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Automated guided vehicle for underground freight transportation of the future—This design was
created for flower transport in the Netherlands.

Coal log pipeline pilot plant under construction—This technology promises to revolutionize the coal
transport industry. This is a project of Capsule Pipeline Research Center, University of Missouri-

Columbia, U.S.A.
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Taking a few moments to pose for a group photo, participants are shown here visiting Capsule Pipeline Research
Center’s Pilot Plant--From left to right, FRONT ROW: P. Brink Weaver, Pneutrans Systems, Ltd., Toronto, Ontario,
Canada; Arthur James, Texas A&M University-Galveston; Britta Schoesser, Ruhr University-Bochum Germany; Gene
Russell (MATC representative), Kansas State University-Manhattan; Johan Visser, Research Inst. for Housing, Urban
& Mobility Studies, Delft, the Netherlands; and Henry Liu, Capsule Pipeline Research Center, University of Missouri-
Columbia. BACK ROW: Norm Hageman, Phillips Driscopipe, Richardson, Texas; Wolfgang Weller, Humboldt-
University of Berlin, Germany; Sanai Kosugi, Sumitomo Metals, Ltd., Tokyo, Japan; John Sampson, Minnesota Dept.
of Transportation, Oakdale, Minnesota; William Vandersteel, TUBEXPRESS, Alpine, New Jersey; Jyh-Cherng Jong,
Sinotech Engr. Consultants, Taiwan; Gerard Arends, Delft University of Technology, the Netherlands; George Round,
McMaster University-Hamilton, Ontario, Canada; Yuji Tomita, Kyushu Institute of Technology, Tobata, Japan; Ben
Pielage, Delft University of Technology, the Netherlands; and Larry Vance, U.S. Dept. of Transportation, Volpe
Transportation Center, Cambridge, Massachusetts.
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Workshop Recommendations

Two workshops were held simultaneously, one on "Practice” led by K. Thirumalia of
U.S. Department of Transportation (DOT), and the other on "Research" led by Andrew Fowell
of the National Institute of Standards and Technology (NIST). Gene R. Russell, Professor of
Civil Engineering, Kansas State University, served as the chairman of the workshops and
introduced the speakers. Many individuals spoke at these workshops and expressed their
opinions and gave suggestions. A summary of five salient points and suggestions made is listed
as follows:

1. A strong need exists to educate the public, the policy makers, and the transportation
planners about Underground Freight Transport (UFT) technologies and their
economic and social values. Transportation planners have a special duty to consider
UFT in future planning activities.

2. In the United States, the DOT Secretary should be contacted to request a panel, under
the auspices of the National Academy of Science and Engineering, to study the issue
of UFT and freight pipelines, and to issue a white paper. This will have a strong
impact on bringing the needed national attention to and support for UFT.

3. Large underground pipeline systems for inter-city freight transport is not feasible
without government help. Government help is justified due to the great economical,
environmental and social benefits that such a system can bring, and its potential for
solving highway congestion and safety problems. Government should help in R&D
and demonstration of this new technology, and in providing eminent domain and
other appropriate assistance.

4. In order to accelerate the use of the best systems of UFT, research is needed in many
areas of UFT, such as an advanced pneumatic capsule pipeline (PCP) system driven
by or augmented by Linear Induction Motors (LIMs). Problems that need to be looked
at include how to design such an optimum system, how to restart after power failure,
etc. Research is also needed on wheels and tires of PCPs and the associated wear,
noise, and vibration, on the types of material to be used in UFT systems, and on the
cost of the new systems.

5. There is a strong need for an early effort to set up a standard for various types of UFT
systems, especially for large UFT systems that transport pallets and containerized
cargoes. Government agencies such as DOT (Department of Transportation) and
NIST (National Institute of Standards and Technology) should lead this effort.



INTERNATIONAL SYMPOSIUM ON UNDERGROUND TRANSPORTATION OF FREIGHT

BY CAPSULE PIPELINES AND OTHER TUBE/TUNNEL SYSTEMS

Opening Remarks
By Henry Liu, Symposium Chairman

Ladies and gentlemen, welcome to the International Symposium on
Underground Transportation of Freight by Capsule Pipelines and Other Tube/Tunnel
Systems, and welcome to Columbia, Missouri.

The purpose of this symposium is to bring the key players and stakeholders of
capsule pipelines together from around the world not only to share experiences and
research findings, but also to plan the future of capsule pipelines, in order to accelerate
commercial use of various types of capsule pipelines. The five specific objectives of this
Symposium are:

Review state-of-the-art and recent developments in the field of capsule
pipelines.

2. Share research findings among researchers.

3. Bring stakeholders together to plan for the future of capsule pipelines.

4. Bring attention to the capability of capsule pipelines as an environmentally

friendly, new mode of freight transport for the future.

Organize a worldwide network (coalition) to promote and accelerate
commercial use of capsule pipelines.

Use of underground capsule pipelines and other tube/tunnel systems for freight
transportation is important to the future of many nations due to the following advantages:

>

>

vV V

It reduces the number of trucks on highways and hence reduces congestion,
accidents and air and noise pollution caused by trucks.

It reduces the damage to highway pavement and bridges caused by trucks,
thereby reducing highway infrastructure maintenance cost.

It conserves energy used in transporting freight, especially saves oil.

Being mostly underground, pipelines do not compete for surface land use.
For instance, farmers can plant crops right above pipelines.

In countries such as the United States where pipelines are owned and
operated by private companies, the use of pipelines to transport freight will
not increase government expenditures. Rather, it increases the tax base or
government revenue.

Pipelines are weather proof, automated and hence most reliable, providing
24-hour-a-day, year-round delivery of freight.

4



> Theft and loss of cargoes during transportation will be reduced.
> Lower freight cost.

In spite of the many advantages of underground freight transportation by

pipelines, in general pipelines suffer from public neglect because they are underground
and hence invisible—out of sight, out of mind. Therefore, it takes special efforts like this
symposium to remind the public and government policy makers about the advantages
of and need for underground freight pipelines.

This symposium is timely due to a number of important events that occurred

recently, indicating a growing interest in using capsule pipelines and other tube/tunnel
systems for freight transport. These events include, in chronological order, the following:

1991:

1991:

1994

1996:

National Science Foundation (NSF) funded the Capsule Pipeline Research
Center (CPRC) at the University of Missouri-Columbia and Rolla. The center
was funded for two successive four-year terms (1991-95 and 1995-99). Extensive
R&D has been conducted in capsule pipelines over the last eight years under this
major effort, resulting in great advancement in the knowledge and the state-of-
the-art of capsule pipelines. During this period more than 15 faculty members
and over 100 students from seven departments (civil engineering, mechanical
engineering, chemical engineering, electrical engineering, industrial,
engineering, mining engineering and law) were engaged in various aspects of
capsule pipeline research. The total funding from NSF, State of Missouri
(Department of Economic Development), an industry consortium, U.S.
Department of Energy (Federal Energy Technology Center), and the Electric
Power Research Institute, is approximately six million U.S. dollars.

U.S. Congress passed the Intermodal Surface Transportation Efficiency Act
(ISTEA). Section 6020 of the act is entitled "Underground Pipelines." It states:
“The Secretary of the Department of Transportation shall conduct a study to
evaluate the feasibility, costs, and benefits of constructing and operating
pneumatic capsule pipelines for underground movement of commodities other
than hazardous liquids and gas.”

