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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 attributes : large potential energy savings and 

broad applicability outside the pipeline industry. The 

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

immediate next step are described. 

iv 



PREFACE 

Subsequent to Congressional approval of the Department of 

Energy Organization Act of 1977 (Public Law 95-91 - Aug. 4, 1977), 

various federal government departments and agencies previously 

having some form of regulatory jurisidiction over pipelines were 

removed of some or all of their regulatory r~sponsibilities. These 

regulatory responsibilities were transferred, mainly, to either 

the Federal Energy Regulatory Commission (FERC) or the Economic 

Regulatory Administration (ERA) within the newly formed Department 

of Energy (DOE). 

Two of the independent agencies, the Federal Power Commission 

(FPC) and the Federal Energy Administration (FEA), were liquidated 

and all of their duties transferred to the DOE. In addition, the 

Interstate Commerce Commission (ICC), as related to its pipeline 

regulatory responsibilities, was relieved of all of its duties 

except for jurisdiction over coal slurry pipelines. The remaining 

federal agencies and departments described in Section 5.0 of 

report number HCP/M-1171-3 of this series (i.e. the Department of 

Transportation, the Environmental Protection Agency, the Department 

of the Interior and the Department of Labor) retained their regu­

latory responsibilities over pipelines. 

FERC (an independent, five-member organization with the DOE) 

inherited most of the gas pipeline regulatory functions of the FPC. 

In addition, FERC inherited the authority of the ICC to establish 

rates or charges for the transportation of oil by pipelines as well 

as the valuation of such pipe·lines. Under the DOE Organization 

Act, the FERC was delegated the following general responsibilities: 

o Issue and enforce licenses for hydroelectric power-projects. 

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

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

-1-



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

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

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

o -O~her functions as may be assigned by the Secretary 

The ERA is charged with administering many of the DOE 1 s· 

regulatory programs other than those of the FERC. The ERA inherited 

the former resporisibilities of the FEA as relat~d to oil pricing, 

allocation, and import programs. In addition, the ERA administers 

other regulatory programs, including conversion of oil- and gas­

fired utility and industrial facilities to coal; natural gas import/ 

export controls; natural gas curtailment priorities and emergency 

allocations; regional coordination of electric power system p1anning 

and reliability of bulk power supply, and emergency and contingency 

planning. 

Under the DOE Organization Act, the ERA .was delegated the 

following responsibilities: 

o Assure availability and regulate pricing and allocation of 
crude oil, natural gas liquids, and natural gas liquids 
products. 

o Assure availability and regulate pricing arid ~!location 
of petroleum.products 

o -Develbp and implement standby and emergency regulations and 
programs .. 

o Assure compliance with and enforcement of ERA program 
regulations. 

o Ensure market competition. 

o Provide a_Special Counsel for compliance and enforcement. 

o Administer program for conversion of utilities and MFBI's 
to coal. 

o Intervene before FERC and other Federal regulatory agencies 
(with Assistant Secretaries and General Counsel) 
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o Perform compliance and litigation for regulatory programs 
(with Assistant Secretaries and General Counsel). 

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

o Regulate natural gas and electric power impprts and exports. 

o Establish natural gas curtailment ·p~iorities. 

o Assure voluntary coordination of electric utilities. 

o Perform long range utility planning. 

o Assure establishment of emergency interconrieritions. 

o Review interlocking directorates. 

o Perform non-FERC oil pipeline regulation. 

Pipeline industry ctata collection, previously done by the BOM, 

FPC, and ICC has been consolidated under the Energy Information 

Administration of the DOE. This organization· is responsible for 

the collection of data required by the FERC and the ERA. 

It is of particular interest to note that the FERC, as stated 

in the DOE Organization Act, is n~t subject to the supervision or 

direction of any other official of the DOE. However, the ERA is 

charged with the responsibility of organizing and managing an 

active intervention program on behalf of the Secretary of the DOE 

before the FERC and other Federal and State reiulatory agencies in 

stipport of Departmental policy objectives. 

It is appar~nt then that the FERC is now the principle pipeline 

regulatory agency of the Federal Government. It concerns itself 

with tariffs, profits and other similar matters that directly impact 

the day to day operation of a pipeline. The reporting requirements 

previously administered by the FPC and ICC are now handled ~y the 

FERC. The duties of the ERA are more broad and policy oriented 

than FERC. It is apparent from the list of their responsibilities 

that the ERA is interested in assuring that energy is distributed 

and allocated fairly and at reasonable prices. The ERA does not 

involve itself with daily operation unless it becomes necessary to 

influence the industry to a~hieve a policy objective, or change a 

condition 3uch a3 a market place imbalance. 
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This study was substantially completed before the DOE was 

created. As a.result, references to the pipeline regulatory 

structure do not acknowledge the events and agencies described 

above. The purpose of this preface is to alert the reader to this 

situation and to update the regulatory references of this report. 

In general, an accurate understanding of the regulatory structure 

of the Federal Government as relates to pipelines will result if 

the reader substitutes DOE (FERC) for all references to the FPC or 

ICC in the context of gas and oil pipeline regulation. 
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B-Mi 
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B-Mile 
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DOE 
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Barrel Mile 

basic sediment and water· 

Department of Energy 

Eminent Domain 

Energy Intersity 

Economic Regulatory Administration 

Energy Transportation Systems, Inc. 

Federal Energy Regulatory Commission 

Federal Power Commission 

Florida Power Corporation 

feet per second · 

gallons per minute 

high heating value 

Internal Combustion 

Interstate Commerce Commission 

InternationJ R~R~Arnh And Development Co. 

International Standards Organization 

General Financial Model 

long ran average cost, present/discounted) 

value of the total average unit cost over 

the life of the project 

leverage - ratio of the amount of capital that a firm can 

l.hv 

raise based on the amount of cash that is invested 

by that firm, e.g., if a firm puts up $1000 and 

based on the investment is able to raise another 

$100,000, then the leverage is 100:1. 

lower heating value 
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loss carry 

forward Refers to that portion of operating loss that is 

carried forward to the next year after the 

maximum amount alllowed has been deducted from 

the current year's books 

MMM 

MOD 

PEM 

PEP 

P lJ,Jt! Lt!L!h -

PSI 

ROI 

ROW 

rpm 
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s3 
T-Mi 
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Ton-Mile -

billion 

United Kingdom Ministry of Defense 

Pipeline Economico Model 

Pipeline Energy Programs 

Pipeline Technologi3t3, Inc. 

pounds per square inch 

ratioes on inve3tment 

right of way 

revolutions per minute 

standard cubic feet 

systems,· science and software 

Tow-mile 

Tow-mile 

Tow-mile 

is defined as 

absolute or dynRmic viscosity 
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l!O OBJECTIVES 

\·l Purpose of the Project 

The work r~ported here is a part of a project which was 

conducted by the team of Systems, Science and Softwa~e (S 3 ) of 

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

under DOE contract EY-76-C-03-1171, "Energy Study of Pipeline 

Transportation Systems." The basic purpose of the project was to 

assess the susceptibility of the 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 was published as DOE report 

HCP/M-1171-1, "An Energy Study of Pipeline Transportation Systems.'' 

That final report is an executive summary, combining the results 

from the reports listed in Table 1.1-1. As will be noted from the 

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

1.2 Purpose of this Report 

This report presents the results of Task 3, which has two 

primary objectives: 

(1) Identification of those potential energy-conservative 

innovations which are most energy-effective and cost-effective. 

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

pr9grams which are needed to exploit those opportunities~ 
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H<:'P/M-1171-

1 

2 

-3-

4 

5 

SSS-R-77 

3021 

3023 

3069 

TABLE 1.1-1 

Project Reports 

Title 
Associated 

Task 

An Energy Study of Pipeline Trans­
portation Systems 

All 

Energy Consumption in the Pipeline. 
Industry 

Pede-ral. Regulation of the Pipel.ine 
Industry 

Efficiency_ Improvements in Pipeline 
Transportation S~ctems 

Energy Conservation Opportunities 
in the Pipeline .Jndustry 

Related Reports 

An Economic-Model of Pipeline Transportation 
System (Limited Issue) 

Slurry Pipelines - Economic and Political 
1ss1Jes- - .. A Review ( Limi tea Issue) 

· s3 FinanciaJ. Projection Model ~ Pr~liminary 
User's Manual' and System Overview 
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2.0 SUMMARY 

Most of the energy conservation opportunities whi~h 

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 wher·eby the energy savings may 

be realized is broadl~ appli6~ble outside the pip~line iridu~try. 

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 i~ lik~ly··~o 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, tne electric utility application. Rather than a 

commentary upon misdirection of R & D1 this observation merely . 

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

and its equipment suppliers have been energetic in persuading 

the government to ·support their R & D, while the pipeline 

industry has chosen to go its own way. It is, of course, the 

identification of just such opportunities as this which is the 

basic purpose nf the present study. 

2.1 Recommended Programs 

Table 2.1-1 presents the eight programs recommended 

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

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

1 - Energy-effective 

2 - Cost-~ffective 

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

scale 

4 - Broadly applicable outside the pip~line industry. 
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l. 

2. 

3 . 

4. 

5. 

6. 

7. 

8. 

Table 2.1-1 

RECOMMENDED RESEARCH, DEVELOPMENT AND DEMONS'rRATION 

Program 

Gas-fired Combined Cycle Compressor Station 

Internally Cooled Internal Combustion Engine 

Methanol-Coal Slurry Pipeline 

Methanol-Coal Slurry-Fired and Coal-Fired 
RnginP.s 

Indirect-Fired Coal Burning Combined Cycle 
Pump Station 

Fuel Cell Pump Station 

Internal Coatings in Pipelines 

Drag-Reducing Additives in Liquid Pipelines 
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Report Section No. 

4.1.l.4 

4.1.2.2 

5.2.2 

6.1.l.2 

6.1.1.2 

4.3.6.2 

8.2 
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) 

Of the eight r~commended program~, the first six on Table 2.1-1 

additionally satisfy criterion 4, that is, only programs 7 and 8 

are pipeline-peculiar. 

'For the benefit of the reader ~ho does. not require a full, 

detailed explanation, the recommended programs are succintly 

summarized below. 

It is recommended that the programs discussed below be 

undertaken. In each case, the program should be coordinated with 

other active and planned DOE programs 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, and size should be primarily oriented to pipe-

line applications but with broad application potential to 

utilities and other industrial work. 

(2) Internal Cooled Internal Combustion Engine 

A study and demonstration of an internally cooled reciproc­

ation internal combustion engine, with bottom~ng 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 developmeht and application 

of internally-cooled internal combustion engines for a b~oad spectrum 

of non-pipeline applications. 
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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 t6. coal-oil 

slurry transport may offer a convenient transition to the coal­

methanol mode, and a brief comparison of the two systems should 

the r e f o re be m.a de •. 

(4). Methano1-Coal-Slurry-Fired and ~cal-Fired Engines 

A study and experimental work should be conducted to assess 

the potential for operating 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 1nh1b1t1ng fouling, arnJ dJJJJLUcH . .:l1~s fur 

minimizing the effect of ash deposits· on erosion of turbine hot-end 

components. The work should be closely coordinated and compatible. 

with the .study recommended in 2.1(3) above relating to methanol-

c o a 1 s 1 u r ry pi pe 1 in es • , 

( 5) fuel Cel 1 Pump Stat ion 

A study and demonstration should be conducted of ~~gh 

efficiency, indirect-fi~ed ~as turbines with Rankine bottoming 

cycle, using .pulver.izeq coal .fuel. The program should capitalize 

ori existing technology in closed Brayton cycle engines which·.have 

operated successfully o.n coal in. Europe, but at, relatively low 

.ef.ficiency because o.f .limited cycle tempera_tures. Effort should be 

concentrated on _achieving s~bstantial increases in efficiency 

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

heater and the addition of an organic Rankine bottoming system. 

-18-



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

A study and demonstration should be conducted of fuel cell 

power sources in combination with DC motors in a liquid pipeline 

pump station. The pipeline application offers a unique and 

extremely attrative application for fuel cell power plants for two 

reasons. First, the use of DC motors in the pipeline application 

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

to AC. -Freed of this burden, the economici of the pipeline appli­

cation for fuel ~ells becomes much more attrative than the electri­

city utility application. Second, the nature of petroleum products 

pipeline operation is such that the use of DC motors would enable 

an energy saving in the order of s~l0%. The ·fuel cell, of course, 

offers the opportunity to realize that improvement. The combination 

of. these two factors indicates that the pip~line is the preferred 

application for early commerciali~ation of· the fuel. cell. Accord­

ingly, it is recommended that continuing ERDA fuel cell programs be 

reconsidered in thi& light. 

(7)' Drag-reducing Additives in Liquid Pipelines 

Further research should be conducted on drag~reducing additives 

for liquid pipelines, including·: basic research into. the mechanism 

of drag reduction: system studies to identify operating problems 

and assess economic.aspects; and a demonstration to prove the 

soundness of the concept in practical pipeline operation. 

(8) 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 pipelines. The 

program should begin with analysis and testing to establish the 

longevity and dependability of present commercial coatings which 

are applied in place, followed by research and development if 

necessary, and a demonstration in full station-to-station section 

of an operating pipeline. 
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2.2 Candidate Improvements 

Early in the study the categories of efficiency improvements 

listed in Tabl& 2.2-1 were identified as candidates for examin~tion. 

With few exceptions the numbered improvements represent classes of 

~evices.rather than· a single device. Thus, even though an improve­

ment category may not appear in the earlier list of recommended 

programs, it may well be that future inventions will justify a 

program in that category. For example, this study was unable to 

identify an electric motor improvement which would be appropriate 

for DOE support for pipeline application. However, the possibility 

always exists that a new idea and/or fresh approach, e.g., the 

Wanless motor, may appear and offer an opportunity for energy 

savings. 

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

in Table 2·.2-1, for example, capsule pipelines, were excluded from 

Table 2.1-1 on the basis of very preliminary analyses. This 

exclusion could safely be made at this time because, even if that 

preliminary conclusion is reversed after further study, the reali-

. zation of the improvement is still well into the future. Accord­

ingly, it is strongly recommended that the list and the associated 

conclusions be maintained by recurrent review and update, so that 

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

Classification of candidate efficiency improvements 

Heat Engine Improvements 

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

Non-Heat Engine Energy Conversion 

7 - Fuel cells 
8 - Electric motor improvements 

Flow-Inducer Improvements 

9 - Pump improvements 
10 - Corapresaor im~rova1~nts 

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 programs of 

research, development, and demonstration which are needed to 

realize the energy-conservative potential of the technological 

innovations that are discussed in later sections of this report. 

In each case the recommended program consists of ·the six 

phases which are described below: 

Phase i - Identification of the Opportunity 

This phase has been in progress under the pre~ent study, 

and with the publication of this report is now- complete. 

Phase 2 - Concept Validation 

In this phase the concept is validated analy~ically and a 

definitive program plan is. developed. 

Phase 3 - Research and Development 

The research and development identified under Phase 2 is 

performed in accordance with the approved R~D plan. The R&D 

program continues through the design phase (Phase 4) and possibly 

beyond. 

Phase 4 - System Design 

A preliminary design is prepared of the demonstrator. system 

on the selected site. 

Subphase 4.1 - Site Selection - Several candidate sites 

are identified and the one best meeting the criteria developed 

under Phase 2 is selected. 

Subphase 4.~ - Preliminary_Design - A preliminary design 

is prepared of the demonstrator system on ehe selected sit~. 

Subphase 4.3 - Detailed Desgin ~The d~tailed design 

of the demonstrator, consisting of drawings and specifications 

suitable for use in construction, is prepared and ducurn~nled, along 

with suppo~ting design analyses. This subphase is paced by the 

progress of the research and development under Phase 3 above, which 

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

The dem.onstrator system is constructed.. Data· re.gard.ing 

construction costs, design feedback, and technological difficulties 

are collected, analyzed, and published in accordance with the 

program plan which was developed under Phase 2. 

Phase 6 - Demonstrator Operation 

The demonstrator system is operated in accordance with the 

program plan. Data regarding the operation is collected, analyzed, 

and published in accordance with the program ~lan. 

The costs of these programs vary widely. The most widely 

varying component is the research and development, Phase 3. Iri 

some cases, for example the viscosity-reducing additives discussed 

in Section 8.3 below, a few hundred thousand dollars may be ade­

quate. In other cases, for example internal cooling of IC engines, 

the R&D may r~n into the millions. 

As noted above, Phase 1 has been identified in each case as 

the opportunity identification under this prese~t study. Thus, the 

next phase for each of the programs is the concept validat~on 

phase, which is expected to consist of major subphases having the 

following objectives: 

1) To validate the ~oncept analytically and, in some cases, 

experimentally. 

2) To prepare the system assessments which establish feasi­

bility from several major viewpoints, e.g., technical, ec9nomic, 

environmental, ~tc. 

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 generaliied Phase 2 schedule, in which 

the effort to achieve each of these objectives is designated as a 

Rllbphase. The major second-tier subphases (tasks) under the 

primary subphases are also shown. The 12-month period indicated 
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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 o~ the nature of the 

necessary input and of the laboratory experiments (Subphase 2) 

and/or supporting ·assessments (Subphase 3). In some cases, an 

adequate Phase 2 may be performed within two person-years of 

effort, while in others, fou~ or five person-years may be neces­

sary. For preliminary budgeting and planning an estimate of 

approximately three person-years is suggested. 

4.0 POWER CONVERSION IMPROVEMENTS 

The majority of the drivers, on prime movers, in gas pipeline­

service are reciprocating, spark-ignited, i.e., Otto-cycle gas 

engines, fueled by natural gas from the pipeline. Prior. to the 

Arab oil embargo, turbines had been entering service in increasing 

numbers, primarily because their lower maintenance was able to 

offset the higher efficiency of the reciprocators. In recent 

years, with the continued rise in gas prices, the turbines were the 

first to be taken out of service on those lines whose throughput 

has been declining. In an effort to reverse this trend, turbine 

manufacturers have initiated R&D programs to improve turbine 

efficiency. As will be discussed later, two such improvements 

appear to offer a highly promising opportunity, yet appear to be 

heyond the development reach of indust~y. 

Almost all prime movers on liquid pipeline are electric 

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

energy conservation opportunities in motor improvements. 

4.1 Heat Engine Improvements 

There are of course many small ways to improve the efficiency 

of heat engine$. The engine manufactures are well aware of these 

potential improvements but do not incorporate them because they are 

not cost-effective under the existing fuel price structure. As 

fuel prices rise, more and more of these small improvements will be 

introduced. However, small improvements already under development 

by industry do not appear to offer attractive opportunities for 
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DOE-sponsored R&D. For the larger improvements which might justify 

DOE-sponsored R&D, ie., step functiQn improvementR in pPrformance, 

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~ 

4.1.1 Braytbn Engine Improvements 

The use of Brayton engines as gas turbines in gas 

pipelines has increased significantly in recent·y~nrs. 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 turb_ine coupled 

directly to the compressor load, .both the turbine and the compressor 

have basically the same power to speed characteristics (see Fig. 

4.1.1-1). The power absorbed by the centrifugal compressor varies 

approximately as the cube of the speed, and the output of the power 

turbine· at best efficiency also varies essentially as thP. cohe of 

the power turbine speed. The gas turbine and the centrifugal 

compressor can therefore operate at the same speed, thereby nvoidinCJ 

any necessity for reduction gearing and other complication$, 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 rPliahility­

availability, longevity, and low maintenance. A continuing study 

by one of the major producers of industrial gas turbines in high 

use factor service has shown an average reliability of 99.5% and 

availability of 97.4%. A significant percentage 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 nrP ne.fined as follows: 
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Reliability = installed hours less unsched.outage 
x 100% 

installed hours 

Availability = installed hrs.less (sched.& unsched.outage) 
x 100% 

installed hours 

(3) The average cost per installed horsepower of the gas 

turbine compressor has proved to be significantly lower than that 

of comparable reciprocating type units. For example, in 1973, cost 

statements filed with the Federal Power Commission by 35 pipeline 

companies covering installation of 503,163 compressor horsepower 

(54% of which were gas turbine driven) showed an average cost per 

installed horsepower of $~19.for gas turbine units as compared with 

$295 per installed horsepower for reciprocating units (Ref. 3). 

The major disadvantage of the gas turbine as compared with the 

reciprocating engines used in gis 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 

been investigating ways of decreasing fuel consumption through 

modification of existing gas turbine installations and in applying 

gas turbines to new installations. 

Advances in technology of simple cycle gas _turbines have 

resulted in marked improvement in efficiency, with some of the 

newer industrial types approaching 30% overall thermal efficiency. 

However, with the cost of gas fuel increasing more rapidly than 

P.ffi~i.P.ncy 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 representation of a regenera­

tive cycle gas turbine power plant. The regenerator, which in the 

case of an industrial type gas turbine is a stationary heat 

exchanger (or recuperator), takes heat from the ga·s turbine exhaust 

and transfers this heat to the compressor discharge air before it 

enters the combustion chamber. 
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The use of regeneration is limited to gas turbine engines with 

moderately low pressure ratios. For a typical industrial gas 

turbine, a regenerator would be completely useless at pressure ratios 

of 14 or higher because the compressor discharge tempe~ature 

is so high that it is equal to the exhaust temperature and there­

fore there is no chance for.regeneration. The effect can be seen 

in Fig. 4·.1.1.1-2. In most cases a pressure ratio of 6 to 8 

represents a good compromise for both simple and regenerative cycle 

gas turbines, considering both fuel cost and installed first 

cost. 

Addition of a regener~tor of 80% effectiveness. to a simple 

cycle two-shaft gas turbine increases thermal efficiency at full 

load by approximately 30%. R_egenerators with an eff~ctiven·ess 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 sur­

face must increase approximat~ly 50%, and ~he ~dditio~al regenerator 

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

between $.50 and $1.0U 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 (Ref. 4). 

4.1.l.2 Brayton-Rankine Combined Cycles 

Fiqure 4.1.1.2~1 illustrates a.combined cycle .power plant in 

which a Rankine cycle system. is added as a bottoming plant to a 

simple cycle gas turbine. Exhaust heat from the gas turb~ne 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 condensed and pumped back to the boiler to form a 

closed loop system. The single drive arrangement shown, with the 

vapor turbine directly connected to the outboard end of the load, 
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is advantageous in a pipeline application, since the vapor turbine 

can be designed with an output speed to match the compressor and 

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

furnish the necessary speed control for both units under most 

conditions. 

The number of combined cycle power plants installed to date 

is somewhat limited, and for the most part confined to large sizes 

in electric utility service. As far as this study could determine, 

only two plants of less than 15,000 KW capacity are in service in 

municipal utilities. The majority of the combined cycle plants in 

electric utilities are of the ~upplemental fired heat recovery type 

in which· exhaust' hea~ from the gas turbine -is supplemented by 

sepatately fired burrte~s in supplying heat to the boiler. 

As for gas pi~eline service, there are only four combined 

cycle systems know~ .to be in operation. These systems were 

installed between 1968 and 1970~. and are reported to be operating 

successfully; however, with recent advances in technology, it is 

apparent that system efficiencies can be increased considerably; 

The combined cycle system of mo~t interest for pipeline 

service utilizes a simple cycle, two-shaft gas_ turbine exhausting 

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

General ~lectric Co. (Ref. 5) have indicated tha·t· such a system 

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

directly to a con tr ifugal compressor, ·can produce a combined output 

of 22,000 hp at ISO conditions with an overall thermal efficiency 

of approximately 39%. 

Figure 4.1.1.2-2 (Ref. 5) shows estimated thermal efficiencies 

at 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 particular interest can be 

noted from these curves. 
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(1) The effect of varying ambient temperatures. At increasing 

ambients, the standard gas turbine efficiencies decrease signifi­

cantly. ·For the combined cycle. , however, the efficiencies 

increase at higher ambient temperatures. At the 100% flow point 

and 59°F, the combined cycle efficiency (39%) is approximately 15% 

higher than that of the standard regenerative gas turbine (34%). 

(2) Part-load characteristics. The efficiency of the combined 

cycle plant decreases at a markedly higher rate at partial flows 

than that of the regenerative cycle plant. For example, at 85% 

rated flow and 59°F (a condition which requires 55% of the ISO 

rated horsepower), the combined cycle efficiency drops to 32% as 

compared to 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 th~ir industrial 

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 commercially available 

steam turbines, boilers, condensers, and related equipment. 

Accordingly, they are undertaking the design and develpment of 

several major system components, described in a paper by Solar 

(Ref. 6). They include: 

(1) A once-through boiler, in which heating, boiling, and 

superheating take place in one tube. Steam drums are not used and 

feed water flows are controlled as a function of output steam 

conditions. 

(2) A new steam turbine having a projected efficiency of 80%. 

This compares with 66% in the best available commercial turbines. 

The new turbine concept is a 2-stage type with the high pressure 

unit running 66,000 rpm geared to a low pressure unit running at 

approximately 15,000 rpm, the same speed as the gas turbine drive. 
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(3) New condensers ot both water-cooled and air-tooled type. 
Utilizing these new components, Solar is projecting combined 

cycle power plants having thermal efficiencies ranging from 34.9% 

for the Saturn engine to 41.8% for the new Mars engine which is 

currently being developed. The engines cover a horsepower range 

from 1160 to 10,300 in the simple cycle versions, and in the 

combined cycle versions will cover a range of 1824 to 13,790 hp. 

The performance of the combined cycle power plants represents an 

increase in ISO hp from 34-57% and an improvement in fuel consump­

tion 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 

constructed to date have used water as the working fluid, studies 

by Thermo Electron Corp. (Ref. 7) have indicated possible achieve­

ment ot over 43% thermal efficiency in a simple cycle gai:; turbiue/ 

organic Rankine cycle bottoming plant, and over 47% in a recuperated 

version of this plant. These studies are based on the use ot 

c·urrent technology gas turbine engines in large power sizes (over 

60,000 kw). Other advantages of organic working tluids are low 

freezing temperature and possible reduction in size and weight, 

depending on the working tluid used. '!'here a.re disadvantages in 

organic fluids as well, in that many of those that are readily 

available are flammable or toxic and all are subject to decompo­

sition at moderately high temperatures such as might occur in 

exhaust beat recovery boilers. Nevertheless, there appears to be 

enough potential to warran~ further investigation of organic fluids 

in combined cycle power plants. 

4.1.1. 3 ComI:JcHlson uf Gas Turbi11e Cycles 

The decision to select a simple cycle, regen~rative cycle, 

or combined cycle turbine power plant is sensitive t~ the duty 

cycle under which the plant will operate, the installed first cost 

of the equipment, the fuel cost, and the operating environment • 
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With the rapid increase in fuel cost, the 25-28% thermal efficiency 

of the typical present simple cycle gas turbine is probably not 

high enough to make this power plant competitive with the other 

plants in the future. 

As mentioned previously, the combined cycle power plant 

has a decided advantage in efficiency at the higher ambient tempe­

ratures. This would be an important factor to consider in selecting 

a_ plant. to operate in a .hot climate. 

On the other hand, if the plant were required to operate a 

large part of the time at low load, the regenerative cycl~ turbine 

would appear to be more advanteageous since the rate of increase in 

specific fuel consumption at part loads is less. This is illus­

trated in Fig. 4.1.1.3-1, which shows part load characteristics of 

typic~l gas turbine engines in simple cyril~, regenerative cycle, 

and combined cycle versions of the type used in pipeline service. 

To compare the three cycles in a quantitative, precise way, 

detailed simulations were performed using the pipeline econo~ic. 

model (PEM) developed under Task 1 of this project and describe in 

References 8 and g. The model was also introduced in Report 

HCP/M-1171-3, Section 7.1. The model is a simulator which accepts 

as input the design characteristics of the pipeline, 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 compar~son studies was 

designed by Pipetech and was based on earlier system designs from 

- the Pipetech files. Some of these designs were actually built, and 

thus the reference designs for this study represent typical, 

realistic situations. The costs, derived by adjusting actual system 

costs, are therefore highly accurate in terms of this study. The 

P~M consists or two major submodels: a fluidics submode! and a 

financial projection submode!. The gas dynamics of the line are 

calculated using a (proprietary) model previously developed by 

Pipetech and used by them in the design of actual pipelines. It is 
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therefore more than sufficiently accurate for this study. Figure 

4.1.1.3-2 displays a typical output from the gas dynamics model. 

The financial projection model is an adaptation of a business 

projection model previously developed by s3, modified to reason­

ably simulate pipeline operation, and bench marked against a highly 

detailed pipeline-peculiar (proprietary) financial model previously 

developed by Pipetech. 

The reference gas pipeline was designed and costed on the 

basis of reciprocating gas engines, since that approach represents 

the best current practice. An installation schedule was prepared 

for that system, detailing the points in the project life at which 

additional capacities must be installed. A survey of represen-

tative gas turbines was then made, and is presented in Table 

4.1.1.3-1. The reference system was then converted from reciprocators 

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 regarded 

as the baseline. The output from the economic model for this case 

is shown in Fig. 4.1.1.3-3. Figure 4.1.1.3-4 presents the output 

for the combined cycle. For the comparison, the total costs are 

taken to be equal for both cases. Thus, the question being asked 

of the model is, if these improved cycle engines ~ould be installed 

and operated at the same cost as the simple cycle, what would be 

the benefit? With this information, it is possible to calculate 

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

innovations. It is noted that although the total costs input for 

the two cases are the same, the capital infusion rates are different, 

reflecting the differences in timing for capacity additions. Some 

of the more important inputs and assumptions are listed in Table 

4.1.1.3-4. Table 4.1.1.3-5 presents some significant figures, 

extracted from the two outputs. 
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Table 4.1.1.3-1 

REPRESENTATIVE GAS TURBINES 

IN GAS PIPELINE COMPRESSOR SERVICE 

Regenerative (Estimated) 2 

Simple C~cle C~cle Combined C:z'.:cle 
HP (ISO) SFC HP(ISO) SFC HP(ISO) SFC 

Manufacturer Model No. Rating B?U/HP-hr Rating BTU/HP-hr Ratin9: BTU/HP-hr 

Solar Saturn 1160 11600 1100 9510 1804 7284 

Solar Centaur 3830 9600 35801 s1ool. 5600 6578 

Solar Centaur3 4850 9100 4540 7460 7090 62013 

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 9190 
Bessemer(.l:'&W) 

Cooper.:· COB125 12500 9800 11875 8035 18750 6525 
Bessemer (Avon) 
(Rolls· Royce) 

De Laval Turbopac 3300 11600 3130 9510 4950 ;ns 
Ingarscll G'N0/22 4250 9430 4040 7730 6375 6.280 
Rand 

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

General M3872 1n~o 10850 87~0 9000 13125 7225 
r.1 P.r.t. r, i c 

General M3102 10800 10190 10800 9000 16200 6785 
Electric 

Genera,1 M3132 13100 9760 13100 9000· 19650 6500 
Elcet.rio 

Orenda OT370 8890 11800 8200 9675 13325 7860 

Orenda OT-F-270 9830 11550 9070 1 77701 14745 7690 

- - - - - - -

1 From mfr. 's published data: all other figures on regenerative cycle are 
estimates,.based on asswnptions that regenerative cycle hp is 5% lower 
and SFC is 1.8% lower than simple cycle. 

2combined cycle hp figures represent increase of 33% to 55% over simple 
cycle hp, depending on engine. Where published data are not available, 
50% is assUJT1ed. 

Joevelopment models 

-44-



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 

1 Cent 

10 Cent-D 

7 Cent 

Table 4.1.1.3-2 

REFERENCE GAS SYSTEM CONVERSION 

RECIPROCATORS TO SIMPLE-CYCLE TURBINES 

TIHP Yr. Engine TIHP. Yr En sine 

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 

4850 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 

TIHP Rqmt. --
20600 19415 

12510 12075 

12510 11822 

12510 11766 

12510 11755 

12510 11731 

12510 11708 

12510 11687 

12510 11645 

12510 11587 

12510 11518 

6010 5770 

5030 5028 

156,740 ,"147,507 
! 

1567 
1475 = 1.06237 

i • e • I 6.24% 
excess 
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St. 1 Yr. 

1 1 

2 8 

3 1 

4 8 

5 1 

6 

7 

8 

9 

10 

11 

Same 

12 10 

13 7 

TnhlA 4. 1. 1, 3-3 

REFERENCE GAS SYSTEM CONVERSION 

RECIPROCATORS TO COMBINED-CYCLE TURBINES 

Enaine 

Mars 

Cent 

Cent 

Cent 

Cent 

as St. 

Cent 

TIHP 

13680 

5600 

5600 

5600 

5600 

2 

3 

2 

3 

2 

3 

7090 

5t300 

I Yr. Engine TIHP ·--
7 Cent-D 20770 

12 Cent-D 12690 

6 Cent-D 12690 

12 Cent-D 12690 

6• cent-o 12690 

12690 

12690 

12690 

12690 

··-··-···--. ··•·· ····-·--··· •" -····-···. _.,..~ 12690· 

RQMT. 

19415 

12075 
11822 

11766 

11755 

11731 

11708 

11687 

11645 

11507 

11518 12690 

No further 7090 
installatn. 

II II .ci02R 

160,360 147,500 

160,360 -
147,507 - 1 · 0871 ' 

i.e., 8.71% excess 
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V1 

iAS PEVCRENCC SYSTEH CONVERSION To COHBINCO CYCLE. 

SYSTEHSt SCIENCE AND sDrTwARE 
LAC PROJECTION HOOEL. 

DATE. 110176 

Pl PEI.) NE. TRANSPORTATION SYSTEHS ENERGY CONSERVATION STUbY. 

DATE 
RUN I 0 

NCIVEHBER It 197' lll:Ul'tS U t01'H6 
GAS REF'. SYSTEH CONVERSION TU cOHlllNEO CYCLE 
CASE Pl8ol LINKED w&TH PtPGAS •GASl 

-·--· CAPrTAL' 1t.1VESTo1tENT Pl,.~NNING ANO ENEllGY CONSERV4f..ION IHPACT PROJECTION t00LLAR5 IN .THOUSANDS> .. 

UH£. PERIOD 
ACTIVITY 

AN~UA~ THROUGHPUT IHHHHCV•HILESI 
NOHl~AL JARIV, IU~I, TRANSPt CHARGE! 
ACT.UAL TAlll ,., 
NOHl~AL JRANS•ORTATION REVENUES 
ACTUAL· TOTAL REVENUES 

LEllER4GE 
l.OliG•TERH l'UNOEDI OUT TO CAPITAi.'. I 
L 0 'I <i • T U 11 I f U N 0 E·D I DE aT T 0 A 5 SU S . I ... 

PROVI TA311.JTY 
OPElllTING INCOHE l'PC RUl.tSI 
ANNUl1, F'pC RATE BASE 
RATE: OF' llETUR11 ON HTE' BASE Ill' 
RATE OF' R(TURN ON ?AIO•IN CAPITALJlt 
Ra TE or RcTURN ON r.0TA1.· CAP 1 TAL' 111 

tOOO 
•ODO 
•ODO 
•ODO. 
•ODO 

61 t ...... 

60tOOO 

•000 
212J11t•ooo 

.ooo 
• 000. 
t DOD· 

1977. 

57. 7 5 8· 
6110•000 
u21211s 

lll1201lll 
H51B•l7't 

209'151772 
2Q9't57172l 

101000 
·1 I I 2 0 1. 

't1S86 

1978 

6l tl211 
t19l1000 
11211210 

't2't991196 
JfloU159!1 

111 .... 1 .. 
591101 

203751'1U 
20H25• 1 U 

1010011 
IOiSllO 

lt1.l2l 

6't t 9't5 
7271650 
5921l'18 

't72Sh \ISJ 
Jll'f119• 797 

19785170l 
197 792·•II1 J 

101DOl 
9t896 
.. I 19S 

1980 

U1556 
h'f•Ol2 
5Uii&2 

5;zJ791&J6 
J88051287 

5111588 
551JJ9 

72•228 
80:Z12l't 
51111•7'17 

li79'tJ15'12 
't09J't1ll'tll 

' 

&9205•913· ·199'181070 
&919601057 &9YJSll100D 

101005 101006· 
90910 111'112 
'tolS't 'tt58J 

I 98l 

75• 7'12 
8'f 2 I J't fl 
5Ylt1Q76 

63801 •0llB 
'tHYll 11102 

621839 
581799 

212l61z35 
21212'tt'tll8 

I01U06 
II ii JS 
't1J90 

791'176 
118'1. 't6J 
11zz111t7 

1029J 1'loz 
'19't1t5101t1 

. 22't't't1S91 
221t29J 1u7o 

IOeU07 
12'139 

... 't 16 

~··"ENERGY· CON~UHPfloN· 
20U1ll02· 
J51171J'tO 
lllS10J7 

zsoa1·1 J9 
So89t2'f7 
l87217'17 

I AN~UAL E~ER~Y USA'E or GAS IHHCVl 
ANNUAL ENERGY COSTS 
PRESENT VALUE OF' E~ER~Y USED 
UNI[ COST OF' tNERGT ilHHCF' 

. OTHER 11£&SURES" 
TOTAi. ANNUAV tJNIT COSTS 
PRESENT VALUE OF' A~ERAGE UNIT ~OSTS 
NET INCOHE: 18001( PliOFITI. 
PRESENT VALUE or aooK PROF'ITS 
NET CASH r;EHERATED OURING.THE PERIOD 
PRESLNT VALUE OF' NET CASH GENERATED 
DISCOUNT ,ACTOR 19101000 II • 

eDDO 
, ooo· 
tODO 
tODO 

•DOD 
•ODO 

-· •511li000 
•51ll1000 

•ODO 
,ooo 

It ODO 

121J·,sos 
i8D818ol 
I 6't'lt 3116 

"'120 

'll0t720 
J91156J 

99511593 
9Q'lllo90l 

& 7110lleSl I 
u1e111s5 

t9D9 

1'17111107 
219'tI1115 
18ll1HO 

I I '191 

't I 7I2't1 
l'l 11t827 

9l8l1287 
77Sl1130 

& 723'io:Z25 
I 't2't't I 81 't 

I 82fl ·· 

U't7,ooo 
257111 'Ill i 
l9J112H 

t•5U 

'to9iQ28 
l071Jo9 

87911525 
UQS120l 
921t2i911Z 
69'f't I J11j 

•751 

18Jl1321 
lDll1U't 
20581J7J 

I 1 ll~'t 

J9Ji'I02 
211111699 

880'1o0l'I 
60ll1260 
9255•'1!>2 
113211598 

I fl8J 

1.• 7211 

l771798 
23'11583 

I01l&;'t51 
U951&80 

1051191(189 
115751 '1811 

I 621. 

