENSITY ANALYSIS 

Ccmp.:i.ny 

Lakehead 
Amoco 

Shell 
Mid-Valley 

Texas Pipe 
Line Co. 

Mobil 

Arco 
Marathon 

Exxon 
Ashland 

West Texas 
Pipe Line 

Southcap 

Platte 
Portland 

Chi cap 
Texaco-

C it i es Ser:vice 

Pure 
Tex a s-:11-\ex. 

Owensboro
Ashland 

Minnesota 

Cities 
Service 

1 
MM B-Mi 

293,629 
190,548 

128,236 
107,986 

94,083 

2 
M B 

391,540 
410,263 

368,829 
142,803 

335,957 

.93,114 308,884 

81,258 
63,480 

239,406 
256,586 

62,111 445,637 
52,542. 76,148 

!:-2,392 131,873 

44,234 69,378 

35,357 51,307 
23,322 140,242 

23,285 118,014 
22,715 109,398 

20,939 
16,567 

16,033 

93,228 
155,154 

54,348 

13,330 51,304 

12,788 104,546 

3 
Fuel & Power 

$ 

18,507,533 
16,878,116 

9,987,771 
9,977,C52 

6,6f>8,842 

8,401,E:43 

7,159,934 
5,646,913 

6,178,988 
3,594,068 

2,255,~50 

2,393,579 

1,821,852 
3,082,864 

1,914,11.62 
1,915,.315 

1,825,319 
1,183,487 

538,092 

2,553,828 

1,115,491 

4 5 
Oil Losses Total Operat
&Shortaqes ~ Expense 
~~~$~- $ 

832,231 

4,628,156 
104,559 

397,358 

23,206,770 
22,188,€19 

17,888,104 
11,261,282 

9,143,089 

415,253 10,589,953 

515,104 10,724,514 
(l,950,054) 4,974,345 

1,417,716 10,988,270 
665,964 5,007,641 

(90,901) 

872,086 

(51,751) 

12,325 
(30,687) 

(365,191) 

2,823,009 

2,649,767 

2,165,823 
4,173,679 

2,114,390 
2,787,382 

2,861,435 
1,601,305 

373,886" 

(126,291) 2,706,174 

(38.946) 1,629,096 

Total/ . 1,447,949 41.)54,845 113,600,990 7,206,931 151,858,533 
Average 
Source: :n:c J\nn•1al Repol"ts "P", Pip~line Corn:_:>anies, 1976 

6 7 
Fuel <;. PowP.r 
S/Ml'I $/t1 
B-Mi B 

63.03 
88.58 

77.89 
92. 3 9 

70.88 

47.27 
41.14 

27.08 
69.87 

19.85 

90.23 27.20 

88.11 29.91 
88.96 22.0l 

99.48 13.87 
68.40 47.20 

43.05 17.10 

54 .11 34.50 

51.53 35.51 
132.19 21.98 

82.21 16.22 
84.34 17.51 

87.17 
71. 44 

33.56 

19.58 
7.63 

9.90 

191.58 49.78 

87.23 10.67 

78.45 28.0l 

8 9 10 
Avg. \ of Tot. 
Ship- Operating 
ment 
Mi 

750 
464 

348 
766 

280 

301 

339 
247 

139 
690 

397 

638 

689 
166 

197 
208 

2.2. 5 
107 

Expense 
Col.3 Col.4 

79.8 
76.l 

55.8 
88.6 

7 2. 9 

79.3 

3.6 

25.9 
9. 3 

4. 3 

3.9 

66.8 4.8 
113.5 (39.2) 

56.2 12°.9 
71.8 13.3 

79.9 ( 3 • 2) 

90.3 

84.l 
73.9 20.9 

90.5 
68.7 (1.9) 

63. 8 
73.9 

4.3 
(1. 9) 

295 143.9 (97.6) 

260 94.4 (4.7) 

122 68.5 (2.4) 

357 74.8 4.7 

11 12 
Total Operating 

Expense 
$/MM, $/M 
B-Mi B 

79.03 
116.45 

139.49 
104.28 

97.18 

113.73 

131.98 
78.36 

176.91 
95.31 

49.19 

59.90 

61 .. 26 
178.96 

90.80 
122.71 

136.66 
96.66 

23.32 

203.01 

127.39 

104.87 

59.27 
54.08 

48.50 
78.86 

27.22 

34.28 

44.80 
19.39 

24.68 
65.76 

21.41 

38.19 

42.21 
29.76 

17.92 
25.48 

30.69 
10.32 

6.88 

52.75 

15.58 

37.45 
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w 
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M~JOR PETROLEUM PRODUCTS PIPELINE COMPANIES - U.S. TRUNKLINES, 1976 

ID 

Company 
1 

MM B-Hi 
2 

M B 

3 
Fuel & Power 

$ 

Colonial 591,688 569,396 56,503,564 

Planta~icn 105,640 186,089 9,059,872 

Texas Eastern 65,570 115,518 5,090,446 

Williams 

~lid-America 

Explorer 

Southern 
Pacific 

Dixie 

Hydrocarbon 

62,463 177,781 

42,577 103,648 

33,805 59,029 

26,080 206,846 

7,756.,856 

3,971,866 

1,730,074 

4,648,535 

I Wolverine 
I-' 

18,797 

18,474 

13,009 

12,838 

29,078 

27,364 

83,276 

68.424 

2,155,141 

3,670,318 

2,615,420 

CX> Olyr.ipic 

Santa Fe 

Yellowstone 

Laurel 

9,683 

8,918 

8,457 

20,044 

20,784 

42,706 

985,814 

265,.876-

754 ,.969 

582,661 

Total/ 1,017,999 1~05,983 99,791,412 

Average 

COST INTENSITY ANALYSIS 

4 
Oil Losses 
&Shortages 

s 
127,388 

372,462 

657,295 

(478,014) 

623,459 

67,154 

445,103 

193,0JS 

(26,027) 

699,672 

2,681,527 

5 
Total Operat
ing Expense 

s 
64,383,213 

l.3,682,728 

9,182,267 

14,029,105 

6,249,930 

3,31.2,077 

8,566,931 

3,453,575 

5,262,716 

3,855,490 

1,724,286 

7,'954,109 

1,219,048 

2,146,303 

145,021,778 

6 
Fue 1 & 

$/HM 

B-Mi 

7 

Power 