Volpe National Transportation Systems Center in Cambridge, Massachusetts
issued a report entitled "Tube Transportation." It is a report prepared for
Federal Highway Administration to address Section 6020 of ISTEA. The report
affirmed the technical and economic feasibility, and cited environmental and
safety benefits of PCP. The principal author of that report, Dr. Larry Vance, is
here today and will give a talk on his report in Session 2.

American Society of Civil Engineers (ASCE) held a national workshop on
Pipeline Research Needs. Various types of capsule pipelines made the list of needed
research and were included in the workshop proceedings published by ASCE.



1997: National Science and Technology Council, which is an office under the U.S.
President, issued a report entitled "Transportation Science and Technology
Strategy." In this report, "capsule pipeline systems" were mentioned as a means
to enhance goods and freight movement.

1997: The Institution of Civil Engineers and the Engineering Council of the United
Kingdom issued a joint report, "A Vision for Transport 2020." This document
has a section on pipeline transport, envisioning a national network of pneumatic
capsule pipelines carrying freight, powered by linear induction motors.

1998: An interdepartmental government task force in the Netherlands published a
report, "Underground Freight Transport—A Challenge for the Future." The
report dealt with capsule and other tube/tunnel systems for underground freight
transport. Key contributors of this study are present here today.

1998: U.S. Congress passed the Transportation Efficiency Act (TEA-21). In this act, the
Congress authorized $1.125 million to Texas Transportation Institute (TTI) to
conduct a freight pipeline study. Key researchers involved in this study are also
here today.

1998: An ASCE Task Committee published its report, "Freight Pipelines: Current
Status and Anticipated Future Use" in the Journal of Transportation
Engineering, (Vol. 124, No. 4). This committee report gave detailed treatment of
the state-of-the-art and anticipated future use of capsule pipelines.

The foregoing major events in the last eight years give concrete evidence to the
growing realization, in various quarters of the world, of the important role that various
types of capsule pipelines and other tube/tunnel systems can play, and are about to
play in the future, to revolutionize freight transportation. Therefore, this symposium to
bring key players together to plan for the future of freight pipelines is timely. It is
expected to have a major positive impact on facilitating the future R&D and commercial
use of capsule pipelines for underground transportation of freight.

In spite of the inevitability of growing interest and growing use of capsule
pipelines in the 21st century, let us realize that progress and change will not come
automatically. It will take a lot of effort by many dedicated people and especially if
progress is to come rapidly. Therefore, only through the future efforts of many of you
will rapid change be possible. I challenge each of you to consider how you can help or
contribute to the further development of capsule pipelines and other tube/tunnel
underground freight transport (UFT) systems. Your help is crucial because at this stage
only a handful of people are involved or significantly concerned. However, everything
starts small, like an acorn from which a giant oak tree grows. It always takes a
dedicated group t push for a worthwhile cause. I am sure that all of you here, no matter
whether you are optimistic or pessimistic about the future of capsule pipelines, share
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the common belief that use of capsule pipelines and other tube/tunnel systems for
underground freight transportation is beneficial to your country and good for the
world. This belief will sustain you and me in our efforts, and insure our success. So, I
am optimistic about the future—the inevitability of using capsule pipelines and other
tube/tunnel systems for underground freight transportation in many nations.
However, how soon this can be accomplished will depend to a large extent on
government policies. Nations that encourage the use of UFT systems will first benefit
from the use of such systems.

An important thing that we can do to facilitate the development and the use of
UFT systems is to hold this Symposium on an annual basis in different nations which
have strong interest in UFT. So, let me propose that during this Symposium, we
organize an international steering committee for the next Symposium. The committee
will take proposals from different nations, and consider final proposals for the next
Symposium. To facilitate the formation of this committee, I urge we talk about this
tonight at the dinner, so that the initial members of the committee can be selected. I am
optimistic that with proper management of a strong steering committee, this
Symposium will grow rapidly and continuously in future years.

I wish to recognize and thank the co-sponsors of this Symposium. Co-sponsors
are those organizations which would like to encourage and endorse this Symposium.
Most of them have at least one representative attending this Symposium. The co-
sponsors are, in alphabetical order:

American Society of Civil Engineering

Chinese Mechanical Engineering Society

Civil Engineering Research Foundation (CERF)
Delft University of Technology, the Netherlands
Florida Institute of Phosphate Research
International Freight Pipeline Society
Mid-America Transportation Center

Minnesota Dept. of Transportation

Missouri Dept. of Transportation

National Institute of Standards and Technology
National Science Foundation

Sumitomo Metal Industries, Ltd.-Japan

Texas Transportation Institute

U.S. Department of Energy

U.S. Department of Transportation

Finally, I wish to thank all the authors, co-authors and others who are present

here. Without your interest and participation it would not have been possible to hold
this Symposium. Thank you and have a nice symposium.
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KEYNOTE SPEECH:

"'Selling the Underground Pipe Dream'"

An Abstract
by Marshall M. Lih
National Science Foundation, Arlington, Virginia

With collaboration from colleagues in other fields, engineers have transformed everyday
life and the face of the earth in this short century. Many products and services unimaginable a
mere hundred years ago even in our wildest dreams are now commonplace. Examples can be
readily found in virtually all fields such as transportation, space exploration, communication,
computation, biotechnology, bioengineering, pharmaceuticals, materials, electronics, petro-
chemicals, etc. Some advancements in speed, scale, and capacity have been as great as five
orders of magnitude. An imaginary alien from outer space who visited us in 1900 and now
returns might find us so different that he/she/it might think he/she/it is on the wrong planet!

This is how underground freight transportation (UFT) ought to be viewed in context.
Those who think that the scale is so huge, the technology so daunting, and the costs so staggering
should be reminded that our ability to envision the future and estimate our own capacity to rise
up to challenges has historically been quite limited.

We need to consider UFT as an alternative or complement to the current systems of
highways, railroads, and airfreight as a means of transporting goods and other kinds of material.
We need to overcome the physical and mental barriers that stand in the way. We must realize,
for example, that most of our highways, including the Interstates, were not designed to handle
the present volume of freight traffic, let alone a certainly growing one. Under the current
overuse, our roads are fast deteriorating, traffic increasingly congested, and accidents and
fatalities multiplying. Concerns about aesthetics and the lack of open space limit our capacity to
build more roads. A better way must be found.

Engineers need to work with colleagues in many fields on conceptual design,
technological and economic feasibility, environmental and societal impact, etc. toward making
this dream a reality. It also requires many of the non-technical skills identified in the ABET2000
criteria, such as communication, interpersonal, decision-making, cultural, teamwork, managing
complexity and uncertainty, and the ability to advocate and influence, etc. We must give it our
best shot.

This workshop is a good rallying point for this noble common cause. The breadth and depth of
expertise represented here are impressive. We are also grateful to colleagues from overseas who
are here to share their knowledge and experience with us. We hope that the discussions here will
be stimulating and result in more collaboration with mutual benefits in the future. May the force
be with you!