I I e 12 

'11111527 
2~5•118 

98'121336 
556J19U 

&131215211 
ues11121 · 

I 5Ci't 

l'llSelllS 
. 6'19914:58 
ll3!ill't7 

·I• 903 

'IJ61uo2 
2 2 .}·1 / J(I 

1078'11S72 
S5J'til9& 

1211u1u211 
661215119 

I !i I J 



\J1 
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GAS REFERENCE. SYSTEH CONVi~SION To COHBINEO CYCLE. 

SYS"TE".S1 sc:cNCE" AND SOF'T1URE 
LAt PROJECTION MODEL: 

OATE. 110176 

PIPELlNE TRAN5PORTA110~ sys·E~S ENERGY cONSERVATION STUDY 

OAT£ NOYEHHR 11 1976 lllli»l'lfl 0 101'11'1 
RUN :.o GAS REF SYSTEH CDN~EISION TO cOH~INEO CYCLE 

CASE P381I LINKED ~ITH PEPGAS •~ASZ 

"""CAP"lfal' IN·1t'STHENT P:.1NHJN(i ANO EliERliY cONSERv•flON IHPACT PROJECTION coOLLARS. IN THOusuos1 

TIHE. PU too 
··acThlTY 

&N~UAL. THROUGHPUT IHHHHCF'~HILE~I 

NOHINAL TARIF'~ IU~IT"TP.AN5P1 CHaRGEI 
ACTUAL r"u Irr· 

· NOHl~IL TRA~5PORT4TION REVENUtS 
ACTUAi,." TOTAL: REVCNUtS 

LEllCR4GE 
LONG·H~H I ru~oco OUT TO CAI" I UL: Ii 
LONCi•TE~H IFUNDCO. DEBT TO "Assc~s .,. 

PROJ"JT&BILITY 
OPERATING l~COHE" •rPc· P.ULESI"" 
ANNUAL" rpc· ~Ay[ B•sE 
RATE or RETURN ON RATE BASE 111 
R•TE or RCT~RN ON PAIO•JN CAP1t•Lllf 
RATE or RETURN ON TOTAL CAP I hi.' I It 

· ENERGT CON~UHPTION 

ANNUAL ENERGY USA~[ ov GAS CHHCVI 
ANNUAL ENERGY COSTS 
P~CSENT V&L~E OF CNERGY USEO 
UN1T COST OF CNCR'Y ilHHCF. 

OTHER HEASURS:S" ·-
TOTAL ANNUAL UNIT COSTS 
PRESENT VAL~E OF •llERAG( UNIT coSTi 
NET INCOHE' IBOOIC PROFITI 
PRESENT V&L~E· OF •oo~ PROFITS 
NET CAS~ GE~ERATE• OURl~G THE P[RllD 
PRESENT V•LUE" or ll(T C~SH' CiENCRATEi>. 
OISCOUNr rltTOR l~IO•OOij ii • 

e2. 6'1• 
l281•1U 
~151923 

7US 1•,8113 
50~03•3,B 

2n2••·oh 
ZlOl96•H1 

IOtOC3 
&a •O'i I 

.. 1187 

lJS9tl!'t5 
1»113•D2'f 
H51.n1 

I I• 9'i 8 

:t'I 7 •I 'I 8 
zoe.su 

·9353o'IU 
ltS96•HD 

Mt99•0".5 
SS.97ol»"3 

• 'I e 1 

I "BS 

86 •I !i2 
•7Se1H 
.21.1o;a 

B'lllOB•lllZ 
S'llB5o2!i'il 

. 2212't17ilL 
228L511S·~I 

IDeOO't 
· 1l 1hl 

'le 312 

l•'131S?1. 
Bll»l•••ll 
Hl917U 

2eO'l8 

0016.U 
t 95. 3111 

· 1osu1ou 
'1t9'11Sli 

11' 17• 91.C 
'IU91S~'i 

• 't i'i 

89tl u 
I023eE.71 
621•~90 

91911•129 
S57ilOet03 

221»101SJ& 
22us1 •S61 

101007 
I I •HS 
..... 32 

lf&U•690 
9pt11HJ 
lSJ8 1 BGl3 

2e203 

'tf>S I '156 
179e'l53 

lD017el't8 
386210'1'1 

I 0'13'11•'16 
'I02leOOB 

1386 

l 987 

93t706 
1075•070 

i»'I0179't 
1007'1015911 

•DD'161295 

H1S6B 
l»D1SU 

zJh't1975 
z;allS88• 783 

IDtDDl 
131788 

't 1 7 'tS 

't7191391l 
•091•1nJ 

JB21»iOH 
21313 

'ti» I I 138 
16& 1626 

122'191 .. 19 
1129313'17 

12'19!11372 
- '13791552 

1350 

19118 

97el37 
1128•82'1 

6911J'ID 
I QUSQ1'189 
071!1'1••12 

U•O'll 
58•038 

zsz11Je't7Q" 
z526,1 1 00• 

1010011 
l2•l71» 

.. I .. 59 

5'1591'126 
lJZ!i9•,08 

'12Z'I I 793 
2•'129 

5151571 
1•'1•277 

I099Se50I 
J5031flo• 

IJ02517S8 
'llSOe'IOll 

•ll9 

IOl•IDS 
11es1265 

73'11920 
1l"8H17S8 

7'tl0'11'1SO 

2'13721'!77 
2'tlS021229 

I 0 I 00'1 
IZ•J95 
'leU6 

1»02'11902 
1536'1•&U 
't'l5oe't•l 

2.sso 

5320YB't 
lS'leJU 

1101118•3 
3189t7'tS 

12722•1ll 
31J8St I '19 

•290 

l99C 

I 05 1 Ul 
12'1'11528 

73C•'l'l8 
&30'10.:l•HO 
7UJC 1920 

611839 s• •I I 7 

2 l'l St:· 1953 
Zl'137;1'1SI 

IC1DOI» 
1 •.'IQ l 

•.I 91»'t 

UOJ •BIO 
l H1>t:·19H 
·'172~.u• •• .,11 

SJJ12or. 
1'11 •'IU 

llOt;16'1't 
29Ul•lOl 

IOU'tl •OH 
21»'1 1·.121· 

o2U 

l0811»U 
&30i»i7SS 

73'11272 
l'tl99911»J' 
79790• "•2 

22S'tQ1'162 
22S2S21 U'I 

I01U07 
12 I i»J6 
S1H6 

7'10J11»oe 
2oe1s1,1>1j 

'19lll1U09 
218&<1 

S'1J1 Jtl~ 
IJ010114 

·11221»1"39 
21»1171'17 3 
991151&5~ 

23'101 JIJ(: 
I 239. 



CiaS ~trERElilCE SYSTEM COlilVERSION To cOMBINED CYCL~ 

SYSTEHS1 SCIENCE: ANO SOF'TWARE 
LAC PROJECTION MODEL 
P)PELINE TRANSPORTATION SYSTEMS 

DAH. 
RUN ID 

DATE. 110176 19 

. ENERGY CONSERVATION STUDY 

NOVEMBER 11 1976 llllfil'tS 16 IDl't76 
GAS REF' SYSTEM CONVERSION TO COM~INEO CYCLE. 
CASE PlB1I LIN(EO WITH PEPGAS •GAS2 

. --- P39 REPC·llr N01 la ........ -CAPITl(' INVESTMENT PL~NNING ANO ENERGY CONSERVATION IMPACT PROJECTION 1DO~LAR5· IN THOUSANDS I 

. 1· 
VI 
VJ 
I 

TIME'. PElllOO 19U. 
ACTIYJT1 

AlilNUAL' T"llOUG"PUT IMMHMCF'•MILESI 1081666 
ND!! I ~'Al. TlRIF'r IUNJT Tlhi11SP1 C"&RCi£1 13721092 
ACTUAi,;' T ilU F'r 7'151165' 
NOii I~ &I. TIU'115PQllf&T JOl\I RE.VENUES 1'19D991611 
ACTUll.' TOUL REVC~UES 809731998 .. \, 

'-EVERAGE 
L01'4Ci•T£RH CrUl\IOEDI DEBT JD CAP I UV I 5S15S6 
LONG•TU11 cru,.ocol OUT TO &SSUS • 't 11t706 

PllOF'lTUJl.ITY· 
OPEiUT I l\IG Jl,ICOllE. lrPC RULESI ·· 216291'tll 
ANNUi.i. F'PC RATE USE 216127•B96 
Rl TE or llETURl\I 01\1 RATE· SASE I 11 101008 
RATE or RETURN ON PllD•IN CAPIT&L111' - t21B7o 
RATE or RETURl\I ON TOTAL. CAP I T&( 1 U I 51813 

ENEllGY COl\ISU!IPTION 
AN~Ull. ~NERGY USA'E or GAS CHHcrl 
ANNU~L ENER&Y COSTS 
PRESLNT VALUE ,or ElllERCiY USED 
DISCOUNTED VALUE or ENE~CiY usco 
UNIT COST or ENERGY ilMHCf 

7't031608 
218561027 

'7561509 
Iii 10100 II • 

2t952 

::IT"ER llUSURES 
T 0 T &l. A '-IN U Al.' 11 N I T C 0 ST 5 
PRESENT VAl.UE or AVER•&~ UNIT COSTS 
OISCOUNT[O AV(RACiC IANNJALJ UNIT COSTS 

5501't't9 
119179't 

1993 

ID81U6 
l't't01697 
7561916 

IS6SS'l1592 
822501896 

51t67l 
't01SSl 

207181't62 
207003•119 

101009 
ll1IOS 
6oll 3 

7'1031608 
229't81828 

'tS't01lO't 
696171IS't 

31100 

sSB1 l7D 
1101 't7 I 

C~ONG•RUN AYERlCiE CJSTSJ Ci 10100. aJ • 1921738 

l 99't 

LDB1666 
15121732 

7691SBS 
ll>'tJ821ll8 
836271570 

'17 I 181 
J610S2 

198071S6Q 
1978781J't2 

101010. 
131339 

61876 

7't03160B 
2'to961210 

'+3331926 

31255 

S671208 
IOil1017 

1995 

I011t666 
I SB81 JU 
783t7't7 

1126011'IJ'I 
8SJ66•SJI 

'tlt956 
3 l •I 't2 

1BBBllt033 
1075J•56't 

10•006 
I 31 U2 

71569 

7110316011 
2!:IJ01108J 

'tll619JO 

J 1 'I I 7 

NET lNCOllE' 18001( PROF'lTI . ll'tl't12'tl 116't21JIO 1185Qi't't3. 121116tl18 
PRESCNT VALUE or 8QOIC PROFITS 2't881't25 Zl031J69 2i311't07 198519811 
DISCOU'-!TEO ~A(uc or 800( PROF'JT~ Ii 10.~o. I) • 818921937 
NET ClSH GEl\IERATEO OU~l~G THC P£1ll00 9952t7SJ 99112126'1 
'RESCl\IT V&LUE or NET CASH GENERATED 21661009 1967102't 

995le711 
1789,903 

OISCOU~TEO NET CASH fl.O~. Ci 10100 ii • IO'li8l153J 
DISCOUNT FACTOR lil0100J *I • t2l8 1198 

•••••• 
)CF' • ROI 
lCF' • ROI 
·lCr • ROI 

INTERN•L RATE ur REJURN •••••• 
or· s 
or 1 
or 1 

888'111999 
888'tl1999 
8Btl'tl19Y9 

lf'ROll YEAR 
I F'ROll YEAR 
I F:~Oll YEAR 

OWU ID YEARSI • 
OWCR I 5 YEARS I " 
OVER 20 YEARS I • 

6180 I 

lltll I 
12170 • 

tl80 

tOOJ'l1305 
l6'i01689 

t 16't 

t9U TUTAL 

I0816U 17871723 
16071767 2J82J1527 
7Y813U 130281370 

1B12J11SO'l20S196St'IOI> 
867~S1383122't9971'tS3 

JS1809 59,~9'1 
2S17U 52111B3 

&797'1t'tl't 'tl!D211375 
1796281787'1520022162S 

101006 9,5311 
131905 11I191 
81J08 .. 1 ei55 

7't0J1608 9~9&81903 
265Cl6it37 2'171901't6Y 

39'181887 6961711511 

31S8ll 

9682197'1 
385't1762 

123531535 2087901789 
18J6127'1 818921¥37 

IOll017'tO 2~07621527 
15051870 IO'tl811S33 

•1'19 100D 

AYERACit: 

ll913B6 
IO'il1176 
6Sl1'tl~ 

102sitB127o 
012'tY1873 

59189't 
S2168J 

21ss11069 
22'0Cll1IJI 

91!:.H 
I It 191 
't, 65S 

't6't519't5 
IZ3S9t!:o23 

1000 

213'18 

'18't I I '19 
1921738 

'lh21't&8 
't09'1t 6't7 

109881692 
52091077 

tOOO 



..Jl 
ii:-. 
I 

TIME'. PERI DD 
OTHER 1.lllE ITENS 

OPE;;tlf I 011 Af\10 "ll '-T F; ~ANCE: EXPE11SES 
INTEREST [~PE11SES . . 

fOTlL" EXPhstS 
IJf\llJSEO TU LD'iS 
IJf\IUSEO lllVEST11EllT T&C CREOITS 
LDllG•TERN BDRRO•lllG 
NET AOOITIOf\15 10 EQUITY 
AODITIOllS TO Pl.ANT• EQUIPMENT-· 
LONG•TERN OE~1 RETl~EHElll: 
'LA!IT • EQUIP11ENT ltl ORllilNAL: C05TI 
NET PROPERTY • EQIJIP~ENT 
TOTAL DEBT BA(~NCE 
TOTAL EQUITY qprJAL'. 

TIME. PUroo 
OTHER LlfllE ITEH5 

OPEIUTION ANO NllfllTE•UNtE: tllPEitSU 
INTEREST EXPE115E5 

TOTAL' EXPhSE5 
UNIJSED TU 1.0'iS 
UNUSED lf\IVEST11ENT TAC. CRE~ITS 
LOfllG•TERH 80RRO•lllG 
NET AOOITIONS lO EQUITY ·­
AODITIOf\IS TO PLANT • EQUIPMENT 
.LO~G•TERN OE~l RETl~EHEN~. 

PLAlllT •. EQUIPHENl llil ORSGmNu.:: C:oSTr 
NET PROPERTY • EWUIP .. ENT 
TOTAL OEBT BA(~NCE. 
T 0 T AL: [Iii u .1 n c lP I r AL'. 

TIH:: PElflOD' 
DTl4ER 1.lNE I TEH5 

DPERlTION AND kllNTE•hNCE. EXPEl.ISts 
1 NlERE5T EXPE11SES. 

TOT A1.· EXPE11HS 
UNUSED TU LO'iS 
UNUSED INVESTHENT TAC. CRE~ITS. 
LDNG•TERH BORRD~·ING 
NET ADOITIOf\15 1D [QIJITY 
AOOITIO~S TO Pl.ANT • EQUl~HEijT 
LOllti·TE~H onT RETIUHENI: 
PLAf\IT • E~U I P11ENT I iii ORIGINAL: tGST I 
NET PROPERTY-~ EWUIP .. ENT 
TOTAL DEBT 8AlANCE 
TOUL. EiilUI TY CAPH AL: 

•••••• 

1976 

•000. 
•OD·) 
eDOJ 
• 000. 

60'12t8Sti 
13326lt002 

888'11 t99P 
209972 1 ODO 

1 OO:J 
20997210UO 

. 2099721000 
1332631QOit 
83728•9"~ 

IOOS2•oOo 
U8J9t't8Q 
J69S'f18ll'I 

oODJ 
tOOJ 
eOOJ 
t OD·J 
•ODO 

887lt ll3 
2711220•00J 
22J986•t7~ 
ISlliZO•IB 
8J728t99l 

191139,ooJ 
9h2tO'ti 

5981'1•99z 
eODJ 
tODJ 
tDOJ 
tDOJ 

1977" 

62'120000 
loUleOlfO 
2'1B77eSl7 

•000 
oODO 
•DOD 
•DOO 
.oao 
•000 

Z09972•0U0 
ZO'fl39olf'IS 
ill2llJ•oo2 
83728•999 

1985 

11 SlfSe ooa 
12129•1113 
l9'811oll'f3 

•DOD 
•DOD 

111'1'1,ooo 
tOOD 

lll'l'ltOOO 
9511.111 

:8slll'f•oao 
l27Sl2•9'19 
l 532Sleo57 
8l728t999 

195211.ooo 
87'13•013 

1101>1s. 151 
tOOD 
•000 
•000 
.oaD 

tDDJ •000 
13987•9'1'1 13987•9'1'1 
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Table 4.1.1.3-4 

INPUTS AND. ASS1JMJ?TIONS 

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%. 

J.· Present values calculated at 10%. 

4. All profits paid in dividends. 

5. ·All excess working capital rei.nvested at 6%. 

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

7. Market growth as shown in line 1 of the figures. 

8. Base year 1975, inflated as shown in Fig. 4.l.1.3--3 
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Table 4.1.1.3-5 

COMPARISON OF ENGINE CYCLES 

Energy use, avg., BSCF/yr 

Efficiency improvement, avg., % 

Energy cost, avg., M $/yr 

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

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

Tariff reduction, % 

Present value of book profit, 
M$ 

10-yr RoI-DCF, % 

20-yr II II II 

Unused investment ta·x credits, 
M$ 
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Simple 

6.46 

0 

17.28 

96.43 

707 

0 

87.24 

6.89 

12.14 

3.84 

Comb'd. 

4.65 

28.02 

12.36 

69.62 

651 

7.92 

81.89 

6.80 

12.70 

6.04 



Several points of interst are evident. First, from lines 

through 4, it is seen that the energy saving actually realized for 

the assumed duty cycle (which is determined by the assumed market 

grbwth 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 $654 

per horsepower for the particular set of assumptions used, which is 

almost twice the average 1975 cost of gas turbines in pipeline 

service. The above dollars per horsepower figure is based on a 

total horesepower requirement of 147,507 (see Table 4.1.1.3-2) and 

is derived as follows: 

$(96.43-68.62)106 
$(96.43)106 x 147,507 hp= ~1,011 hp 

attributable to bottoming cycle 

$(96.43 - 69.62)106 

41. 0 11 hp = $654/hp. 

Bottoming engines, because of their requirements for boilers and 

condensers, are almost certain to be more expensive than open-cycle 

e;.:=i ~ t.11rhi ne:=>, hut not by a factor of two. It is therefore concluded 

that the bottoming engine offers to the DOE a highly attrative 

opportunity for pipeline energy conservation. 

Third, from the point· of view of the consumer, the tariff 

reduction is approximately 8% with the improved engines. And 

fourth, f~om the point of view of the pipeline operator, lines 7-10 

offer little indueement to invest in energy-conservative devices. 

Book profits actually fall slightly. For practica~ purposes, RoI 

is the same for all three cases, the small variations being pri­

marily due to differences in timing of the capital infusions. 
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Unused investment credits in~rease ~trongly for the energy­

conserva tive cases, as explained in another report of this series, 

HCP/M-1171-3, Section 7.0 (see pp. l and 2 of this report). 

Basically, they derive from the limit upon profit imposed by FPC 

regulation. Clearly, some change .in that regulation is needed·to 

induce pipeline operators to conserve energy. 

One regulatory change that seems reasonable would in effect 

divide the advantage between the consumer and the pipeline operator. 

This could be accomplished by allowing the operator to retain, in 

addition to the standard regulated return, a portion, e.g. , one 

half, of the additional profit generated by the energy-conservative 

innovation. For purposes of policy promulgation, the allowance for 

additional profit should be related to the quantity of enerqy 

saved. However, other regulatory changes appear more effective 

(see HC~/M-1171-3 of this series). 

4.1.1.4 Combined System Performance 

Both the organic fluid Rankine cycle and the steam Rankine 

cycle were seen to offer high potential for waste heat recovery. 

Projected efficiencies for the gas turbine combined cycle are shown 

in Fig. 4.1.1.4-1. 

For a typical first generation gas turbine with a thermo­

dynamic efficiency of approximately 20% (heat rate of 12725 Btu/ 

HP-HR), the addition of an organic Rankine cycle can increase the 

over-all system efficiency to 31%, while a steam bottoming system 

with 1S0°F condensing temperature wili increase the over-all 

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

different site conditions and condensinq temperatures than in the 

examples in Section 4.1.1.3. Thus, lower efficiencies are calcu­

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

adding a recuperator. In fact, efficiency improvement with a 

recuperator 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 
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conclusion bears repeating for emphasis. The bottoming engine, 

inherently, does not appear to be a viable candidate for retrofit 

on the first-generation turbine. 

For a second generation gas turbine, representative of those 

installed on pipeliryes, the typical thermodynamic efficiency is 

27%. The organic Rankine bottoming system, which offers much more 

than a 20% improvement over the simple cycle engine, appears to be 

cost effective, and can be applied as retrofit to the second 

generation gas turbine installations. 

For a third generation gas turbine with a typical efficiency 

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

positive temperature differential between the power turbine exhaust 

gas temperature and the compressor discharge gas temperature. The 

steam Rankine bottoming system barely offers a 20% improvement but 

the organic Rankine bottoming system offers a combined efficiency 

of 47%, a 34% improvement over the open engine. 

In summary, for gas turbine engines of the future, the organic 

Rankine bottoming system will offer far better than 20% im~rovement 

over the open en9ine, while the steam system will offer less than 

20% improvement. In terms of product obsolescence, the organic 

system is much to be preferred. 

The reason for this very s1gn1f 1Cbht Cohclus1on lies in the 

upward trend of turbine inlet temperatures through the years. As 

inlet temperatures have risen, so have exhaust temperatures, so 

that the heat available to the bottoming engine increases signiti­

cantly with each new generation of turbine. Along with these 

higher temperatures, pressure ratios increase, so that regeneration 

become less attractive, and finally impractical. 

The situation with the gas reciprocators is discussed in 

Section 4.1.3 below, where it is shown that approximately 20% 

improvement can be realized by adding the organic Rankine even to 

the most efficient engines. This conclusion is opposite to that 

which was reached relative to the turbines. To repeat for emphasis, 

the older (first generation) turbines are not viable candidates for 
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bottoming engine retrofit, whereas with the reciprocators the 

opposite is true, i.e .. , the older machines are indeed attractive 

retrofit candidates. Some further implications will be examined in 

Section 4.1.3. 

4.1.2 Diesel Engine Improvements 

The diesel engine has achieved an advanced state of development 

and has gained increasing acceptance in heavy duty vehicular as 

well as industrial applications in recent years. Today's modern, 

high output diesel engine approaches 40% brake thermal efficiency 

over a broad range of speeds and loads. While there is some poten­

tial for further improvement in efficiency through the use of high 

pressure ratio turbocharging and design refinements such as bore­

stroke ratio, reduce friction, and improved combustion, such gains 

will probably be marginal. For achievement of significant gains in 

.fuel economy, more basic changes are necessary. Foremost among 

these are combined cycle systems employing either the Brayton cycle 

·or the 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 plant in its usual form is known as a 

turbo-compound engine consisting of a diesel engine and a gas 

turbine whose outputs are·connected together through gearing into a 

·common output shaft. 

Considerable work on turbo-compounding was carried out in 

the 1945-55 period, mainly in the aircraft f'ie.ld where the ma.in 

benefits were realized in altitude performance. The Curtiss-Wright 

engine used in the DC-7 aircraft is a well known example of a 

4-cycle spark ignition turbo-compund engine. The Napier Nomad 

turbo-compound engine .(R~f. 10) de~eloped during the same period, 

represented a very significant achievement as a high output, 

lightweight diesel engine for aircraft use. The Napier engine, 

shown in Fig. 4.1.2.1-1, consisted of a 2-stroke diesel engine and 

an axial flow compressor coupled together to form a common system: 

the 12-stage axial compressor provided a pressure ratio of 8.25:1 

at maximum speed at an efficiency of 75-77-5%. The engine produced 
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3135 net hp with· a special fuel consumption of 0.345 1b/hp/hr and 

had only s~all v~riation in sfc· with load. The engine was never 

put into production, primarily because its development came at a 

time when jet aircraft were superseding the propeller craft. 

A more recent concept in turbo-compound engines is the 

Johnston engine (Ref. 11) now undergoing development at Engine 

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

The engine, illustrated schematically in Fig. 4.1.2.1-2, consists 

of four basic subsystems: (1) a high-pressure ratio turbocharger, 

(2) an uncooled piston, (3) internal cooling of the cylinder liner 

and valve passages (details not shown in the figure), and (4) a 

separate exhaust turbine connected by.reduction gearing to the 

engine crankshaft. The most unusual feature of the engine is the 

fact that tQe 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, arid 

the piston and cylinder are internally cooled by the excess 

scavenging air. The cooling medium is the working fluid, so that 

all the unavailable energy is contained in the exhaust and can be 

recovered in an exhaust turbine. The design by En~ine Systems is 

based on a 4:1 pressure ratio and 83% efficiency in both the 

turbocharger turbine and exhaust power turbine. Matching the tuFbd 

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 comme~cial diesel engines ~s shown in Fig. 

4.1.2.1-3. The curve of specific fuel consumption vs. horesepower 

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

Command. The data indicate a potential reductian of 25 to ~0% in 

fuel consumption along with an increase in horseDower or·1001 fo~ 

the Johnston engine over commercial engines of the·same displace­

ment, speed, and fuel/air ratio (Ref. 12). 
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The key to performance in the Johnston engine lies in the 

method of cooling the piston and cylinder. Cooling is not accomp­

lished in the conventional manner of 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 elongated piston in a uniflow scavenged, two-stroke arrange­

ment, which keeps the piston rings on the bottom of the piston, 

away from the area of high metal temperatures~ The cylinder is 

internally cooled with excess scavenge air and the cYlinder head 

and valv.es by air flow which .enters the exhaust stream, so that 

most of the cooling energy is recovered in the exhaust turbine. 

The primary engine parts must be manufactured from high tempera­

tures allowys to enable the engi~e to run at much higher tempera­

tures (800-130QOF) than heretofore used in conventional engines. 

Engine Systems, Inc., under contract with the U.S. Army 

Tank-A~tomotive Command, has designed and built a single-cylinder 

research engine around this concept and conducted limited tests 

which demonstr~t~d the feasibilii~ ~f the design, including the 

fact that the engine components could -oper~te.satisfact~rily at 

elevated (1~QObF) metal temperatures (Ref. 12). In a subsequent 

contract, heat transfet and stress analyses were performed for each 

of the major components, i.e.~ the cylin~er head, exhaust valve, 

piston, and cylinder liner_ (Ref. .13). A s.tudy was also made of a 

General. Motors 6V71 diesel engine, modified to the Johnston engine 

concept, as ~ potential candidate for the Army XM-723 vehicle. The 

study indicated a specific fuel consumptfon of 0.297 ~~-hr' 
representing a reduction of 27-45% ~s compared wi~h present 

commercial, high-output diesel engirtes used in this vehicle. The 

study also showed that the engine would offer an appreciabl~ weight 

reduction and would fit into a slightly smaller envelope than the 

existing commercial engines in the XM-723 vehicle. Further develop­

ment awaits availability of funds. 
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The methods by which the Johnston engine accqmplishes 

internal cooling are particularly adaptable to two-stroke engines • 
. • ' 

Another development program, support~d jointly by t~e.Cum~ins . 

Engine Co. and the Arm~ Tank-Automotive Command, ~eeks to accomplish 

the same basic objective of internal cooling of a four-stroke 

engine. The basic approach, which is to insulate the cylinder and 
. . 

use ceramic hot parts, is describ~d in_a paper by Kamo ~Ref. 14) •. 

Cummins is hopeful that basic feasibility of a 0.28 BSFC will be 
. . 

demonstrated in 1978. 

It is important to emphasize the fundamental distinction 

between the type ~f turbocompounding that is represented by the 

curtiss-Wright and Napier engines on the one hand, and by the 

Johnston and Cummins engines on the other. That distinction lies 

in the fact that these latter engines are cooled internally by air, 

which then enters the exhaust stream. Thus, the approximately 30% 

of input energy that is or~inarily lo~t in the cooling jack~t is 

available kto the bottoming engine. While both types of engine are 

turbocompouunded, it is the internal cooling of ~he Johnston and 

Cummins engines that _gives tnem their high potential for.improved . . . . 

performance. The importance of internal cooling, and the oppor-. . ' 

tunity that is offers, are further discu~sed.in Sectin 4.1.3, where 

its exploitation in the pipeline industry is recommended. 

4.1.2.2 Diesel-Rankine Combined Cycles 

Recent development effort on power plants utilizl~g diesel 

engines combined with Rankine bottoming cycle~ has been prompted by 

rising fuel costs and the increasing emphasis.on .energy conser­

vation. Earlier work on automotive Rankine cycle systems which was 

directed toward reducing air pollution has provided much of the. 

technology for the diesel-Rankine cycle power plant. A number of 

industrial firms, including Aerojet-General Corp., Thermo electron 

Corp., Sundstrand Aviation, Steam Engine Systems, Lear Motors 

Corp., Steam Power Systems, and .Brobeck & Associates, have built 

and demonstrated Rankine cycle power plants in passenger cars on 
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buses under sponsorship of federal or state government agencies. 

Others, notably General Motors Research Laboratories and Ford Motor 

Co., have developed experimental Rankine cycle systems for vehicles, 

either as in-house projects or utilizing subcontractors. While the· 

majority of these systems have been steam powered, three of the 

companies (Aeroject, Thermo Electron, and Sundstrand) have used 

organic working fluids. Extensive investigations, supported by 

NASA, the DOE, and DOD agencies, have also been conducted in recent 

years on small organic Rankine cycle units for space applications 

and ground electric power. Studies to determine critical parameters 

for organic working fluids have been made by these and other 

organizations. These programs have likewise provided useful 

technology for current efforts on organic Rankine bottoming cycle 

systems. 

Selection of the working fluid for a Rankine cycle system 

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

several major considerations, ~uch 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, chemically stable to high temperatures, and 

having well defined thermodynamic properties. However, it is not a 

goo~ working fluid for low-temperature applications because its 

high latent heat of vaporization makes it necessary to employ low 

boiling pressures; therefore, cycle efficiency is low. 

The general nature of this inferiority of water to other fluids 

may be seen by referring to Figs. 4.1.2.2-1 - 4.1.2.2-3. The first 

of these merely displays the Carnot equivalent cycle on the 

temperature-entropy plot for later comparison. The second figure 

shows the saturation line for water and a typical steam cycle. 

Because of the negative slope of the vapor side of the dome, to 

expand to a· point.A with acceptable moiture content in the steam, 

it is necessary to superheat to point B, much higher in temperature 
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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 regeneration 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 include refrigerants {Freon 12 and 

113), trifluoroethanol, fluorochemical {FC-75), isopropyl biphenyl, 

monochlorobenzene, toluene and pyridine. Each of these fluids has 

advantages and disadvantages, and at the present time no ideal 

fluid exists to fit all applications. In general, however, for low 

level heat recovery systems, most of the orgnic fluids are superio~ 

to water from a thermal efficiency standpoint. 

One of the most significant recent 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 {Ref. 15). A schematic of this system is shown in 

Fig. 4.1.2.2-4. The working fluid is Fluorinol-50, which is a 

mixture of 50 mole percent trifluoroethanol and 50 mole percent 

water. The design point characteristics are given in the shematic. 

Since the turbine efficiency is the most critical prarameter affecting 

overall system performance, a three-stage axial turbine running at 

60,000 rpm with a projected efficiency of 75.5% was selected. 
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At the conclusion of a conceptual design study, a test system 

was assembled using a new Mack euglu~ dl"1d existing but non-optimum 

organic Rankine cycle hardware. Performance mapping consisted or 

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 

~he basis of these resulta it was concluded that, with optimum 

hardware, a 15% improvement in fuel economy over a typical duty 

cycle could be achieved. Thi$ would represent a potential 1 reduction 

of 1.8 billion gals/y~. (120,000 barrels/day) in the near term· 

transportation requirements. 

A comprehensive study of high effioj.Anriy electrical power 

plants, consisting of diesel engines complete with organic working 

fluid Rankine cycle engines was prepared for the National Scieuue 

Foundation, ·Division of Advanced Energy Research and Technology, by 

Thermo Election Corp. (Ref. 7). The results showed that, using a 

commercially available 37-3% ~fficient diesel engine in a 5.5 MWe 

combined cycle system, an overall efficiency· of 46.3% could be 

achieved ( 24% power increase over the 1Ja.8i\'.: diesel 1:rnglm.: u.I., zel'o 

additional f~el consumption). It was also shown that, using a 

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

tion air refrigeration system, Lhere is a potenLlal for greater 

than 50% overall efficiency. 

Another major effort planned for future application to a 

diesel engine .is being initiated by Sundstrand Avla.Lion under a 

contract recently awarded by DOE. Thi~ p~ogram involves the 
design, development, test and demonstration·of a 600 KW orgariic 

Rankine cycle, waste heat power conversion system. Prototype 

systems now being manufactured at Sunds~rand are expected to be 

running by the summer of 1977. Following initial tests using a 

laboratory heat source, it is planned to install several systems in 

bottoming cycle plants with dies~l engines at electric utiliti~s. 

A 22.5% conversion efficiency is predicted for the organic Ranki~e 

cycle system, using toluene (CP-25) as the working fluid and· based 

on cycle conditions of 5500F/300 psi at the turbine inl~t. 
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4.1.3 Otto Engine Improvements 

Otto cycle engines accounted for approximately 40% of the total 

horsepower installed in gas pipeline compressor stations in the 

United States between 1963 and 1973 (Gas Turbine Intern'l., '74). 

They probably a~count for half of all presently existing installa­

tio·ns. 'I'hese 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 presently a number of manufac­

tures 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, turboc~arged engines showing specific 

fuel consumption figures at full load as low as 6500 BTU/hp-hr (39% 

thermal efficiency). 

A nllmber of gas engines: have be.en install~d in recent years 

in on-site power (also referred to as "total eQergy") installations. 

Most of these installations have been in commercial buildings whera 

the primary uses of waste heat energy from the engines have been 

for spaqe heating, water heating, and air conditioning. The same 

concep~ has been explored for industrial ~pplications with addi~ 

tional uses of heat energy such as process heating, cooling, 

evaporators, and possible conversion of any residual neat to 

mechanical energy (Ref •. 16). 

Only limited effort to. date has been directed toward adapting 

bottoming cycles to gas reciprocating engines ~o produce a~ditional 

shaft pow~r; however,. the same principles used in the dies~l 

applications, which were discussed in Section 4.1.2 can be adapted 

to gas engines. Studies have shown that adding an organic Rankine 

-75-



bottoming system to a gas reciprocator can result in more than a 

20% improvement in fuel economy, even in the most efficient engines, 

Figure 4.1.3-1. 

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

naturally aspirated gas engine. The unconverted heat is removed 

through four mechanisms: 

( 1) Cooling water 

( 2) Exhaust gas 

( 3) Lubricating oil 

( 4) Radiation 

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

radiative surface temperatures makes the conversion of heat from 

these sources into useful work impractical. The primary sources 

for waste heat recovery therefore are jacket-water and exhaust gas. 

The full load heat rejection from the jacket water is seen in 

Fig. 4.1.3-2 to be about equal to the useful shaft work and to the 

energy in the exhaust. There are two possibilities tor recovery of 

this energy. 

The first and obvious recovery possibility is by raising steam 

with the heat trom the jacket. In princi~le, Lhe jacket itself 

could be designed as a steam generator; but practical limitations 

would more likely favor simply using the cooling water heat for 

building heat or to power absorption refrigeration equipment. 

Current practice is to operate with cooling water temperatures 

around 250°F, which is quite compatible with standard heating a~d 
cooling equipment. At this low temperatures, conversion to mecha­

nical power is economically beyond consideration, and no innovation 

proposals for such cunver.1:;;iu11 have been identified in the t:uui:st! of 

this study. It is therefore concluded that this possibility 

presents no R&D opportunity and no further work on the concept is 

r. t!t:Offunended. 

The second recovery possibility is to cool the engine 

internally with intake air in a manner similar to that discussed in 

Section 4.1.2, so that the heat appears in the engine exhaust at a 
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much higher temperature than when removed in cooling water. This 

heat can then be converted to shaft work. in a bottoming engine to 

supplement the shaft output of the pri~ary 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) ~ngine 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 the engine with 

the same attractiven~ss for bottoming as the turbine, in which all. 

of the unconverted heat appears in the exhaust. Figure 4.1.3-2. 

suggests that 25-30% of the input energy is available to the 

bottoming engine. In view of this attractiveness, two additional 

points are worth discussion. 