$/M 

B 

95.50 99.23 

85.76 4A.69 

77.63 44.07 

124.18 43.63 

93.29 38.32 

51.18 29.31 

118.24 22.47 

114.65 74.12 

198.67 134.13 

201.05 31.41 

76.79 14.41 

27.46 lJ.26 

84.66 36.32 

§_8.90 13.64 

98.0) 58.49 

Source: ICC Annual Reports "P" Pipeline Companies,1976. 

B '.} 10 
Avg. \ of Tot. 
Ship- Operating 
ment Expense 

Mi Col.3 Col.4 

1039 87.8 

568 66.2 

568 55.4 

351 55.3 

0.2 

2. 7 

7. 2 

0 

411 6).6 {7.6) 

573 52.2 18.B 

l2fr 54.3 0.8 

646 62.4 12.9 

675 69.7 

156 67.8 

IBA 57.2 

483 3. 34 

0 

5.0 

0 

0 

429 61.9 (2.1) 

-1.2..!!. 2 7. 1 3 2 • 6 

597 68.8 1.8 

• 

11 12 
Total Operatinc; 

Expense_ 
$/MM, S/M 
D-Mi B 

108.81 113.07 

129.52 73.52 

140.03 79.49 

224.60 

146.79 

97.98 

328.49 

78.91 

60.30 

56.11 

41.02 

183.73 118.77 

284.87 .192.32 

296.37 

134. 31 

46.30 

25.20 

821.45 396.83 

136.70 

253.79· 

14 2. 4.6 

58.65 

50.26 

84.81 
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losing some oil through leaks, the leakage can move only in the 

outward direction. The presence of large negat~ve values 

leads then to the inference that the account is some sort 

of inventory-balancing artifice, rather than an actual 

tabulation of physical losses. Additionally, it is difficult 

to see how v~ry 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 an ERDA program in this 

area. Moreover, 

ion, because the 

been identified 

ERDA program in 

it is unnecessary to develop further informat

only method of active leak inhibition that has 

is by internal coating of the lines, and an 

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. Leakage in Gas Pipelines 

Statistics of interstate natural gas pipeline companies 

for the year 1974 [FPC, 1974] show that transmission system 

losses of all A and B companies (those with annual revenues of 

$1 million or more) amounted to over 68 billion cu.ft. This 

quantity constitutes 2.4% of the total gas receipts for that 

year. At the current wellhead price, this loss would be worth 

over $10~ million, and its true national value, as defined in 

Section 2.4 of report R-3024 of this series, is about $250 

million. 

Examination of the "unnaccounted for" figures reported 

by the individual comp~nies reveals ~hat, unlike the oil line 

case, no negative values are reported. Also, in the case of 
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gas, it is easy to see how significant leakage could· occur 

without environmental impact or even detection. The reported 

figures may thus represent significant physically real, 

·recoverable leakage. 

In the past, a large part of this 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 recommended that further 

R & D be performed to realize the energy savings that are 

potentially possible through the use of internal coatings. 

This recommendation is reinforced by the possibilities for 

leakage 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-pressure gas pipeline, in-place coating reduced 

leakage in a 2-mile section of an old line by over 93% [KUT, '67] . 

Before coating, the line was tested at 100 psi for a period of 

24 hours. Leakage amounted to 292,000 cu.ft. daily. After 

coating, the same test recorded a daily leakage rate of only 

19,000 c.ft. It was concluded that nearly complete leakage 

reduction might be achieved by using a larger 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 of a 

blend of coal and epoxy resins with a curing agent. By blend

ing the epoxy with coal tar, wate~ resistance of the coating 

is improved and, by application of sufficient thick~ess of the 

epoxy coal tar coating, good leakage resistance is also 

achieved. 
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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 ~nnecessary, for the ~ame reasons as in the case 

of the oil lines. That is, the program of internal coating 

demonstration that was recommended for other reaons 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 

exists • 
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