! This title was co-inspired by Bill Vandersteel’s self-effacing humorous reference to UFT as his “pipe dream” and
by the bestseller Selling the Dream by Guy Kawasaki, 1991.
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Symposium Program
1st Day (Sept. 2, Thursday)
Session 1: Opening Session (8:30-10:00 a.m., lvy A Room)

Session Chair: Henry Liu, Professor and Director, Capsule Pipeline Research
Center, University of Missouri-Columbia

8:30-8:35: Announcements

8:35-8:40: Columbia Mayor Pro Tem--Mr. Chris Janku's Welcome

8:40-8:45: University of Missouri Official Welcome--Associate Provost Lori Franz

8:45-8:50: Welcome from College of Engineering Dean—Dr. Jim Thompson .

8:50-9:00: Opening Remarks by the Symposium Chair

9:00-9:45: Keynote: Selling the Underground Pipeline Dream, Dr. Marshall Lih, Director,
Engineering Education & Centers Division, National Science Foundation,
Arlington, Virginia, U.S.A.

Session 2: Technology Review (10:00 a.m.-12:00 p.m., lvy A Room)

Session Co-Chairs: Andrew Fowell, Associate Director for Construction and Building,
Building and Fire Research Laboratory, National Institute of Standards & Technology
(NIST), Gaithersburg, Maryland; G. Michael Lloyd, Jr., Research Director, Chemical
Processing & Phosphogypsum, Florida Institute of Phosphate, Bartow, Florida, U.S.A.

10:00-10:24: Capsule Pipeline Technologies: Current Status and Potential Future Use,
Henry Liu, Capsule Pipeline Research Center, University of Missouri, U.S.A.

10:24-10:48: Recent Developments in Coal Log Pipeline Technology,
T. R. Marrero, University of Missouri-Columbia, U.S.A. and
J. W. Wilson, University of Missouri-Rolla, U.S.A.

10:48-11:12: Electrical Capsule Pipeline System for Freight Transportation,
Y. J. Zhao and Thomas S. Lundgren, University of Minnesota,
and John Sampson, Minnesota Department of Transportation, U.S.A.
11:12-11:36: Tube Transportation,
Larry Vance, Volpe National Transportation Systems Center, U.S. Department
of Transportation, Cambridge, Massachusetts, U.S.A.
11:36-12:00: Review of Past and Current Research and Use of Capsule Pipelines in Japan,
Katsuya Yanaida, Kyushu Sangyo University and Yuji Tomita, Kyushu Institute
of Technology, Japan

Luncheon (12:00-1:00, Missouri Room)

“Black Mesa Coal Slurry Pipeline—A Success Story,” by Henry Brolick, President and
CEOQ, Williams Technologies, Inc., Tulsa, Oklahoma, U.S.A.

Session 3: Existing Projects (1:20-3:00, lvy A Room)

Session Co-Chairs: John Sampson, Director, Environmental Analysis of Compliance,
Minnesota Department of Transportation; P. Brink Weaver, President, Pneutrans Systems
Ltd., Ontario, Canada.

1:20-1:40: Sumitomo Pneumatic Capsule Pipelines in Japan and Future Developments,
Sanai Kosugi, Pipeline & Thermal Plant Engineering Department, Sumitomo
Metal Industries, Ltd., Tokyo, Japan.
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1:40-2:00: Electromagnetic Pipeline Transport Systems for the Phosphate Industry,
D. Bruce Montgomery, Plasma Science and Fusion Center, Massachusetts
Institute of Technology, Cambridge, Massachusetts, U.S.A.

2:00-2:20: Use of Linear Induction Motors for Pumping Capsules in PCP, Henry Liu,
Robert O'Connell, W. Plodpradista, and Kevin York, University of Missouri
Columbia, U.S.A., and Alan Foster, Force Engineering, United Kingdom

2:20-2:40: Feasibility and Design Considerations of Pipelines for Freight Transport
along Selected Corridors -- A TEA-21 Study, Steve Roop and Christine Jerko,
Texas Transportation Inst., Texas A&M University, College Station, Texas, U.S.A.

2:40-3:00: Underground Freight Transport in Urban Areas, Johan Visser, OTB Research
Institute for Housing, Urban and Mobility Studies, Delft University of Technology,
and Martin Muller, Interdepartmental Underground Transport Task Force, the
Netherlands

Session 4: Other Projects/Analyses (3:20-5:00, lvy A Room)

Session Co-Chairs: Larry Vance, Volpe National Transportation Systems Center, U.S.
Department of Transportation, Cambridge, Massachusetts, United States Department of
Transportation, U.S.A.; Johan Visser, OTB Research Institute for Housing, Urban and
Mobility Studies, Delft University of Technology, The Netherlands

3:20-3:40: OLS-Schiphol, a Pilot Study for Automated Underground Freight Transport
in the Netherlands, Ben-Jaap A. Pielage, Mechanical Engineering Department,
Delft University of Technology, The Netherlands

3:40-4:00: Potential for Pneumatic Capsule Pipeline Systems in North America,
P. Brink Weaver, Pneumatic Systems Ltd., Toronto, Ontario, Canada
and George F. Round, McMaster University, Hamilton, Ontario, Canada

4:00-4:20: Transportation of Goods through Pipelines -- A Comprehensive Study,
Wolfgang Weller and Britta Schoessen, Ruhr-University of Bochum, Germany

4:20-4:40: Megaships, Megaports and Landside Access Problems In the U.S. Port
Industry--An Opportunity for Freight Pipelines, Arthur P. James, Texas
Transportation Institute, Texas A & M University, Galveston, Texas, U.S.A.

4:40-5:00 Tubular Freight Transportation System Risk Assessment, C. S. "Rocky" Shih
Bill Ingersoll and Albert Arroyo, University of Texas at San Antonio, Texas, U.S.A.

DINNER: (6:00-7:00, Missouri Room)
2nd Day (Sept. 3, Friday)
Session 5: Other Projects/Analyses (8:00-9:20, lvy A Room)

Session Co-Chairs: Jim Murray, Head, Research, Development & Technology, Missouri
Department of Transportation, Jefferson City, Missouri, U.S.A.; Britta SchéBer, Ruhr University-
Bochum, Germany

8:00-8:20: Feasibility of Underground Pipeline Transport of Freight in the City of
Leiden, A. J. van Binsbergen, Faculty of Civil Engineering and Geosciences,
Transportation Section, Delft University of Technology, the Netherlands

8:20-8:40: Benefits and Capabilities of Medium to Long Distance Tube Transportation
Systems, Stephen Catha and Carl Peterson, Cross Roads Technology, New
Orleans, Louisiana, U.S.A.
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8:40-9:00: Horizontal Directional Drilling and Microtunneling: Current Status and
Potential Future Use, Mohammed Najafi, Associate Professor of Environmental
Technology, Missouri Western State College, St. Joseph, MO, U.S.A.

2nd Day (Sept. 3, Friday)

Session 5 (Cont.)