First, if the internal cooling development can be conducted 

in a way that is applicabie to both gas and diesel engines, the 

benefits would extend far beyond the pipeline industry. They would 

accrue in vehitular 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 consumption. A 

rough estimate of the potential· energetic and economic benefits of 

turbocompounding may be derived as follows. It has been found 

elsewhere in.this study (Rep~~t HCP/M-1171-2) that the energy 

consumed in gas pipelines is approximately O. 7 Quad/yr. If ·only 

40% of this energy is consumed in reciprocating ~ngines, and if it 

is practical to retrofit half of these,. and if internal cooling of 

these could recover the 25-30% of input which is presently lost 

in·the cooling water, and if :the bottoming .engine can convert 

25-30% of that, then the energy saving would be 

0.7xlo15x0.4x0.5x0.25xO.l =. l.05xl01 ~ BTU/yr 

If, natural gas i~ valued at $2/Mcf, the value of this saving 

will exceed $20 million per year. And on a five-year payout basis, 
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the iustif ied 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 conser­

vation opportunity lies in the internal· cooling of pipeline engines. 

This attraction is further enhanced by recalling the discussion in 

Section 4.1.1.4, where it was seen that in contrast to the situation 

with the turbines, 'the older reciprocators are attractive candidates 

for bottoming retrofit. And by development of internal cooling, 

the advanced reciprocators-of the future also become attractive 

candidat~~-

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 

manufactures to customer specifications, including efficiencies and 

pnwAr factors. Efficiencies are generally in the range of 90 to 

95%. 

4.2.1 Improvements in Motor Efficiency 

In conventional electric motors, power losses can be reduced 

by reducing core losses. There are several methods for doing this, 

e.g., adding more material to the magnetic core structure or using 

steel with improved core loss properties. Another method is to 

increase the cross sectional area of the conductors, which means 

adding winding material to the stator and rotor. Another technique 

is to shorten the air gap, thereby reducing the magnetizing current 

required. These are straightforward d~sign approaches of the type 

which would be used by any electric motor manufacturer in meeting 

specifications for high efficiency, and do not appear to warrane 

any significant research and development effort to improve motor 

efficiencies over the present industry average. 
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The application of superconductors to electrical power 

equipment is another area which has 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. · 

Superconductivity is the total loss of electrical resistance 

shown by some materials when they are ·cooled to temperatures near 

absolute zero. Mercury, tin, lead, and many metal alloys become 

perfect conductors of electricity near absolute zero. Recent 

research has· resulted in improved alloys such as niobiumtin and 

niobium-titanium, although the cost of these materialsd remains 

high (approximate1y·$2 per gram for the high purity metal and $30 

per ~ound for the regular grade).· 

The first efforts, in the 1960's, to incorporate supercon­

ducting windings in rotating electrica~ 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 supercon­

ducting magnet technology, namely, the commercial availability of 

stabilized NhTi conductors, were the principal causes of the recent 

efforts to develop large rotating electrical machinery with super­

conducting field windings. 

In 1970, the International Research and Development Co. (IRD) 

of the United Kingdom demonstrated a 3250-hp homopolar electric 

motor with a superconducting NbTi field winding that could operate 

at full loarl in an industrial environment. Homopolar machines are 

variants of the Faraday-disk machine in which the armature (a thin 

circular disk) rotates inside an axial magnetic field. Such 

machines operate at low voltage~ and high currents (Ref. 17). 

Although there has been an ·increasing interest recently in 

industrial application of h,i.gh-rated homopolar machines, ·the main 

thrust of development to.date has been for marine propulsion 
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systems. The United Kingdom Ministry of Defense (MOD) has funded 

the development by IRD of a d-c supercopducting generator and motor 

suitable for use as a propulsion system for high speed naval 

vessels. The U.S. Navy has launched a major effort to develop a 

superconducting.motor generator for ship propulsion systems. 

Design contracts for a 30,000 hp m-g set have been awarded to the 

General Electric Co. and Garrett Corp. Two 3,000 hp prototype 

superconducting motors are.being constructed by GE and are scheduled 

for sea trials beginning in. late 1977. These units will be fore­

runners of 20,000 to 40,000 hp motors being planned for the future. 

Because of the low voltage, high current characteristics, it is 

necessary to use 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 cull~etor~ i3 claimed by GE 

engineers, using liquid sodium-potassium collectors which can 

handle 100 times the 60-A/in2 capacity of solid collectors made 

of carbon-based materials and which do not wear. 

For a-c machinery, the principal market area of interest 

has been central power stations. MIT, under a project fuhded by 

Edison Electric Institute, devel9ped and demonstrated a 45-kva 

macbjnP. ~nd initiated work on a machine with a capacity of 2 to 3 

Mw .. ·Westinghouse nas buil~ autl L~$ted a ~-Mvn oupcroonduoting 

machine, demonstrating technical feasibility of their design. 

De·sign cons id era tions prohibit the use of superconductors in the 

a-c armature as the losses would be too. high; Lh~1·~fore, the 

Ruperconductors are used in the d-c field winding only. Current 

collection problems for large blocks of power rule out rotating 

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

associated with a rotating cryogenic system have presented a 
...-

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 demon­
strated (Ref. 17). 
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In assessing the adaptability· of superconducting motors 

for pipeline use, there appears little likelihood that such machines 

will reach the stage of practical application within the next 10 

years. The only types envisioned for near term use are the d-c 

homopolar type machines planned for marine propulsion systems, and 

these do not appear economically attractive except in large power 

sizes (20,000 to 40,000 hp). Although these machines offer a major 

advantage in power density over conventional motors, the gains in 

efficiency are only marginal and are largely offset by the losses 

involved in the refrigeration equipment. The motor sizes involved 

in liquid pipelines are much smaller and are·a-c polyphase induction 

type. If superconducting d-c machines were used, it would be 

necessary to use a 3-phase rectifier bank in order to obtain d-c 

output, and this output would be synchronous a-c only. For these 

reason.s, the expenditures of any significant R&D effort toward 

superconducting electric motors for pipeline application does not 

appear warranted at this time. 

4.2.2 Improvements in Speed Variability 

Pipeline motors operate upon alternating current, and are 

therefore constant-speed machines. Control is then effected by 

throttling excess pressure above that which the pipe is designed to 

accept. This throttled energy is of course wasted, and sometimes 

is a significant quantity. If a cheap way could be found to vary 

motor e;pccd, either witbi11 thE::! mo.tor itself or in a variable-speed 

drive, a considerable saving of energy could be realized in 

petroleum-products pipelines. 

An interesting possibility for accomplishing speed variability 

in pipeline pump motors is the use of DC motors powered by fuel 

cells. This concept is discussed in Section 4.3.6.2. 

4. 3 Fuel Cells · 

The fuel cell concept and characteristics are briefly described 

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

The fuel cell was first invented in 1839, but remained 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 

relicible 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 

grOl,lHU µuwl:::!t ::ouurce.s. 

The fuel cell is an electrochemical device which directly 

combines fuel and air to produce electricity. As illustrated in 

Fig. 4.3.1-1, a hyrodgen-rich fuel is electrochemically combined 

directly with oxygen from the air to produce electricity ~nd water. 

Waste heat produced by the reaction process is removed with the 

exhausted air. Single fuel cells can be assembled in stacks of 

varyinQ sizes to produce a wide range of output levels. 

Fig. 4.3.1-1 - Fuel Cell Concept 

Source: Reference 18 
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Small fuel cell powerplants . have been built and operated for a 

variety of space and military applications, and experimental 

demonstrations have been built for commercial applications. The 

specific arrangement of the powerplant is dependent on the fuel 

and oxidant used and the application requirements. For space 

applications, such as the Apollo manned voyage to the moon, the 

fuel cells operated on pure hydrogen and oxygen, supplying DC power 

for the spacecraft electrical needs. This very simple powerplant 

consisted of a cell stack and a few controls. 

Commercial fuel cell powerplants operating on fossil fuel and 

air comprise three main elements as shown schematically in Fig. 

4.3.1-2. The reformer section converts natural or synthetic hydro­

carbon fuels into a more reactive form, usually a gaseous mixture 

of hydrogen with some carbon dioxide. The power section consists 

of a number of individual cells which convert the processed fuel 

with oxygen from the air to produce DC power. In the fuel cell 
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Fig. 4.3.1-2 - The fuel cell powerplant 

Source: Reference 18 
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statk the .individual cells are connected electrically in series of 

permit generation of any voltage up to hundreds or thousands of 

volts DC. Connecting a number of cell stack assemblies in parallel 

permits generation of any power level from kilowatts to multimeqa­

watts. The third major section is the inverter, which converts the 

DC output from the fuel cell section to alternating current (AC) 

electricity suitable for commercial applications. 

4.3.2 Attractive Characteristics of Fuel Cells 

Fuel cells have Several unique characteristics which make them 

attractive for use in several power generation applications. These 

include the following: 

(1) High theoretical conversion efficiency 

Fuel cell powerplants ranging in power output from less than 

100 kw to thousands to kilowatts are potentially capable of effi­

ciencies comparable to the best diesel electric and large steam 

powerplants, as shown in Fig. 4.3.2-1 
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Fig. 4.3.2-1 - Fuel economy/efficiency for all sizes 

Source: Reference 18 
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First generation fuel cell powerplants, using phosphoric acid 

electrolyte, are being developed with efficiencies approaching 

40%, while future advanced fuel cell concepts are expected to have 

efficiencies as high as 57%. 

(2) High efficiency in small plant sizes 

Efficient fuel cell systems based on present concepts can be 

built in sizes starting at about 25 kw. Small increases in effi­

ciency can be obtained with increasing size up to about 1 megawatt, 

with little efficiency gain beyond this power level. Again referring 

to Fig. 4.3.2-1, it is seen that fuel cell efficiencies are poten­

tially quite good in sizes down to 10 kwe and below. 

(3) Good part-load efficiency 

Unlike conventional power generation equipment, fuel cell 

efficiency increases as load is reduced from rated power, down to 

about 40% load is illustrated in Fig. 4.3.2-2. This characteristic 

is important, as most generating equipment, except for base load 

plants, is required to operate over a wide range of outputs, in 

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

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

Because of the static nature of the conversion process, fuel 

cell powerplants are inherently less noisy than conventional steam 

and internal combustion engine powerplants. The noise sources are 

confined to the ancillary equipment such as liquid feed pumps, and 

air blowers which are required for fuel cells. Cooling water is 

not required since waste heat can be transferred directly to the 

atmosphere. Measured emissions from experimental powerplants have 

shown that the fuel cell exhaust contains significantly lower 

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

indicated in Fig. 4.3.2-3. 
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Fig. 4.3.2-3 - Environmental impact 

Source: Reference 18 

(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 buildings to make direct use of some of the 

waste heat for space heating and cooling. Fig. 4.3.2-4 shows the 

relative amounts and types of waste heat available. 
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4.3.3 Problem Areas 

The primary problems associated with fuel cell development are 

cost and durability. For the fuel cell to produce electricity at 

room temperature, the electrodes must contain a very active electro­

catalyst. The best catalysts discovered to date are very expensive 

noble metals - platinum and palladium. Nickel electrodes, which 

operate at higher temperatures, have electrode degradation and 

electrolyte decay problems. Fuel processing equipment is complex 

and expensive. Steam reforming, partial oxidation hydrocracking, 

and hydrodesulfurization are being tried with varying degrees of 

success. Steam reforming is a fuel processing technique now 

commonly being used with phosphoric acid electrolyte fuel cells. 

It requires a nickel catalyst, which is susceptible to poisoning by 

elements such as lead, chrome, and sulfur. Light distillate fuels 

low in contaminants give the best results with steam reforming, but 

the life of cuch a system is presenlly limited to about 15,000 

hours (approximately two years) (Ref. 19). Initial work has been 

done chiefly with phosphoric acid electrolyte, which has an operating 

temperature of 160 to 200°c. The next generation of fuel cells, 

expected to have higher efficiencyi will probably use molten 

carbonate. Operating at a temerature of 500 to 700°c, this 
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material is more tolerant of fuel impurities, but there are other 

problems yet to be solved. Life for existing molten carbonate 

cells is pre.sently reported to be about 10, 000 hours, as compared 

with a projected life of 50,000 hours by 1985 (Ref. 19). The last 

element in the fuel cell system, the inveiter which converts DC to 

AC, does not yet exist in the sizes needed fo~ large-scale power 

conversion. Recent development of large SCR's which can be used in 

thyristor invester circuits may be the answer, but there are a 

number of problems that must be overcome to meet the goal of 96% 

efficiency. 

4.3.4 Fuel Cell Development Status 

Fuel cells can be categorized according to their state of 

development into three generations (Ref. 20). Goals for the first 

and second generation programs of the electric utility industry are 

shown below (Ref. 21). 
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The two major programs in support of this electric utility industry 

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

in 1972. The FCG~1 is sponsored by the United Technologies Corp. 

and nine major utilities, with the objective of bringing a first 

generati6n, 26~MW fuel cell power plant into commercial service by 

1980. The nine utilities are supporting this effort through down 

payments on provisional orders for a total of 56 FCG-1's. · The RP114 

project was initiated by United Technologies Corp. and Edison 

Electric Institute (EEI). It i~ intended to broaden the appli­

catio~ of fuel cells beyond the near-term needs of environmentally 

constrained utilities to result. in a second generation powerpl~nt 

for the utility industry to be used in a wide variety of 

applications. 

The Electric Power R~search Institute (EPRI), upon its formation 

in 1973, inherited the RP114 program (Ref. 21). In 1974, EPRI 

expanded its fuel cell activities and implemented a comprehensive, 

5-year plan, adressing four major issues critical to achieving the 

objectives of the second -generation fuel cell powerplant. Critical 

issues include.the following: 

(1) Participation with DOE in an early 4.8-MW demonstration 

of the FCG-1 technology, as a prerequisite to the second-generation 

pr-ogram. 

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

mediate future. In October 1974, a contract was awarded to Arthur 

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

means of integrating these within utility systems. 

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

utility ~etwork. Of primary importance is a quantification of the 

benefits as well as a definition of the potential fuel cell market 

as a function of capital cost. · A contract with Public Se~vice 

Electric and Gas Co., New Jersey (RP729) is providing these assess­

ments, using the scenarios from the RP318 project. 
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and ·is rep~rted to have met or exceeed all of its operational and 

performance goals (Ref. 22), including 40% overall efficiency over a 

wide operating range. This efficiency figure is based on the lower 

heating value of natural gas fuel, and includes the inverter as -

well as all other elements in the system. Limitations in utility 

company funding have precluded early completion of the development 

and demonstration required to introduce the 40 KW unit into the 

commercial market. 

Third generation·fuel cells are characterized by efficiency 

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

to 60% efficiency has been established (Ret. 20J. There is little 

existing technology for third generation systems. The only known 

candidate is the solid oxide electolyte system. Demonstration 

systems are probably 15 to 20 years away. 

NASA Lewis Research Center, at the request of DOE and NSF, 

has studied a number of advanced energy conversion systems for 

central station, base load electric power generation using coal and 

coal-derived fuels (Ref. 23). The program is identified as Energy 

Conversion Alteinatives Study (ECAS). The General Electric Co. and 

the Westinghouse Electric Corp. were selected by competitive 

bidding to study these systems, one of which is fuel cell power­

plants. In ECAS Phase I, three types of low-temperature fuel cells 

and two types of high-temperature fuel cells were subjected to a 

parametric analysis. An important part of the high-temperature 

fuel cell system study was the utilization of waste heat either by 

a steam bottoming cycle, the coal gasifier, or both. These are 

referred to as integrated cases. In the Westinghouse study of 

high-temperature fuel cells, efficienci~s of 48 to 53% were pro­

jected for the zirconia solid electrlyte integrated case, and 46% 

for the molten carbonate system. In both GE and Westinghouse 

studies, the highest overall efficiencies of the low-temperature 

fuel cell powerplants (30 to 36%) were appreciably lower than 

efficiencies of the high-temperature systems. 
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4.3.5 Technology Assessment 

While the feasibility of attaining high efficiencies in medium 

to large size fuel cell powerplants using fossil fuels is proven, 

extensive engineering development and demonstration remain to be 

done before overall economics, operating reliability,· and durability 

are established. Development effort is needed on all major elements, 

including the fuel processing equipment, fuel cells, and inverters 

(Ref. 2 0) • 

4.3.5.1 Fuel Processing Technology 

Although fuel processing technology is well established, a 

direct application of ·this technology will not meet the expected 

requir~ments of commercial fuel cell powerplants for the near term 

or the future. The particular ~equirements of the fuel cell 

application dictate new requirements for the processor. For 

example, for a phosphoric acid fuel cell the specification limits 

for· sulfur and CO impose stringent requirements on the fuel and 

fuel processor, and complex integration of the processor with the 

fuel cell stack is often necessary. 'I'he future U.S. ener·gy 

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 catalytic). As far 

as second generation fuel cell systems are concerned, little other 

than systems work by UTC is being done on fuel processing for the 

molten carbonate system. Work needs to be done to determine the· 

cells' tolerance to possible fuel impurities, their sensitivity to 

diluents, etc., in order to develop an optimum fuel processor for 

the molten carbonate system. 
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(4) A matrix of technology programs necessary to maximize 

the probability of achieving secona-generatlon gual~. 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 ipvestigate molten carbonate 

electrode sintering mechanisms, since the molten carbonate fuel 

cell is the main thrust of the RPi14 program; and to assess techni­

ques for removal of C02 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 demonstr~tion plant; and (c) several 26-MW demonstration plants, 

all to precede the manufacture of 26 -MW FCG-1 powerplants on a 

production basis. The 1-MW pilot plant has been built and tested 

successful~y. The 4.8-MW demonstration plant is under contract, 

jointly funded by ERDA ($25.million), EPRI ($5 million), and UTC 

($12 mil.lion). Delivery is 8Uhedul~d for mid-1978 and teeting by 
early 1979. Results of testing the 1-MW unit indicate that the 

4.8-MW plant will meet th~ performance goal uf 9300 Dtu/kw-hr at 

rated output. 

Another major program called TARr.F;T (Teaw to Advance Research 

for Gas Energy Transformation), spunsored by United Technologies 

Corp. (UTC) and a number of companie8 1n the gas industry, is aimed 

at providing a family of fuel cell powerplants in the 25-250 KW 

range for on-site power generation in buildings and aL lridust~ial 

locations. This program began in 1967 and was sponsored by 28 

natural gas transmission and distribution utilities. It has since 

expanded to include gas utilities and combination gas and electric 

utility companies. The program has been jointly funded at $56 

million for effort from 1967 to the present. On the basis of 

market studies, 40 KW was selected as an appropriate size for 

initial entry into commercial and multire~~dential markets. As a 

result, work has been directed toward development of a 40 KW power­

plant, designated PC18. A pilot PC18 powerplant has been tested 
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4.3.5.2 Fuel Cell Technology 

For terrestrial applications, fuel cells c~n be categorized 

by ope~ating temperature: low = ambient to. 2oooc, intermediate = 
2oooc to 7oooc, and high = above 7oooc. The first generation 

fuel cells will operate in. the low temperature range. The _pro~lems 

most common to fuel cells in this category are in the area of 

electrocatalysis, invariant. cell life, and system cost. In the 

intermediate temperature category the major problems are to develop 

the materials to assure long cell life in the severe conditions of 

high temperature and corrosive ,environment. In the high temperature 

category_, using solid-oxide electrolyte, the material~ 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 is the 

inverter, which accomplishes DC to AC power conversion. Inverters 

designed for low power applications are commonplace. However, 

large-scale inverters capable of handling megawatts of power have 

not been built, largely because of lack of semiconductors which can 

handle the large currents and voltages. In addition, the common 

designs are handicapped by poor efficien9ies. UTC, working with 

semiconductor manufacturers, has developed and tested inverters for 

the rARGET program capable of handling 20 and 40KW power levels. 

They are also testing a l.8MW unit inverter for use as a building 

block in the FCG-1 power processor, using components proved in the 

TARGET program. The scale-up is accomplished by operating the 

SCR's in a series/parallel combination to accommodate the higher 

fuel cell power voltages. Potential problems in the scale-up 

include: 
(1) Simultaneous triggering of the SCR's, which are operated 

in series. Simultaneity is necessary to prevent excessive voltage 

buildup on the late-firing SCR 1 s. 

(2) Possible unbalanced load current sharing among SCR's 

operated in parallel; and 
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(3) Undetected failure of individual SCR's or drive circuits, 

resulting in overloading of the remaining SCR's. 

The UTC goals show a 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 • 

. •, 
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4.3.6 Pipeline Appl1cations of Fuel Cells 

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.l 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, ~~e demand for fuel 

oil and LPG increases in the fall and winter, whereas in the 

spring and summer the traffic is predominantly gasoline. The 

switches to accommodate shippers arise because of the necessity, 

as a common carrier, to serve all shippers without discrimination. 

Thus common carrier products pipelines operate in products cycles 

of seven to ten days during which they guarantee to accept for 

shipment at least a (proportionate) part of every tender. 

It may be noted in passing that 

similar situations can arise in crude lines if different types 

of crude are found in proximity to each other. However, this 

seldom occurs, so that the discussion here refers only to 

products lines. These conditions are discussed in reverse 

order, in the sections that follow. 

4.3.6.1.1 Throttling losses at less 
than maximum throughout 

Because of ·1ower 

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 
. . 

centrifli'gal ·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) VariaLle-s~eetl engine d~iving 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; 

( l) Pumping through r.nntrol '1.;:i,l \Tes that waste controllec:l 

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 arid motor uni~s a~ each 

pump station to operate either in series or 

parallel, in combinations that yield the specific 

flow required by the shipping schedule. 

When a pip~line company is responsible for transporting a fixed 

quantity of liquid over a fixed time period with electric-motor 

driven· centrifuga·1 pumps, the management has the option of: 
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(1) Selecting the· most nearly o·ptimum combination. of the 

availabie pumping units and pumpi~g ~very minute of 

the time allotted at a constant.ave~age rate, throttling 

excess energy by a contr61 v~lve; or 

(2) Pumping with a selected number-. of units, without 

wasting pressure in a control valve,'but pfunping at 

a faster rate than necessary; thereby wasting ,energ~ 

both in start/stop and in increased'. fluid friction loss~ 

( 3) Pumping under ··a cornbina ti on of part . time without· 

throttling arid.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 motor~ are'inst~lled in a system.than 

otherwise 'would .. be necessary~. 
. " 

(2) Energy.is wasted when pressure is reduced by throttiing 

in a control valve. 

(3) Energy J..s 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 analysi§ 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 - 8 5%. 

(3) Pump and sys~em characteristics as shown on 

Figure 4.3.6.1.1-1. 

The operating options, together with the associated increases 

in necessary installed capacity and in energy consumption, are 

listed in Table 4.3.6.1.1-1. It is seen that the increase 

in available horsepower required is about 30%, and the energy 

wastage is from 5 to 30%. It is to be noted that the least 

wasteful option (1) does not include the energy wasted in the 

transient. 

If the flow requirement were such that it became necessary 

to bri~g a th~rd pump on stream, point e shows the flow below 

which throttling is required to maintain allowable line pressure. 

This limiti~g pressure 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)- Oper~ting on split rate schedule (attc1..i..nable} 

Point b 

34,000 bbl/day @440 psi for i6.3 hr ~ 16.3 x 299.2 hp= 4877 hp-hr 

Point c 

21,500 bbl/day @276 psi for 7.7 hr= 7.7 x 118.7 hp~ 914 

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. ?,~ 

(4) - Operating two pumps wide open (attainable) 

P_oint b 

1656 hp-hr average 

30,3% 

14,000 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!6 
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4.3.6.1.2 Throttling losses at maximum 

throughput 

· It has been seen in the 

preceding section th~t when the schedule calls for delivery at 

full capacity of two ·pumps, the optimum operating point is 

at b in Fig. 4.3.6.1.1-1. However, as will be seen from the 

discussion to follow, even when the-demand.exceeds capacity, 

it is seldom possible to achieve that optimum operating 

condition. The reason l~es in the-nature.of the pipeline 

duty cycle, and can perhaps best be explained by an exampl~, 

which accordingly is presented in Figs. 4.3.6.1.2-1 through 

-18. The case presented is a section of an actual_, existing 

pipeline~ an~ 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

stream ends of the section respectively. The power require-. 

ment of 1000 hp, shown at the initial statiori'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 th.ird 1006-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 

upstr.eam 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), throt~ling 
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becomes necessary to avoid excessive pipe pressures at the 

quarter and midpoint station discharges. A total of 337 psi 

is.throttled away at these two stations. Addition of a second 

unit at the three-quarter point (-8, solid lines) increases 

flow to 3060, without throttling, but when an additional 600 hp, 

the last available unit, is brought on the ·first station, 

throttling again becomes necessary at the first and second sta­

tions (-8, dashed lines), while fl9w 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 beiow 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 th~ 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 2SOO 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 n!=cessary 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 -l3 as the propane approaches station 2, and as in 

-14 as the propane approaches tation 3. The controlling seg­

ment is 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 s_egment, 

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 i~ station lhas been dropped anq 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 pressur~ contribution of the 600-hp unit would be 

t~rottled 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 uni ts pumping never exceeds allowable line pressure .. _The 

last 600-hp increment of power at station 1 gain~ 120 bbl/hr 

of flow. 

Figure 4.3.6.1.2-19 shows how the actual unit power cost 

varies w,ith throughput. Disregarding flows less than 1000 

bbl/hr, below which the deII).anq change dominat,es, 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 barr~l-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 tha·t ·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 

approximately equivalent to time traces of the energy wasted per 

unit of flow. It is clear that the energy wasted in typical 

operation is no~.insignific~nt. 

4.3.6.2 Fuel Cells with DC motors 

The reader will have anticipated the 

principal conclusion of this section: direct-current motors, 

wii:h their capability for infinitely variable speed control, 

offer a means to avoid the throttling waste di.scussed. 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 l:.hat th~ fuel. cell eevelopment programs that were 

described in Section 4.3.4 abov~ included the development of 

an inverter to convert the fuel cell DC current to. AC. If 

fuel cell development is justified for the electric utility 

situations which require the in.verter, then. 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 of~ers one the most attractive application for 

the initial demonstration and commercialization of large fuel 

cells. To render 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.l.2-"2l, it has been observed 

that the abscissa also roughly represents a time scale, if the 

operations described.above are continuous, with each spacing 

representing· approximately six hotirs. A further step in the 

analysis would be to calculate th~se time steps exactly and 

convert the throttling pressures to horsepower and replot the 

results, giving time profiles of power wasted at each station. 

Integration of these curves would then yield the energy wasted. 

However, for this calculation to yield an 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 cctimato of tho energy wasted may be davalopad 

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 

through -17, the average throttling l1ead loss is approxirr.a tely 

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 

~11 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 maint~nance burdens which are imposed 

by DC motors. This fact is very important in pipeline opera-

tions, where the motor locations are often remote an4/or unattended, 

and where round-the-clock service is often required. However, 

the potential clearly exists for significant energy saving, and 

it is therefore strongly. recommended that ·further work be done 

to define an appropriate R, D&D program for the applications of 

fuel cells in pipeline· service. 
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5.0 SLURRY SYSTEM IMPROVEMENTS 

5 . 1 Technological Status of Coal Slurry Pipelines 

The technology of coal slurry pipelines is solidly estab­

lished. Slurry pipelines first gained recognition as a viable 

method of transporting solids in 1957 when the 108-mile Consoli­

dation Coal pipeline entered service in Ohio, with a capacity of 

1.3 million tons/year. This slurry line moved 7 million tons of 

coal from 1957 to 1963, when it closed down, not because of techni­

cal problems, but because of rail rate reductions for large 

tonnages. The economic and political forces involved have been 

examined under Task 2 of this project, and are discussed in Section 

4.2.1 of Reference 24. 

The longest and largest slurry system yet built is the Black 

Mesa line. The history and description of the line have been 

presented (Ref. 2S) and updated (Ref. 26), and are summarized 

below. 

Black Mesa Pipeline, Inc., was organized in 1966 to construct, 

own, and operate a coal slurry line connecting the Black Mesa, 

Arizona, coal field to the proposed Mohave Generating Station in 

southern Nevada, over the route shown in Fig. 5.1-1. Black Mesa 

Pipeline, Inc. is a wholly owned subsidiary of Southern Pacific 

Pipe Lines, which operate 2400 miles o f petroleum products pipe­

lines. These pipeline systems in turn are a part o f Southern 

Pacific Company. This is the longest and largest slurry line yet 

built. In 1967, a 35-year transportation contract was signed wi th 

Peabody Coal Company and engineering design began. shakedown 

began in August 1970, and by November, commercial ope ration was i n 

process. 

Bla ck Mesa Pipe line r e ceive s coa l at a c e n t ral point in 

Pe abody' 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 company 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 O. Slurry is formed in 

the rod mills,where water is introduced. From rod mill, sump 

slurry is pumped into one of f~ur 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% solids 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 slop~ 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 

WhF>ther th0 line could be restarted af Le.i.: ci.H extHnc1~c1 sh11t­

down. Accordingly, ponds were provided into which the con­

tents could be dumped in case of shutdown. 

Early in 1971 the pipeline was ::.liuL tluwn twice due to 

power failures. Particle size gradation (consist) was relatjv~ly 

coarse and difficulties were encountered in restarting sections 

of the linP.. On each shutdown, one hurd plug was encounLeLetl 

and had to be located and removed. Plugs wen~ RpPr.ifir - .::1bout 

40-tt in length. To be on the safe side, other sections were 

restarted and line fills were dumped into station ponds. In 

the first instan~R thP ;:iffected line section wac 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 nifficulty. It is not cxpcctC?d that extensive durupiw:J w.i.11 

occur again. The two important key·s to a restartable slurry 

are a fine grind and a well-graded consist. 
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Pump stations and pipeline operation are supervised from 

origin point. Stations, which are complex, are operated unat­

tended; however, there are two resident employees at each booster 

station to perform maintenance and to provide on-call availability. 

Pumping is "tight-lined," i.e., without surge tankage at booster 

stations, Locations are linked by a solid state, hot, standby, 

microwave system operating at 2100 MHz. One 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, 

have operated satisfactorily. Slurry is withdrawn from tankage by 

a centrifugal pump and transferred to a battery of 40 centrifuges, 

where 65% of the water is removed. The re~ulting wet cake is 

conveyed to 20 bowl mills for drying and further pulverizing. 

Dried coal is carried pneumatically to the combustion chambers. 

Fifty-two permanent employees are required to operate.the 

'pipeline. Of these, about 36 are at the Black Mesa preparation 

plant. The remainder are technical and administrative personnel 

located in Flagstaff and at the booster stations. At Black Mesa, 

Navajo and Hopi Indians are given employment preference under terms 

of the mining ·1ease. At both Peabody and Black Mesa Pipeline, 

Indian personnel are in the majority. 

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

The group includes a Shift Supervisor, a Pipeline Operator in the 

System Control Room, and Operator-Repairman handling preparation 

plant and other facilities, and an Operator-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 velocities­

with respect to deposition or bedding and to assure good restart 

characteristics. Varying the percent solids and the size consist 

affects these .important operati11y characteristics. High capacity 
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test loops are useful here, and Black Mesa has several well instru­

mented loops, including one 1000' long and 24" in diameter. After 

determining the desired specification, it is necessary to monitor 

carefully to assure that specification is consistently met. 

Percent. solids or density is extremely important and is monitored 

by a nuclear density meter mounted outside the pipe. Size consist 

must be laboriously obtained by sieve analysis run every hour or 

two. 

The slurry is sometimes corrosive and requires the addition 

of some inhibitor. Wa.ter batches especially require use of an 

inhibitor. Careful corrosion monitoring is necessary. 

While the pipeline can be shut down and slurry allowed· to 

settle, pump cylinders and valve chambers as well as convolved 

station piping must be promptly flushed upon shutdown. The slurry 

tends to pack into.dead spots except for those on top of the pipe, 

which affects valve selection. A conventional gate valve will not 

function well ih slurry service. Ball valves and lubricated plug 

valves seem best suited for slurry. 

Wear is a continuing process in the mainline pumps. It is 

of course to be expected, and is therefore not a problem. Valves, 

seats, pistons, rods, and packing are expendable. However, these 

parts have met and, in most cases, exceeded expected service 

life. 

The system has successfully completed more.than six years 

of operation. While the line is capable of transporting over 5 

million tons of coal per year, it has actually averages only about 

4 million tons per year because of lesser burn requirements at the 

power plant. Pipeline availabilit~ has exceeded qq~- The plant 

engineer at the Mohave Generating ~tation reports that, of the 

three major subsystems, coal mine, pipeline, and power plant, 

virtually all system downtime is due to either the mine or the 

power station. The pipeline "is always running." 
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Because minimum operating velocity and design through-put. 

velocity are fairly close together, the pipeline has a relatively 

small turndown. When the power plant requirement is less than 

pipeline turndown, batching is necessary and a dispatching model 

has been just as useful in this application as on a petroleum line. 

Flow is measured in gallons per minute using magnetic flow meters 

and by timed stroke counts. Gallons per minute and tons per hour 

are related by specific gravity· of solids and percent solids. 

ln 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 (Ref. 24.). An indeterminant period of 

time may be required to resolve the contested issues. A study by 

the OTA, scheduled for completion in mid-1977, will cove~ techno­

logical, energy, and legal issues; environmental effects (especially 

water and land use); evaluation of costs and returns; and impact on 

the railroads. 

5.2 Methanol-Coal Slurries 

A promising new ~oncept in coal slurry technology which 

appears to have potential for overcoming some of the problems and 

limitations associated with coal-water slurries is the methanol­

coal slurry system. Leonard Keller, President of the Methacoal 

Corporation, Dallas, Texas, holds patents (Ref. 27) relating to the· 

methanol-coal slurry, which he c~lls Methacoal. He describes 

Methacoal as a pseudo-thixotropic, or shear-thinning, mechanically 

stabilized suspensoid. At rest it ~ppears 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 by viscous or laminar flow, rather than 

the turbulent flow characteristics typical of coal-water slurries. 
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5.2.1 Methanol Carrying Capacit~ 

5.2.1.l Experimental Measurements of Carrying Capacity 

It appears that methanol has somewhat greater carrying 

capacity than water. To acquire some first-order verification of 

this hypothesis, as a part of this project rheology tests were 

conducted under subcontract by Prof. R. R. Faddick of the Colorado 

School of Mines. His report is condensed and summarized below. 

In conjunction with rheological tests, additional bench 

tests are necessary to determine solids specific gravity, solids 

screen analysis, density and viscosity of the liquid carrier and, 

where coal is concerned, a proximate analysis. A Western coal was 

selected for which all this information was readily available. A 

relatively fresh, unused sample of Utah coal was available in the 

Rheology Lab from a previous study. 

Three concentrations of coal, from maximum possible down to 

-5%, -10% from maximum were studied at room temperature. Com­

mercially available methanol was used with one particle size 

distribution of coal. 

Rheology is the science of the flow deformation of liquid-

1 ike substances subjected to shearing stresses. These stresses are 

measured over a range of shearing rates. The resulting relation­

ship_ of shear stress vs. shear rate depicts the flow deformation 

characteristics of the slurry for a specific solids concentration, 

size distribution, and temperature. These data, when plotted, form 

the slurry rheoqram. The slope of the rheoqram 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 ot 
which is a constant. The deviation of the slurry rheograms from 

linearity is a measure of their non-Newtonian characteristics or 

variation in viscosity with shearing rate. Translated to pipeline 

flow, this means that the viscosity of the slurry varies with the 

flow and is not a constant as it would be for a Newtonian liquid. 
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The purpose of the rheology measurements, then, is to 

determine a slurry's shear stress-shear rate relationship. A 

mathematical model. of the shear stre~s-shear rate curve (rheogram) 

is then defined, and this model is used to predict slurry friction 

head losses for pipe flow. The model may also be used to scale 

actual, measured, pilot loop friction losses to pipe sizes other 

than that used in the loop. 

The rheological measuremen~s were made with a Brookfield 

Model RVF viscometer over a range of slurry concentrations and at a 
. 0 

temperature of 25 c. The slurries were placed in a blender. jar 

containing a heating coil which was connected to a 

constant temperature bath. The viscometer spindle was lowered 

into the slurry, which was then agitated as necessary to sus­

pend the solids. With the blender off and the slurry in a 

quiescent state, the shear stress-shear rate relationships 

were obtained. Measurements were made with both ascending and 

descending spindle movements, and all measurements w~re re?~ated 

four to eight times. Yield stre.sses were obtained by record­

ing the static torque reading when the spindle was allowed 

to come to rest in the slurry. 

A three-parameter yield-pseudoplastic model was fitted 

to the data. This model does not fit all of the rheology 

data as well as a four- or five-parameter model would, but 

it is much easier to deal with mathematically. The model 

was adjusted to fit the rheology data over the range of shear 

rates to be encountered in the prototype pipeline operation. 

form 

where 

The model selected was a yield-pseudoplastic having the 

·~ ·· · shear stress 2 (dyne/cm ) 

'L y =yield shear stress (dyne/cm2 (TAUY)*) 

K = 
J- = 

flow consistency index (dyne-secn/cm2 (KYP)*) 

shearing rate (sec-l) 

n = flow behavior index (dimensionless (NYP)*) 

(*Computer notation, used in Fig. 5.2.1.1-1) 

-139-



Utah Carbon King coal from Braztah Corp. in Helper, 

Utah, was crushed in a laboratory-typ.e hammerinill (Holmes) 

in several passes. 

Specific gravity (measured) = 1.4294 @ 25°C · 

Moisture content - 1.16% 

Screen Analysis 

+100 mesh 0.3% 

+200 13.7 

. +325 65.60 

Volatile matter· 

Pixed carbon. 

Ash 

Btu/lb 

Sul.fur 

-325 20.4 

100.0% 

~alycd .. c: of Coal 

AS 
received 

37.4% 

41.4'b 

14.2% 

11,355 

0. 7% 

Dry' basis 

40.2% 

44.5% 

15. 3.% 

12,210 

0.7% 

Mnl stun~ & d.~h­
free basis. 

47.5 

52.5 

14,·420 

Rheological data are listed on the computer printouts. 

Four concentrations were measured, two at 64% solids concen­

tration by weight, and one each at oUi and 55~. lt was con­

cluded that higher concentrations, possibly above 70% by 

weight, could. probably be pumped, although of course pipewall 

fr1ction would be high. 

Nomenclature is given in E'ig. 5. 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 une dry·short t.on of coal per 

hour one mile) is listed also. In both cases, pressure drop 

and specific power are for pipewall friction only and do not 

include pipeline bends, ,elevation differences, fitting 

losses, or pump· motor efficiencies. 
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PROGRAM 

rnrs PROGRAH SUMHARJ~ES AND ANALYZES RHEOLOGY DATA FOR SLURRIES OR LIQUIDS HEA~UREO 
WITll A BR]OKFIELD VISCOMETER cnOUEL LVT OR RVF) USING. CYLINDRICiL SPl~DLts 

SIJDROUT(IJ[ OPH~ PrRFORHS A LINEAR ~EGRESSION ON UIJBOB : K•OHCCAu~ 
S1JBR01JT1Mr, PIP~ PREl11CTS PIPELll~F; ::tl[RGY REQU(REHENTS 

NOTEI PROGRAM COHPUTES IN SI UNITS. SJHE OAtA OUTPUT IS IN EMGLIS~ UNJTS, 

NOl-1ENCLATURE 

RC = RADIUS or CONTAi''ER 11EASUREO .u sP·i~iDLE LOCATION;· cH 
RS = RADIUS or SPINDLE. C11 
~AT11: =RC/RS ~HERE l e SPlNDL[_NUHRER . . . . 
CW : GRAVIHETRIC··CONCENTRATION CDE€1HAL FRACTION> 
CV : VOLU11£TRIC CONVENTRATION <DECl'-IAL FRACTION> 
TEMP " SL.UHPY TEMPERATIJRE IN DEGREES .GENTJGRAOE 
s = 5µEc1r1c G~AVITY or SOLIDS 
SL = SPEclrJc G~AVITY or LIQUID 
TAUKll>= SP1NOL[ cocrr1cJENT roR STRESS WHERE l • SPINDLE 
NUHBEP. 
S'I = Sl'[ClfJC G~AVITY or SLURRY 

.YIELD = SLURRY.YIELO.STRESSe_nYNE~/CH/Clt 
RPH : SPI~OLE SPEED, REV/MIN 
DIAL : BROOKFIELD OIAL READING 
STRESS= STRESS.t-1EA~URED AT. WALL or. SPIWDLE1 bYNES/CH/CH ... 
KEHGAH = SHEAR RATE IJ/SEC> FROH KRIEGER, EL.ROD, HARON <KEHi 1 EOUAllON 

~ BROGA~1 = ~HEAil.RAT~ .. ~1/.SEC> r~oM_.8RO!JKEY_EQUATJ.ot-L_: _· --·­
~ ALVGAH = SHEAR RATE <11SfC) FROM ALV[S ET AL, rn0ATION. 
f OHECA : SPINDLE ANGULAR VELOCITY, R4DIANS/SED 

K : CONSISTENC• INDEX, OYNE·SEC••H/CH••2 

N : FLOW OEHAViOR INDEX, DIMENSIONLESS 
KYP = lf!TErlCEPT_ .. or DEL.TAU. vs._AL.OG~H_JlOGARJTHHlC F:'~CIV .. 
NY~ = SL.OPE or DEL.TAU vs. ALVGAH <LOGARITHHlt PL.OT) 
D(LTA~: TAU - TAUY 
TA~ : SHEAR STRESS DYNES/CH/CH 
TAUY " YIELD . . . . - -, 
RYP = cnErr1c1ENT ~r CdRRELATION roR LEAST SQUARES ~IT 

'DIA "PIPE:INNER DIAHETER1 INCHES ... · _ ·--·- .... 
R[LRUF = RELATIVE ROUGHNrss (A~SOLUTE ROUGHNESS/PIPE ID> 
VCL : CRITICAL VELOCITY DENOTING LAMINAR FLOW 
VCT = C~ITIC:AL VELOC:lh OFNOT!NG TRAWSITIDN. rLOW. 
VLCTY =VELOCITY or· rLOW, rps. 
SHRAlE •·SHEAR RATE. 1/SEC 
THRour;HPUT Is IN OR'! SHORT TONS PER HOUR .. 
RE = GEN[rlAUi!E(I) REYNOLDS ~IUllBE:R BASED ON SLURRY' PRoPERTi(s 

FM = FA1-1Nt~JC FIUCTtON fACTOR 
POROP = PRE~~URE DROP QUE Th WALL FHICTION' ONLY1 PSl/~ILE 
KIL1J-llR/T0;1-Mt : SP[CIFIC P(l~i[R 

Fig.5.2.1.1, p.l 



rOUR DATA PO)IJTS 
SLURRY I . S-31 ti[ TUACOAL 164.~~). 3-[2-77 

RF'H 
u. 
20. 
50, 

Hl0. 

I< 

I. 
I-' 
~ 
N 
I 

.. 

DIAL 
Hl,5 
15.9 
21,5 
32.2 

31L1i:t 

.. .. .. 
STl\ESS KEHGAt-l 

74,632.4'lE•U 
113.0t4.9aE•l?1 
152,811.25E+e2 
na .. B62. 4·n·e:i 

N 2 1.L465 t<YP 

I f'CCCHI RSICHI 
2 4 , "1HH'J 0 , 512 8 

Rl"tCGAH f.LVGAH Oli£GA 
4. 5P. 4,50 1.~472 
". 01 9,01 2.•0944 

22,52 22.51 5,2360 
45,~3 45,03HJ,4720 

• 33,73 tlYP = 01, 490 

RATll) l.tl<RAT<ll) :~<~> CVPC) TEHP(C) 
7,B00J 2,0542 ~·.3 5e,0 25,5 

S SL 
i.ac; 0,191 

UJIOHEGA I LN CS iTRE SS l 
0. "" 61 4. 3125 ST HESS D 75,"B<OMEGA , .•. 0,465 
0·, 7393 4,7274 . STRESS • l7.19C~EHGAH)•• 0,465 

.1,6556 5.~292 STRESS D 38dl9{0RDGAH)••· 0,465 
2","3487 5,4331 ST HES~ I 36,UHALVGAMI .. 0,465 

RYP II 019931 

hUKi I I SH 
0,14''7 1.11" 

R D 0,9933 
R 2 0,9933 
R I 0,9933 
R s 0,9933 

. ·-·. ··- - - .. 

YIELOfDYNES/CH/CH) 
6,40 . 

tAii-TALY 
68,23 

106,61 
146,41 
222,46 

Fig. 5.2.1.1, p.2 



I 
. f-' 
.i:-­
w 
I 

HINERAL --- SSI HETHACOAL 164 1 3~: 
AVERAGE SOLi~ . SPEC1r1c r,RAVITY 

-LIOlllD PMA5E SPECIF'IC CRA\'ITY 
SLURRY .... __ .. SPECIF'IC GRAVITY 
SLURRY CONCENTHATION RY WEIGHT 
SLUR RY CONCE 1~ TR A Tl 011 By VOLIJME 
ABSOLUTE PIPEW~LL ROUGHNESS ([)1 .rEET 
CRAVJTATIO'JAL ACCELERATION 

SYSTE~ PRDPERTIES 

3-12-77 
is> 1~429· 
ISL) 0,"791 
(SHI 1.110 

111, 643 
Ill, 500 
"", 1111'101,01110 -

SLURR~ TEHPERATURE (TEMPI, DEGREES CELSIUS 
PIPE TYPE 

J2,t573 fEET/SEC/SEC 
25.~ 

PIP£: SLOPE 

MESH 

a.0011100 
11lkl/2LH4 
2D'1/J25 
J2i;./PAN 

TOTAL = 

PERCENT 

. ·,,-, 3Vo 

13. 7i'I 
65.6'1 
20 .'HI 

1'Hl. ~ 

~EICHT[Q H(AN. DiAMET("'f~·~~·5;·e-349·[:~2·~~ft1 ..... ··~· 

COEF'rlCIENT or VARIATION : 44,68801 
DRAG corrr or.~EIGHT~o MEAN or~ •.221,865 
REYNOLDS NUHRER or SETTLIN~ • 0.11 

HORllONTAL 

THROUGHPUT ITONS/HRI • SHORT 
SETTLING RECiHE • LAMINAR 
VISCOSITY fACTOR c .1,e .. 

ROSIN - RAHMLfR EQUATION! n a 100 ~ EXPl-10/ ~,111686491 •• 2,585~151" 
S-LOPE : . ;1,5B!:i615. _____ INTERCEPJ. B !. _0,!i'686491118340. HJLLll1£TERS 
CORRELATION COErr. a 0,965528 050 a 0,06 HILLIMETERS 

"l<YP: 33,73 rnr ·" 111, 4_9~ TAUY a_ 6,J96. 
Stl. THEORY 

PH :: H,A, 

Fig.5.2.1.1,p.3 



DIA RE uwr VCL VCT .JLCTY THROUGHPUT REYNOLDS rH PSI KILll~HR 

IN, EIDIA rPS rPS rFS TUNS/HR. tJUHBER ttl>< HI TON•MI 

6 .llHl~ 0,000.:SP 11.02 f6,89 4,00 62,8 455, , 01'!00 182,9:!0 e .-4465 
8.0IJ0 0.~0022 10. f/14 15,39 4 .0u. 111, 7 .. 52:5. ! f!f)00 . 119,50 _.ll,291& 

lf". 'l!Hl 0,01l01A 9,34 14.31 4. 0l" 174,5 584. I eJ0ll0 66,"H e,2100 
12. n:rn 0,G:l015 6. 82' 13,49 4 I 00 251. 3 639, '0000 65,778 ~, 1606 
14.e00 0. 0lli313 6.37 1?. 63. 4 ,IHJ 342. 0 . 689. ,0000 .52,4E4 2.1281 
16.~01~ "·~•:li'.'111 B, 02 12.28 4. 00 446,7 733. ,0000 43,0te e, 1 "51 
18. 0V.'.' 0,0<l01rl 7, 72 11.82 4. 0" 565,4 ,., 9. .000(.J 36. 2!! 4 e ,eA05 
20, Cl~H!I 0. iill!009 7.46 11.43 .4. 00 ·-· . 698,0 820 •. ,0"00 31. 0, 4 .. _ e ,015e 
22. ~~~'J 0, 0~0l'!A 7,23 11. 08 4,00 844,6 P.60. I Pl00QI 26,978 e, e 65 9 
24. 00,1 "I ::J~007 7. llJJ UL 77 ~.00 1005 .1 897. . "'""" 23.776 IZ I fl!J8f'! 

. -
6, rm~ 0 ,()11030 11.02 16.89 5 ,01!! 76,5 6 37. • 0'101'! 203,4~5 e,49~6 
8, 0>JO'I 0. 011022 10'. 04 15.39 5 ,0" 139,6 733. •I l'I[) f/10 132,991 e,J246 

10,"Hl0 0. t'P.018 . 9, 34 14.31 - 5, 00 .. - .218,1 .. 61A, I 001111'1 95,6~4 ... e.2335 
12.~00 0, 0;i015 6.80 13. •9 5,00 314,1 894. . "'""'"' 7J,H1 e, 1786 
14,000 0,Ql~01~ IL 37 12.BJ 

5 ·"'" 
427,5 965, • 001'.10 58,21!4 0,1423 

16. '11"11.1 l", ~P'111 a. 02 1::>.28 5.~o 558,4 . Hlllll, ,1'1Ml0 47,878 e .1169 
18,1-lfH'I Ill. '1!'1010 7, 72 11. 82 5,00 706,7 1~91. ,lllli'J!'.10 40. 2211 e,1!982 
20, lol,)'1 ". 8f10'-19 7,46 11. 43 5 ,011 872. 5 . 1149. · "'"'"" 34,454 0, e 841 
22, OvH' 11J,"1Hl1!8 7.23 11.0a 5,0rl __ . 1055. 7' __ 12214 ··-- • 0000 ··--·-·29. 9~3 e,0131. 
24, H'H.' 0, (11~0"7 ., • eJ. 111J,77 5,0r1 1256,4 1256. , 0000 26.3H 2,0643 

6. e11rn 0, 0003(1 u.02 16 .119 6. fl!~ 94,2 838. ,0000 222,!.!44 _ e,,420 
8,M'let 0. V1C'1(127. U;0' 15.39 .6. (llr. 167.~ 965. ,0M'l0 145. u 5 0,J542 

1 ~. (lki'i.1 0, 1(1''01 A Q • JL 14. 31 6,00 261,E. 11'171. • 0'11'.1~ 104.J~5 2,2547 
12. \:HJ·~ 0,(10015 .6.80 lJ.'19 6-.0(11 . ..... JH.~· . . ,_,.117fl. __ ,,001tllll. ___ 79.711 0,19:46-.. 

I 
14 .1~0!"1 0.0~1 013 8. 37 12.83 6,00 513." 12 7"'·. ·""'"" 63.,4~6 0,1590 

t-' 16.0N! 0.~w011 8; 1:)2 1::>. 28 6. 00. 610,1 1356. , 011JlllllJ 52,1'7 e,1213 
..&::- 1 a. ""'-,"' 0,f.1P010 -: .12 lf,82 6,00 848,1 1437, I 01'!1'Jl'J ·. 43,8~2 .ll.107'1 
w 20.01~0 0,0'1~~9 :'. 4 6 11. 43 6 .• 0~~ 1047 .ra 1513. • 1'1000 37.576 e,0917 
I 22. "k~,, 0, er·01'A :r. 23 11. 08 b,0Vl 1266,9 1595. , lll'111l0 32,647 e,2191 

24. 1-Jkl(J 0. (11'10(.17 :r. 03 11'1. 77 ... .b,00 _ 1507 I:' - . ·- 1654 ._ 1 ~00PI 7.8 I 712 i!,0701___. 

6.C1~0 0,0003(' 11.fll2 16,119 7' e'1 109,~ 1058. I 0fHl0 239.121 0,,837 
8. Q:ill'.I lll,0~i0:12 10. "" 15.39 7',lll" 195,4 . 12111. . """"'" 156,218 e,JR1J 

10. flk.10 0,'1\1010 9.3~ 14,31 "·""' 305 ... 1359. ,0u~o 112.313 ~.2741 
12, c111:1 !21,0:HH5 .~. 8?- 1J. 49 7',00 '139. y 1486. , 0000 65,827 c, 2·;,95 
14, 11t('.l 0,CH'013 s.37 12, 113 ? • zo. - 598,5 .1603, I flnllJD. 68,J24 l!,1666 
16,011'.1 0. CliHl 11 !! • II)?. 12. ?.8 ?,00 1ai. a 1711. ,00~(1 56.10 ~.1J71 
18, CllHl · 0.~w010 7. 72 11. 82 '. '111 989. ~ 1813 ,. • ""0011J. 47.1!1 2,1152 
20,\.JIW 0,00.lllM 7.46 11. •3 ',00 1221. 5 1909 •. 1 k"111J(11: 40,Jc;9 e,1!966 

. 22. \1 110 0,0:1 01~8 7,23 11. l'IA '. 0fl 1478.~ 2001. ·"""'~ 35,1129 v.. 0657 
24,IH1" 0,(H01:J7 7. tll3 1'l. 77 ; • llJ(l 1759, V'J 211198. ,0"""' 30,879 e,0754 

6. C'lf:O 0,IJ;IQIJ(;I 11.rn 16.119 1\,00 125,6 1294. ,l'lll0lll 254, 9H e,6224 
f3. ~mil ". 0;'~2?. F.04 15,39 6 ,ilJlJ 223. '4 1490, ,001:1(1 166,5;!J Ir!. 4065 

10. '11Hl 0, (1;'01A 9.34 1'1. ~1 8. 03 349,0 166.:S. , 0110r. 119. 1a e, 292?. 
I 

12. flfl:l 0. :~::i01 'i. ~I , 6 CJ 13. 49 & • ~HJ 59!2,6 1f:l1 a. - • 0000 91.4f5 e,22JJ 
14. ··1,:1~ 0. 0.:013 P.. 37 1?..B3 8. 01' 6114 .0 1961. , 000n 72.847 ll, 1770 
16. i.'lll'..1 l'.I, 0'1011 (\. 02 12.?.0 e, DO 693,5 ~094, •"'IJ0V 59,7e4 e,1459 
1a.0ni 0, ·iie010 7,72 11 .1'2 e, 0:' 1130,8 2484, ,046?. 77. 9'3.6 e,190~ Fig.5.2.1.1,p.4 
20, \If.I(, 0. 0''.1'~9 7.46 11.43 e ·""' 

1396 ,., 26t6. • '1455 69. "' 4 e, 16115 
2 2 • ~11) :~ 0. f' .. !llJ1"8 7,23 11. "f) a, 0n 16A9,?. 2 7 41 • • 1:'14 4(;. 61, 8;! 6 ll, 151'.19 



DIA RELRUr VCL vcT VL CT Y TltROUGllPU.T R£YNOL OS rH 
Ml)( 

, 111442 
JN, EIOIA rPS rPS 

7,03 HJ,77 
f'PS TOllS/llR llUHAER 

2·4,QICil 0,;HJ0Ql7 8,111" 7.010,3 2861. 

.6. ~;~·" 
6, 1?1'111 

111. (10~ 
12.00Q 
14. 0fl!IJ 
1s.oinn 
1.3. CJ!~~, 
2 ii. 0 "1" 
22, IJl(.l(.'! 
24. (10~l 

6. 001) 

a. fl~" 
10 ,'cHllil 
12, OlUi.I 

.14 ,0M'1. 
16. '~ ~r· 
'8, rm<?· 
20. 00r. 
22.0<'1'.1 
·2~. Cl,(l'1 

0,0P0J0 11.02 
0.0~1022· 10.04 
0,M0j~ 9,34 
0,0:H'l15 8,8ill 
Cl , r .rn 1 3 A • 3 7 
0, w·1011 8. 02 
0,"1'<101~ 7.72 
11! • QI ~j ill ~ 9 7 • 4 6 
e,cW0!7A 7.23 
0,0lf:\0117 7,0·3 

16.89 
15.39 
14 .H 
13.49 
12.63 
1::i. :ie 
11. e2 
11,AJ 
11. ee 
10. 77 

9. 0'-1 
. 9, cm 

9 ,·0"' 
9, flll[l 
9,00 
9, 00 
9 ,l:rn. 
9,0Z 
9 ,'1C 

9. "'"' . 

11.02 16.89 u,00 
.1r.01 r~.39 10.0111. 

9,34 14.31 10,e~ 
8.80 13.49 10.0~ 
8.31 12.~3 10.00 
8.02 12.28 10,00 

0 ,0:103(1 
0.~·~c:in 
0. 0·•01~ 
0. ~:'015 
0. 0il013 
0,0:/1011 
0,(lf-!01(:1 
0, 111:101(19 -
0 I >W008 
0 ,0;)0>17 

1.12 11.82 10.00 
7 "'6 .. 11. 4 3 - .10. 0" 
7.23 11.~8 10,00 
7.03 10.77 10,00 

141,3 
251. 3 
392,6 

.565,4 
769,6 

Hl05,1 
1272 .1 
1570,5 
19Ql0,3 
2261,6 

.1546._ ,00110 
1780. • 0111011! 
1986, ,0000 
2432; 10466 
2623. ,fll455 
2BIH, , 04411 
2967 •.. ,0438 
312!J. ,,fll4J1 
3274. ,P'425 
3417. • 0419 

157,1 1813. 10e0Ql 
2H,2 2087. 
436,3 260A, 
626,2 2852. 
855,1 3076, 

1116,8 3284, 
1413,5 . 3479, 

.. 17. 4 5 • 0_ - ·- .. 3 6 6 4 • 
2111,5 3839, 
2512,1! 411106, 

• fll000 
,11!456 
,0444 
• 0433 
,f/1425 
10417 . 

.. I fll411 
,0405 
I fll40JQl 

PSI 
Ml 

. 55. 9:!4 

K f Lk. 
TW·~ 

'1!, 13 

2691877 ... IZ165 
116.229 e,431 
126.6Sj IZ,30 1 

.149,127 IZ,36• 
124,777 IZ,J0• 
106,9~8 li!,26l 
9J,J79 2.227 
62,7U 0,201 
74.1n e,150 
67.IH6 0,163 

20J,8e5 IZ,692 
185,41Z7 IZ,4!12 
216.211 e,!12? 
11s.222 · e,427 
146,6'i9 1Z,J58 
12!1,H8 21307 
109,8~5 e.266 
97.3~3- .. 2.237 
87.2~7 ll~213 
78,971 '1!,192 
...... 

6. ,,QI~ 
E:,CHH'I 

1 ~. lHli' 
1 ~" crnt~ 
14. '101' 
16.a"'l0 
18, ll!IHJ 
20, 1'lHI 
22. 11'1CJ 

2 4. "" ;1 

010003~ 11.02 16.A9 11,00 1j2,~ 2093, ,0000 291,210 01725. 
0,03022 ·10.04 15,39 11.00 307,1 
rzi.00010 9,34 14,31__11,IJ~_ 47?.~ .. - .... 
0,0H015 8,80 1J,49 11 1 00 691,0 
0.~q01J 8,37 12.83 11.00 940,6 
c:i.~~011 ~.02.12.2a 11,00 1220,5 
0,00010 7.72 11,A2 11,0~ 1554,8 
0,~n009 ~.46 11.43 11.00 1919,5 
0,0;i006 _ ?.23 11.08 ... 11 1 11JO 2322.6 
0,~<i01"7 ?.0~ 1fll,7? 11,1HJ ...... 2764.1 

6,030 0,1"003R.11.02 
· 8,00'11 0,t'l'.'022 H,f/14 
1':J. II Cl 0 
121 llU.1" 
14.000 
16, 0~HJ 
lll. '1Nll 
2~.0\111 

22. 17.100 
24,(1)0(1 

0,&.'1'1016 9,34 
0,M~1~ .. 8 .• a~ 
0,or.i013 a,3? 
0,.l·,,0u. t1.02 
" • 0 '.l 01 i) 7 • 72 
0,0(·13(}9' ?.46 
0,0u0ive 1.23 
0,orn0?. 1.0J 

16.89 .1210CI 
15.39 12,0n 
14.31 12.00 
1J,49 .. 12,0n __ .. 
12.AJ 12,0" 
1 2 • 2 6 12 • ~'Ill 
11.A2 .. 121"C> 
11.4J· 12·"" 
u .P.6 12,"~ 
1~. 77 12 ,llhl 

6,,1(1(1 0,C'l!~0J::'I 

0,f/10"1 0,:1'1022 
1'£1.CHJIJ 0,C..,010 
12.i-1~1~ 0,00015 
14. r-1:1~~ 0. v1P013 
16."iHJ 0,0(!011 
1 0 , l'I J.1 C, 0 , ;) '.. 1'11 ·~ 
20.llllr. 01l1!i0!·19 

11.02 16.89 
1''·"4 ·15.39 
9.34 t4.H 

13;0n 
13, l'lC 
13, 01 1 

13 ,0n 8.80 t:L49 
A,37 12,Pj 
e.02 t?..26 
7,7'). 11.112 
?.46 11.43 

13. "''' 13. 0(1 
13. [l'.1 'J. (1:1 

1·a8, 5 
335,0 
523,5 

. ?53,9 
1026 .1 
1340,2 

.. 1696,2 
2094,0 
2533,B 
3015.4 

2fll4. 2 
363,0 
567,1 
816,7 

1111,6 
1451,9 
10:.17,5 
.;>2~A, 5 

2699, ,0452 323,921. ·e,19~: 
3011..._ .. 10436. __ 250 .• 377. - - Ill 1611: 
3?9J, .~425 20219~1 e,495. 
3552,. ,0415. 169 ,9H ·e, 414c 

. 3792, · ,040j .14, 1 813 .1Z 1 355c 
4A17. ,0400 121.3e3 e,J10~ 
423fll. ,0394 112.8sJ e,21!11 
4433, 10388_ 1'1111220 _.IZ.~4?: 
4626. 40383 91,628 0;22~: 

2673. ,0454 
3078 ,. • 04J4 
3434. ,0420 
3755, 104A8 
4(115111, I 0399 
4324. ,0J91 
4581 ... ,0385 
4824, · ,A379 
5055. 10374 
5?.?fl, . ;111369 

31'11~. '0437 
3473. ,lll419 
Jo75. , 0405 
4237. ,0394 
4571'1, ,111385 
4800. '1'1370 
517111. ,l'IJ72 
5444. ,lllJf>6 

. 516 12H·. 
37rl,3~0 
286. 4rt5 
232:2~1 
194,5e9 
166,971 
145,925 
129,J.:!9 
115. 9e9 
H51en. 

50J.9e2 
419,H4 
3~4, 3U 
263.0e5 
2?.fll,4H 

·109.247 
165,4P9 
146,6~7 

1 .• 2 60 j 
e, 9"4[ 
1Z, 699j 
0,!166~ 
0,475C 
IZ,41l!H 
e,Js~s 

·IZ, Ji5/ 
ll. 2133 l 
fl I 2!J~~ 

11 4 25 1 

1,e2~1 
2. 7 911 
IZ, 6 4 2: 
IZ, 538· 
IZ, 4 61 
(Z I 4 f13 
E, J '.ir 

Fig.5.2.1.1,p.5 I 



DIA REl.Rllr VCL vcT VLCTY TH~:OUGHPUT Ri:VNOl.OS rM ,PSI KILlii-HR' 
IN, EIOIA rPS rPS rrs TONS/HR rJUM13ER 111 x HI TOti•H I 

22,,~0·;} 0, CH:'006 7.23 11. ~8 13. ~IJ ~·744 I 9 5704. ,0361 131,545 2 '3211 
24,klNI 0, ~~i007 7.03 1"1,77 lJ,00 3266;7 5953. ,0357 119.1e1 il,2901\ 

6 I 0~1·21 0. !1!~;03~ 11. 02 i6. fl9 14, 00 219,9 3373, '0423 654,9~7 1, !1986 
8,Mi'.I 0. Z':'0;>;> H'l.04 15,39 14, 1110 390,9 38A4, 'llJ411J5 47e,34111 1,1480 

Hl. n~rn 0,00t:'l18 9' 34 14. 31 14, 00 610,8 4334, , 0.392 364.0~2 2. 888() 
12. '1!0ll 0,·11~1015 8 .110 13.49 14·""' 879,5 4739, ,fl381 295 I 421 2 I 7211 
14. 00:~ 0,0;1013 11.37 12.83 l.4 ,01'1 1197 .1 5111 • , 11J373 247,6!!9 e I 6fl45 
16 I (HHJ 0,Ct1011 fl .02 12 • 2.S 14 ,02' 1563,5 ... 5457 •.. , 0366 . 212,615. .. 2.51911. 
18,MC1 0,'h'01'il 7. 72 ·11 • "2 14 1 0Cl 1978,9 57A2. ,0360 185,871 2 I 4537 
20 d10~ 0 I i(i'.'0~9 7,46 ii. 43 14,00 2443 I A. 6088. , AJ55 16'4.8:!1 12 ''4023. 
22.crn0 0' 0~1008 1.2J. 11.0.5 14,IHl. ~956,1 6.58111. ,11135" 147.870 IZ, 3609 
24. 0iJ0 0,l)t"0M7 7.03 10.77 14,00 J518.~ 6658. • 11134 6 133,924 e,3?.69 

6. t10/l 0,ei1.10:rn u .0i i6. f\'9 15,00 235,6. . ·- 3 7 4 4 .... 111410 729dH9 .1.7796 ... 
6. :.'10'3 0' :.'ll!-022 10.04 15.l9 15 ,Im 418. f\ 4311 o ,'1393 523.823 1,27~6 

1'-1.<'llM! 0, C'l"01A 9. J4. 14.31 15,0~ 654,4 4Ae19. ,0380 405,5~5 e,99~0 
i 2. crn1~ 0' !'1!·1015 0. er. 13. 49 15,1rn 942,3 5259,; . ,0J70 -329.229 2. 8036 
14.0~:~ 0 I C';'.'013 8.37 12 • ft3 15, o~ :282,6 5672. '111362 276,0~8 Qi,67J9 
16. '1:11'1 0,C'!'l011 11.02 12.28 15, l<ll~ :675,2 611156. . ,111356 237.0~5 "I ,71!6 
16 .1101.1 0 ,0u01·2 . 7, 72 11.~2 15'. 00 .. 2120,2. .. 6416. . .• 0J50 . 207,275 .. 2. 5059 .... 
2!!1,IH.1'1 0, l/.li10P9 7.46 11.43 15. 0l1 2617,5 6757. ,0J45 183,842 e,4481 
22 .~'1'0 0,1i110on 7.23 11. r.8 15,IHI l167. 2 71l'8A • ,0J411J 164,949 2. 4026 
24,rHrn 0 '~:'0~ 7 7.0J H,77 15,00 .3769,3 7389. . ,0J36. 149,412 ~.3647 

6. z,1 .. ,~ 0. 0>'0J(1 11.02 16.89 16.,0~ 251. J 4127. ,0399 806,324 1,9681 
6 ."100 ". '111!022 10. 1114 15. 39 .. 16,016 .. -- . 4 4 6. 7. ... 4752. ,0362 . 5 7 9 • 5 72 . -· .1 ' ·h 4 7. . -

10.NHI 0,00018 9,34 14.~1 16,0~ 698,0 5302. ,0J70 448,9"8 1,£957 
12. ~1a1 0 t 0L'015 0. eiz 13.119 16 ,1110 1005,1 5797 I. ,0360 J64,4e2 Qi,8A~7 

I i4.lh1~1 0' ?1·~01~ B • 3i1 12.f!J 16 ,00. :lJ68,1 62,31 ,0353 305, 6n 2,7462 
...... 16 .llf' I' l1J I (l !-)01.l B, 0::! 12.:<e 16. 011< 1786,9 6676 ,· ,0J46 262,547 2,6400 
.:::::- 18, 0Dl1 0.~' 1 01('1 7. 7';. 11,F2 

16 ·'"" 
2261. 6 7073 • ,0JH 229,61!3 e,56e4 

°' . 213.~U.l 0 '~1 ·~0~9. 1.4e 11. •J 16,00. 2792 ,0 7448. .• l'IJ36 _ 203,67!1 __ ... e.497.L.. 
22, O!~~ o.~w0na 7. 2:! 11. r 8 16 ,0l'I U78,4 76A4, ,1!1331 182,7e9 e, '4461 
24. Pl16'1 0, (hi~W7 7 .0:! 10. i7 16 .e~ · H~2A, 5 8i4!J. ,0327 165,574 e,'4fl41 

Fig. 5. 2. 1.1, p. 6 



.r~UR 1ATA PO!~TS 
SLURRY: 55 I llETHACOAL l6J,7Xl 3-1 -77 

S SL TAUKlll SH 

RPH 
10. 
~0. 
!::0. 

l(l 0' 

K 

I 
f--' . 

. .p. 
-..J 

I 

: 

DIAL 
7,0 
B,9 

15 ,8 
27,7 

21. 64 

~t,1ESS KEHG~.H 
49,894.5JE•"'" 
!-3,C"49o06E+0'1 

119,402.26[+1'11 
196,944.53(+01 

N = 11'. 61'l KVP 

I RC<C~> RS CH) RATll> LN<RAT<I>> Ck!X) CVCX) TEHP<CI 
2 4,0000 0, 128 7,80"'3 2,0542 ~3.7 49,2 25,1 1.429 et.791 e,1407 1.10' 

YIELOCDYNES/CH/CHJ 
2,35 

Bfl0G-AH ALVGAM i:ii1EGA LNiOMEGAi L ti i S TR E 5 S I TAU~T AUY 
3,44 3,43 1·0472 0,0461 3,9099 STRESS • '14,6710HEGA , .. 0. 610 R .. 0,9908 47. 55 
6,87 6,87 z,D944 "'· 7393 4,143R SlliES$ • 1 0 , 2 a < KE ti GA H ) • • "· 610 

R • "'·9908 611l. 70 
17, 19 17, 17 5.2360 1,6556 4,7625 ST HESS = 21,63IOR0GAHl•• Ill .610 R II 0. 9908 117,06 
34,37 34,331'1,'·720 2,3487 !'1.2829 STH[SS • 21,65CALVGAH) .. 0. 610 R " l1l. 9908 194,60 

a 20,22 NYP a 0,626 RYP a "'. 9912 

/ 

Fig.5.2.l.l,p.7 



I 
....... 
-~ 
·00 
I 

MINERAL --- ss1 HE-HACO*L (63,7~) 
AVERAGE SOLIO SP[ClrJc GRAV)TV 
LIQUID PHASE SP£C)f)C GRAVIT• 
SLURRY .SPlClfJC GRAVIT• 
SLllRRY CONCEHTHATIOtl 6Y WEIGHT 

SYSTEH P~OPERTIES 

.3-12.:.77 
cs ) 1.4?9 
(SL) rll,nl 
CSttJ .1.1115 

111",'6J7 
0,492 
11J!,"11J;Ji1l150fl0 

SLURRY CONGEN'~ATION BY VOLUME 
ABSOLUTE PJP[WALL ROUGH~ESS J(), rrE­
GRA'/J TATl011AL •CCELERAT[DN ~~.1573 FEET/SEC/SEC 

CCLSIUS --- ~5·1 SLURRY TEHP[li4 TUnE ( TrnF,. DEGREES 
PIPE TYPE 
PIPF. SLOPE 

MESH 

L~o01:17/J0!i 

l:JP/20l1 

2\Hl/325 
3;?5/PAN 

TOTAL : 101:l. ~ 

"'· 30 
13 .7C! 
65 .6"' 
2~ ... 0 

. . 
WE I G HT ED MF.A rJ D I A HETER "'3 , 8 3 4 9 E • "'2 M"1 
COErr1clENT or VARIATIO~ : 44,68801 
DRAG conr or WEJ~TED HEAN Dl .. " 221.865 
R£YNOLOS N1H1RER OF"' SErTLlf'.Mi • 11J.U 

--· HOR!lOllTAL 

tH~6titH~~f C~ONS/HF> • SHO~i· 
SE1TLING R[GlHE • LA~IN~R 
VISCOSITY rA:TOR =. 1,0 

ROSIN - RAMHt:.ER EOOATIOl.JI R • 1"0 * EXPC-<O/ 9,268649> *• ~,585H~H 
SLOPE= 2,5~5615 tHlERCEP1 D.• -~106f64998J~r_ MJL-IMETE~S. 
CO!WEUTIOiJ Cl'lffr •• jlj,965528 . D~ • e ,06 H[LL!HE:TERS 

KVP ::r 2<1 , ?.2 NYP : 0.626 
SM Tl'IEORY 

Fig.5.2.1.l,p.8 



DIA REL.Rur VCL v.cT VLCTY TlfROUGllPUT REYNOL.OS rH PSI I< lL.k.:.HR 
IN, E/OIA rPS FPS rPS TONS/HR .. NIJMAER HI)( 11 I TOll•t11 

6.00~ 0. 0003'.:I 12.47 19,93 4 ,Im 61, 9 440. • 0000 164,643 0,4576 
8.000 111. "'~022 10.94 .17. 46 ... 4 ,0Cl. 1H'l .1 527. .. ,000" 116,0~5 2,287J .. 