9:00-9:20: Analysis of Pneumatic Capsule Pipeline Systems with Branches, Yuii
Tomita, Kyushu Institute of Technology, Japan

Session 6: Panel Discussion: Need for Freight Pipelines (9:40-10-40, lvy A Room)

Panelists Tom Canter, Arthur P. James, Henry Liu, Marvin Phillips, Larry Vance and John
Whitley, J.C. Jong (Taiwan), Sanai Kosugi (Japan), Ben-Jaap Pielage (Netherlands), Wolfgang
Weller (Germany)

Luncheon (12:00-1:00, Missouri Room)

“Pneumatic Mail Tubes: New York’s Hidden Highway and Its Development,”
by Robert Cohen, Postal Inspector, U.S. Postal Service (New York Office)

Session 8: Workshop: Planning Freight Pipelines for the 21* Century (1:20-2:20, vy A
Room) Group Spokesman: Andrew Fowell

Session 9: Workshop: Facilitating UFT—Making it Happen (2:40-3:40, lvy A Room)
2:40-3:00: Group Spokesman: K. Thirumalai
Session 10: Tour--Capsule Pipeline Labs (4:00-5:00)

3rd Day (Sept. 4, Saturday)

Tour of State Capitol and Lake of the Ozarks
Riverboat Cruise on The Tom Sawyer
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A One-Day Short Course on Capsule Pipelines

A.M.
8:00 - 8:50
8:50-9:00
9:00-9:50
9:50-10:00
10:00-10:50
10:50-11:00
11:00-11:50
12:00-1:00

P.M.
1:00-1:50
1:50-2:00
2:00-2:50
2:50-3:00
3:00-3:50
3:50:4:00
4:00-4:50
4:50

Holiday Inn East (Holidome)
Columbia, Missouri, September 1, 1999
ECR Room

Course Content
Subject
Basic Concepts and Design of HCP
Break
Hydrodynamics of HCP
Break
Coal Log Pipeline (CLP) Technology
Break
Economics of Transporting Coal and Grain by Capsule Pipeline

Luncheon

Basic Concepts and Design of PCP

Break

Fluid Mechanics of PCP (Part 1: Short Pipelines-Incompressible)
Break

Fluid Mechanics of PCP (Part 2: Long Pipelines-Compressible)
Break

Questions, Answers and Discussion

End of Short Course

(Note: The short course was taught by Dr. Henry Liu, Director of Capsule
Pipeline Research Center. A set of lecture notes were handed out as part of the

course.)
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Individual Papers

(Note: All papers are listed in the order of the Program)
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Capsule Pipeline Technology: Current Status
and Potential Future Use

Henry Liu, Capsule Pipeline Research Center,
University of Missouri-Columbia, U.S.A.

ABSTRACT

Three types of capsule pipelines are discussed in this paper: pneumatic capsule pipeline
(PCP), hydraulic capsule pipeline (HCP), and coal log pipeline (CLP). They are suitable for
transporting different materials (freight) under different conditions. PCP has been used
extensively for more than a century to transport mail, parcels and many other small-size
products. PCPs of 1 m diameter are being used currently in Japan for transporting limestone to a
cement plant, and construction materials at construction sites. Anticipated future use of PCP
includes intercity freight transport by using pipes of 1.2 to 2.0 m diameter.

HCP has been under intensive research since 1960, and it is approaching
commercialization pending last stage research focused on capsule preparation and handling, and
electromagnetic pumping. Anticipated future use of HCP includes 0.5 m to 1.0 m diameter
pipelines for transporting grain, solid wastes, and construction materials. In contrast to PCP,
HCP uses water instead of air, its capsule speed is low, its freight capacity is high due to high
linefill, and it uses less energy.

The CLP technology has been under intensive research since 1991 at the University of
Missouri-Columbia. It is approaching commercialization pending a pilot plant test program
currently underway. Potential use of CLP is not limited to transporting coal. The same
technology can also be used to transport certain other minerals, certain wastes (such as power
plant ashes), and petroleum coke.

INTRODUCTION

Capsule pipeline is the transport of freight by "capsules" which are vehicles or containers
containing the material to be transported, or slugs (logs) made of the material, moving through a
pipeline filled with a fluid—either a liquid or a gas. The fluid, pumped through the pipeline,
provides the driving force to push the capsules forward in the pipeline. When the fluid in the pipe
is a gas, most commonly air, the system is called pneumatic capsule pipeline (PCP). When the
fluid is a liquid, most commonly water, the system is called hydraulic capsule pipeline (HCP).
A special type of HCP is coal log pipeline (CLP) in which the capsules are made of coal
compressed into the shape of solid cylinders (logs) which are both water-resistant and wear
resistant and hence can be transported hydraulically through pipe for a significant distance
without much deterioration or degradation. The CLP technology is also applicable to
transporting many materials other than coal—including most minerals and certain solid wastes
such as power plant ashes.
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Capsule pipelines have unquestionable safety and environmental values, mostly derived
from the fact that the pipelines are underground, and that the vehicles (capsules) move inside a
closed conduit—the pipe. Use of underground pipelines instead of trucks or trains to transport
freight reduces traffic jam, accidents, noise and air pollution generated by trucks and trains.
Therefore, it is appropriate to refer to capsule pipelines as an "environmentally friendly' or
""green'' technology in the transportation field. It is also the safest of all transportation modes. In
many situations, freight can also be transported more economically by capsule pipelines than by
trucks, trains and other competing transportation modes. Therefore, it is important to realize the
full potential of capsule pipelines, and to develop various types of capsule pipelines to their full
potential. After giving a brief account of the past and current use and study of capsule pipelines,
this paper will focus on future possible usages of various types of capsule pipelines—what is
each type most promising for, and what needs to be done for each type before it can be used, or
more extensively used, to benefit the society. This paper is based in part on a 1998 task
committee report of the American Society of Civil Engineers [1].

HISTORY & CURRENT USE

PCP (Pneumatic Capsule Pipeline)

The technology of PCP has been used throughout the world, especially in Europe and the
United States, over the past 180 years. For instead, according to Zandi [2], as early as 1810,
Danish engineer George Medhurst wrote a pamphlet explaining how letters and goods can be
transported in small tubes at speeds as high as 160 km/h. In 1861, a large PCP was built in
London, England by the Pneumatic Dispatch Company. Since then, many PCP systems have
been built and used successfully in various parts of the world for transporting mail, parcels and
telegraphs. They are generally referred to as "pneumatic tubes." For instance, by 1875, London
already had 28 km of PCPs, and by 1975 the British Postal Department operated 968 km of
PCPs, 64 km of which was in London [3]. Paris, France started to use PCP in 1866. By 1899, the
city had a total of 269 km of PCPs, and by 1966 it had 452 km. Berlin, Germany started to use
PCP for mail transport in 1865. By 1899, Berlin had 118 km of PCPs.

In the early half of the 20th century, PCP was used in five U.S. cities (New York, Boston,
Philadelphia, Chicago, and St. Louis) for transporting mail and parcels between main post offices
and branch offices.

Since about 1970, a new generation of small PCPs (less than 300 mm in diameter),
highly automated and modernized, has been used widely in the U.S. at drive-in banks, hospitals,
airports, and large factories. They are all for short distances—within a large building or between
neighboring buildings.

Since 1980, large systems of PCP (of 1 m diameter and 3 to 20 km length), have been
used in the former Soviet Union, and in Japan. The most successful and famous PCP system,
built by the Sumitomo Metal Industries in Japan for transporting limestone to a cement plant, is
shown in Fig. 1. The system has been in operation smoothly and reliably since 1980, achieving
an availability of over 95% [4]. Another successful and interesting Japanese project was a
temporary PCP built for moving materials in and out of a long tunnel during the tunnel
construction [5]. The system was dismantled after the tunnel was constructed. Two interesting
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features of this PCP for tunneling are: (1) the system used rectangular cross-sectional pipe made
of precast concrete plates, and (2) the PCP length was extended along the tunnel as tunnel
construction progressed. These features show the great flexibility of the PCP systems—can be
tailored to fit specific needs.