10 ,lllC:ll! 0, ;:,0010 9. 88 15.79 4 ,'1Lll 172, 1 1'>07. I f/1"0" 50;627 2,21u1 
12, fHJl1 0 I '.hl015 9,09 14,5J 4,00 2'47,8 680. ,IHlC:l0 60. 2:C!5 e,1491 
1. 4. f/IPJ0 0,'11lf'l13 6.47 13. 55 . 4 I"" 337,2, .. 749, .• 0000 . 46,915. 2.1161 
16,000 0,011011 7,97 12.75 4 ,13'1 440. 5 A14. I 0A0'11 J7,775 0,2935 
18, no A 0,0?101~ 7.56 1:?, fllA 4,0" 557. 5· 876. ,IH10n 31,U7 2,2774 
·2~.0~0 0 I 0!A0(l9 . 7. 2"1 11. !51' .. 4 ,0'1 688,2 ..... __ 936 ·-·- ,0PJ0f/I 26,Jee ·- 0,2653 --
22. C:llH3 0,0000A 6.90 11.1112 

4. '"' 
832,8 994. ,0000 ?.2,622 e,e56n 

24, nl'.P! 0. ~~101-11 f>. 63 10 .!19 4 ,0fl 991.0 ·· 1049. 11Hl00 19,6f2 0,0487 

6. 0ll0 0, 11'1~030 12.47 19,9:5 5. kl"..l 77,4 596. ·""""' 212.2f2 Ii!. 5?.55 
a.~~(~ 0,01.'0?2 10. 94 17,48 5. 01.1 137,6 717. ,000'1! 133,129 . Ii!. J?.96 

iCl, CJP0 0. 0•'.0 lQ .. 9.68 15. 79. . 5 ,0'1 215 .• 1 -·~··· 624 •. ,f/1000 . 92,826 e. 2290 ... 
12. NA :"1 0 I !/1;rn15 9,09 14.53 5, "" 

311!9. 7 924. . ,l'l000 69,096 e,1111 
14. ~~"~ 0. 3:~013 R.47 13 ,55 5. ilr.t .421,5 11'117. I 0Ul1ll1J 5;3, 8~ 9 e,1·333 
16.0e0 0,0,~011. 7,97 12.75_. 5. cir. 550. 6 .1106. ,0000 . 43,41l5 0,1075 
18.01'10 0,000t0 7.56 12.06 5 ,0B 696,8 1191, ,0000 35,8419 0,0687 
20. "11ft10 0. 0r,lf/l'.~9 1.20 11. 51 5.0~ 860. 3 1272. ·"'""'" 30,2a ll, 1!740· 

. 22.11100 .0 .• ?'·~0 f.'18 ..... ,6 •. 90 11, A2 ·- _ 5, 01'1 .. 1111~0,? _____ i35A,. _,0000 . 25 ,9;!9 ·- . 0 I 0 642 _____ 
24.i;rno l1J. 0~0:,7 6.63 1111 ,59 5. 0:~ 1238,8 1426. ·, 001H'I 22,5H fl) ,0559 

6. 111~10 0, iWl1J30 12.47 i9.9J: .... 6.00 _.92. ~--·-· 769; ,0000 23717!!4 ll,~886 ·--8,1!1:10 0,lhl'1122 1.0.94 17,4A 6, 1:10 165,2 921. ·"""'!" 149.122 0,3692 
111J ,l"f/10 0,l113018 9.88 15.79 6,0A 258,1 1059, ,000111 HJJ,827 e,2510 
12, li0C' 0,'1001.5 ___ 9.09. 14 .• IJJ __ 6,01' 371.~---·· 1187, . . ·""0., .77 jJ';7 __ IZ,1915. ____ 
14,0"0 0, 0:-1013 6.47 13.55 6, ~Hl 505,6 1307, I 11J000 60. 2~ 9 IZ, 1492 
16.1:wr.i 0 1 Pl :°·101.t 7.97 12.75 6,00 6M'l,7 1421. , 0000 46,5e2 e, 1202 
1 a, v11rn f/I, r,:J '.l01 (1 7.56 12.08 6 ,0!J .... 836. ~- -·-. 1530; ·""""' .. 40 ,1'0 ll, IZ994 
20,0f.Hl 0. 0t·l0~9 . 7. 20 11.s1 6,00 1032,3 1634. , 111000 33,8~4 e,0930 , . 22.ocrn 0.0~008 6.90 11."2 6 ,01-i 1249,1 1735. ,0000 29.IH!7 IZ,0718 ,_. 
24."00 0.o01l0CH. _6. 63 _10. 59 ___ 6, r;rn_ .... 1466 ,_~ ___ 11.132 ~- .. ,0000 ___ 25,H3 - Ill. 0623. __ .,.. 

\0 
I 6. e11rn 0,21~030 12.47 19.93 7,00 106,4. . 95Q1, ,0000 261.617 IZ ,6477 

8 ·""" 
l1J I ;:'i'.1022 10.94.17.~8 ·- 7i0~ 192,7 1138. ,0000 164,0e5 1Z 1 411162 _. 

1A,,H'-l'I "·~''018 9,88 15.79 7 ,00 31111, 1 1308. ·"""" 114.297 IZ,2630 
12 ,(HJ0 0,a·~01r; 9.09 14,53 '/,011 433,6 1467, ,0000 6!5, 11Jf 111 0 ,21V.ri 
14,f1"~- 0,09013- 8.47 13. 55 .. .,....J. lll!l ... ·- ~90,2_ .... 16151 ... .000". 66,3e6 .. . 12, 164 L .. _ .. 
16, (HJ(ll 0, -,:mu 7,97 12.75 7 I 0'.~ 770,8 .1756. ,0000 53,386 2 •. 1322 
18. 0!!o0 0,il:~01~ 7.56 1?,Pl8 7. (l,l 975,6 1890. ,0000 H,111 2,111192 
?.0. CJ~:-l 0. 3~)01-19 7.20 u:. 51 7.0~ 1204. ~ 2P.19. ,0000 37,2~1 2,11922 
22 •. ~0(11 0, :3!J011B 6.90 11.~2 7. 01~ 1457,3 2339. , 0·4 7 S, 49,,4i ril, 1226 
24.0~H'J 0, ~'-rntn 6.63 10.59 1.0~ l734,3 24HI, ,0463 44,643 e,1105 

6 .• ~'-'" - ~. ~;)03·:1 "i 2. 4 j i9.93 8. 3:J i2J,9 1i4i. ,0000 
-·-· .. ······-

264,2~8 2,1039 
0. Cl~iQI l'J. 0.1022 1Pl.9 4 17.46 a, ei~i 220,2 1367, • 111000 178,316 e,4414 

10.MHI 0, 1~ _,0111 9.86 15.79 a, lll11 344,1 1sn. ,0003 124,He (l I 3"174 
12 • ll llCl "· 0>.101 r; 9.09 14.53 6. ·~:i 495,5 1762. • 0[1~0 92 ,4H IZ 1 228R 
14 .tW0 0,:J:)013 8.47 u.55 8. ~11 674,5 1940, ,0'100 71.9~6 e, 11t12 
16 ,:HI;\ r1J I :J:'(l 11 7,97 12.75 a ,o·.1 880,9 2Jl'l2. .~474 09,471 e,2215 
1B.1rno .0,'1' 1B10 7.56 12.~R fl, 0<1 l114,9 24 78 •. , 0463 77,722 2,1924 

-20.noo 0,:J·'IW? 7. 2~l t1. 'l1 6. C.111 L376,5 2647. , 0453 6e .H4 IZ,1696 Fig. 5 .2 .1.1,p. 9 22.v.Nl 0. ;J·::tJt~ll f,. 90 J.1 , I~ 2 6. Cl'.' L665,5 21l1A, I f/1445 61,117 ll,151J 



DIA RELRUr VCL vcT -'LCTY THROUGHPUT R[YNOLOS r11 PSI IC IL!j~Hll 
JN, EIOI A FPS rPS rPS TONS/HR NUMBER 11 l x •~I to14 .. 111 

24,C';Hll 0, i;i1i0f17 6.63 iii'. 59 
8. "'' 

:.96?. .1 2967. ,04J7 55,0e6 IZ, 1 J64 

6.~wo 0,~'Hl030 12. 4 7. i9,93 . 9 ,0fll .. - 139 I 4. ·- .1342. ,111000 J'1f5 1 940 e,1514 
IL01JO fil I '°1110?.2 10.94 17,48 9, OCl 247,8 1607. ,lil01illil 191.8~4 IZ,47!!0 

H'l,fHl0 0,L'Cl018 9,88 15.79 
9. '"' 

31:17 .1 1848, , 01.100 133,597 IZ, 3307 
12. l.'110 0,W015 9.1119 14.53 9,00 . 557,5 . 2071. , 00111t1 99,415 . IZ, 2461 
14,0IJCJ 0,0nw:i13 !:I. 4 7 13, 55 9,M 758,8 2489, ,0462 126,3:!0 0,3127 
16.1100 0,CJ~"'.011 7,97 12.75 9,00 991, lil 27A6, ·"'"'" ·107,60 111,2665 
1a.0Ml 0,0l11H!:l 7.56 12 .~a 9,'1!0. -· :J.254 ,3 .291J. ,0440 9J.5n IZ I 2315 
22. "'Jt:' 0,'Wlil~9 7. 2111 11.,51 9 I ~0 :1.548. 5· 3112. • 0431 a2,4e2 IZ,2'142 
22,CH:iP 0,01.'.0M8 6.90 11.11J2 9 I 'Hl :1.873. 7 J30J, I llJ4 24 73,626 l!:.lB23· 
24.lH\0 0,l(ll'ftH."7 6.63 10.59 9. 00 .. :?229,9 ...... 3488. , lil417 '66,JeJ .e.1643 

6. vi:rn 0 I "1fl0;!6j 12.47 19.93 10,00 154,9 1551. I 0000 3261629 IZ, 8086 
a. 01.rn 0,0t'022 .Hl.94 17.48 10.0~ 275. 3 .. - ---1857. -- • 0~10"'. zo4.an -·· e,5011 .. 

111', ~Pill 0 I ~:!01/l 9.86 15.79 10. 0il 431'1 .1 2330. ,0472 223,078 E,5523 
12, l!IU1J 0 I 011 015 9.09 14 .,,3 10,011 619,4 2611. ,A456 179,316 e,4439 
14, kHl!'..l 0 I 0<1"13 8.47 13.!15 10,00 843,1 ... _2876, I 0442 149 .1a lll,3692 
16. 01h~ 0 I (hJ011 7,97 12.75 le,1110 1101,2 J1n. ,0431 127,1,5 "I J 148 
16.11'.10 o.~w010 7.56 12.A8 10,00 1393. 7 3366. ,0421 110. 5125 "I 2736 
2:1l, ClUI~ lll,CHl0C9 7,20 11.!51 . .10 I 0 0 -·· ·- L 72 Ill. 6 . __ 3596 I_ .1 i'l41J ·- .97 I 4f6 ... e I 2 413 -·-
'22. 01.10 0,CJCHH'8 6.90 11.1112 

10. "" 
2001.9 3817. • "406 87. 048 ll, 2155 

24, CHH' Ill I 0D0r.7 6.63 10~!59 1':, Vl0 2477,6 4e'31. .• 0399 78,5n ", 1944 
.. 

6. 00111 0, r~10:!e 12.47 19.93 11.00 170,3 1768. ,0000 34~.598 e, 858i;i 
6. 01rn 01 (/l'ffll22 10.94 17.48 11,00 302,8 2309, ,lll474 338,6127 e,8383 

10. :rnfl 0,:"tHh6 9.88 15.79 11.00 .... .. 47.3,2 , __ 2656 •... , 0454. 2 5 9 • 16 6 .... Ill • ~ 416 ·- -
12, l(.l"HJ 0 I :J00J:5 9.09·14453 1i.00 681,3 2977. ,0438 208,4~4 "I !5159 
14.Cl~j(l fll,0CllllP, 8,47 13.55 11,00 927,4 ·3279. ,0425 173,4U e,4,93 
16, llOO 0,'11110H 7.97 12.75 .11, OIJ l211, 3 -- 3564 I ,0414 1'171914 e,~662 
16, Ol'!J 0 I ('Ll0 ]i Cl 7,56 12.0a 11,A:~ L533,0 3637, ,0405 128,5'i2 e,318J 
29-1,Cl~ll'.I 0,8~0~9 1.20 11·'1 11.00 l892,6 . 4099. ,0397 11J,41e e,2a09 
22,l'.IU" 0 I ~~)0 I° 6 6,90 11.P12 11.00 .. ~29111, j, . - 43511 . 1 0J9D .. 101.3~6 .. lll.2!109 

I 24, lH1fll 0, 11!101' 7 6.63 10.59 11,li!lf'I 2725,4 4595. ,0384 91. 4:!!! . I!. 2264 
it-' 

, 
Vl 6. (!()(,I 0,~tl0~J 12.47 19,93 12 I l'JL' 185,8 1992. ,v.00111 365,941!1 I!. 90!59 
0 a. ~u· Ill, '.'1.10;:2 10,94 17.48 12,1rn 330,3 2602. ,0457 308,285 IZ I 9612 
I 

10.0.:HJ Ill, 0".'0J~ 9.88 15.79 12 I "I} 516.2 2993. ,01\37 297,321 e, 136() 
12. '.1;:~ 0. 0.10J 5 9.09 14.53 12.011 743,J - -· 3355. .• 0422 239,210 e,5922 
14.lll:Hl 0,;F10J3 e.47 13.55 12 I OiJ U'l11.? 3695, ,0410 199,117 0,4929 
16.000 0.~rn0it 7.97 12.75 12,00 l321. 4 4"117. ,0400 169,913 fZ 1 4206 
10.0u0 Ill, 01'0J0 7.56 12. "'8 12,011l lt>72.4 .4325. ,0391 .147.H4 IZ,J65e 
20. ~.·~rn "1 0111(ff9 7.2~ 11·51 12. 01J. 2064,7 462!ll, ,0384 1J0,4~2 e.J229 
22.'H10 0,:D0rn 6. 9'1 11.1112 12. 011 2498. J 49A4, ,0377 u6,5a IZ ,2885 
24. ~rnJ 0 I 0!10('. 7 6,63 10. 59 12 I lHI_ 2973,1 ... 5176 I ,0J71 Nl5,14!5 _2,2603 

6. 011~1 0 I 0::10~0 12.47 19. 9:3 13. 00 201,J 2426. I fi'l467 1521,717 1,5391 
6. 0l1:il 0. 0!'0;:·?. HL94 17. 49 1J,0" 357,9 29fl5. ,0442 '141Z.5~5 1. IZ9~6 

HI • Cl'-' n 0,0• 1(}1fl 9 ! 81'1 15,79 13,00 559,2 3341. I PJ42:J :!37,541 ". 8356 
12 'QJ'<:l:I 0 I ?-!:'015 9. lll9 14.53 13 I fll(I 81115. 2 3745. ,0409 ;:71. 6Cj J fZ. 6726 
14, OljlJ 0. !1"013 fl. 4 7 13,55 13. 0ll m,096. ~ -· 4124. I f.1397 ;:26,242 e,5601 
16. r,i~n ~,v'.'01L 7. 97 12.75 13. 0:J 11.431. 5 . 4484. , 1'1367 1193 .1~2 e,41~1 
1 a, CIC·Jl.l 0 I,-,( 0!1'. 7,56 p,0.R 13 .1rn !I.Oil. a 4827, r ,1'137? ll6 7. 91; 4 fZ I 41t51) Fig.5.2.1.1,plO 
2" • '~Cl 11 0 •''i'O(l<; 1.20 11 ''>1 13 I (l'..\ ?.?.36,7 5157. '111372 lJl\8 ,3:17 fZ I J 6 7 ;i 



0.1 A RELRllF" VCL vcT VLCTY THROUGHPUT REYNOL.OS rH PSI K ILli.:.HR 
l'J. EIDll\ rPS rPS rPS TClNS/)fR NUHOER HI)( HI TCt~'."111 

22. ·i.lllQI 0.0~ 1 0£8 6.9~ 11.~2 13,IHI 2.7"6. 4 5474. , 11136, 132,545 e,32s1 
24. !~~[~ 0.~~10~7 6.63 1111. 59 13, "II 3221'1,9 578111. , 03611.1 119,621 fil,2961 

". 0011130 19.9j 
.... 

14. 0d 216:ti ... --~686, 69.il,Si7 6, i.l~Hl 12.47 , 111453 11 7301' 
6,iH'l(I o,r.r.11122 10. 94 17 .• 46 1 4 • 0(1 365,4 3216. ,042A 4~5.4:!0 1,2265 

1Vl.l'l:lll 0,All01A 9.68 1S. 79 .. 14. "~J .. (102,2 . 369A, ,0410 37917!1 e,94e2 
12,1-1(1(-1 0' 91i1015 9 .1119 14.!33 14. f/J0 867,2 4146. . ,111397 3'151819 (Z,7!:'71 
14, Nh) 0.~11111113 6.47 l3 .55 14 ,0ll 118111, 3 4566, , 11138!'1 254,746 £,6JIZ6 

. t6,1W01 @,01111111. 7,97 12.75 .. 14, 111" . .1541.6 4964 • , l'IJ76 217,516 fil,,385._ 
i 8. 11~1.1 0,0~:01~ 7.56 12, 1118 14'1'10 1951, 1 5345, ,0368 109,2eJ· Ill. 4685 
20. ll~l~J 0, iL.11110<> 7.20 11·51 14, Oil 2406,8 5709, ,111361 167,142 I!!. '4136 . 
22 .11~1n. IJ. (7;~ 0 ~' (\ 6.9(1 11.1112 14, 111'1 . 2914,6 . 61"6111. , 111355 .149,3e8 e. J69e ... 
24, ll!'H:'J IJ. 01"1Hl7 6.63 u1,59 14'111i' 3468·. 7 6401'!. ,11135A 134,847 £,33311 

6. i:rno 0,rrrn;p 12.4? 19,93 ... 15,0~• 232,J 2953, ,0440 779.3:!9 1,9293 
8. 0?11 0' 1111111122 11'1. 9 4 17. 48 15, liHl 412,9 3536·, , 111416 ·552.8f111 1,3687 

1'~; '""lll ~. t'IJ010 9. 811 15.79 15, llllll !>45,2 41'1,, 6. ,0399 424.llle2 1,0497 
12. Cl·~"' 0,!'l:H115 9, 09 14,,3 15.00 -· n9,1 ... 455~' • flJJ86 .341.5~6 fZ 184'6 . 
14, 11·::iu 0. nnll 3 B,47 13.55 15,1110 1264,6 51l'2'11. ,111375 ?.84' 61Z 2 fZ,7046 
16,>ii-H:I rz •• ::'l.-1011 7,97 12.75 15, 00 1-!>51. 7 5458. I 111366 243,074 e, 61111a 
10. ~ulll rz, 'l .. 1010 .7. 56 .12 , Pl 8 __ 15 , AC_·-- 2'1190. 5 ·- ____ ,876._ .. ,l'IJ58 . 211,549 - 111,,2~7 -
211l,IHl0 fZ I ~fllllil9 7.20 11 'r;l l 5. "" 

2580,8 6277. ,0352 186 I 861 111,4626 
22, lhJlll e, r.~,000 6. 9111 11.1112 15 ,1:rn 3122 I 8 6663, ,0346 167,042 0.H3' 
?. 4 • "o.o 111,0"-11107 . 6.63 1(11,59 .15.12'0._ 3716,4 . ,_,(2136' ,flJJ41 150 .an 0,J733 

6, lH10 111. V)!l0J:il 12.47 19.93 16, lll0 247,8 3227. ,0429 863,345 2,1J73 
8. \.liJ0 L'l, 01,022 1111. H. 17. ~8 .. 16 I 0_0. ··- 440, 5 . _., ___ 3864. ,lll,41116 . 61?.798 . _.1.'170 -

1 L-J, tHli?. 111, 0•i01a 9.86 15.79 16 ,1110 686,2 4443, , 111389 4711l, 1711l 1,1639 
12, ~Hl2' (/J,CH'015 9·. 09 14.53 16 ,00 991, 111 4961. ,llJJ76 376,814 (Z,9J79 
14 .1.l;HJ 0,0fJ11113 6.~7 13,,5 ... 16 ,e111 ... 1346,9 _,485 •. ,0366 .. 315 ;7n. 0,?818 
16. "l\·1111 lll,~0011 7.97 12.75 16;0" 1'.'61,9 5964, ,111J57 269,773 £,6618 

I 18 .~•0'1 lll,~"l01~ 7.56 12.~8 16 ,1110 2229,9' 6421. ,llJJ511l 234.8~4 Ill, 5614 
f-' 2CL t'·ll~ 0, .7,·•a;i9 '7·20 ·11 • '.1 - 16,00 __ 2'.'52. 9 __ 6658 .... .~343. 21117. .40 ..-.~.'1.36 ... V1 _:. ····- .. 
f-' 22, :•-oi' 0, ~·.men '6.9\J 11.~2 16' 00 JJ;h,0 72811l. ,llJJ38 165; 49 4 Ill, 4592 
I 2 4 o1' ~rn 0, 0::1007 6.63 1111. 59 16I11Jl) 3964,2 7688, ,llJJ33 167,490 Ill, 4146 

Fig.5.2.1.1,p.ll 



rouR DATA PO)llTS 
SLURRY I SS l t1ETHACIJAL ,,9,2~1 3-12-77 

RPM DI Al 5Tn£SS KEMGAH 
in. 32,6 56,049.68[+0~ 

20. 51.1 e7,961;94E•U 
50. 68.7 11A, 204, d4( •flll 

HIJlll, 82,2 141. 319. 68E•01 

K : 31. 51 N : 0,39l KYF 

I RC!CHI RS!CHI 
1 4,0000 0,9421 

RAT<I> L~<AAT(lll CWIXI CV<Xl TEHPCCI 
4,2458 1,445~ -~9.2 44,6 25,9 

S SL 
1.429 01791 

1.rnoc.~H ALVGAH OHECA LN(OHE:G4 I LN<SnESS) 
5 ,:36 5,36 1.0472 0;0·461 4.0261' nRESS • 'B,65CQH[CA .l .. e,391 

10. 72 u.12 2. 0944-.. · 111,7393 4,4769 STl'ES~ • :25,flll<KEl1GAMl .. 0,391 
26. !11 26,79 5.2360 1·, 6 556 4,7724 STRESS II H.51(BR0GAH) .. 0,391 
53,H. 53,5810,4720 2·. 3 481 4.9511'! STRESS II 31, 51 CAL.VG AH) .. 0,391 

----· 
• 2t:, 15 NYP II 0,427' RYP I e. 9761 

··-- -· ····-····· ... -·--···- ···-··· -- ·- - . ·····--·····-- . ·- -· - ·---- .... ·- .. LAST THREE DATA POl~TS 
SLURRY: SSI HETHAC~Al C59,2~> -3-12-77 

I RCCCHI RSCCHI RAT<li L~rR4T(ll) C~•Xl CVCXI TEHPCCI S SL 
1 4.011'80 0,9421-- ... 2458 1,4459 -~9 .. 2 .. 44,6 .. 25.9 1.429 01791 

Rf'H DIAL STnEs~ K~MG~H BROC.UI ALVGAH OMEGA LNCOHEC~t LNCSTRESS) 
1'L 32.6 56."49,6BE•0P . 5 I 36. .. s·, 36 . 1,0412._:_ "',046l 4. 0·2(10 ST RES~ • !39,65(0HEGA )•• 0,391 
20. s1.1 · ~7.961.94E•U 10 ,72 10.12 2.0944 er,7393 · 4,4169 STHES5 • 2,,011MEMGAHl•• 0.391 
50, 68,7 118, 21114, B4E•0! 26,Rl 26,70 5,2360 1·. 655~ 4,772~ ST RES~ • Ji,51CBR0GAH)•• 0.391 

HHI. 82.2 141.J19.6BE•'U 53,6L 5 3. 58 UJ, 4 72"- -- 2. J '4 8 ~ 4. 951'! STRESS a 3·1o51(ALVGAH) .. 111.391 

K II 31.51 N = 0,391 t<YF' • 38,36 NYP ",0,317 AYP .. 21.9978 

I _, 
J1 
N 
I 

TAUK.<i> SH 
21,5814 1d'76 

Yi£LOCCYNEsicH/CH;· 
7,2& 

Hu-tAui- - ..... -· -·· 

R • 0,9785 4118·, 76 
A I: 0,9785 6111,66 
ff • "'. 9785 110,92 
R ... 0,9765 134,04 

-- ... ·- . ·- ·- .. ' -

TAUKCI) SH YIELOIOYNESICM/CH) 
"·5814 l.076 7,28 

TAU~TAUl' 
R • 0,9785 .... 48,7~ -· 
R • 0,9785 80,68 
R • 0,9785 110,92 
A a 0 1 978, 134. 1114 

Fig.5.2.1.1,p.12 



I 
f--' 
1.11 .. 
w 
I 

SYSTEM PROPERTIES· 

MINERAL ·-- SSI H[THACOAL (59,2X>. 3-12~77 
AVERAGE SOLio SPECIFIC GRAVITY cs·, -~- 1,429 
LICUIO PMASE ·SPECIFIC GR,VITY .(SL) --· 0 791 
SLUR"RY ....... _ . S1P.EClr!C .GRAV(TY ISf:1l. ~'.'~_1:076 _ ..... ··-·-· 
SLURRY CONCENTHATION BY WEIGHT -·~ 0,592 
SLURRY CONCENTRATIOH BY VOLUME ·-• llJ,446 
AllSOLUTE. PIPEWALL ROUGHNESS. I(), _((ET ..... :"'~. 0,0111015000: _. 
GRAVITATIO~AL ACC(L[RATION 32,1573 fEETtSEC/SEC 
SLURRY TEHPERATUR( (TEMP), DECREES CELSIUS --~ 25,9 
PIPE TYPE 
PIPE SLOPE 

HES~ PERCE~T 

rii,111"87/HHl 
HHJ/2el~ 
2111~/325 
325/PAN 

TOTAL = 11110.~ 

0. 30·. 
13. 7111 
65. 60 
2e.40 

...... HOR I ZONTAL 

., 

1o:Eir.wr[o HtAi.;: otAHtttR ~;,9·349£:.-02 ·HH··- · --· fiHfoucfiPut itoNsiitR> ~-· sHoHT 
cocrr1crENJ or VARIATION = 441688~1 SETTLING R[GiHE = LAHIN•R 

_CRAG COEFT OF' WEIGHTED.t:IEA~ P.IA ... ll.~1?,939 :VJSCOSITY F'ACTOR. :z .... 1.0.-. 
REY~OLDS NUHRER or SETTLING • 0.11 
RQS~N - RAllHlER EOUATIOtJI R : 100 o E;XP(•CD/ 0,0686491 •• 2,5856i5> 
SL O!:'E .. =-.. 2 ~ 5fl 5~ 1 ~--·· .. ·-. rnlE:R.CE.F!L a.-~.·-~ t0~86.:t?08J'1 Pl. H.11.L I !1tJERS -·---··--
CORRELATION COEF'F •• 0.965528 05~ • 0,06 HILLIHETERS 

l<YP "' JB,.J6 
SM THEORY 

PH : _N,A, 

' 

"lYP o 0,317 ........ _TAur. = ... _7,~~5 

Fig.5.2.1.1,p.13 



DIA FiEl.RlW VCL vcT VLCTY THROUGHPUT R[YNOLOS rr-1 . PS I K!Lh-HR. 
IN, [/OJA f PS f PS rPS TONS/Hll NUMBER' till( r11 TliN•lll. 

"' 
6, "':0 0 ,00030 7.22 H'l,58 4, 00 56,1 778. ,0000 1'l6.H2 e,2902 
fl. ~~.10 0. ()11 022 6.83 10.'1'2 4,NI - - 99,7 . 852. ,0000 - 72,9€1 ll, ,996 

1('!,n1r 0,~P018 6.55 9.61 4. ~(1 155,7 915. 101"!00 54.,5~2 e, i49J 
12, 11111r 0, Pti015 I'>. 33 9. ?.·9 4. 00 224,2 969. 100011 43 .ue e, 1179 
14. Ql(l\l 0' 0~1 013 6.15 9. ~J.2 4. 1119 Jl15. 2 1016. 10illl0 J5,2e4. e,2965. 
16. (l(oh' 0,'tl!'011 6.00 5,A0 4 '00 398,6 1062. 10000 29,6e7 IL ll 612 
18.~~Hl "'' 0:101'1 5,87 8. "'0 4,00 504~5 1H'l2, 10000 25 ,H2 e, lil697 
20 ,,,,rn n I :H'.0~19 5.75 8. 43 4,0a 622.8 1140 •...• 0000 22.217 ··- 2, lol608 .... 
22. ~l!},(; 0,0Ci01H\ 5.65 8. 2'8 

4. "" 
753,6 117'3. • 0(1''10 19,6~2 Ii!. 1!538 

24, ,~pf! 0, Oll0~7 5.56 8,15 4 I 0<) 896,9 1208, ,0000 11.~47 fl! 1 fl48fl 

6, ~~)(1 0 ,N10~0 7.22 1 CA, '>6 5' 00 70,1 1133. ,0000 113, 4'6 e,3104 
a.crn0 0. 0;1022 6.83 10.~2 5,0n 124,6 1241, 1011100 78, 028 e,2134 

10, l!:Ji1 0 ,f!!101S 6.55 9,61 ,5,0~ 194,6 " 1332 •.. .0000 58,Je5. ll,1597 ·--
12. ~'1:10 0, 0:;015 6.33 9.29 5,00 280,3 1411 • ,0000 46.077 e, 1 i60 
14, mH1 0, o;.1013 6.15 9,02 

5 ·""' 
361,'3 1482. ,0000 37,713 e, 1'1132 

16, 11'.)~ 0,0J011 6.00 8.80 . .. 5,00 498,3 1546 • ,0000 J1. 721 IZ,0B60 
18, ~iHJ 0 'll''.1 211 '3 5.87 8,60 5, 0fl. 631'1,6 1635. 11'1f1A0 27.229 0 •. lil745 
20. ~irn 0. 0;J0(.19 5,75 8,43 5,00 776.6 1659, ,11100lr'I 23.7~0 2, IZ651'1 
22.eu~ f/l, V,1(1(1<)0 5.65 - 8. 28 - . 5,em_ - 94?., 1 ,17121. ·- ,111u00 .20,979. e,0574 
24.l~lhJ 0. ~:J007 5.56 e.15 5,00 1121.1 175&. ,001111'1 18,?~2 e10513 

6, Cl:l0 0, ~!'03:!. 7, 22 10.56 6 • ~"' 8•1, 1 1!140. ,0000 119,915°. ft1J28" 
e .1'"f10 0, 1"1 1 022 6.83 1~.r2 6 ,01·1 149,5 1687. ,0000 62,445 0,2255 

10. 00~ 0 I (J1':il1B 6.55 9. tH 6.0'l 233,6 181111. ,Pl0A(l 61. 6~ 5 lil, 1687 
12. o:rn 0.~(·J15 6 .. 33 - 9. 29 .. 6 .<HL. ..... 3H, 3 _ ........ 1918 ...... • eio00: ___ 48 .• 6~ 4 ... _. 0,.1331.. 
11. !•OU 0,0d013 6.15 9, IZ2 6.0~ 457,B 2014. 10000 .J9,826 e, 1089 
16. t~:·1:~ 0,011011 6. 00 8. P.0 6,00 597,9 2409. 10467 48,2e2 rt, 1321 

I 18, l,'iJ[I 0,1"<101('- 5.87 6. f0 6. t'lll 7'36,8 ... 2500. , 0462 .. 42.41!8 e 11160 
I-' 20.0u0 0, n:11rnc; 5.75 A,43 6 ,00 -934. 3 258'3. , 0457 J7,7~4 0,1033 
U1 22.:J~(J 0, ~"10:"11 5.65 a.a 6,00 UJO, 5 266!1. ,0452 .J4,024 e,093" ..p. 

24, ~1\:l(I 0. 9''.10'17 5.56 .e .1i5 .. 6 ,00 .--· 13.45, 3 - - 2739 • .. 104411 _ ... J0,91!1 IZ 1 lil~~5 ...... I 

6.000 0. 0!.'03<': 7.22 10. !!8 1.0u 96,1 1996. , 111000 125,649 IZ,J4J7 
e.00~ 0 I :Jr~02-:: 6.83 10.22 7 .00 174,4 - 2511!6. , 111462 .. 130,073 0,3596 

10, ClUf.1 0, <1.101E 6.55 9.~1 7,0n 272,5 2690. , 0452· 1U1. 716 IZ,27~2 
12, ClU'.·J 0,0)01~· 6.33 9, 29 1.~o 392,4 28'30, • 044 4 63,220 Ii!, 2276 
14. 11~~ 0, ,~,,01:!· 6.15 9,P.2 . 7. 01i 534,1 2993 •. I P14 J7 .?Ill, 24 2 IZ 1 1921. 
16, ll('rl 0,111"011 6. Iii~ a.. e 0 7 I 0\l 697,6 3122. ,P1431 60,655 e,1659 
18,A.J[I 0. 0 .. ·101!'· 5.87 s., il 7. 0'1 882,9 32'41 • , 1<'1'126. 53.2~4 I! 114!18 
2e.1n0 0, ·~'!0!.'9 5,75 e. I t 3 7. 0'1 1090,0 . 33511 I 0422• 47,474 011·299 
'l2. ('.l(.j~l e, Cl·~0t1E· 5. 1'15 s. ;·a 7. 0~'. 1318,9 3454, ,0418. 42' 7t ll 1Z, 1t7!l 
2~. """'. 0, ~"10r1 5.56 8.15 7. C'IV.· 1569,6 3551. , 0414. J8,8f8 e,100 

6. fll"1 l1l I "'1:030 j. 22 1i:'.5s a,0Cl 112 .1 286•. ,l:l444; 2i7,727 IZ, 5955 
8 , CHH' 0 ,0il0?.2 6.83 10, 1!2 a.0C'I 199,3 3138. ,04J1 15e,5e4 e,4338 

10.~iHl fl o '~t-'OJ].tl 11, 55 Q,~1 a ,fnl 311. 4 3J6A, , 0422! 1~4.077 e,JJ94 
12. n1J'.-1 0' C1 ·01'.i f .. 33 9.~9 B • ~ll 4 48. 4 3568. • 04141 101,5~9 ll, 2770 
14. (11.::1 0, "''Ill:; II. 15 9, P2 B. Clf..I 61"'. 4 370. • "4"'11 05,7~3 2. 2 :l~ 6 
16. r.:·'.',1 0, ""011 6. OJI') e. "" 8, l'ICl 797,2 3909. • 041lJ 74.~73 IZ,2f!26 
18.N1;1 l'J,".'.l(·'0F· 5.e1 P.. b0. P.,r.;i HHl9,C'I 4096. ,0J91J 65, HJ IZ I 1761 
21'.1,C1!W 0 ,Wi0!1''.l 5 • 7 '> P.. ~ 3 u, r ~· 1245,7 '1195. ,1'1399 ~e I ~27 e I 1 r;87 

Fig.5.2.1.1,p.14 2 2 .1'1~11~ "'I~ .. fl~IA 5.65 F., 78 ll 'f, '.l 151'7. J 4324 . • "1391 52.2~9 IZ, 14JCI 



DIA RELRUr VCL vcT VLCTV THROUCHPUT Fl[YNOLOS f"H PSI KI Lll.:HR 
IN, E/!J I A rPS rPS rrs TOllS/HR NUMBER 111)( HJ TON~ ti! 

2 4, l!;JO li'l, 0Pil'1l7 5.56 B.15 8. 0l, . 1793,8 4445. ,0388 47,513 e 113All 

6,,h!O "'. 01J'13'1 7 .22 10.!58 910'1 126,1 3492. .. I l'J 419 . 2591615 IZ I 7102 
e. '-"~., li'l 1 '1l1 02?. 6,83 1''1.P'2 9. 01(1 224,2 3826. 1 lil41'l7 1891211 015176 

Hl. ('1110 01"'<~12110 6.55 9.61 9100 350. 4 41011. 1 lil39n 148. a2 2 14051 
. 12,l/IH~ "I ('<)015 6.33 rt. 29 91111'1 . 504,5 .... 43501 "10391 121.2f6 e,3317 

14, IHlll Ill, ('.ii.'01J 6.15 ,Q. ~2 9. ('llJ 686,7 4568, ,111385 102,4L4 IZ 12802 
16. 0~1.1 0, 0P011 

6 ·"'"' 
5, 110 9 ,0r! 896,9 4766. , '1JB0 88.4~6 IZ 12421 

18. !1tJ:, 0,,w010 5. 8.7 
8. "" 

9 ,01l 1135.1. -··~· 4 94 7. 10376 7717~8 iz1212a. 
20 ,i;,1-io o, r~:C'lr9 5,75 11. 43 

9 ·"" 
1401,4 5115. 1 l'JJ73 69,3~3 r,1897 

22 .1.•1.10 li'l, 0• 101-10 5. 69 11. 28 9,00 1695,7 5272. ,lilJ69 62,475 2,1709 
2 4, CH:Jl11 01~Ll007. 5.56 8 .1.5 9,1rn 211l18, li'l 5421'1. , lll366 ·56181'1 L 1554 

6. l'ICHJ 0,'11)0~0 1.22 i('I. 58 1010~ 14~.1 
.. 

4170. , 0397 304 ,3:22 IZ 18J25 
8,1Wfl 01 0~1 02?. 6.83 10 .1112 1010~ 24g11 .. __ 4568, • 03136 221.8ee e 16010 

HJ,(HH) 01 "111il18 6.55 9.61 10,llO 389,3 490j. 10378 113.ne e,4753 
12. ~~lf1 0, 0;i015 6.33 9 .2~ j 0 l."~J 560,6 5194, I f.1372 142.2~9 e:, 38~3 
14,0M 010'.,i013 6.15. 9 .• 02 1" 1 li'lO . 763,0 .. 545!5. ,0J66 121il.2j8 IZ1J28? 
16, (HJO 0,'h.'011 6. 01:1 8 .110 10100 996,6 56.91. 10362 10J.0~J I? 12642 
16.'1nJ 01~F!01~ 5.87 8. 60 10 1 00 1261.3 5907. ,0J58 9113~1 e,2499 
?Ci, l!r~'.l 010·.ll!lri?. 5 • 7 5 . . B I 4. J - 10 • 0 "·- . 155.7, 1 _______ 61Aa L , lllJ54 . 81,4~5 . ... e,2221 
22, IHJ~ "'. 0~008 5.65 8,28 101 IHl .. 1884,1 6295. , 11lJ51 7J,Je3 e,2'101 
24, rir.~1 01001HH 5. 56 . 8.15 101IH! 2242,2 . 6471. I 0349 66 I 7:! 9 . e: 11826 

6. 0l1Cll 0, 0irz..3n 1.22 i('I, 58 11,00 i 5.(, 2 4895. 10360 35117~3· ·e,9622 
e. ~·0~ "'. (11f1~·22 6.133 10.02 11.00 274,1 5363, , 0369 256,5~A IZ I 7018 

10. f-100 01~:1a11 ·-· 6.55 __ 9.61. 11o "-"'·-·- ·- ~2812 _____ 5756. ·--. 0J61 _ 20019H __ .e1'497 _ 
12. (/'.~ 3 C'l1<'0eir; 6.33 9.29 11100 616,6 6~98. ,0355 164,618 ~ I? I 45e3 
14, ~U! Ill 101:1213 6.15 9 • "'2 11.00 839,J 6404, , 11l351'J 139, HJ 11! I 3805 
16, o~rn lll10•HH1 .6.00. -0.e0 .. 1i100. 1096. 2 ·- __ :..6681. , 0346 . 121'. I 2:! 5 ·- 0,3289 . 
1 a. ,1~1"" Ill 1 '11·:010. 5.87 8,60 11100 1387,4 6935, ,0342 105. n1 Ill' 28~2 

I 
? :J. "'"'" 

0, 3Cl~H!9 5;75 e.•3 1(100 1712,8 7170 •. ,0339 94,2t2 IZ, 2!!7 9 
f-' 22.Cll>M Ill, 01•1110~. _5,65_ a_.7.e __ .. 11,00 __ .?07215 __ 7J9PJ ...... 03J6 .. a 11 9 t J ____ e , 2 J 2 4 
\J1 
\J1 24 ·''H"~ 0 ,0~007 5,55 8.15 11.00 2466,5 7597. ,0334 7712e0 e: 12114 
I 

6. "~l~ 010i1',J0 7.22 101 !le. 1210~ ...... 168. :! 5667. 10364 . 40118~5 1,2992. 
8. '11;)"1 0,0.'.J022 6.83 10. 02 12.00 299,0 62flR, 11'1354 293,174 • e: I 8020 

10, ~U~J 01ll:l~H8 6.55 9. 61 ' 12. "" 
467.1 666~·. , 0347 .229,672 . e:, 6283 

12,0~HJ 0, 8'Jlh5 6. 33 . 9. 29 .. 12 • 0 0 -·- . 6 ?'?.. 7 - ___ 70611' •.. ,0J41 18611S3 e: I' 141) 
14, CJIJU 0 101'013 6 .15· 9. 11!2 12. "'~ 915,6 7414. , 0337 159,0~2 r14351 
16. o·J:i 0, 0•'011 6. 0111 8. 811.1 12.00 1195 ,.9 7734. 1111333 13714~9 e1J761 
18 .110IJ 0_, <Jo01e 5,07 8,60 

'12 • ""' 
1513,5 ·-- e1112n •.. , lllJ29 120,9~6 .. _e,3300. 