Fig. 1 PCP of Sumitomo Metal Industries in Japan

In spite of the success of the large PCP systems used in Japan, still only a few. of them
have been used to date commercially around the world, including Japan. The main reason for its
sparse use is that current PCP systems are only marginally cost-effective when compared to other
more established transportation modes such as truck, railroad, barge, and conveyor belt. When
there is not a clear economic advantage in favor of PCP, transportation planners and users feel
more comfortable with (due to more knowledge in) traditional modes of transportation. This
means that for any major new technology such as PCP to make a significant inroad in the
marketplace, it is not good enough for the new technology to be able to perform the same
function as that of conventional freight transport modes at about the same cost. The new system
must be far more cost effective, or much superior in providing services, than the conventional
transportation modes before it will be accepted. Just being more environmentally friendly and
much safer for the public is not good enough. In the choice of transporting modes, few shippers
pay much attention to public safety and the environment. Therefore, the key to wide-spread use
of PCP in the future is to improve the PCP technology and make it significantly more cost
effective than conventional modes of freight transport. As will be shown later in this paper, this
is possible by using electromagnetic capsule pumps and off-line loading/unloading of capsules.

HCP (Hydraulic Capsule Pipeline)

As compared to PCP, HCP has a much shorter history and is not yet ready for
commercial use without further R&D on capsule design and handling, electromagnetic pumping,
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and pilot plant testing of an entire HCP system, an effort currently underway at the Capsule
Pipeline Research Center, University of Missouri-Columbia in U.S.A.

The concept of HCP was first considered for possible use for transporting ammunition
and other military supplies during World War II [6]. However, serious research in HCP did not
occur until 1960 in Canada by some chemical engineers studying the two-phase flow of oil slugs
moving in a water pipe [7]. These researchers discovered that the slugs travel at a speed higher
than the water flow, and the pressure gradient along the pipe for the slug flow is less than that of
the supporting fluid (water) when the flow was turbulent. This discovery encouraged the
researchers to propose the idea of HCP—using solid capsules to replace the oil slugs for freight
transport. Due to the foregoing discovery and subsequent analyses, the Alberta Research Council
in Canada carried out an extensive research program in HCP over the period 1960-1975 [8, 9].
Research in HCP also spread to other nations including U.S.A. [10-12], Japan [13, 14], South
Africa [15], the Netherlands [16, 17], Australia [18], and the Czech Republic [19].

In 1991, the National Science Foundation (NSF) of the United States of America
established the Capsule Pipeline Research Center (CPRC) at the University of Missouri-
Columbia. The Center has since conducted eight years of extensive R&D in HCP [20-22],
especially in the coal log pipeline (CLP) technology for transporting coal [23-25]. This has
brought both HCP and CLP close to commercial use, pending the testing of a large pilot plant
currently under construction in Columbia, Missouri—see Fig. 2. The pilot plant pipeline can also
be used to demonstrate and test the transport of many other materials, such as grain and solid
wastes, by using water-proof containers (capsules).

Fig. 2. CLP Pilot Plant Under Construction in Columbia, Missouri

CLP (Coal Log Pipeline)

The technology of CLP was invented by Liu and Marrero in U.S.A. in 1985 [26]. CLP is
based on the concept of HCP except that the material to be transported, coal, is compressed in
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the shape of cylindrical capsules for hydrotransport in pipelines. To be successful, the logs (i.e.,
the compressed coal capsules) must be both water-resistant and wear-resistant.

Much of the research in CLP has been directed toward compaction of water-resistant and
wear-resistant logs, and mass production of such logs at the lowest possible cost. To date, the
best logs produced survived over a distance of 322 km in a recirculating pipe loop with only 5%
weight loss. A machine has also been designed and tested successfully to produce 135 mm
diameter coal logs in laboratory at the rate of one per 20 seconds [27]. Another machine, based
on the rotary press concept, has been designed for producing 135 mm logs at the rate of one per
second. A pilot plant CLP, consisting of a 940 m length, 152 mm diameter steel pipe
recirculating loop, a coal log injection/ejection system, a pump bypass, and an automatic control
system, are currently under construction in Columbia, Missouri, U.S.A. It can also be used for
testing HCP.

The pilot plant is a costly but necessary step before the CLP technology can be and
should be used commercially [28]. Its purpose is not only to demonstrate an entire system of
CLP, but also to acquire the engineering data needed for the design and operation of the first
future commercial CLP project.

Two years of extensive testing of the pilot plant is being planned to acquire the needed
engineering data. The tests to be conducted using the pilot plant include coal log wear, pump
bypass operation, automatic control system, drag reduction degradation, and testing certain
components such as a novel coal log sensor [29].

FUTURE DEVELOPMENT AND APPLICATIONS

PCP

The main reason that contemporary large PCP systems such as those used in Japan is not
cost competitive is that the system has only about 3% linefill. This means only 3% of the
pipeline length is filled with capsules, the remaining 97% is empty. This greatly limits the
throughput (freight capacity) of the system, as illustrated in a proposed Washington, D.C. to New
York PCP to be discussed later. With the use of electromagnetic capsule pumps to propel the
system [30], and the use of off-line loading/unloading, the throughput of current PCP systems
can be increased at least fourfold, and the cost for transporting each tonne of coal over a given
distance may be reduced 50%. This will greatly increase the economic competitiveness of PCP,
reducing its cost to far below those charged by truck and train. Therefore, future R&D in PCP
should be focused on LIM capsule pump and off-line loading/unloading. The LIM pump works
only for capsules having a metallic wall. Good efficiency of the pump depends on small air gap
between the capsule and the inner surface of the LIM. For best efficiency, the bore of the LIM
must be slightly smaller than the inner diameter of the pipe.

Many potential future applications of PCP are expected. In the area of small and short
systems of PCP, there will be increased use in large buildings and between large buildings,
especially in large factories for materials that cannot be transported by pneumatic conveying,
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such as machine parts and many food products. There may even be a future underground PCP
network of pipes in cities for food delivery from supermarkets to individual homes, in much the
same manner water is delivered to homes today, except for using larger diameter tubes, of the
order of 200 mm.

Increased use of large diameter PCP, of the order of 1 m diameter and less than 50 km
long, is expected for transporting raw materials—such as limestone—to cement plants, for
transporting rocks, sand and other materials to major construction sites, for transporting minerals
from mines or processing plants, and for transporting municipal solid wastes from collection or
processing centers to power plants (for burning the combustible part of the waste), and to
landfills to dispose of the non-combustible part of the waste.

Larger diameter (of the order of 1.2 to 2 m) PCPs may be used in the future for inter-city
transport of general cargo or freight in much the same manner as freight is transported by trucks
today. Such large PCPs will be built along major highways in areas where the highways are
already congested with cars and trucks, or to be congested in the future. An example of such
anticipated large and long future PCP systems is one between Washington, D.C. and New York
City, with terminals serving four other major cities along the route. An analysis [30] showed that
based on current technology, this PCP system of 1.22 diameter can transport 2.5 million tonnes
of cargoes per year at any given point in the line, and the cost of freight transported by such a
pipeline is approximately $11 (U.S. dollars in 1997 value) per tonne of cargo transported for a
distance of 160 km. This cost figure already includes a 12.5% after-tax return (profit). The cost
can be significantly reduced if the system uses electromagnetic pumps for propulsion, and off-
line loading and unloading of capsules.