20. tl:J!'l II.I, Otl00Q 5.75 8,43 12.00 1868,5 83"11 o 10326 107,825 e,2950 
22,tHJO 0·, Qlll01'B 5.65 8,28 12.00 2260, 9 8556. , 0323 97,H9 e12659 
24 .~wr 0,IH.1007 .. .5.56 0.15_ 12 ,0'1 2690, 7 . . . _.8795, . . ,0321" 881419 .. 2a2H9 .. 

6 .!<IOI!'! li'l 1 C'l7'030 7.22 illl. 58 13, 00 182,2 6484. , 0351 454,543 1,2434 
8,frnn 0111ltl022 6.83 1111.1112 1310'-1 323,9 7104. , l'IJ42 3311H4 IZ I 91'17 J 

1 'a, 0 I~ '.1 01!1!~016 6.55 9.61 l 3. 0'' 506 .1 7624. ,0335 259,8~8 IZ I 7109 
12. fli11'1 0,:!i.~015 1 6.33 9. 29 13. "'" 

728,7 81'178. 1 li'lJ?.9 212,9~5 e 1 'fl26 
14 I CJP".·) 01 '.'!!013 6. 15 9, 1112 lJ, Oil 991. 9 S4fl3, I PIJ25 191Z, 11l41Z IZ I~ 925 
16. '1f.li;I 0. ri:-:i11 6. 0'1 e. no 13, lllfl 1295,5 AA49, , 111321 155.6fJ I? I 4 258 
18.111rw 0 1 r11101;. 5.87 fj,fl111 

13 • "" 
1639. /) 9tBfl, • i'l317 1.16. 9~·e e 13746 Fig.5.2.1.1,p.15 2 el ""Hl 0, ·1:.0p<; 5.75 fl.~ J 1J,111H 20?.4. 2 94 91l. • 1'1315 122,1a IZ I;! l~ 1 



DIA llELRUF' VCL vcT VLCTY TH'ROUr.UPUT AEYNOLOS f' 11 PSI KILll:.HR 
IN, EIOI I\ f'PS rPS f PS T:ONS/HR _.NUMRE!l. HllC .. Ml .. _10~•"1._. 

22. ~na Ill' Ql:'o0;?18 5.65 8,28 . 13, 021 :2449,3 9790, '0312 1u.1u . fl. 3'112 
24, cicrn ''-"r"o7 5.56. 8.15 13,00 ?.914,9 1111363' 111131"' 100.u3 '0,2740 

.. -·· . ···--·-..... . ... ······-··. 
6, C-WVl 0 I <-1J03'1 7,22 10.58 14.00 196,2 ·?346. '0340 509 .821 1.3945 
8. lllCl'il 0. 0(1022 6.83 u.~2 14,IHJ 348,8 8047 •. 10331 J72 .. ee2 1,2110 

10 .1rn0 ei,01H:'18 6.5, 9 •. 61 14, 0C .. 54!) ·"' - 8637' '0324· 291.5c;0 fl,7976 ... 
12. "11ei9.I 0,0fl01!i 6.33 9,29 14 '00 784,8 9151. 'f/JJ18 239 I 021 2,6538 
14 I 00111 Ill, ~vl~13 6.15 9,e2 14 ,00 Hl68 I 2 96Rl9. ,0314 202,0c;4 2,5526 
16 ,ll!lil0 0. ei~1 01 t 6 I 00. 8.80_ .. 14,0RI ..... _ . 1395 I 2 _ -- __ :,00:25 I. - t 11l31'L. 174, 7 4 9. __ fl147~0 ... _ . 
18. "1110 0,01-101r.· 5,87 8, 110 14 ,0"' 1765,8 1,04,06 I • 0JVl7 153, 7H e.4205 
20. 0'1'11 Ill• :)1H.H19 5.75 8,43 14,00 218~.lll ~07 60. ,0304 137,llJCfl 11137511 
22.001] 0 .1Hrn~6 · 5 .• 65 8.28 14.lll" 2637,8 .!.1i119~ • . 10302 - 123,6112_ ... e.~381. 
24 I Pl'.h, Ill t 111M01•7 5.56 e.15 14,00 3139,1 i.14•00. • 0300 112,4~5 2,3076. 

' 
6 ,(HJ0 0.0~03~ .7.22 :tei. 58 .. 15 'lllZ ·-· . 210.2. ____ ._.825flJ, .1111329 - 567,575 - _1, ,.526 ···-
8 ,OldQI 0, ~"1022 6,83 10I1"2 15. 00 373,7 911138. .0321 414,3fl6 1,1333 

1Cl,IHHl 0' GJ(l:.118 6.55 9.61 15. 00 583,9 9701'1, ,1'1314 324, H7 e.e8S5 

12 I""" 0,0a.1015 6.33 9,29 15 .0'1 .. 840,8 . _ .. ;.111278. ,8389 266,246 .fl: I 728J ... .' 
14. (11110 0,~ll01J 6.15 9 ·"'2 1!1 ,Bil 1144,5 :i.111792. ,0305 22s.ue: fl:,6157 
16. ~,1<l\(I 0,'1(!011 . 6.00 s.e0 15,00 1494,8 11259. .0301 194,6~0 Ill, !1325 
18.o:rn 0. 0~'01 'Z' 5,97 8. 612' 15,H __ 1891. 9. --11688' ..• 0298. 171.2t3 - - fl:' '1685 -··-
2~ I 0~10 0, \Hl009 5.75 8 I 43 ° 15.00 2335,7' 12ei85. ,fl29!1 152,7-~7 Ill, 4178 
22.,•0'11 0 • ~~llll~A 5.65 8.28 15.1110 2826.?. '12455. .0293 137,719 Ii! ,J767 
24. 0Ll0 Ill. 000~)7 5.!16 8.15 15 ,0(! 3363,4 -12804. .10291 .. 12!1,311 B 2 .3428 .. 

' 
6. 9.lf/!0 0 ,01:1032' 7,22 10. !le 

16 ·"" 
224,2 9197. ,111320 627.8~9 1.1174 

8,000 0 '~~1 022 6,A3 .10 .~2 .. 16 1 "~. _ -- . 3 9 8 I (I .. __ 10 0 7 5 t __ I l/J 312 . _458, 4H __ . .1.~54fiL~ .. 
10.0~HJ 0. 1il!rn1a 6.55 9,61 16. f11~j 622,8 uieu. 10306 359,344 2 ,9BJflJ 
12,(10~J 0.01.ir11 15 ·6.33 9,29 16,00 896,9 11457. ,0301 294,Sc;:s Ii! ,8058 

I 
14. '11Hl 0,0"'H3 6.15 9,e2 16,00 ... 1220,8. . 1.211!31 o .•. 10296. 249.0es -· Ii! ,681~.-

Ii-' 16. ·~ll0 0. 011011 6. 0'11 8, 1'0 16,0" 1594,5 i2551. 10293 215,422 e,!18~J 

"' 18,,Hl0 "· ~iA01iil 5. 8.7 8.~0 16100 2018,0 13229. 10290 189,543 e,!118!1 

°' 20 ,011'0 0 •. 0\10~9 . 5 ·.7 :>. . 8. '4J . 16 I 0.0 ~491.~ .... _1~471,_ 1lll2e1 . . 16 9 • 0 ~ L .. _ ~ •. ~ 6 2 4 .. -·· 
I 22 I ~~1~ 0, r:i•HH'!8 5,65 e.2e 16 I 00 3014,6 i,31!84. 10285 152.440 2,4170 

24. ~l0•1 0,IW0"7 5.56 8,15 16 ,·00 3587,6 i44:73i .028j 138.711!). 213794 

Fig.5.2.1.1,p.16 
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FnUFl rJATA l'OllJTS 
SLURRY: sr; 1 ''f.THACOAL 154, 6Y. > 3-t2-n 

I RCICHI RS<CHl RAT(ll LHIRATlll) Chi~> CV(~j TEHP<c> S SL TAUKlll SH YICLD<DYN(S/CH/CH) 
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,J2 

l<PH OIAL ~ TllF:SS l<PIGAH gFlOGAH ALVGAH OHEGA LNIOHEGA> LN (.STRESS I TA\J~TAUY 
10. 15.2 26.113 .• (!16[•04 12,47 12,47 1,0472 0,0461 J,2623 STRESS a 25,46IOHEGA )•• 0, 1t>8 R D 0,9932 23 79 
20. 16,5 20,336.lJE•eJ~ 24,95 24,95 2. 1"94 4 0,7393 J,3439 STRESS • 4,531KEHGAH) .. 0.168. R • 0,9932 26 01 
50. 19.?. J3,"6t.53[•05 62,37 62,37 5.2360 1,6556 3,4983 STHES5 • 16,601BROGAt1)•• 0, 168 R 11:. 0,9932 30,74 

1"1'1. 22,3 3A, 4;;>3. e6[•0'.5' 1?.4.73 124. 731"J. 4720 2,3487 3,6481 STRESS • 16,80(ALVGAH)•• Ill, 168 R I: 0,9932 36. 10 
.. 
K D l 6. ~ ~; N = 0, 158 i<VP • 14,78 NYP "' 0.101 RYP " 0,9937 

Fig. 5. 2 .1. 1, p ." l 7 
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SYSTEH PROPERTIES 

MINERAL ·-- SSI ~ET~ACOAL !54,6XI J-12 .. 77 
AVERAGE SOLi~ SPECIF'IC GRAVITY 
LIOUIP PltASE SPECIF'IC GRAVITY 
SLURRY... .SPECIFIC GRAVIJY 

(5 ) --- 1;429 
ISL) --- 0,'791 
(St1) .----1.046 

SLUR~Y CONCENT~ATIO~ BY ~EIGHT 
SLURRY CONCENT~ATtO~ RY VOLUME 
ABSOLUTE PJP[WALL RCUdHNfSS l[lt FEET 
GRAVITATJOrJAL ACCELERATIC'N 
SLUPRY TEHPEP~TURE CTEHP), DECREES CELSIUS 
PIPE TYPE 
PIPE SLOPE 

MESH PERCENT 

0,11JA7/10VI 
hHJ/2~Hl 
21H.1/J25 
325/PAN 

TOHL -,, 10~L "1 

111. 3e 
1J. 72 
65.62 
211. 4C 

. . -
WEIG~TED HEAN ~!~METER 115,8349£-~2 MH 
COEF'F'ICIENT or VARl~TIO~ = 44,68801 
DRAG corrr or W[IGH1EO HEAN DtA I 215,939 
R(YNOLnS NLllHIE~ or SETTLtNG • fll .11 

--- 0,946 
__ ,.. .0·. 399 
----0,l!l001511lfll0 
--- 3211573 rrCT/SECiSEC 
--- 26·" 

-·· 
--· HOAli'QNTAL 

TtiROUCH-Pi.ii .. CT oilsiHR j a SHORT 
SETTLI!~G REC IMC • LA~ IN'R · 
YJSCOSJTY FACTIR : 2,fll ·- ..... 

ROSIN - RAHMLER EQU•TIONt R • 10fll • EXP(-(0/ 0~~686491 ••. 2.~85~151 
SLOP£ c: 2, 585615 ...... INl(RCEPT .B _;;·-fl .0686490834~ HJLL trllE:tERS ..... _ ----·-
CORRELATION cnErr. ~ 0.9~5528 050 • 0,06 HILtlHETERS 

KVP = 14,78 
Sit THEORY 

PH = N,A, 

NVF 11 ~.181 TAUY = 21322 

.· '· 



DIA J1ELRUr VCL VCT VLCTY•THROUGHPLT Rr.YNOLDS F"t1 PSI K!Lj,j.:,HR 
JN, E/OJA F"PS F'PS f PS .JONS/ttR NUMBER HI>< HJ TOll .. 111 

6, irn.:i "· 0:.1031U 3. Ql4 4,34 
4. ""' 

50,2 3958. 10403 48. et 9 £ 11468· 
8,0BO Ill. l'lv."'122 ·2.96 4. 22 4. r/1(1 .. 89,3 .. 417~. ,0397 35,442 £1~082 ..... 

Hl,0~Hl 0,"'il01A 2.89 4.12 4 ,,H, 139,5 4342. 1ilJ92 27,9HI e:11i?A55 
12,1J1Hl 01~•.1015 2.84 4, P'S 

4. "" 
2fl0, 8 4488, ,0J88 23,0e4 e:1210s 

. 14. 0~1 () "I ~.~Ql 13 2 .80 . 3.99 4 I l'J~) j!7314 . 1615 • 10384 . 19,616 .. e: ,0599 
i 6, llllH1 01 Cll'l011. 2.76 3.93 4,00 357,1 4728. 10381 17. 0:! 7 e: I fi?!J2fl 
18, CIOl'I ". 6ll01 r( 2.73 3,89 4100 451,9 4831'1, ,0379 15,046 li? 1IZ4'9 

. . 20,IHW 0. t"l•009 : 2 .• 7,1'1 ... 3,85 4, 00 .. 557,9 ·- 4924 .•... .,10377.. ·- .l314t( . __ e 1 ""11 
22·.oo~ 0,C':J0Cl8 2.67 3 .111 4. 0"1 675.1 50091 1037!J 12.116 e,e312 
24.0Q'1 0 1'W01.17 2.65 3,78 4,0e· 81113. 4 5089, 10373 11.U9 e,0339 

6 .o:rn 0'1 ci'J1113~· 3,04 4.34 5 ,01J 62,8 5939. ,0J60 ~6. 911 2,2045' 
8 ,01(10 l/l ,Clll022 2.96 4. 22 5 ,'10 111. 6 6257; 10354 49,Je8 Ii?, 1 !308 

... 10.0no "·· 00011:1. 2.89 ·- 4. j.2 ·- .· 5,00 .. -- . 1741~ 65151. '0 3 4 9 ·- ... 3 9, 11J13 - li?11191 ....... 
12,(11:'11 0, :i'U015 2.84 4 • "'5 

5 "'l" 251.1 6734. 10346 .32,1!3 1Z10983 
14. "100 0. f)f.1013 2.80 3,99 5 ,l/lO · 341. 7 6925. ,0343 27,3!13 210035 
16, CIHHl 0, 3A011 2.76 ,3,93 5,00 ... 44613 tllJ9!5,, ,0340 2317t2 e11i?726 
18. fiHlll 0, ~H~010· 2.73 3,89 51flO 564,9 7248,. 10338 20, 9e 9 e1e6u 
201~rn~ £11011009 2.70 3,115 5, llHI .69714 7388. 10336 18.7e5 e. 0514 . 
22.o~rn fl, '1H!008 ... 2, 67 ___ J ,_81, ___ 5 I (il llJ __ . _ 8 4 3 o 8 . '-'17 '· - ,033, __ 16, 9S2 ...... e 1e519 _____ .. _ 
24. 01<1"1 lll1111\i011J7 2.65 3,78 510~ 1004. 2 1636' 1111333 15,51l5 e,0413 

6,001'1 0, r/11.10;,:i 3,04 4.34 6100_ - - . 75,3 8274. - ·10329 B8,2H. 01269L. - -8 ,1'1:"3 010~022 2.96 4,22 6. '1~1 . '133. 9 8717. '"'324 65,072 2,1987 
10,ClM 01 li'll,018 2,89 4 .12 6,01'1 209. 2. 9077, 1111320 51.H5 e11s10 
12. \>01~ 0. oiri015 . 2 .•. 8~ .... 41.~.5 ....... 6,00 ____ ,,JAl,3 .. - 9 3 Q 2 ·--- I ~ 316 -- -- 4 2 • H 9 .. _ e 11295 .... -- .. 
14 ,'11.Hl 01rrn01~ 2.80 3,99 6100 . 410 .1 9648, . 10314 36,0~8 e11101 
16,0'1~ (11,!'1,,011 2.76 3,93 6,"1(l 535,6 988,, 10312 31,3H e1e957 
19. ~1·0 01111'1211'-'. 2.n 3. 119 .. 61 A0 ,,_ 677,9 100981. 10310 .. 271674. IZ, l!A45 ....... 

I 2fil. '111~ 0.r.~0r.9 2.10 3,A5 6,00 B36,9 - - 1'11293. ,030& 24,771Z e, e156 
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12.l'lfFl 01 ;ii~·015 2.84 4,05 7,00 351.5 12418. ,0294 .5J17'1J 211641 
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16. 1'111 1,1 01 thrn11 2,76 .J,93 7,00 62419 i3083. 10290 39,677 0,1212 
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14. ri•o 0,r:i·•0n 2.80 J,99 010J 546,7 1628'1·, i 021~ 56 .111 e,111s Fig.5.2.1.l,p.19 i6. ~l'O e. ,,,,,011 2.76 3,9J. a,0n 714, J. 16679. ,027J 48,8~2 e .1191.l 
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10, \1\JI~ 0.0~018 2.89 4.12 12,01'1 418,4 J2A19, ,0236 151.9.:6 IZ, 46'4:. 
12, '11JU 0. :J\1015 2.84 4,1115 ___ 12,0r. 6"'12,5 . 33096. - • 1'1234 125,21!1 IZ, J62o. 
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2a .1'.'0VI 0,'303~9 2.10 3, At; 12 ,011 1673,7 36308 .• ,02?.7 73. 0·; 4 IZ, 2 2~::! 
22.000 Ill I fil~'lil1-8 2.67 3 .111 

12 ·""' . 
2025,2 36941, ,0226 66,1~3 2 ,21h'1 

24.r."ltHl 0,l'li'0r.7 2. 65 . 3,78 12. ~'!!_ . 2410.2 .37529 I ,0225 60,3!"2 IZ,18U 

6 ,IHHJ 0 ,0CJ03'1 3,04 4,H 13. 0';} 163,2 33?6111. ,0237 296,0~5 0Iljl1 e;? 
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22. (l\Lj 0. C°'i~0f'0 2.67 3. f.;1 13.~HI 2194,0 42730, ,0219 .75,1H e,2296 
24. IHI·~ 0, e.;.10"" 1 2.65 3,18 13. 0fJ 2611." 43409. ,021e 6B.6ee e,2095 

6. ;HJ·~ o,r.:10.FJ 3.04 4,34 14, flJO 175,7 JB631. , 02Jo J36,3e1 1,e210 · 
6 • fJ(~o,) 0. ~;',)(122 2.96 4. ?2 14. 0l' 312,4 40699. • 0221'1 247,1H 0,7549 

10.0,p 0,0,.1018 2. e<: 4.12 14. 0'' 488,2 4236111. , 0223 194,9e2 e,59!!2 
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16,nu;i 0. "''~011 2. 7~ . 3,93 14,00 1 ;?49. 7 46151. • P.1216 116, 4H. 2,J618 ..... 
18. (~ :1 ;; 0. 0•'1'l10 2.n 3,89 14,00 1581. 7 47147. , 0(15 104. 625 Z 1 J195 
2fil,1W:?I 0,!'-C.i(J-il9 2. 7Q1 3. f!5 14. 00 1952.7 4605,. ,0214 93,6~1 e,2059 
22.ourJ 0 • .;11 10;16 2,61 3,81 14. 1110 2362'. 7 46895. ,0213 04 .6n e. 2586 
2 4. 01'1<1 fi:1, 0:.10(17 2.65 3. i'8 14. 0111 2611. 9 49672. ,0212 77,2e6 I!. 2 J6(1 

6.0q1 0. 0'.103~ J.e1. ___ 4,::14 15. 00 .. 166.3 43795. • 022!! 376,699. 1.1504 
8, iHJO 0, r.01<12;> 2.96 4 • :?.2 15. "" 
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10. p;.1,~ 0,0:•0.ie 2.89 4,12 15. 00 523 .0. 48046, ,0211 216.0,6 0,6659 
12. 11111() 0,(D01'i 2.84 .. 4,1"5 15, Oil 753.2 49661. • "'214 179.642 e,,466 
14, Ill PC 0.~:101~ 2. 61J J,99 15. 01l 1025.2 511'169. ,0212 1s2.5e2 Z,4659 
16.0~(; 0.r.~1011 2. 71> J,93 15. '1111 1339.0 52321. ,0211 132,H7 e, 404r; 
1 a . w"' 0 I 'Jl,'01 (l 2,7J __ J,fl9 15,00 ....... 1694,6. 53450 •. . , 0209 .116. 975 _ e,Js12 ..... 
2'1. ·;,.10~.' 0,(h"0~,9 2. rn J.A5 15, cm 2092.2 544811 ,0208 104.674 0,3i97 
22. i_lil·\l 0,t'll00:l6 2. 6 :' ~.81 15.0~ 

0

2531.5 554 31, ,0207 94.676 l?,26~1 
:! 4. (lf'1· 111, IHJ0~7 2. 65 .. J,76 . 15. ""'- 3012,7 56313. ,0206 86. 392. I!. 2 63fl. 
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....... 1 6. :1 (1.) '0 •• :i,•011 2. 7 6 J.~3 16, rm 1428,2 5A6J7 • ,0206 147.t<• 2,449J 

°' 16. '..100 0. ~.'~.~01 ~~ 2.n J.!~ 16, 111:~ 1807.6 61'111117. • 02i114 129,9e3 Z,3967 ....... 
I 2~. l~t·0 0,;Pae-9 . 2. 7e) •.. J, lie; - 16,C."'1_ .... 2231,6 .. 61266.._ __ ·"203 .. . 11~.2~:i _.e.J550 ... 

22.Ch''il e I ~~.IQlfllA 2.67 J,81 16. 111" 2700,3 62335. ,0202 10,,H3 e. ;,21" 
24 .111rn 0. n11001 2.65 3.76 16,00 3213.5 63321'>. .0201 95,921! e.2~29 
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As a point of comparison, the Black Mesa pipeline trans­

ports. 660 dry tons of coal per hour at 48% solids by weight 

at less than 6 fps in an 18" diameter pipe. Pressure drop is 

approximately 18 psi/mile. The closest predicted methanol 

data point is 27.6 psi/mile for 675 tph at 6 fps and a solids 

concentration of 55% by weight. Thus, the methacoal slurry 

does not appear to be substantially more viscous than a 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 prod.uced. two very significant 

pieces of information, both of which are important in the econ­

omics of slurry pipelining - carrying capacity and coarseness 

limit. 

5.2.1.2 .Importance of Carrying Capacity 

The 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 

cupucity 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% e·fficiency. 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 ot coal yields about 3~00 lb ot methanol, 

which in turn transports 6400 lb of coal. The loss of the addi­

tional ton of coal that is consumed in the conversion process 

can now be charged to the full 9600 lb of fuel delivered to the 

power plant. The overall conversion efficiency of the process 

is 

9600 
9600 T 2000 X lOO = 83 % • 

If the carrying ratio is increased from two to three, the over~ 

all conversion efficiency increases to 86%. 

This conclusion is spfficiently important to merit repe­

tition. While the direct conversion efficiency of coal to.meth­

anol is at most 50%, the equivalent efficiency of conversion· 

for the entire system potentially approaches 90%. It will be 

seen in Section 5.2.1.3.2 below that this efficiency can be 

further increased, possibly exceeding 90%. 

5.2.1.2.2 Reduction of System Water 
Reauirement 

The ton of coal, which in 

the above example is converted to metha~ol, requires about 

3000 lb of water for conversion,if the natural moisture in the 

coal can be used in the process, and yields about 3~00 lb ot 

methanol. The carrying capacity of this 3000 lb or 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 
a 

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 = 9600 lb of coal is 

carried by 3200 lb of methanol. At Black Mesa, the same 3000 

lb of water entering the system carries 
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3000 x 48 = 2769 lb of coal 
52 

Now consider the removal of ·water from the coal-water slurry. 

In Report HCP/M-1171-2 of this series (see Table 1.1), it was seen 

that at the Mohave Generating Station, 1,176,000 Btu/ton are 

required to separate the coal and water and dry the coal to the 

contract moisture value-of 10.74%. About 1,420,000 Btu would be 

required to yield bone-dry coal, which for the coal used in the 

preceding numerical examples (not the same as Black Mesa coal) 

would be equivalent to 166 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, 

at low-grade waste heat from the process, to dry the incoming coal. 

Therefore, it is not necessary to again charge the methanol system 

with the energy loss in obtaining dry coal. 

Thus, for the water system, 2769 lb of coal and 3000 lb 

of water enter 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 = 94.0% 
2769 

With the one-third -·two-thirds methanol system, along with 

the 3000 lb of entering water, there is a ton of coal to be con­

verted, 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 transportatiori efficiency of 

9 6 0 0 .- 9 2 • 3 % • 
l0,400 

The advantage of methanol as a slurry carrier may now be 

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

i.e. , 
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10,400 x 0.923 
2 7 6 9 x 0 • 9 4 0- = 3 • 7 • 

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

tage is 

12,800 x 0.941 = 4.6 
2769 x 0.940 

The foregoing example was based upon using the natural 

moisture. in the coal, which was taken as 30%, or 600 lb/ton. 

If none of this 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 

treated as equivalent fuels. For the present illustrative pur­

pose, this approach is adequate because the heat contents are 

approximately the same. More precise calculations would be 

done on a heat content basis for coals of a specific proximate 

analysis and for methanol produced by a specific process from 

that coal. 

Clearly, the water problem for the methanol line is greatly 

less than for the water line. In particular, the use of a return 

line becomes very interesting when it is only required to accom­

modate such a small return fraction. It may be further noted 

that, once it is decided to install the return line, system 

flexibility is increased .. For example, . it is no longer neces­

sary to locate the methanol plant at the head of the line; it 

can be placed at any location along the line where other factors, 

e.g., existing labor force, availability of cheap power, proxim-
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ity to other markets for the methanol, etc., are located. How­

ever, as will be seen in Section 5.2.1.3.2 below, there are good 

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

5.2.1.3 Benefits of Dry Coal 

If the coal entering the slurrif ier 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 the case with much Western coal, then 

approximately 350 Btu/lb of coal input is required to vaporize 

the moisture, representing an ·energy loss of about 4% for most 

Western coal. 

Now, it is not possible to a~6id 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 combustion, could be recovered by installation of suffi­

cient preheater surface to cool the stack gas below the· boiling 

poi~t. 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 enabling a small increase 

in power plant efficiency. 
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5.2.1.3.2 Effects of Moisture on Pipeline Operation 

It one now examines 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 attrac­

tions. First, of course, is the possible increase in power plant 

efficiency just discussed. 

There are three large additional benefits which accrue to 

the pipeline operation from the use of dry coal. The first benefit 

derives from the increase in pipeline efficiency because it is no 

longer necessary to transport the water. For Western coals, which 

generally have high moisture content, this benefit can be very 

large. Again using the example of coal which has a 30% moisture 

content, the efficiency of the pipeline is increased by almost 50% 

if the coal is dried at the head of the line. If the raw coal is 

only 20% moisture, the pipeline efficiency is still increased 25% 

by drying. This increase is realized as a direct percentage 

increase in the number of Btu transported per Btu consumed in the 

transportation process. 

The second benefit of drying lies in the turther 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 of Section 5.2.1.2.1 above. As noted there, the 

methanol conversion process is very inefficient, being estimated at 

41% (Ref. 28) to 50% (Ref. 29). Most of this inefficiency appears 

in the form of waste heat. If this otherwise wasted heat is used 

to dry the coal to be shipped, then that same amount of energy 

becomes available as sensible heat to the power plant energy con­

version cycle instead of being lost as latent. heat in the boiler. 

It is as though low-grade waste heat from the methanation plant 

were transported without coat and transformed into high-grade heat 

at the power plant, in defiance of the second law of thermodynamics. 
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5.2.2 Methanol Consumption and Marketing Options 
0 

At the pipeline terminal, many options 

arc u.vu.ilable fo:i: J.'.t:dl.i.~l11~ .the value ot the methanol. 

1. Th~ slurry may be burned direct.ly as a fuel 

in power plant boilers. 

2. The slurry may be separated into powdered coal 

and alcohols which' in turn' prov id~ fuel for several appli,ca­

tions. · The suboptions include: 

2.1 Powdered coal, after separation from the 

slurry, may be used as f~ed 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 

pip~line. As has been seen in Sections 5.2.1.2.1 ~nd 5.2.1.3.2, 

the return line for methanol onl~ 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~ 

fuel. 

2.4 The alcohols may be ·marketed a~ vehicular 

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 arc, of course, many prol.Jlt:ms 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 9otential as the ultimate 

vehicular fuel. That is, the principaP objectives of two R&D 

programs can be accomplished by funding only the smaller, more 

immediate of the two. Moreover, should a methanol pipeline be 

built, it would constitute a part of the demonstration program for 

the ultimate fuel. 

2.5 The alcohols separated from slurry may be further 

separated into the basic constituents for subsequent marketing. 

These could include: methanol, ethanol, n-propanol, and i-butanol. 

3. The slurry can be used directly as pipeline fuel. When 

burned in ·a gas turbine with a bottoming engine, the overall 

efficiency of the pumping process would then be approximately 50% 

greater than that of the electrically driven prime movers. The 

direct use of the slurry as prime mover fuel would render the 

slurry pipeltne the most energy-eff i6ient of all coal trans­

portation modes insofar as the consumption of mechanical energy of 

movement is concerned. When these two factors are combined in ~ 

system design and subjected to economic analysis, it· may well be 

that the methanol-coal slurry is overall the most energy-efficient 

mo~e of long-distance coal transport. 

These simple figures are quoted only to show the promising 

potential of the concept. As has already been stated, it is 

strongly recommended that further research be performed. Specific 

recommendations are presented in Report HCP/M-1171-1. 

5. 2. 3 f'f<;>l;>J_~m _t\reas 

It is necessary to recognize disadvantages compared to other 

approaches, potential pitfalls, limitations, technological un­

certainties, and economic constraints. 
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The brevity with which these factors are treated here is no 

indication whatever of their anticipated severity. The future 

work which is being recornrnended 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 Safety 

Present-technology coal slurry pipe­

lines, i.e., water-coal slurry, appear to be far safer than 

any other mode of long~distance coal transport, partly because 

the water-coal slurry is not flammable. Methanol-coal slurry, 

of course, does not possess this attraction. However, since 

it is still far less ·flarnrnable than some of the fluids presently 

moved by cornrnercial pipeline, flarnrnability is certainly not a 

barrier to the introduction of methanol-coal slurry pipelines. 

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 p·ipeline. 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 centrifuge$_rnounted 

directly on top of the pulverizer, and the centrifuge cake is 

dried .in the pulverizer. One other method is the direct combus­

tion of a concentrated, stabilized coal slurry in a cyclone 

burner. This was done only experimentaliy, but the test was 

successfu 1. 

Dewatering facilities generally produce environmental 

effects simil~r to those of the coal preparation area an<l, for 

the most part are similarly solved. One exception is the dis­

posal qf 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, treat~ent 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 

content of most coals are the principal problems. 

The severity of the problems is dependent to s~ne extent 

on the source and analysis of the coal used. There is a wide 

variety ot coal mined in the United States (see Table 5.3-1). 

Fixed carbon ranqes 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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~able 5.3-1 Sources and Analyses of Various Ranks of Coal 

I 

l l Proximate, percent Ultimate, percent 
---

classificatior_ by rank State County 

J 

Bed Condi- \ Vola- calorific 
tion* Mois- tile Fixed Ash Sulfur Hydro- Car- Nitro- Oxy- value Btu 

I I ture , matter carbon gen bon gen gen per lb. 
·1 -

ll1iddle 
l 13. 2 2.6 65.3 18.9 0.3 1.9 64.2 0.2 14.5 9.310 

Meta-anthracite Rhode Island Newport 2 I 2.9 75.3 21.8 0.3 ! 0.5 74.l 0.2 3.1 10.740 
3 3.8 96. 2 0.4 0.6 94.7 0.3 4.0 13. 720 ·-

I l ! 4.3 5.1 81.0 9.6 0.8 I 2.9 79.7 0.9 6.1 12.880 

Anthra::;ite Pennsylvania Lackawanna 1.:lark 2 I 5.3 84.6 10.l 0.8 2.5 83.3 0.9 2.4 13.470 

j 3 5.9 94.l 0.9 2.8 92.5 1.0 2.8 14.980 

! l 2.6 '10.6 79.3 7.5 l. 7 3.8 81.4 1.6 4.0 13.880 

Semianthracite Ark:insas Johnsor;. I Lower 2 \ 10.8 81.5 7.7 1.8 3.6 83.6 1.6 l. 7 14.240 

Hartahorne 3 i 11. 7 88.3 1.9 3.9 90.6 1.8 1.8 15.430 

l 2.9 17.7 74.0 5.4 0.8 4.6 83.2 l. 3 4.7 14.400 

Low-•Jo !La tile West Wyomins ?ocahontas 2 !, 18.2 76.3 5.5 0.8 4.4 85.7 l. 3 2.3 14.830 I 
bitumi:ious coal Virqinia No. 3 3 i 19. 3 80.7 0.8 4.6 90.7 1.4 2.5 15.690 I l 2.1 ' 24. 4 67.4 6.1 1.0 5.0 81.6 1.4 4.9 14.310 

Medium-volatile Pennsylvania Clearfield Upper 2 '24.9 68.8 6.3 1.1 4.8 83.3 1.5 3.0 14.610 

bi t:ll!li:-tous coal Kittanning 3 '26.5 73.5 1.1 5.2 88.9 1.6 3.2 15.590 

l 2.3 36.5 56.0 5.2 0.8 5.5 78.4 1.6 8.5 14.040 
High volatile A West Marion Pittsburgh 2 '37 .4 57.2 5.4 0.8 5.4 80.2 1.6 6.6 14.370 
bituminous coal Virginia 3 '39. 5 60.5 0.8 5.7 84.8 l. 7 7.0 15.180 

Kentucky, l 8.5 136. 4 44.3 10.8 2.8 5.4 65.l l. 3 14.6 11. 680 
High volatile B western Muhlenburg Number 9 2 '39.8 48.5 11. 7 3.0 4.9 71. 2 1.5 7.7 12.760 
bituminous coal field 3 ' 145.0 55.0 3.4 5.5 80.6 l. 7 8.8 14.460 

l 14.4 135.4 40.6 9.6 3.8 5.8 59.7 1.0 20.l 10.810 
Hign volatile C Illinois Sangamcn Number 5 2 41.4 47.4 11. 2 4.4 4.9 69.8 l. 2 8.5 12.630 
bi tumi:i::ms coal 3 I 46.6 53.4 5.0 5.6 78.6 l. 3 9.5 14.230 

l 16.9 34.8 44.7 3.6 1.4 6.0 60.4 l. 2 27.4 10.650 
Subbi tuminous A Wyoming Sweetwater Number 3 2 41.8 53.8 4.4 l. 7 4.9 72. 7 1.5 14.8 12.810 
coal 3 43.7 56.3 1.8 5.2 76.0 1.5 15.5 13.390 

l 22.2 33.2 40.3 4.3 0.5 6.9 53.9 1.0 33.4 9.610 
Subbituminous 8 Wyoming Sherida:i Monarch 2 42.7 51. 7 5.6 0.6 5.6 69.3 1.2 17.7 12.350 
coal 3 45.2 54.8 0.6 6.0 73.4 l. 3 18.7 13.080 

l 25.l 30.4 37.7 6.8 0.3 6.2 50.5 0.7 35.5 8.560 
Subbi turninmis c Colorado El Paso Fox Hill 2 40.6 50.3 9.1 0.4 4.6 67.4 1.0 17.5 11.430 
coal 3 44.6 55.4 0.5 5.0 74.l 1.1 19.3 12.560 

l 

I 
36.8 27.8 29.5 5.9 0.9 6.9 40.6 0.6 45.l 7,000 

Lignite North McLean Unnamed 2 43.9 46.7 9,i4 1.4 4.5 64.3 1.0 19.4 11.080 
Dakota 3 48.4 51.6 1.6 5.0 70.9 1.1 21.4 12.230 

*l, sample as 'received; 2, moisture-free; 3, :noisture and ash-free 

Source: Reference 30 



engines. This could be an important factor, particularly in 

Otto cycle and diesel engines, wherein the basic engine design 

(compression ratio, ignition or injection timing, etc.) is 

largely influenced by the fuel properties. Ignition quality 

·is largely dependent on the particle size and volatility of the 

coal used. It is known from past work that ignition quality and 

burning rate improve as particle size aecreases. 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 ~den-

tify the chemical mechanisms by which ignition is initiated. 