HCP

Future development of HCP should be focused on the design, construction and handling
of the capsules (cargo-laden containers)}—how to make them water-proof, to withstand the high
pressure generated in a long-distance pipeline, and to be easily opened and closed at pipeline
terminals for automatic loading/unloading of freight. Electromagnetic capsule pumps should be
used not only to simplify pumping but also to reduce the high pressure in the HCP so that the
capsules will not need very thick walls. Due to the low cost nature of such pumps, they can be
mounted at relatively short intervals along a long pipeline without excessive costs. Such pumps,
based on the principle of linear induction motor (LIM), has been researched before but has not
yet been demonstrated in large scale for HCP [31, 32]. They should be demonstrated before used.

The most likely future applications of LIM-based HCP is for transporting grain, minerals,
solid wastes and heavy construction materials such as rocks over long distances (longer than 10
km), using pipelines of 0.3 to 1.0 m diameter. For very short lines (say, less than 10 km), HCP is
uneconomical due to relatively high cost associated with capsule loading/unloading. An
economic study has been performed to establish the economic feasibility of using LIM-based
HCP to transport grain in the United States [33, 34].
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CLP

The most immediate need in developing CLP is to complete the construction of a pilot
plant currently underway in Columbia, Missouri. The heart of the system is a recirculating loop
of pipeline of 152 mm diameter and 915 m long, equipped with a special pump bypass, a coal log
injection/ejection subsystem, and an automatic control system using PLCs and a SCADA. The
system also includes a specially designed coal log fabrication machine which supplies 135 mm
diameter logs for testing in the loop. At the time of this writing, the pilot plant construction is
80% complete, with the remaining construction planned for completion in December 1999.
Then, the system will be tested. An extensive test program has been planned. It includes testing
of coal log abrasion, operation of pump bypass, automatic control, sensor reliability, degradation
of drag reduction in CLP, etc. Upon completion of the test program in two years, the CLP
technology will be ready for commercial use.

Future R&D in CLP should also include testing of a second-generation coal log machine
based on the concept of rotary press which is most suitable for low-cost, mass production of
large-diameter logs. Finally, optimum processes to compact various kinds of coals, coal fines,
solid wastes, minerals, and petroleum coke should be developed.

CONCLUSION

While PCP is an existing technology that has been widely used commercially for over a
century, HCP and CLP are relatively new and are still in their final stages of development before
they can be used commercially.

All the three types of capsule pipelines can be improved through research. In the case of
PCP, drastic improvement can be made by using electromagnetic capsule pumps, and off-line
loading/unloading. This is expected to increase the PCP's throughput by several times, thereby
reducing the cost for transporting a unit weight of cargo through this pipeline. Anticipated future
use includes large diameter PCPs for intercity freight transport.

In the case of HCP, further research is needed on capsule design, handling capsules at
pipeline terminals, and economic and market analyses of such systems. Anticipated future use of
HCP includes transporting grain, minerals, construction materials and solid wastes.

For CLP, remaining necessary R&D includes pilot plant tests and the test of a rotary
press for mass production of coal logs. The CLP technology will be used not only for
transporting coal but also for transporting petroleum coke, power plant ashes, mine tailings and
many other minerals.
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Recent Developments in Coal Log
Pipeline Technology

John W. Wilson, Mining Engineering Department
University of Missouri-Rolla, USA and
Thomas R. Marrero, Department of Chemical Engineering
University of Missouri -Columbia, USA

ABSTRACT

This report describes the present status of coal log pipeline (CLP) technology that is
under development at the University of Missouri. For the last eight years, the National Science
Foundation, Missouri Department of Economic Development, and an industrial consortium have
sponsored this development program. CLP developments include: (1) preparation of coal log
samples from various types of coal, with and without the use of binders or heat, (2) design,
construction and use of a large, single-punch, high-pressure press, (3) design, construction and
test of a bench-scale system that injects coal logs into a pipeline, (4) design, construction and
operation of a bench-scale pump bypass system, (5) conduct a field test using coal logs in a 5
mile long, 6 inch diameter, water pipe and (6) estimate the costs of a CLP system to transport
approximately 3 to 18 million tons of coal per year over various distances. In this report the
current status of a CLP Pilot Plant, and recent tests on large diameter coal logs, are presented.

INTRODUCTION

The coal log pipeline technology is a specific type of hydraulic capsule pipeline that is
being developed at the University of Missouri as a new means for transporting coal. For
example, run-of-mine coal is formed into logs, injected into a water-filled pipeline, and then
transported through a subsurface pipeline to a power plant. At the power plant the coal logs are
separated from the carrier water, crushed, and fed to boilers in a steam-electric power plant. The
purpose of this report is to summarize selected recent developments in the coal log pipeline R &
D program. In order to place these developments in perspective, a hydraulic capsule pipeline
system is initially outlined; then the coal log pipeline (CLP) concept is presented with a brief
listing of R & D achievements at the University of Missouri. The third part of this report is a
description of CLP achievements over the last year. This report does not contain extensive
mathematical formulas or bibliography. For this information, the reader is referred to the
literature [1,2].

HYDRAULIC CAPSULE PIPELINE

The concept of a hydraulic capsule pipeline for the transportation of freight was
suggested for use in the Asian Theater of operations during World War II. Though never
implemented during the war, the concept of moving solid cylinders or loading materials into
hollow containers, through liquid-filled pipelines, seemed practical. With this concept, cargo
could be practically moved across mountainous terrain.
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In 1962, the Alberta Research Council of Canada began to report results of systematic
experimental and theoretical investigations of a hydraulic capsule pipeline [2]. Subsequently,
engineering studies were conducted in South Africa (University of Cape Town) and the
Netherlands (Twente University). Recent investigations have been reported by a select number
of investigators in the Czech Republic, Japan, and the United States. Most of the recent
developments in the hydraulic capsule pipeline concept have originated in the United States from
the Capsule Pipeline Research Center [3]. These developments have been focused on studies
related to the coal log pipeline, a patented system for transporting coal in the form of right-solid
cylinders through long, water-filled pipelines.

Briefly, the concept of a hydraulic capsule pipeline is as follows [4]: When water flows at
“lift-off velocity” a sufficient hydrodynamic lift is generated that causes the capsules (cylinders)
to levitate or to become suspended. The capsule diameter to pipeline diameter ratio is slightly
less than one and the capsule specific gravity is greater than that of the motive water, but
theoretically, it can be less. In a hydraulic capsule pipeline the capsules are the dominant
portions of the cross-sectional area of pipe. In other words, capsules are conveyed in a moving
ring of water that permits the solid-to-water ratio to be much greater than one. The
hydrodynamics of hydraulic capsule pipeline has been recently described [5].

A number of methods have been carefully considered to pump solid capsule-liquid
mixtures [6] and two pumping systems have been found to be feasible. First, it is possible to use
conventional water pumps that separate capsules from a liquid by means of lock systems. This
type of pumping system can also include the use of multiple valves and a single pump; and is the
outcome of the research carried out at the Alberta Research Council. The second system uses
pumps that allow the capsule and liquid mixture to pass through the pump. The various pumping
systems that have been tested for hydraulic capsule pipelines have been documented in the
literature [3,6].