The effort should also include a determination of whether the 

process of pulverizing changes the chemical as well as the phys­

ical properties of coal. 

The concept of methanol-coal slurries introduces new possi­

bilities and considerations with respect to utilization as fuel 

in engines. One approach is to burn the slurry as fuel in its 

as-received condition. This should definitely be feasible in 

Rankine cycle and other external combustion engine power plants. 

It may be 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 dif f 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.l Reciprocating Engines 

Methanol has some significant advantages as a 

gasoline engine fuel. It burns much cleaner than petroleum 
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fuels or even natural gas. It is a more flexible fuel than 

gasoline, permitting wider deviations from ideal fuel-air ratiu~. 

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. Compression ratios can 

be increased to take advantage of methanol's higher flame speed and 

good antiknock properties. Because it burns cleaner than gaso-

line, fewer emission control devices are needed. Since it burns 

cooler and has a cooling effect as it evaporates in the cylinders, 

cooling systems can b,e smaller and consume less power (Ref. 31). 

It is completely mixable with gasoline in concentrations up to 

about 15%, an adv ant.age which f ac il i tat es i tc uce as a g asr_11 ine 

additive. The addition of 151 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 blenc.liw~ vdlues·of 120 noN -?-nd 91 MON 

would increase the octane numbers of the gasoline-methanol blend to 

97 RON and 84 MON (Ref. 32). 

Methanol has some disadvantages as well. One of its most 

serious problems associated with methanol-gasuliue mixtures is 

phase separation, which relates to the que8tiu11 uf fuel 8tt1.l.JiliLy. 

Because of methanol's polar character, its solubility in gasoline 

is limited to about 15%, as indicated earlier. However, the phase 

separation problem becomes critical when the blend contacts even 

very small quantities of water. Rapid phase separation occurs, 

with the polar water-methanol phase settling out at the bottom. 

Gasoline containing methanol would therefore have to be stored and 

distributed under anhydrous conditions, which would be difficult 

and expensive. As an altecn~tive, 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 of vapor lock occurring in the engine fuel system. 
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The addition of methanol to gasoline considerably increases the 

volatility of the fuel. 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 potential disadvantage of using methanol­

gasoline blends is the possible adverse effect on road performance 

of vehicles. Because of emission controls, most new cars are 

already carbureted near the lean limit for sati~factory perfor­

mance, and additional leaning by methanol may tend to compound this 

problem. The wider flammability limits of methanol may parti~lly 

compensate for the leaner carburetion, but the pro?lem would still 

exist. 

Essentially the only engine applications to date for methanol 

have been in racing cars and boats and in piston engine aircraft 

where it was injected directly into manifolds for added takeoff 

power. Some experimental. testing has been conducted with methanol­

gasoline blends during the past three years in late model and older 

model passenger cars, and the results suggest that in the area. of 

fuel economy and emissions the benefits are only significant in the 

case of the older cars which operated with rich carburetor mixtures 

before emission control standards were imposed. 

Burning of methanol in diesel engines presents a considerably 

more difficult problem than in gasoline engines. The high octane 

number of methanol, which is an advantage in a gasoline engine, is 

a detriment in a diesel engine because the ignition delay ·(a 

funct1on of the cetane number of the fuel) with methanol is much 

greater than with diesel fuel. A very hi3h 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 road conditions. This would 

cause some complications in the engine design and no doubt result 

in greater cost as well as maintenance. Another potential problem 

would be more rapid wear in the fuel injectors because of the low 

lubricity of methanol. With some development effort it may be 
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possible to adapt diesel engines to run on blends of methanol­

diesel fuel, but the only apparent advantage would be to conserve a 

small percentage of diesel fuel, and it is questionable whether the 

compromises involved in engine design and performance would be 

worthwhile. 

5.3.2 Gas Turbines 

Methanol has excellent characteristics as a gas turbine fuel, 

primarily because of its clean burning characteristics which re­

sult in a lower level of. harmful emissions and should help to en­

sure long component life and low maintenance. With its continuous 

combustion process the turbine is not subject to the limitations of 

reciprocating engines with regard to ignition quality. 

The potential of coal-derived methanol as a substitute fuel 

for natural gas and petroleum-derived liquid fuel for gas turbines 

provided the incentive for a recent joint test project by AMAX, 

Inc. , Turbo Power and Marine, and Florida Power Corp. ( FPCo) (Ref. 

33). A 12.5-hr run on methanol was conducted at one of FPCo's gas 

turbine generator installations. The power plant was converted to 

a dual fuel configuration, both to allow direct comparison with 

standard fuel oil and to provide gas assist starting on methanol 

and No. 2 oil. The only other engine modification was addition of 

a piston pump at the fuel supply to provide lubrication of the 

engine fuel pump. 

Engine performance on methanol was reported to be excellent. 

Acceleration was normal, and steady state running was even more 

stable than on No. 2 fuel. Burner can temperature patterns were 

the same as when burning Jet A or No. 2, and there was little 

carbon buildup on the nozzles. Test data for NO emissions while 
x 

burning methanol (Fig. 5.3.2-1) showed that, over the power range 

tested, emissions were 74% less than with No. 2 oil. CO emissions 

were somewhat higher with methanol than with No. 2 fuel, exceeding 

the projected EPA limit at loads higher than 15 MW (Fig. 5.3.2-2). 

However, the whole question of meeting proposed regulations is 

somewhat academic at present, because the regulations have not yet 

been promulgated. 
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From this and other programs (AMAX is also working with 

General Motors on vehicular turbine tests) , it is concluded that 

methanol has excellent potential as a turbine fuel, provided it can 

be produced at a price competitive with petroleum-based turbine 

fuel. With coal-derived methanol, this appears to be a distinct 

possibility. 

5.3.3 Boilers 

The potential of methanol as a fuel for industrial boilers 

appears to be equally as good, if not better than, for gas turbines. 

Modifications should for the most part be confined to fuel pumps 

and burner nozzles to handle the larger volume of methanol required 

for providing the same output as regular fuel oil. With the 

continuous combustion process and a clean burning fuel, control 

should be relatively ~imple, and maintenance should be low. 
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6.0 SUBSTITUTION OF' COAL FOR PETROLEUM AND GAS IN PIPELINE 

OPERATIONS 

The President's ener~y goals for the 1977-78 period, as 

stated in his message to Congress in April 1977, place heavy 

emphasis on both energy conservation and increased production and 

use of coal. Since coal is the Nation's most abundant energy 

resources, the President is thereby relying on coal to replace oil 

and natural gas for many industrial fuel applications. One of the 

major goals is to increase coal production by more than two-thirds, 

from 665 million tons in 1976 to more than 1 billion tons. by 1985. 

Electric utilities are being pressed not only to use coal for their 

new power plants but also to convert existing oil and gas-fired 

generators to coal. The same philosophy applies to other in­

dustries that consume power, including the pipeline industry. The 

issues being faddressed in this study of ·energy consumption in 

pipeline transportation systems 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 difficult 

economic problems. At present it is estimated that synthetic 

liquid petroleum, using the best available processes, would have to 

sell for about $20-25/bbl, which is nearly double the world price 

of crude oil. It is also estimated that, based on current techno­

logy, it would cost about $35 billion to build the coal liquefaction 

plants needed to replace only 10% of today's total petroleum 

consumption. Production of synthetic gas from coal is likewise not 

yet economically practical. Processes now being tested in pilot 

plants would require a price at least twice as high as the free 

market price of natural gas produced and sold within the same 

state; and three to four times higher than the government-regulated 

price for natural gas sold interstate. To build a commercial 

gasification plant capable of processing more than 15,000 tons of 

coal a day, it is estimated that the cost would be as much as $1 

billion (Ref. 34). 
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ERDA, shortly after its creation in January 1975, moved 

toward the implementation of large demonstration projects for 

coverting coal to clean fuels. The conversion and use.of coal was 

given high priority in ERDA's National Energy Plan, issued in April 

1976. DOE (and its fore runner ERDA) to date has defined several 

demonstration projects for translating advanced concepts into 

commercial use. One, a clean boiler fuel plant, is now under way, 

with the award of a $237 million contract to the Coalcon Co. in 

1975. The others include a pipeline quality gas plant aimed at 

industrial and commercial heating, and a ·fuel gas plant for electric 

power utilities or industrial uses. Industry cost sharing is 

concentrated in the more advanced phases of coal conversion, 

although there is some industrial cofunding in earlier developmental 

stages (Ref. 35). 

UOc's coal conversion and utilization effort is directed 

toward demonstrating second-generation technology on a near com­

mercial scale in the early 1980's. A variety of processes is being 

developed to convert Eastern and Western coal to liquids and gases. 

Coal utilization programs are directed toward development of 

processes to permit increased use of coal by direct combustion, 

with the objective of developing and demonstrating on a commercial 

scale the direct combustion of high-sulfur coal without exceeding 

pollution standards. Fluidized bed combustors containing sulfur 

oxide sorbents will be used in the burning of coal. This direct 

combustion technology is considered to have near-term (1985) 

potential as an alternative to existing boiler systems that use 

scrubbers for emission control. 

While the coal conversion and utilization efforts in DOE's 

Fossil Energy program discussed above have potential benefits in 

the overall spectrum of power generation, there are alternative 

approaches which could have significant benefits more directly 

related to the pipeline industry. One of these is discussed in 

para. 4.3.6 of this report concerning pipeline application of fuel 

cells, in which the potential application of fuel cell powered DC 
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motors is described. Another concept which merits consideration is 

the direct utilization of pulverized coal in liquid pipeline 

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

slurries., The technical and logistical aspects of this concept are 

discussed below. 

6.1 Coal Dust as a Pipeline Driver Fuel 

The.question of substituting coal and coal-derived fuels 

for the petroleum.fuels presently used in pipeline operations 

involves consideration of the practicality of coal-fired engines 

and slurry-fired engines and the logistics of transporting coal and 

coal slurries to the pipeline pumping stations. 

6.1.1 Coal Dust as an Engine Fuel 

Any consideration of burning coal in engines presupposes that 

the coal has undergone certain processing. Coal receives an 

initial processing as it comes from the mine, including cleaning 

and grading to size. Those impurities that are readily removable 

(e.g., slate, shale, clay, sandstone, and pyritic sulfur) are 

eliminated by physical treatment. Organic sulfur and some incom­

bustible materials cannot be eliminated by physical treatment. 

While there are techniques for removing some of the ash and sulfur, 

these processes are sophisticated and expensive, making it doubtful 

as to whether they offer any real advantage over coal liquefaction 

or gasification. Processing of pulverized coal for use in furnaces 

is a well established technology. However, little is known concern­

ing the optimum particle size for efficient combustion in internal 

combustion engines. 

6.1.1.1 Reciprocating Engine Fuel 

Early in the development of the reciprocating.internal com­

bustion engine, attempts were made to use coal as a fuel. Almost 

all work has involved the use of pulverized coal either in a dry 

state or slurried in an oil or aqueous carrier. In 1898 Tiudolph 

Diesel, after experimenting with an internal combustion engine 

using powdered coal as fuel, developed the compress~on ignition 

engine that bears his name. The powdered coal engines were not 
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then successful and were abandoned when the diesel engine, using 

oil as fuel, ran with an efficiency much higher than any previous 

engine. 

Development projects on coal-burning diesel engines were 

independently conducted by five industrial companies in Germany 

during the period 1916· to 1944, after which .all efforts in this 

field were terminated (Ref. 35). Under these programs, which were 

in progress for periods ranging from two to 24 years, approximately 

19 coal dust engines in the power range from 10 to 600 HP and rated 

at speeds from 160 to 1600 rpm were built and· tested. The major 

problems experienced can be summarized as follows: 

(1) Fuel feeding and control system. The most critical 

components were in the pre-chamber system with its control valves 

and nozzles, the task of which.was to hold a properly metered 

amount of coal dust or coal dust/air mixtures and transfer this 

fuel into the engine cylinder with correct timing and duration of 

injection in uniformly dispersed form and with a minimum of 

injection energy. Two basic systems were developed: (a) a com­

pressor injection system using compressed air from an external 

compressor for pressurizing the pre-chamber and injecting the fuel 

in the cylinder; and (b) a compressor-less injection syst~m 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, ane'.5 complexity, w.i Lh resultant reduct.ion 

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 lhe engine cylinder during the 

charging period. 

-lR?.-



(2) Fuel and. ·combustion cha·ra·cteristics. The widely varying 

chemical and physical properties of coal made it very difficult 

to match the operational r~quirements of the engine. Factors of 

particular importance are heating value (typically ranging from 

7000 to 15, 000 Btu/lb); ignition temperature (rangi_ng from 

2S0°c for lignite to aoo 0 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 

othersliding surfaces. 

Al though_ 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 ~ere definitely inferior to those 

u£ 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 practi.cal use 

for driving machinery in factories on a routine basis. 

Experience with coal-burning engines in the U.S. has 

been very limited, ·but in gen~ral 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 o± pulverized coal in pis­

ton engines, at least those used in automotive and other mobile 

applicationp, 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 convert the coal to combustible 

gases so that the gases may be consumed in the engine. Such 

gas producers convert carbon to carbod 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 replace the carburetor 

with a gas-mixing valve. For a compression ignition engine, a 

small pilot charge of diesel fuel is required to ignite the gas. 

In Europe, during World War Ii, about 500,000 trucks and autos 

were operated with coal or ~harcoal-fired gas producers because 

of the shortage of gasoline. Although bulky and inefficient, 

these vehicles proved to be fairly reliable and demonstrated that 

coal (or charcoal derived from wood) could be used as an emer­

gency fuel when conventional liquid fuels were not available. 

6.1.1.2 Gas Turbine Fuel 

Some of the problems involved in burn­

ing pulverized coal in. piston engines are also cornrncn to the 

open cycle gas turbine. In particular, the turbine is susceptible 
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to hot corrosion and erosion resulting from high sulfur and ash 

content of most coals. The gas turbine does have one significant 

advantage over the diesel or Otto cycle engine in that it can burn 

a wide range of fuels of varying ignition quality. The absence of 

rubbing internal parts (pistons reciprocating in cylinders) in the 

compression and expansion processes is also an advantage· from the 

wear standpoint. 

Modifications necesary to a gas turbine to burn solid coal 

efficiently have recently been investigated by Solar Division of 

International Harvester Co. The work was done under a subcontract 

with Combustion Power Co., which had a contract with ERDA (now DOE) 

to identify the hot corrosion and erosion problems that would be 

expected in the hot end of a gas turbine burning coal in a fluid­

ized bed combustor. The process included a fluidized bed combustor 

which operated on Illinois No. 6 coal, and three stages of filtra­

tion to remove the sulfur and separate the ash from the hot exhaust 

gases before they enter the turbine. The investigation indicated 

fouling, which can be expected from the fly ash at temperatures 

above about 470°c, to be the principal deterrent to the use of 

coal-fired gas turbines, although erosion may become significant in 

the lower temperature turbine stages and during spall of deposited 

ash. It was concluded that future work to improve the potential of 

operating gas turbines on coal must identify the principal contri­

butor to the fouling mechanism, i.e., temperature, surface chemis­

try, particle energy; and then investigate strategies for mitigat­

ing the ash deposits and their resultant effects on the substrate. 

Another contract, recently awarded by ERDA to Curtiss-Wright 

Power Systems, is aimed at demonstrating the feasibility of a gas 

turbine to burn high sulfur coal economically in utility service. 

The contract covers the design, construction, and operation of a 

pilot plant comprising a gas turbine with a fluidized bed combustor. 

This 300 MW pilot plant will be the first step in a practical 

application of this principle to power generation. 
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It is evident that the problems of burning coal in gas 

turbines are of far less magnitude than those in piston engines. 

If the erosion and corrosion problems can be successfully overcome, 

the open cycle gas turbine engine with the addition of ~ Rankine 

bottoming cycle could well prove to be a workable candidate for a 

prime mover for pumps used in liquid pipelines. As was discussed 

earlier in Section 4.1.1.2, an organic bottoming engine on a 

typical second generation gas turbine, representative of those 

presently installed on gas pipelines, could achieve an overall 

efficiency of 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 maintenance cost, but the concept appears to be 

worthy of further study. 

Another concept which merits consideration is the use of 

an indirect-fired coal-burning combined cycle pump station, such as 

a closed Brayton cycle power plant with a bottoming cycle, or some 

variation thereof. Since the turbine fluid (air in the case of a 

closed cycle gas turbine), is not subject to the corrosion and 

erosion problems of an open cycle plant. The problems of burning 

coal are therefore confined to the air heater. 

Development of closed Brayton cycle systems started in 1939 

and the first power plant Of this type was.placed in service 

in 1940. This was an oil burning plant manufactured by Escher-Wyss 

in Switzerland. The first coal burning closed Brayton system was 

an Escher-Wyss/GHH 2300 KW-plant which started operation in Ravens­

burg, Germany, in 1956. It can be regarded as the starting point 

for the practical use of closed cycle machines after about 20 years 

of laboratory testing and development by Escher-Wyss and then 
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licensees. This plant had approximately 120,000 hours running time 

by June 1967, with reportedly only minor 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 butlt in Europe, Great 

Britain, Russia and Japan, as indicated in Figure ~.1.1.2-1. A 

number of these plants, including several which ~sed coal as fuel, 

have accumulated over 100,000 hours of operation. Turbine inlet 

temperatures have ranged "from 650 to 750°c and plant efficiencies 

have been in the general range of 25 to 32%. Although those closed 

cycle plants have demonstrated· economic viability, utilities have 

been reluctant to install them on a broad basis (Ref. 37). 

With the current emphasis on use of coal as fuel and with 

the advent in recent years of high-temperature materials, the 

closed Brayton cycle power plant may be the preferred approach to 

direct use of coal. One promising approach for achieving higher 

closed-turbine efficiency would be the use of new high-temperature 

ceramics, such as silicon nitride or silicon carbide, in the air 

heater. The addition of a Rankine bottoming system using waste 

heat from the air heater would result in a further increase in 

overall plant efficiency. Preliminary analysis indicates that, 

with a turbine inlet temperature of 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. Another advantage of 

ceramic materials would be increased resistance to erosion and 

corrosion effects from combustion.or pulverized coal. 
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6.1.2 Logistics of Coal Consumption in Pipelines 

The pumping stations in long dist~nce liquid pipe­

lint:!::> d.re 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 guestion in most cases, the alternative would 

be to haul the coal by tru.~k 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 solution to the logistical_~bstacle'to use 

of coal in pipeline drivers l.ies in the use of the coal-methanol 

slur~y, discussed earlier in Section 5.0, wher~ it was concluded 

that the methanol-coal slurry offers- an extremely inte·resting 

concept for pipelining coal. ·when that technology is developed, 

it will then be practical to ~onsid~r use of crude oil ·and pro­

ducts pipelin~s to transport slurry as well. Thus, pipelines 

which transport oils.from oil fields and/or refineries to or 

through coal mining regions could also be used to move coal to 

their own pumping stations. The compatibility of the methanol­

coal slurry with these othe~ liquids at the ipterface~ must of 

cour~e be investigated. 

The pumping :re4uirements of methanol-coal slurry would 

differ from those of crudes and products and would have to be 

carefully analyzed. The rheological tes~s described in paragraph 

5.2.l show that, with high concentratraticns of coal in the 

methanol-coal slurry, the pipe wall friction would be high and 

therefore more power would be required for a given throughput 
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than with the conventional liquids. The pumps in crude oil 

and ·products pipelines are predominantiy 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 i_n Section. 6. 2. Al though centri­

fugal pumps are used for in-plant commercial slurry systems, they. 

are· low, efficiency type (on the order of 65 % ) with a re la.ti vely 

wide throat impeller clearance. 

Additional questions of· significance revolve primarily 

around whether the direct combustion of methanol-coal slurry in 

the ·gas turbine prime mover is determined to be practical. 
As indicated earlier, there is little question tn~t metn-

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 logisti~~ would be 

mnr.e complicated. 

A rl~tailed 16gistical ~nalysis is beyond the scope of tl1e· 

present.study. However, the concept appears to possess merit, 

and further study is .recommended. 
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7.0 FLOW INDUCER IMPROVEMENTS 

7. 1 Liquid .l:'lirttp s. 

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-
I 

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 dri~e 

power varies with the cube of speed. In contrast to positive dis­

placement pumps, centrifugal pumps develop· a limited head at 

constant speed over an operating range from zero to rate.a capa­

city; therefore, excessively high pressures cannot occur. Figure 

7.1~1-l 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 
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products pipeline. The optimum efficiency of 87-88% is reoresent­

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, throttliug 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 delivere_d and the driving motor may 

be overloaded. Accordingly, throttling is generally used only 

for applications requiring frequent flow variations, in which 

high power consumption is accep.table. Another way to achieve a 

lower throughput is to reduce the speed of the pump by using a 

variable speed drive unit, such as a diesel engine, fluid coupl­

ing, gear r~dudtion, 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 illustrated 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 pipeline at a 

throughout lower 'than design. Operation at po int a ou Ll1e ::;y::. L1211i 

curve requires a lower throughout, which can be achieved either by 

throttling by an amount represented by AH or by operating at 

reduced speed along the lower of the two curves. The variable 

speed method of reducing throughout would normally be the more 

efficient method. The application of these principles to pipeline 

operation has been discussed in Section 4.3.6. 

7.1.2 Positive Diselacement Pumes. 

Positive displacement pumps can be categorized into two 

principal classes: rotary pumps and reciprocating pumps. 

A ·rotary pump cons is ts of .an assembly of ::J'='~- rs, v~ I vPR, ~rims, 

screws, vanes or other moving parts which rotate in a fixed casing. 

Instead of ·"throwing" the liquid as in a centrifugal pump,. the 

rotor components push the liquid toward the discharge port much as 

a piston of a reciprocating pump does. Unlike the reciprocating 

pump, the rotary pump discharges a smooth flow. They will handle 

almost any liquid that is free of hard and abrasive solid material. 

Neglecting slip, rotary pumps deliver almost constant capacity · 

against variable discharge pressure. Typical capacity and horse­

power characteristics of a rotary pump at a given viscosity are 

illustrated in ~ig. 7.1.2-1. 

Rota~y pumps are manufactured with capacities ranging from 

less than 1 gpm to more than 5000 gpm. They can handle pressures 

ranging to more than 10,000 psi and viscosities ranging from less 

than 1 centistoke to more than one million SSU. Their broadest 

field of application is in handling fluids that have some lubricat­

ing value and sufficient viscosity to prevent excessive slip at 

required pressure. 

Reciprocating pumps are positive displacement units that 

discharge a fixed quantity of liquid during piston or plunger 

movement through the length of the stroke. Disregarding leaks and 

bypass arrangements, the volume of liquid displaced during one 

stroke of the piston or plunger equals the product of the piston 

area and stroke length. 
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The advantages of reciprocating pumps are flexibility of 

operation, nearly constant efficiency for wide ranges in capacity 

and head, and ability to handle small volumes at high heads. 

Disadvantages include valve. troubles, pulsating flow and head, 

higher cost, greater required floor space, and higher maintenance 

cost due to the complexity of moving parts. 

Positive displacement pumps used in pipelines are predominant­

ly of the recipr~cating type •. The inherently high efficiency of 

these pumps is almost independent of pressure and capacity and is 

only slightly lower for a small pump than for a ~arge pump. They 

are most useful in applications requiring h~gh pressure and rela­

tively low 6apacity, where their ·high efficiency more than offsets 

the high initial cost. 

7.2. Slurry PumEs 

One of the most demanding applications for a pump is in 

slurry pipelines. Both of the major coal slurry lines currently in 

existence use reciprocating pumps. Pertinent data on these instal­

lations are shown in Table 7.2-1 (Ref. 41). 

Selection of pumps for slurry pipelines has been related 

primarily to two factors: required discharge pressure and abra­

sivity. For required discharge pressures under 650 psi, centri­

fugal pumps have been selected (for slurries other than coal) based 

on lower cost. For higher discharge pressures, only positive 

displacement pumps are technically feasible due to casing pressure 

limitations on centrifugal pumps. In systems where positive 

displacement pumps are utilized, the more abrasive slurries require 

the use of a plunger pump which has the capability to continuously 

flush ~he plunger of abrasive.material. The less abrasive materials 

allow the'use of a piston pump. The fluid end sections of piston 

pumps and plunger pumps are shown in Figs. 7.2-1 and 7.2-2, respec­

tively. In the ~ase of the Consolid~tion Coal and Black Mesa 

slurry systems, positive displacement pumps were select~d because 

of their higher pressures and operating efficiencies as compared 

with centrifugal pumps. Piston and plunger type p~mps were both 

_investigated, and the piston pumps were chosen as they were con­

sidered to have acceptable life with the abrasiveness of the conl 

slurry to be pumped. 
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Table·7.2-2 compares pump capabilities in existing slurry 

lines, including other slurry materials (limestone, copper con­

centrate, magnetite concentrate, and others) as well as coal. 

Considerable improvement in pump maintenance costs has 

been experienced on existing pipeline systems. This has largely 

been accomplished with experimental programs over a period of 

years. For example, the life of rubber valve inserts was increased 

from only 90 hours initially to 1100 hours with improved polyure­

thane inserts; the use of chrome-plated liners increased the life 

of piston inserts from 180 to 500 hours and doubled the life of 

liners; and piston rod packing life was increased from 100 to 6000 

hours. Maintenance life on expendable parts for low and high 

abrasive slurries is shown in Table 7.2-3 below. 

Slurry pipelines utilizing positive displacement pumps 

usually have at least two variable-speed operating pumps per 

station in order to vary throughout and to simplify restart of the 

pipeline after shutdown. A number of different speed control 

devices, as indicated in Table 7.2-4 below, are being used on 

existing systems. 

Fluid couplings have proved to be satisfactory in high 

horsepower ranges. They are rugged, reliable, and require little 

maintenance. Eddy current couplings have performed satisfactorily 

in the lower horsepower ranges (less thall 1000 11tJ) d11u provide 

more precise control than fluid couplings, particularly at lower 

pump speeds. Variable speed motors have also proved satisfactory 

for slurry pumping service, although they are more sen8ltlve Lu 

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 eftitiency. at eitheL 

speed. By having several pumps in parallel with different speed 

ratings, combinations can be used to provide several speed cap­

abilities. The "Synchrodrive" unit is a devi6e which combines gear 

reduction and soeed control elements and which can be obtained in .... 

any size required for a slurry pump. This results in a saving of 

space and cost, and maintenance costs should be low because of 

reduced complexities of the system. 
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Table 7.2-1 

Reciprocating Pumps in Use in 

Major Coal Slurry Lines 

Length (miles) 

Diameter (inches) 

Annual throughout 

(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) 

Ma x imum particle size 

Source: Reference 41 

Consolidation 

Coal System 

108 

10 

1. 3 

Double acting 

duplex piston 

Wilson-Snyder 

-203-

450 

3 

9 

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 



Packing 

Stuffing 
Box 
Bushing 

Piston Rod Flow 

Fig. 7.2-1 - Piston pump - fluid end 

Source: - Reference 41 
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Piston 



Packing --­

Plunger 

Lantern Rings Flush Liquid Flow 

Fig. 7.2 - 2 - Plunger pump - fluid end 

Source: Reference 41 
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Table 7.2-2 

Comparison of Pump Capabilities 

Maximum Maximum Mechanical Maxi.mum 

pressure flow efficiency particle 

I' ump type ( p:J i) (gpm) ( P:J i) 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 

Source: Reference 41 
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Table 7.2-3 

Maintenance Life on Expendable Pump Parts 

Valves 

Piston rod 

Plunger sleeve 

Piston liner 

Brass bushings 

Packing 

Low 

Expendable Part Life 

(hours)* 

abrasivity High abrasivity 

(piston) (plunger) 

1100 500 

3000 

720 

4000 

425 

6000 425 

*Approx. 1500 psi differential pressure 

Source: Reference 41 

.. 
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Table 7.2-4 

Speed Control Devic8s (OL El~~t1i~ 

Drive Slurry Pumps 

Type Speed Control 

Fluid drive 

Eduy L:uLurnt 

Wound rotor motor: with 

liquid rheostat 

Synchr;oo~ive 

Pole changing squirrel 

cage 

1 - Coal slurry lines 

2 - Iron concentrate slurry line 

3 - Limestone slurry lines 

Source: ~eference 41 

·Where Used 

1 r.onsolinntinn Coal , Savage 

R ' 2 1 . 1 iver , B ack Mesa 

l 
3 . . . '1 Ca averas , Wa1p1p1 

B - . ., ·1 ·1 5 ouga:i.nvi. ... e 

W . t T . S es .... r1an 
.. d d 3 

Tr1n1 a 

4 - Magnetite concentrate 

slurry line 

5 - Copper coincentrate slurry 

line 
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Centrifugal pumps are used extensively for in-plant commercial 
. . 

slurry systems, typically those used for in-~lant transportation of 

slurries in the mining, cement, and other industries. Their 

application is generally restricted to short distances because of 

their limited head capability, lower allowable casing pressures, 

and lower efficiencies. On long distance slurry pipeline 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 qu~lity before committing it to 

the pipeline. 

The efficiency of a centrifugal slurry pump is low because 

of the necessarily robust natuie of the impeller design and the 

relatively wide throat impeller clearance. Efficiencies of 65% are 

common, compared to 85 to 90% on the positive displacement pumps 

used in slurry systems. The centrifugal slurry pump is a flexible 

piece of equipment in that, if sufficient drive horsepower has been 

installed, the head capacity can be increased or decreased simply 

by changing the speed of the pump. Beltdriven units are most 

common and the speed change is generally achieved by changing the 

drive sheave. In pumps with metal impellers, the diameter of the 

impeller can be increased or decreased to match the system 

characteristics. 

New coal slurry pipelines in the planning stages may require 

throughputs as high as 20,000 U.S. gallons per minute to be trans­

ported hundreds of miles. Assuming that the pumps on the new 

generation slurry pipelines will be adaptations of existing positive 

displacement pumps, this could mean that pump capabilities of 4000 

to 5000 gpm (as compared to the 1785 gpm maximum capacity of 

prP.sP.nt 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 hydr.ogen. A pump of this type is available with a 

volume flow rate of 18,000 gpm at 1000 psi discharge pressure. It 

could therefore replace as many as eight of the present piston 
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pumps in a long distance coal slurry pipeline, and would probably 

require less maintenance. However, the axial flow pump is ap­

proximately 5% less efficient than the piston pumps now used, and 

it is doubtful if the overall cost would be less than with piston 

pumps of the latest design. 

In general, it is concluded that· the state of the art in 

both centrifugal and positive displacement pumps is well advanced 

and there are no technological breakthroughs which could be ex­

ploited in an DOE-supported program. 

7.3 Compressors 

Until about 1947, the compression requirements of natural 

gas pipelines were satisfied entirely .by reciprocating compressors. 

Since that time, the acceptance of the centrifugal compressor has 

steadily increased until it constitutes a substantial proportion of 

the total transmision compression horsepower installed. Figure 

7.3-1 (Ref. j and Ref. 42) shows graphically the total capacity in 

installed compression horsepower for both gas turbine-driven 

centrifugal units and reciprocating units for the years 1963 

through 1973. Over 50% of the total transmission line compression 

horsepower installed during this period was of the turbine centri­

fugal type. ~owever, during 1973, the trend reversed. Since the 

Arab oil embargo, not only have n·ew uni ts tended toward recipro­

cators because of their higher efficiency,. but on those lines whose 

sources are decreasing, the first units to be taken out of service 

were the turbine$. 

The centrifugal compressor is classified as a dynamic machine 

because all compression is achieved by continuous dynamic action of 

the blades and channels. Inertial forces are transmitted by a 

rotating impeller which, by centrifugal motion, adds kinetic energy 

to the gas acceleration. The gas flows from the impeller into the 

diffuser where the gas decelerates and the kinetic energy is 

transformed into potential energy, i.e., pressure energy. A single 

centrifugla stage provides a relatively low pr~ssure ratio (current­

ly in the range of about 1.15 to ·1.4). When larger ratios are 

desired, additional stages are added in series. 
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The natural gas centrifugal compressor was originally 

designed.for natural gas boosting service. Pressure ratios up to 

5:1 or higher (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. 

The centrifugal compressor has broad pressure-volume 

characteristics. 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 necessary for 

all but the lowest pressure ratios. 

One of the most important parameters for classifying com­

pressor impellers hydrodynamicaily is specific speed. rt is 

calculated by the formula 

where 

Specific speed = rpm/Q" 
H3/1 

.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 centrifugai 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 

thP driver speeds available. However, efficiencies of over 80% 

within the specific speed range of 400 to 1350 can be expected with 

most singl~-stage impeller wheels. Figure 7.3-2 shows how the 

maximum flow capability of a compressor changes depending on the 

head (Ref. 43). 
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Development of higher efficiency centrifugal compressors 

is 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 compressor of 1.3 

pressure ~atio with a 24-inch-diameter impeller. However, the 

improvements in single-stage compressors cannot be directly trans­

lated into multistage machines, which require some compromises 

because of the broad range of flows and pressures involved. 

In a typical case, a given compressor configuration is 

desiqned to handle a wide ranqe ot applications. For example, Fig. 

7.3-3 shows ·a· performance map of a Solar C505 centrifugal gas 

compressor. using the curves, it is possible to determine whether 

a specific compression job is within the capability of this basic 

machine, and how many stages would be required for the specific 

site condition. 

At the low heads required for pipeline service 1 the axial 

flow compressor could offer the possibility for a 6 to 8% improve­

ment over current centrifugal ·equipment. About 24 axial flow 

compressors have been built .and operated in closed-cycle gas 

turbine power plants throughout the world, where the pressure 

levels, volume flows, and heads are comparable to gas pipeline 

requirements. Such a compressor, however, has two problems, one 

in design and the other in operation. The design problem is that 

of coping with the high bending loads imposed on the blading by the 

high specific mass tlow. The operational problem stems trom the 

narrower operating range from design point to surge at the tip 

speeds dictated by available turbine speeds and inlet volume flows 

(Ref. 44). The axial flow compressor is also less rugged, more 

complex, and more sensitive to damage from ingestion of foreign 

objects than a centrifugal type. With the efficiency improvements 

that are being made in centrifugal compressors, there appears to 

be little likelihood that the axial compressor will be built in any 

substantial numbers for pipeline service. 
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-------The reciprocating compressor is classified as a positive 

displacement type machine in which a quantity of gas is drawn into 

a cylinder, where its volume is reduced and its pressure increased 

by movement of a reciprocating piston. Piton compressors are 

designed for pressures as low as 1 psi above atmospheric or, with 

single stage compression, up to approximately 100 psi. When higher 

pressures are desired, the.compression is divided into stages. The 

reciprocating compressor has the advantage of higher efficiency 

than the centrifugal compressor at the higher pressure ratios, 

although in many app~ications the centrifugal can claim efficiency 

superiority at pressure ratios below 1.35 as illustrated in Fig. 

7 • 3-4 ( Re f. 4 3 ) • 

Many of the gas engine compressors used in pipeline ap­

plications are of the integral type, in which the power cylinders 

and compressor cylinders are arranged in a V-anqle 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, 

including both poppet and plate valves. 

Many of the reciprocating engine compressors installed in· 

natural gas transmission lines are operated in parallel with 

centrifugal compressors. In most cases there are several of the 

reciprocating engines with a large number of unloaders on the 

compressor cylinders. The reciprocating eng~ne compressor units 

are usually of lesser capacity than the centrifugal compressor. 

Station control is accomplished by the unloaders until th~ horse­

power is reduced to permit shutdown of a unit. Since a centrifugal 

compressor impeller has an operating flow range of approximately 10 

to 130% of the desiqn flow, it is not desirable to use a larqe 

centrifugal to handle the flow swings of a station when in_parallel 

with reciprocating engines. It is much more desirable to bead load 

the centrifugal to a certain horsepower level and allow the recipro­

cating units to handle the station swings (Ref. 43). 
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In general it is conclude that, as far as efficiency 

improvements are concerned, there does not appear to be any 

significant rationale for advancing the state of the art in the 

compressors themselves by DOE support. Rather, as discussed 

elsewhere in· this report, the principal gains in ~fficiency will 

come from the prime movers through new design concepts and cycle 

improvements. 

Discharge pressure = 
830 psig 

Centrifugal ---~ 
compressor 

Pressure ratio 

~\. 
Reciprocatin 
·compressor 

Fig. 7.3-4 - Typical horsepower requirements for 

centrifugal and reciprocating compressors 
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8.0 REDUCTION OF RESISTANCE TO FLUID FLOW 

To examine the potential savings in both energetics and 

economics that might accrue from significant reductions in resis­

tance to fluid flow, some simulations were run using the pipeline 

economic model (PEM), which was developed under Task 1 of this 

project. The model is described in References 8 and 9. 

For the simulation, the baseline petroleum products reference 

system, .with a linefull 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 1976, a 

saving of $22.375 million in total energy cost could be derived 

from reducing the viscosity by one-half and a saving of $48.205 

million from reducing the viscosity to one-fifth that of the 

baseline case. Savings in present value of the energy used are 

$6.516 million and $14.016 million for the one-half viscosity case 

and the one-fifth viscosity case, respectively. These savings 

figures are obtained by comparing the "Energy Costs" fand "Present 

Value of Energy Used" for the three viscosity categories under 

"theh~ading "Energetics" in Table 8.0-1. They are attributable 

entirely to the increased throughput which could be obtained by 

viscosity reductions alone and do not take into account any addi­

tional capital expenditures which might be involved in achieving 

the viscosity reductions. 

The three primary methods of reducing fluid resistance in 

pipelines are: 

(1) Heating the fluid to reduce viscosity 

(2) Using additives in the fluid to reduce viscosity 

(3) Using internal coatings in the pipe to reduce friction. 

8.1 Pipeline Heating to Reduce Viscosity 

The use of heating in petroleum pipelines has been confined 

primarily to relatively short length lines (lOOmi or less) carrying 

liquids such as heavy crudes and heavy fuels oils which are too 
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Table B .0-1 

Viscosity Reduction Study* 

Baseline Case Viscositv reduced to ~ 

Total (20 vr) I Averaqe Total I Averaqe 

1,704,590.757 85,229.539 1, 704·,590. 797 '35,229.539 

1,612,855.5';8 80,642.775 1,590,763.516 79,538.176 
.. 

, 

430,947.054 21,547.354 431,157. 617 21,557.881 

375,137.840 17,863.707 375,348.352 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 10,139,815 

65,065.001 - 58,549.497 -

Viscosity reduced to 1/5 

Total I Averaae 

1,704,590.797 85,229.539 

1,565,276.891 78,263.844 

431,413.906 21,570.695 

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 -



viscous to be pumped at ordinary ambient temperatures. Practice in 

the past has been to heat the liquid to a temperature mcuh above 

its pour point (often from 140°F to 210?F) at the initial 

pumping station, then pump it through an insulated pipeline, k~pt 

hot by runnig a parallel, smaller line carrying steam. On such 

lines the pumping stations are usually spac~d 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 (Ref. 45). More 

than 600 mi of insulated pipeline of all sizes, including length of 

pipeline up to 100 mi, have been installed since that time. The 

value of polyurethane foam for thermal insulation lies in the fact 

that it has the lowest value of thermal conductivity (0.13 Btu/sq./ 

ft/hr/°F/in-per ASTM D2326) of all commercial insulation materials. 

Another method of heating developed more recently uses a 

concept known as "skin effect current tracing" (SEC'r). This 

system, as illustrated in Figs. 8.1-1 and 8.1-2, uses the principal 

of skin effect, whereby a conductor is placed inside a heat tube 

and grounded to the far end of the heat tube (Ref. 46). The heat 

tube is welded to the exterior of the carrier pipe, which is common 

carbon steel pipe. An AC potential is applied between the heat 

tube and conductor, causing an alternating current to flow down the 

conductor and return on the inside of the heat tube. The depth of 

penetration (skin depth) of the current is related inversely to the 

square root.of the frequency, relative magnetic permeability of the 

heat tube, and conductivity of the heat tube. The welded contact 

between the heat tube and the carrier pipe provides a heat flow 

path, and the temperature of the heat tube is pormally not more 

than 15 to 20 degress higher than that of the fluid. At the SECT 

control center, a transformer (Fig. 8.1-2) is provided for stepdown 

of the high voltag~ power supply, and temperature controls are used 

to maintain the required temperature settings •. For most applica­

tions, one heat tube is used for fluid pipes up to 12 inches in 

diameter, two tubes for intermediate sizes and three or more tubes 

on pipes larger than 30 inches in diameter. 
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Figure 8._1-1 Basic skin effect 
tracinq circuit. 

Figure 8.1-2 Details 0£ SECT 
power ci~cuit. 

Source: Reference 46 
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The SECT system was developed in Japan and is licensed to the 

Ric-Wil Co. of Canada and its subsidiary, Pipe Heating Systems, 

Inc., of Brecksville, Ohio. It has been used for heating pipelines 

carrying viscous crud~, heavy fuel oil~ molten sulphur, chemicals, 

etc. Approximately 45 systems have been installed in the United 

States in lines ranging up to abotit 10 mi long. 

The effect of temperature on liquid viscosity may be correlated 

within the accuracy of most experimental data (1 to 2%) with the de 

Guzman-Andrade equation (Ref. 47). 

~ .= AeB/T 

This requires knowledge of two or more values of for evaluation 

of the constants A and B. When only one value of is known, the 

temperature dependence may be obtained within approximately 20% 

with the generaliz~d chart sh6wn in Fig. 8.i-3 (Ref~ 47). The 

chart is based mainly on data for organic liquids and is represen­

tative of liquids such as crude oil and petroleum products. lt is 
evident that heav liquids experience a much greater change in 

viscosity with changes in temperature than lighter liquids. This 

can be illustrated by the following example, which compares the 

viscosities of two typical crude oils at two different temperatures 

(Ref. 30) 

California crude; light 

California crude, heavy 

Temperatµre 

(OF) 

6U 

150 

60 

150 

Source: Reference 30 

-222-.. 

Viscosity 

(Centipoises) 

48 

9 

3500 

70 
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To assess the economics of heating pipelines to reduce friction 

losses, discussions were held with pipeline heating system con­

tractor representatives. They indicated that such systems range in 

cost from about $1 to $5 per diameter inch per linear foot of pipe­

line, depending on the location of the pipeline, the temperature/ 

viscosity characteristics of the fluid pumped, and a variety of 

other factors. (Refer to Table 8.0-1) 

Using the most optimistic estimate of $1/diameter inch/linear 

foot for the heating , installation, the total increase in capital 

cost of reference the pipeline would be: 

24" diam~L~L x 5280 ft/mi x ti8b mi x ~l/in-ft 

= $87 million. 

Since the preseht value of the energy saving, at the postulated 20-

year average cost of 0.037 $/kwhr which was used in the comparison 

of Table H.U-1, l i ne 11 was only $14 million, it is seen that the 

cost of energy would have to increase by more than a factor of six 

to even pay for the installation. It seems obvious from this 

comparison that the use of heatinq in a l ong distan~P petroleum 

pipeline is not economically practical and will not be in the 

foreseeable future. 

It is concluded that pipeline heating is a well established 

technology for assisting in the pumping of viscous liquids for 

relatively short distances, but would not be economically attractive 

for long distance pipelines until energy costs were much greater 

than present and also until insulation costs were less. 

8.2 Internal Coatings to RP.OtH~P Vi scosity 

Results of various tests and applications over the past 30 

years have proven that internal coating of pipelines is an effective 

method of increasing pipeline flow efficiency. In addition to 

increased throughput, internal coatings provide other advantages 

including: protection against corrosion; reduced cost of scrubbers, 

strainers, pigs, and other types of pipeline cleaning equipment; 
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prevention of contamination from corrosive products; reduced 

maintenance and labor costs; protection of pipe interiors against 

accumulation of foreign materials; and reduction of leakage from 

pipelines. 

Epoxy-type internal pipe coatings are currently being used 

in pipe for transmitting dehydrated natural gas, wet gas, crude 

oil, sour crude oil, salt water, fresh water, and petroleum pro­

ducts. Thousands of miles of internally coated pipelines are in 

service, with pipe sizes ranging from 2 inches to 42 inches. 

Two principal methods of application are employed for internal 

pipe coatings - "in situ" (or "in-place"), and spraying (Ref. 

48). In-situ coating is applied to lines already laid and avoids 

the welding problem. Historically, the first coating of this 

type was carried out in 1947-47 in sour crude and sour gas gathering 

lines. The first in-situ salt water lines were coated in 1953, and 

potable water the following year. In-situ coating is a highly 

specialized procedure, and only a few companies operate in this 

field; however, as a result of experience in North America, Europe, 

and other areas, ample background is now available, enabling the 

in-situ coating applicator to use a proven coating, specifically 

selected for the particular service requirements. 

Spray application of internal pipe coatings to individual 

joints of pipe is the second procedure. Suitable spray and cleaning 

equipment is available today for internally coating small- and 

large- diameter pipes, with appropriately formulated epoxy-type 

coatings, following sound surface preparation such as abrasive 

blasting or acid cleaning. 

The largest spray application of epoxy coatings is for 

internal coating of natural gas l ines. The requirement here is not 

primarily to give a protective film, but to provide a smooth 

coating to improve throughput. A thin film, on the order of 1.5-2 

mils, is applied, following surface preparation by a rotary wire 

brush. Complete maintenance of film integrity is not essential for 

this usage, and the welds will inevitably not be fully coated. 
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Internal coating of gas transmission pipelines started in 

1953. At the inception of this development, many ques,tions were 

raised as to whether the coatings used would have the necessary 

properties, and whether the cost of internal coating would be 

offset by the resultant benefits. These questions have been 

largely resolved by close cooperation between coating manufacturers, 

gas transmission companies, and engineers. 

Of the many tests made to evaluate the advantages claimed - for 

internally coated pipe, the most elaborate have been those concerned 

with increased throughput. Exten~ivP. work has been carried out to 

measure the smoothness of pipeline internal surfaces, both uncoated 

arn.l <..:ua Leu. 

In 1955 the Institute of Gas Technology (IGT) conducted a 

project titled "NB-14 - Internal Coating of Pipe", under the 

sponsorship of the pipeline research committee of the American Gas 

Association. Its purpose was to evaluate the feasibility of 

internally coating pipe for gas pipeline service. As part of this 

program, some 10 different generic resins were evaluated, involving 

25 coatings, including vinyls, alkyds, polyvinyls, furanes, coal 

tar epoxies, phenolics, and neoprene coatings. Results showed the 

superiority of the epoxy-based type. 

A r·elated pro.iect, No. NB-13, was estahlished by the pipeline 

research committee at IGT to investigate pipeline flow efficiencies. 

The results of this study showed that, for thP. r~nees of flow and 

Heynolds number encountered in most large-diameter pipelines, the 

flow efficiency is dependent on pipe roughness and independent of 

Reynolds number. As part of its work, the pipeline research com­

mittee developed a new flow formula in which the effective roughness 

of the pipe is used as a factor. The following table compares 

flow efficiency with effective surface roughness of 36-inch pipe 

based on this new flow formula. 
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Effective surface 

Type of 36" pipe roughness (in.) 

Internally coated 0.00028 

Very smooth commerical 0.00045 

Average commercial 0.007 

Stored 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 to 36 inches in diameter 

(Ref. 49). Various percentages of pipeline were coated on different 

sections. Epoxy resin type coating was used, since engineering 

studies had indicated it to be the most desirable for the purpose; 

the results of NB-14 confirmed this thinking. 

After the first internally coated pipe was installed in 

1955, the pipeline flow test data failed to reveal conclusively 

that internal coating was economically justified. For the next two 

years, the flow tests showed some indication of increased efficiency 

and were encouraging enough to Transco management to continue the 

program to the extent of designing for and considering the effects 

of internal coating on all main line additional facilities for 

expanding their system. Costs for cleaning the pipe and applying 

an epoxy coating varied considerably due to methods of manufacture, 

rate of production, and other factors. However, a general rule of 

thumb at that time for estimating costs of materials, application, 

and handling was to allow one cent per diameter inch per linear 

foot, with the smaller sizes of pipe running slightly higher. 

Another project conducted during the late 1950's involved a 

series ·of tests on an 11.9-mile section of 24-inch OD x .25-inch WT 

pipe which had been in continuous service in the Tennessee Gas 

Pipeline Co. system for 10 years. The test were part of a joint 
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project under the auspices of eight gas pipeline companies and two 

companies specializing in pipe coatings (Ref. 50). The project was 

organized in three phases: 

Phase - The section was tested after 10 years of operation. 

Phase 2 - The section was cleaned with two separately run 

wirebrush pigs, and tested after cleaning. 

Phase 3 - The section was cleaned with two wire brush pigs, 

followed by a 3000-gal. plug of Ketone as a 

detergent. The line was th e n coated with an epoxy 

and tested. 

The results of testing at various f low rates in eRch phRRP RhnwPd 

that pipeline deliverability was increased by approximateJy 5 to 

10%, depending on the rate of flow. This increase was broken ctown 

to a nearly constant 4% increase directly attributable to the 

cleaning operation of Phase 2 and an additional 1 tn h% inrlirP0tly 

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 deliverabiJ i ty 

in a large-diameter pipe in commercial service. This question is 

anwered by examining Fig. 8.2-1. The total increase in the trans­

mission ractor, which is directly proportional to deliverability, 

varied from approximately 5% at a Reyonlds number of 7 million to 

about 10% at a Reynolds number of 18 million. The tests were 

repeated on the internally coated pipe in December 1959 (a year 

after the original tests) and, as indicated in Fig. ~.2-2, the 

results showed good correlation with the previous test results. 

From this is was concluded there had been no apparent deteriorat i on 

of the interior coating. 

A significant recent application was recorded in 1973 wh~n 

Signal Oil and Gas Co. completed the in-place internaJ cnRting nf 

an offshore gathering system. Included in the system were 3 1/2 

milcG of two 12-inch and one 10-inch liue::; ~unnecLlng platforms, 
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and a 21.3 mile, 12-inch main line. All lines were internally 

coated with a polyamid-activated epoxy. Cleaning and coating 

operations on the gathering lines were carried out simultaenously 

from the platforms, and, on the main line, from a platform and an 

onshore site. Despite the fact that underwater tie-ins were 

involved, the use of divers were not required. 

Another potential application for epoxy coatings is for 

protection against corrosion and metal loss within the interior 

surface of slurry pipelines. A recent paper (Ref. 51) evaluated 

alternative methods for corrosion control against various system 

parameters including capital cost, operating cost, and user suit­

ability, environmental effects, effects on transport system, and 

flexibjlity. The alternative methods considered were heavy wall 

pipe, thin wall pipe with inhibitor, thin wall pipe with lining, 

thin wall pipe with oxygen removal, and thin wall pipe combination. 

The two methods involving internal coating, i.e., thin wall pipe 

with lining and thin wall pipe combinatio, ranked the most favorably 

on a cost comparison basis. The evaluation of thin wall pipe with 

lining was generally favorable otherwise except for concern ex­

pressed in assuring a continuous coating free of pinhole leaks. 

The cost figures for thin wall pipe with lining were based on 

applying 20 mils dry film thickness of epoxy lining. There is 

reason to believe that amply protection for a 25 to 30 year operat­

ing span could be provided with only 9 to 12 mils thickness of 

epoxy lining, which would make Lhe cost comparison3 even more 

favorable. 

A current rule of thumb for estimating the cost of internally 

coating a new pipelie, as indicated by contact with one of the 

leading coating companies (Ref. 52) is to use 15 cents per diameter 

inch per lineal foot for 6 mils thickness of epoxy coating, appli­

cable to water, gas and petroleum products. For slurry, the figure 

would be 25 cents per diameter inch, based on 20 mils thickness of 
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coating. These figures would apply for relatively short lengths of 

pipeline (up to 10 miles) and would be somewhat less for long 

pipelines. For in-situ coating of existing pipelines, there is no 

reliable formula for estimating costs, because of the highly 

variable nature of the cleaning and processing required. 

8.3 Additives to Reduce Viscosity 

The use of soluble addit i ves to reduce the pressure loss 

associated with flow through pipes and tubes has been studied 

intensively since 1964. Although the data are confusing and 

sometimes contradictory, the indications are that a significant 

drag reduction can be obtained. 

The theoretical basis for drag reduction by additivies 

generally derives from modifications to the boundary layer of the 

flowing fluid. In the case of solid additives, particles with a 

high length-to-diameter ratio are apparently more effective than 

particles with other shapes. Several investigators attribute this 

to the alignment of the lenticular particles parallel to the 

direction of flow and the resultant modification to the laminar and 

transitional boundary layer adjacent to the channel wall. In the 

case of soluble additives, a similar phenomenon on a molecular 

level is postulated, since experimentally it is found that long­

chain organic molecules have the most pronounced effect. 

The most convincing explanation for the phenomenon of drag 

reduction is that propounded by P.S. Virk (Hef. 53). His model is 

bRsP.rl on flow P.xperiments with water as the so l vent and with 

solutions of polymers at concentrations up to 300 ppm. The results 

of these experiments agree qualitatively with carefully conducted 

experiments by R. J. Hansen et al. at the Naval Research Laboratory, 

also with water as the solvent (Ref. 54). Experiments with organic 

solvents (Ref. 55) are also in qualitative agreement. 

At R RP.ynolds number of 10,000, the minimum friction factor 

attainable through drag reduction, adcording to Virk's equation, 

is 36% of the Newtonian friction fractor; this is equivalent to a 

64% reduction in pressure drop and pumping energy. 
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Virk's model postulated an elastic sublayer between the usual 

laminar boundary layer and the turbulent core; the hypothesis is 

that all drag reduction is related to the thickness and properties 

of this intermediate flow region. Historically, the analysis of 

friction losses in flow systems starts with the velocity distribu­

tion across the channel. For flow in pipes and tubes, a wide range 

of data is correlated in terms of universal velocity cu+) and 

position (y+) paramters as shown in the semilog plot of Fig. 

8.3-1, taken from Brod (Ref. 56). 

For a Newtonian fluid in turbulent flow, two principal flow 

regions are observed as indicated by the curve A-B-N. In cases 

where drag reduction is observed, the Newtonian turbulent flow line 

is displaced parallel to the line B-N to form a velocity profile 

such as A-B-C-D, consisting of three flow zones: the turbulent 

core, the laminar boundary layer, and the intermediate "elastic" 

layer with the thickness represented by the horizontal "distance" 

betwen the points B-C. 

The characteristics of drag reduction can be seen from this 

figure. The primary effect is that a higher mean velocity is 

observed for the same friction factor. This desirable effect 

apparently is a result of the significantly lower specific enregy 

required to sustain turbulent flow of the system in the presence of 

the additive. The mean velocity increases above Newtonian velocity 

across the intermediate elastic sublayer, which extends from about 

15<y+<bO. This effective slip is the explanation for the drag 

reduction phenomenon, according to Virk's model. 

For practical application of drag reduction to design, the 

usual correlation of friction factor with Reynolds number is used, 

being derived by integration of the velocity profile of Fig. 8.2-1 

over the cross section of the duct. The form of this correlation 

i !':; : 
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where 

6 ,W0 = 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 viscosity 

reductions of 48%, equivalent to a reduction in turbuJent flow 

friction factor to 15%, which would also be the reduction in pump 

~w::u · gy. 

In report HCP/M-1171-2 (see Table 1 .1-1 above), Sections 

4.4.2.2 and 4.5.2.2, the annual energy costs of U.S. oil pipelines 

were seen to be 127 $ million each for crude and products lines, or 

a total of 254 $ millin. The upside potential cost saving is thus 

38 $ million/year, or 2.5 $ millin for each point of eff i ciency 

gain. Clearly, a well-conducted R, D and D program shoul rl hP. 

highly cost effective, and it is accordingly recommended that such 

a program be undertaken. 
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9.0 OTHER IMPROVEMENTS 

9.1 Cybernetics of Pipeline Systems 

Cybernetics is a term coined by Norbert Wiener as a name for 

the science of information and control in complex systems. The 

science is now a well developed body of knowledge which is applied 

to practical systems through high speed, large memory computers 

which assume many or all of the functions previously performed by 

human operators. Automation is a ·term which is often applied to 

this process. 

The three major functions within a cybernetic system are: 

1) The collection of information relative to the state of 

the system. 

2) The processing of that information, along with whatever 

operator input may be required, through an algorithm which calcu­

lates the necessary cdntrol 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., microwave communicators and 

high-speed computers. However, function 3 must be performed by 

equipment which is part of the pipeline system proper, i.e., motors, 

engines, pumps, valves, etc., and therefore performs noncybernetic 

functions as well. 

Earlier, Ge~tion 4.3.6.1 presented a detailed discussion of 

duty cycles in product pipelines. There it was seen that such 

pipelines operate at steady state only when the entire linefill is 

a single product. However, this situation is seldom obtained, and 

therein lies an opportunity for energy conservation. The existence 

of that opportunity was identified in Section 4.2.2, and the 

recommended approach to lifting of equipment limitations and 

solution of the associated problems was presented in Section 

4.3.6.2. However, those discussions only treated function (3), the 

effectuation of necessary control, and showed that the objective is 
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infinitely variable pump speed control, and recommended the fuel 

cell-DC motor approach. The cybernetic functions (1) and (2), the 

communication and Coh~rol [ull\..:Liuns, still remain to bl? ;:innrP.ssed. 

As noted earlier, these functions are generally performed by 

electronic communciations equipment and high-speed computers. The 

following discussion of these applications is taken from Carter 

(Ref. 5 7) • 

Pipeline scheduling involves collecting and processing 

information 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 schedule of movements to another group of people 

to ·handle the day-to-day, hour-to-hour, minute-by-minute activities 

necessary to carry out the schedule. These people are usually 

called dispatchers. Their functions and responsibilities are 

listed below. 

1. The dispatcher must be assured that the material he 

receives is of proper quality and graue. 

2. The dispatcher must accurately measure the volume 

received for each shipper a11u t;iedit it to hie account. 

3. The dispatcher must keep nccurat~ dt;t;uunt~ of the 

1 oca t ion of the head-end and ta i 1-end of each batch of f 1 uid moving 

through the line. 

4. A dispatcher must deliver the proper amount of the 

right grade and quality product at the right destination for 

each shipper. 

5. A dispatcher must be assured at all times that his 

inputs equal his outputs, taking into consideration the fluctuation 

of work:iny tankoge. 

6. All movements through a pipeline system must be accounted 

for and the proper charge assessed to them. 

This dispatching function is the 24-hour/day, 7-day/week, 

nerve center of all pipeline systems. Dispatchers have at their 
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fingertips the means for checking amounts of inputs and outputs and 

the flow through the pipelines by reading meters and gauging tanks 

remotely. They must have cons~ant 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 sedimen~.and water) monitors 

and other similar devices. All these are data needed by the. 

dispatchers to evaluate and assure them the line is runnlng properly 

and safely. The dispatchers direct tank farm personnel in switching 

tanks off or on the system and are in constant communciation with 

deliveryman and guagers, giving instructions as to the time, 
. . ' 

quantity and quality of material to be delivered at locations 

throughout the system. Practically all the work done by_ a pipeline. 

company is dependent upon effective dispatching. 

The dispatching operation is being automated in various ways 

by each pipeline company by using the electronic innovations of our 

day. In the early 1970's, pipe line companies advancetj beyond the 
. . 

dispatching operation just described to a cen~raliz~d Control 

Center operation. This Control Center combines the tremendous 

calculating capacity and data handling ab~lity of the _computer ~ith 

the logic of the scheduler and the minute-to-minute instructions 

and logic of the dispatcher. 

The use of comput~rs and automation in the area of pipelin~ 

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 com~anies were using computers for some 

type of operational a~plication ~nd that 33% wer~ using comput~rs 

for data acquisition and control. Thi~ compares ~ith only 34% of 

the compariies using combuters in operational ~reas i~ 1962.· rn· 

1962 there were no on-line computer applications in the ~ipeline 

industry, and only three companies were studying on-line data 

acquisition in the-mid-sixties. 
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On-line computer installations, such as.that illustrated 

schematically in Figure 9.1-1, for data acquisition, 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 readings for tank gauges, meters, temperatures, pressures, 

ar~vity, orifice flow rate, and interface detection, ther~ 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 ot on-data 

acquisition, is, of course, that it is much faster than obtaining 

telemetered readings by manual display, or over the phone for 

copying, and it is also more accurate. By 1974, 18 companies wer~ 

known to h~ve on-line data acquisition applications representing 

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 basic 

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 fivt! companies thu.t 

reported doing some type of dispatch calculations using on­

line data. 
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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 conununications circuit. The same equipment 

is used to telemeter pressu.res, temperatures, or tank gauges. 

The computer in this case has the ability to conununicate 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 pumping units, valves, 

and set-point controllers as well as to pick up supervisory 

status of alarms, pumping units running,etc. Another advantage 

of on-line control is that status information can be internally 

stored in the computer for hard· copy output and records. 

In 19G4, 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 intervention. There can be varying degrees of closed­

loop control. Pipeline segments may have only partial closed­

loop control for a few functions, or the entire system may 

be under closed-loop control. The control may vary from a 

simple set point control ot a suction pressure based on on-llne 

calculation for arrival time of a different product, to the 

ultimate in which a schedule determines the ~lused-loop action 

for starting and stopping the pumping units, switching manituiJ 

valves, controlling optimum pumping units, and automically 

handling upset conditions. From a safety standpoint, closed­

loop operations give faster reaction-control than manual 

operation in sensing upset conditions, e.g., pressure surges 

and other abnormal operating conditions, and in taking corrective 

action. 

ARCO Pipe Line Company has a 185-mile section of 8-inch 

line from Western Oklahoma to near Shawnee, Oklahoma, which 

has nine injection stations on closed-loop control, as shown in 

Figure 9.1-4. This line handles a low vapor pressure crude and 

condensate and a high vapor presssure stream of natural gasoline 
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Figure 9."l-4 ARCO Western Oklahoma crude condensate 
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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 also 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 potential 

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 with tank mixers, and 2 positive displacement 

meters with meter proving facilties. The station operates 

on a 24-inch pipeline. system, handling 6 grades of crude oil. 

The computer is programmed to perform a majority of the 

operating functions presently being done by the man. The most 

uniqu·e function .the computer will do is the sensing of gr~vity 

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 

schedulns 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 conditions and valve 

positions every minute. It detects abnormal 

operating conditions such as excessive pump 

unit vibration, excessive seal leakage, high_ 

tank levels, etc., and takes whatever corrective 

action is necessary. If corrective action is 

necessary, the computer alerts the Control Center 

operator at IndApRndence of the malfunction 
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condition and in some cases places a 

telephone call to an on-call station 

attendant in Humboldt. 

4. The computer is tied directly to the central 

on-line computer in Independence by microwave 

communications and relays various instructions 

for pumping·schedules, batch arrival times, 

pump unit start and stop schedules. It also 

transmits hourly data on volumes received and 

pumped; tank levels, pressures, temperatures, 

~nd 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 billinq data of each shipper will be directly 

available to those shippers that are equipped to use it. All 

major operating records and statistical data will be kept on 

disk storaqe data files wi"thin 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 reqtiired to perform-their duti~s. 

There will be computer-to-computer tie-ins with computers and 

terminals at the shipping companies and other pipeline offices 

for dircot aoccGG of operating information1 for obtaining the . 

latest scheduling information, inventory volumes, and shipping 
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The foregoins discu~sion_shows that the use of com~uters 

to control pipeline operation is a proved and well accepted 

method of reducing oil operating· costs. Addi~ionally, a. 

literature search revealed that more than 100 articles have 

been written on the design of, and operating experience with, 

automat~d and computerized gas pipeline systems .• 

In almost every case, reports indicate that decisions to 

automate were made ~fter very careful study, and r~sults have 

been very ~atisfactory. Some operating companies are. retiring 

existing systems in favor of more sophisticated new systems. 

In general, computer .systems offer system control, optimization, 

information display and reporting., and telemetr~ capabilities~ 
. . 

The li~erature review has al~o revealed that at least six 
. -

companies bffer automation systems eqµipment design and/or 

installation. In many cases th~ programming 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 contrul. 

In view of the well established position of computer 

optimized control in tne pipeline indµstry and the cont~nuing 

effort within the industry to introduce further impr.ovements,. 

there does not appear to be any.reason for DOE-supported R&D in 

this area. 
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9.2 Leakage Inhibitors 

9.2.l 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 leakage. 

Under Task l of this study, estimates of total eneryy 

consumption and of energy intensity were developed and presented 

in report 1171-~ (see Table 1.1-1 above) ot this series. 

Tables 9.2.1-1 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 percent, in 

comparison with fuel and power costs. Second, they are also a 

significant fraction, that is, almost 20 percent of non-fuel 

expense. Third, extreme variations are seen from company to 

company, in some cases assuming large negative values. In 

fact, the second largest absolute magnitude in the losses and 

shortages column is a negative number. 

This latter observation indicates that further research 

would be required before any conclusions and/or recommendations 

regarding energy conservation can_ be developed from these 

figures. Clearly, while the companies are most certainly 
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Table 9.2-1 
MAJOR CRUDE OIL PIPELINE COMPANIES - U.S. INTERSTATE TRUNKLINES, 1976 

Lakehead 
Amoco 

Shell 
Mid-V.~lley 

TeXdS Pipe 
Lire Co. 

Mobil 

Arco 
Mdrathon 

Exx::>n 
N Ashland 
tn 

We:;t Texas 
Pi,?e Line 

Southcap 

Platte· 
Por~land 

Chicap 
'i'exaco·-

Ci:: ies Sei:vice 

Pure 
Texas-:llieK. 

Owensboro­
Ashland 

Minnesota 

Cities 
Service 

l 
MM B-Mi 

,2 9 3. 6 2 9 
190,548 

128,236 
107,986 

94,083 

.93,l.l•I 

81,258 
63,400 

62,111 
52,542 

52,392 

44,234 

2 
M B 

391,540 
410,263 

368,829 
~42,803 

) 3 5. 9 5 ., 

308. 884 

239,406 
:.!56,586 

445,637 
76,148 

Ul,873 

69,378 

35,357 51,307 
23,322 140,242 

23,285 118,014 
22,7l5 109,398 

20,939 
16,567 

16,033 

93,228 
155,154 

54,348 

13,3!0 51,304 

12,780 104,546 

Fuel & Power 
s 

18,507,533 
16,878,116 

9,987,771 
9,977,052 

6,6n8,842 

8,401,843 

7,159,934 
5,646,913 

6,178,988 
3,594,068 

2,255,450 

2,393,579 

1,821,852 
3,002,.864 

1,914,162 
1,915,815 

1,825,319 
1,103,487 

538,092 

2,553,828 

1,115,491 

Total/ 1,447,949 4P54,845 113,600,990 
Average 

Source: Reference 58 

COST INTENSITY ANALYSIS 

4 5 
Oil Los~es Total Operat­
~1orta2_~ ~~~ 
~~~~$~ ~$~~~-

832,231 

4,628,156 
104,559 

397,358 

415,253 

515,104 
(1,950,054) 

1,417,716 
665,964 

(90,901) 

872,086 

(51,751) 

12,325 
(30,687) 

(365,191) 

23,206,770 
22,188,619 

17,088,104 
11,261,282 

9,143,089 

10,589,953 

10,724,514 
4,974,345 

10,988,270 
5,007,641 

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, 

7,206,931 151,858,533 

6 7 
Fuel ~ Power 
S/1111 S/l't 
B-Mi B 

63.03 
88.58 

77.89 
92. 39 

70.88 

90.23 

88.11 
88.96 

99.48 
68;40 

43.05 

47.27 
41.14 

27.08 
69.87 

19.05 

27.20 

29.91 
22.01 

13.87 
47.20 

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 49.7-8 

87.23 10.67 

18.45 28.01 

8 9 10 
live;. \ of Tot. 
Ship- Operating 
ment Expense 
~ Col.3 Col.4 

750 
464 

348 
766 

280 

301 

339 
247 

139 
690 

397 

638 

689 
166 

197 
208 

2'i.5 
107 

79.8 
76.l 

55.8 
88.6 

72.9 

79.3 

3. 6 

25.9 
9. 3 

4. 3 

3. 9 

66.8 4.8 
113.5 (39.2) 

56.2 
71. 8 

79.9 

90.3 

84.1 

12'. 9 
13. 3 

(). 2) 

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 
S/MM, $/M 
B-Mi 

79.03 
U6.45 

il.39.49 
11.04. 28 

97.18" 

113.73 

131.98 
"18. 36 

:. 76. 91 
95. 3i 

49 .19 

59.90 

61.26 
178.96 

90.80 
122. 71 

ll 36. 66 
96.66 

23.32 

203.01 

127.39 

B 

59.27 
54.08 

4 8. 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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Tahle 9.2-2 
MAJOR PETRJLEUM PRODUCT; PIPELJNE COMPANIES - U.S. ~RUNKLINES, 1976 

Company 
2 

M B 

3 
Fuel ~ Power 

s 
Colonial S91,683 569,396 56,503,564 

Plantation 105,64) :06,089 9,055,872 

Texas Eastern 65,57) :15,518 5,09C,446 

Williams. 

~lid-1\mer'.ica 

Explorer· 

Southern, 
Pacific· 

Dixie 

llydrocarbon 

Wolverine 

Olympic 

San ta Fe· 

Yellowstone 

Laurel 

62,463 :77,781 

42,577 :.oJ,648 

Jl,805 

26,0BJ 

18,797 

18,47~ 

13,003 

12,833 

9,683 

59, 029 

206,946 

29, 07 8 

27,364 

83,276 

68.424 

20. 04 4 

7,75E,856 

3,97],066 

1,73(,074 

4, 64 E", 5 3 5 

2,15~,141 

3,67C,318 

2,61~,420 

99:,014 

;'.6~,876 

8, ·913 20,784_ ~54,969 

___ B-'-,_4_5_7 ___ 4_2-'''-7_0_6 ~ ~ , 6 g 
Total/ 1,017,993 l,70·5,983 99,~;Jl!,412 

. Avera9e 
Source: Reference 58 

COST lNTEt-Sl'l'Y lltl/\I,YSIS 

4 5 
Oil Losses TotDl Ope~at­
&Shortages inq Expen5c 
___ s s 

121,388 

3J2,~62 

65 I, 2 95 

(47E:,Jl4) 

62:::,459 

E1,154 

445,103 

1S~ 1 JJ5 

(26,027) 

6S9,572 

2,681,527 

"54,333,213 

13,6:32,728 

9,1:32,267 

14,0?.9,105 

6,2·D9,930 

3,312,077 

8,5.;.6,931 

3,453,575 

5,2.;2,716 

3,855,490 

l,7~4,286 

7,'9.54,109 

1,2.19,049 

2,1 .. 6,303 

145,021,778 

6 7 
Fuel ~ Power 
S/HM $/M 

B-Hi B 

95.50 99.23 

85.76 4R.69 

77.6] 44.07 

124.18 43.63 

93.29 38.32 

51.18 

179.241 

29. Jl 

22.47 

114.65 74.12 

198.67 134.13 

201.0S 31.41 

76.79 14.41 

27.46 13.26 

84.66 36.32 

§.8.90 13.6·1 

98.03 59.49 

8 '} l 0 
Avg. \ of Tot. 
Ship- Operating 
mcnt Expense 
~ Col.3 Col.4 

1039 87.8 

568 66.2 

568 55.4 

351 55.3 

411 63.6 

573 

126 

52.2 

54. 3 

0.2 

2. 7 

7. 2 

0 

( 7. 6) 

18.8 

0.8 

646 62.4 12.9 

675 69.7 

156 67.8 

18R 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 l. 8 

11 12 
Total Operatin 

Expense. 
S/1-M, ~/H 
D-l· i B 

lOE;. 81 ll:L 07 

129.52 73.52 

140.03 79.49 

2 i• .. 60 

14 6o. 79 

9:·. 98 

328.49 

78.91 

60. 3G 

56. ll 

41.02 

ia: .. 13 118.77 

28•,.87 192.32 

296.37 46.30 

13•.31 25.20 

821..45 J96.83 

136.70 

2 s; .. 19 

14 :'.. 4 6 

58.65 

50.26 

84.81 



losing some oil through leaks, the leakage can move only in the 

outward direction. The presence of large negative 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 very large 

amounts of oil can be lost without some kind of environmental 

impact becoming evident. This physically evident consequence, 

together with the economic drive to minimize lo~ses, should 

insure that the companies would move aggressively to inhibit and 

stop leaks. 

In view of the foregoing, it is concluded that the 

information at hand does not warrant a DOE program in this area. 

Moreover, it is unnecessary to develop further information, 

because the only method of active leak inhibition that has been 

identified is by internal coating of the lines, and a DOE 

program in that area has already been recommended for other 

reasons in Sections 8.2 and 3.7 above. It is thus concluded 

that further research to understand the implications of column 

4 in the Tables is not needed for present purposes. 

9.2.2 Leakaye in Gas Pipelines 

Statistics of interstate natural gas pipeline companies 

for tl1e year 1974 (Reference 42) 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 cubic feet. 

This quantity constitutes 2.4.percent of the total gas receipts 

for that year. At the current well head price, this loss would 

be worth over $100 million, and its true national value, as 

defined in Section 2.1 of report HCP/M-1171-3 of this series, 

is about ~250 ~illion. 
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Examination of the "unaccounted for" figures reported by 

the individual companies reveals that, unlike the oil case, no 

negative values are reported. Also, in the case of gas, it is 

easy to see how significant leakage could occur without environ­

mental impact or even detection. The reported figures may thus 

represent significant physically real, recoverable leakage. 

In the past, a large part of the leakage was due to 

venting during compressor blowdown. With the recent strong 

emphasis upon conserving gas, the companies have generally 

taken measures to retain most of this gas. 

In Section 8.2 above, it was recommended that further· R&D 

be performed to realize the energy savings that are potentially 

possible through the use of internal coatings. This recommenda­

tion is reinforced by the possibilities for 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, lB-µlaue uudticig reduced 

leakage in a 2-mile section of an old line by over 93 percent 

(Reference 4~). Before coating, the line was tested at 100 psi 

for R period or ~4 hours. Leakage amounLetl Lu 292,000 cubic 

feet daily. After coating, the same test recorded a daily 

leakage rate of only 19,000 cubic feet. It was concluded that 

nearly complete leakage reduction might be achieved DY using a 

larger application pressure and a greater numbe~ 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 

blending the epoxy with coal tar, water resistance of the 

coating is improved and, by application of sufficient thickness 

of the epoxy coal tar coating, good leakage resistance is also 

achievetl. 
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As noted earlier, further research would be required to 

clarify the true significance of the reported figures of 

unaccounted for gas. However, for present purposes, such. 

research is unnecessary, for the same reasons as in the case of 

the oil lines. That is, the program of internal coating 

demonstration that was recommended for other reasons in Section 

8.2 above will also inhibit leaks if it is conducted with that 

objective in mind. Since a much thicker coating is required 

for a leak inhibitor than for a viscosity reducer, in planning 

the demonstration program it may be desirable to conduct 

further research into the amount of leakage that exits. 
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