Hydraulic capsule pipeline studies in the United States have been pioneered by Liu et al.
at the University of Missouri [3]. The initial studies carried out during the late 1970’s and early
1980’s evaluated hydraulic capsule pipeline energy intensiveness and pumping systems based on
the principle of a linear induction motor to pump capsules made with metallic walls.
Subsequently, an idea was developed to form a capsule by the compaction into a cylindrical form
and be sufficiently strong to enable stable travel for days through water-filled pipe. This idea
was applied to coal and called the “coal log pipeline” system. One reason for this choice of
application is that the annual amount of coal mined, transported and used is enormous with a
total exceeding one billion tons in China and the United States.

COAL LOG PIPELINE

The coal log pipeline is a special type of hydraulic capsule pipeline, and facets of this
coal log pipeline system have been researched and developed for more than ten years. These
university level investigations have substantiated the theoretical basis for hydraulic capsule flow,
developed compaction methods for samples of both bituminous and sub-bituminous coals, tested
apparatus to produce coal logs, inject and convey coal logs through water-filled pipelines, and
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crush the coal logs that they exit a pipeline. In addition, extensive studies have been made of (1)
the legal aspects pertinent to the use of coal log pipelines in each state of the United States, and
(2) the costs of transporting coal by means of a coal log pipeline system. Since there are many
facets of coal log pipeline technology, a detailed explanation of any one of these is beyond the
scope of this summary report. The major coal log pipeline areas of interest include
hydrodynamics, coal log formation processes, coal log flow attributes, pipeline systems, lift-
cycle costs, and special issues such as environmental, legal, and safety. In addition, an
independent market analysis for the application of the coal log pipeline was conducted. These
studies have been summarized elsewhere [1,3].

In the area of hydrodynamics, studies have been made to better understand flow-regimes,
incipient velocity, lift-off velocity, tilt velocity, capsule (log) velocity and pressure gradient, core
annular flow, drag reduction, water hammer, and headloss. These studies reflect directly on coal
throughput and the required pumping power. Consideration of all these items is an indication of
the theoretical and experimental efforts to develop the coal log pipeline technology to a level that
will provide an operational commercial system.

Detailed studies of other topics have also been conducted and are described elsewhere [3].
The major technical achievements to-date of coal log pipeline technology are as follows:

1. A much clearer understanding of coal log pipeline hydrodynamics, including the
effects of lift-off velocity on pressure gradients, and the potential value of drag
reducing agents and water hammer.

2. The formulation and compaction of bituminous and sub-bituminous coals with and
without the use of binders and heat, in small and large diameter single punch presses.

3. The design, construction and testing of computer controlled systems capable of
injecting coal logs into a pipeline and then pumping (coal logs) using a single pump
with multiple valves.

4. The field test in which coal logs were pumped over a five-mile length of pipeline of
nominal six inches diameter.

RECENT DEVELOPMENTS IN COAL LOG PIPELINE

Over the last year or so, the activities conducted at the University of Missouri on CLP
research have been focused on, but not limited to, the following areas: designing and testing coal
log manufacturing machines on a commercial scale, investigating factors that affect rapid-
compaction of coal logs, scaling the CLP system from lab-size to commercial-size, conducting
coal log train studies, continuing the hydraulics and hydrodynamics aspects of CLP, and the
planning and construction of a CLP pilot plant. Some activity details follow:
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A new 250-ton hydraulic press was installed and tested at the Holstein Farm, University
of Missouri-Columbia, for making large coal logs of 5.4-inches in diameter. This machine is
shown in Figure 1. The machine was designed to make one log in under a 3-second compaction
time. After several technical problems were solved, such as the control of compaction back-
pressure, the machine has reached design objectives in terms of speed and maximum compaction
force. Thus, good-quality coal logs have been produced when using high-ranked coal. In
addition, a large rotary press has been designed to produce 5.4-inch diameter coal logs at a rate
of one log per second. It is believed that a rotary press can produce coal logs at a much higher
rate than a hydraulic press by keeping a high pressure on logs for a longer period of time. The
main differences between this new-designed machine and available commercial rotary presses
are that for the new machine, the compaction pressure is 2 to 5 times higher, the diameter of
compaction is at least 2 to 4 times larger, and the length of compaction is 5 to 10 times longer.
This second-generation machine is expected to greatly reduce the cost of manufacturing
commercial coal logs, thereby contributing to the economic competitiveness of the CLP
technology.

In the coal log fabrication study, it was demonstrated from the lab-scale experiments that
rapid compaction can produce strong coal logs only if the moisture of the coal mixture is at or
below the equilibrium moisture, which is a function of compaction pressure. Therefore, it has
been concluded that moisture content is the most important factor in affecting the quality of coal
logs when a rapid compaction process is used. For example, with 6% moisture for a bituminous
coal (Mettiki coal), high-quality coal logs were produced with a 5-second compaction time, as
little as 0.5% binder, and with a compaction pressure of only 10,000 psi. A mathematical model
is under development to predict the effect of excess moisture in coal mixture on coal log
compaction. This model will enable the prediction of the effect of excess moisture on rapid
compaction of coal logs that cannot be tested in a laboratory, such as rapid compaction of large-
size commercial coal logs.

In order to project the behavior of coal logs in a commercial CLP, a scale-up study was
carried out by comparing a small system (1.8-inch coal logs travelling in a 2-inch loop) and a
large system (5.4-inch coal logs travelling in a 6-inch loop). Figure 2 outlines the 6-inch pipeline
test loop built at the Experimental Mine at the University of Missouri-Rolla (UMR). Both
strength characteristics and abrasion performance of coal logs were studied by scaling-up
compaction and transportation processes. It was found that there was good correlation between
the tensile strength of small and large coal logs when compacted under the same conditions.
However, large coal logs suffered more weight loss than small logs in tests of degradation. This
difference was partially attributed to the dissimilarities between the small loop and the large
loop.

The effect of the number of coal logs in a train on coal log wear in a pipe, was
investigated by forming a log-train with 5, 10, and 15 coal logs. These tests were carried out in a
6-inch loop with and without the use of dummy logs to lead and trail 5.4-inch coal logs. Some
coal logs used in coal log train tests are shown in Figure 3. From those tests it was concluded
that the longer the coal log-train, the less the weight loss per coal log. In addition, dummy logs
appeared to make no significant difference on the weight loss of coal logs forming a train. It was
further inferred from the test data that the minimum coal log abrasion rate could be reached with

26



trains of about 15 to 20 logs, and the minimum would be constant when there were more than 20
logs in a train. In future commercial operation of CLP, each train is expected to contain
hundreds of logs, and its abrasion rate in a pipeline is expected to be about the same as that of a
train with approximately 20 logs.

The extensive studies on hydraulics and hydrodynamics in a CLP are continuing. The
effect of pipe bends on coal log behavior was studied experimentally in a 2-inch diameter
transparent pipe having a 180° bend, for both single capsules and capsule trains. It was observed
that capsules rotate about their own center-lines in a preferred direction as they pass through the
bend. The capsules were also found to move faster through the bend than through straight
sections of the pipe. This is due to the reduction in the pipe cross-sectional area at the bend,
which in turn is due to the ovality of the pipe cross section caused by bending the pipe. The
pressure gradient along the bend was also measured for comparison with theory. In addition, a
new laboratory scale pipeline was built to investigate capsule (coal log) behavior in vertical
slopes. Recently, an alternative drag reduction study was completed. This method uses a poly
(ethylene oxide) slurry in a poly (ethylene oxide) solution. The results indicate that: (1) a
polymer slurry is effective in maintaining drag reduction in a coal log pipeline; (2) a polymer
slurry allows increased throughput when compared to traditional drag reduction methods; and (3)
a polymer slurry can be directly injected into a water-filled pipeline without the use of adverse
solvents.

The most recent developments in the coal log pipeline project are dominated by efforts to
complete the construction of a pilot plant at the CPRC Field Station for demonstrating and pilot
testing a CLP system. This pilot plant facility will be a 3,000-ft-long, 6-inch-diameter steel pipe
circulating loop with a pump bypass and injection system. The pipeline inlet and outlet will be
located in a building that also houses the 250-ton hydraulic press and auxiliary equipment used
for coal log preparation. The pipeline was constructed; several companies assisted, including the
digging of the trenches and laying pipe. The coal logs for this loop will be produced by a
machine that can make up to 100 logs at the rate of 3 logs per minute. This pilot plant is
expected to be operational late this year. Figure 4 is the construction site of the pilot plant at the
UMC.

With the purpose of controlling and monitoring the CLP pilot plant, a sensor system was
designed and laboratory tested at UMC on the 6-inch loop at UMR. The experiments showed
that the sensor is adequate for detecting coal logs, dummy logs, and steel capsules. More than
thirty such sensors have been installed at various places in the pilot plant pipe loop. They were
attached to the pipe through a special type of fitting (T-O-R) welded to the pipe, as shown in
Figure 5.
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Figure 2. Six-Inch Pipeline Test Loop at UMR
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Figure 3. 5.4-Inch Coal Logs for Log-Train Tests

Figure 4. Construction Site of CLP Pilot Plant
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Figure 5. Installation of Coal Log Testing Sensor
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Electrical Capsule Pipeline System for Freight Transportation

Yiyuan J. Zhao and Thomas S. Lundgren, University of Minnesota
and John M. Sampson, Minnesota Department of Transportation

ABSTRACT

This paper examines the concept of electrical capsules in which capsules are driven by
linear electric motors. Based on models of individual force components on a capsule and the
comparison of several configurations, a linear induction motor pipeline system with moving
primaries is selected. Preliminary designs of capsule and pipetubes are conducted. It is shown
that electrical capsule pipeline systems offer intrinsic advantages, in terms of energy use, over
pneumatically propelled systems. Numerical simulations of the system operations show that it is
advantageous to connect two-bore pipelines with adits or open vents. If there is not a sufficient
number of capsules for operating at full capacity, an efficient strategy is to run platoons of
capsules followed by long intervals with no traffic.

INTRODUCTION

The last several decades have witnessed significant increase in both surface and air
traffic[1]. At this point, both the highway system and air traffic system are approaching
saturation. It has become important to examine new transportation infrastructure concepts.

Any future alternative transportation system should be able to provide highly reliable,
safe, and secure transportation of people and/or freight. It is desirable that such a system can be
operated with full automation, and regardless of weather conditions. In addition, a proposed
system should produce little pollution and intrusion to the environment, be energy-efficient, and
decrease the current ground/air traffic congestion.
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Figure 1. An Electrical Capsule Pipeline System

This paper examines a system concept that can potentially achieve these qualities. In such
a system, capsules are propelled through pipelines by linear electric motors. To distinguish from
traditional pneumatic pipeline systems, the capsule pipeline system directly powered by linear
electric motors will be called electrical capsule pipelines. Figure 1 shows a schematic drawing
of an electrical capsule pipeline system.
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The idea of electrical capsule pipeline transportation is not completely new. In 1984,
Ampower Corporation of Alpine, New Jersey proposed a capsule pipeline system powered by
linear induction propulsion [2]. Swiss researchers proposed a cross-country high-speed pipeline
transportation system for passengers, powered by linear induction motor and magnetic levitation,
and assisted by tunnel evacuation [3]. Researchers in the Netherlands are also developing an
electrical capsule pipeline system for transporting freight out of the Amsterdam International
Airport to a suburban warehouse [4]. Liu and his associates have examined the use of
electromagnetic pumps for capsule pipelines [5-7]. Fujisawa et al. have constructed and tested a
prototype pipeline transportation system powered by linear synchronous motors [8, 9]. Recently,
Zhao, Lundgren & Sampson reported results of analysis on electrical capsule pipeline systems
[10]. This paper presents key results from that report.

AERODYNAMIC ADVANTAGES OF ELECTRICAL PROPULSION

In a pneumatic system, simply stated, a pump/blower raises the pressure on one end of
the tube and blows the capsules through the tube. Under ideal operating conditions the capsules
are moving at the same speed as the pumped air and there is no aerodynamic drag on the
capsules. The pressure difference required across the ends of the tube is the same as required to
pump air at that speed, namely

ApArt = YapV221R1Cs (1)

where Ap is the pressure difference, At is the tube area, p is the density of the air, V the
capsule speed, Rt and Lp the pipetube radius and length and Cs is a friction coefficient. The
power required is

Ppu = Y5pV321R1Ce 2)

This is independent of the number of capsules in the tube. This formula neglects rolling friction,
which would require an additional pressure drop across each capsule to overcome this friction,
and a consequent air speed in the tube which is greater than the capsule speed.

In an electrical pipeline system, each capsule is individually driven by the motor force
and is resisted by aerodynamic drag. In a tube, which is open to the atmosphere at both ends, the
moving capsules force part of the air to pass through the gap between the capsule and the tube
wall and also force some air to flow through the tube. The balance between these effects is
determined by the size of the gap. If the gap is very small more air is pushed through the tube. In
this sense the linear electric motor takes the place of the pump in the pneumatic system. The
pressure distribution in the tube, proceeding in the direction of motion, consists of pressure
increases along each capsule and pressure drops between the capsules because of the air friction
with the tube walls.

The force on a single capsule is given by

Yap(V-w)? ACp 3)
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It may be shown that

__V
1+9¢)

o= [PReCo )
2L, C,
Here n is the number of capsules in the tube and f§ = A/Ar is the blockage ratio. The formula

takes into account the frictional resistance of the pushed air which, depending on parameters, can
offer less resistance than forcing the air through the gap.

C))

where

The total power required to drive n capsules is

Pi= % pV>AnCp/(1 + ¢)° (6)

and therefore the two power requirements may be compared by the efficiency ratio

P (1+0)°

pn

where ¢ is the relative friction parameter defined above. This ratio is always less than one. Under
maximum traffic conditions (large n) it approaches one. However, when there are only a few
capsules in the tube, it becomes much smaller than one. This is because the pneumatic blower
has to maintain the same power independently of the number of capsules, in order to keep the
speed up. One may therefore conclude that the linear electrical system is always the more
efficient, and can be much more efficient when the traffic is light.

CONCEPTUAL DESIGN
Pipetube
Capsule
Current
Collector
() nnnagaua ()
l ) D)
T
Aluminum Sheet Primary Back Iron

Figure 2. A Moving Primary Linear Induction Motor System

33



The best pipeline configuration depends on the requirements of a specific application. For
capsules operating with speeds less than 200 miles per hour, a wheel-on-rail configuration can be
used. Reference 10 lists several possible design configurations that use either linear induction
motors or linear synchronous motors, and compares these configurations in terms of initial
development cost, system operating efficiency, maintenance cost, ac supply requirement, capsule
speed control requirement, requirements on capsule-ground communications, and future
expandability. A moving primary linear induction motor system, as shown in Figure 2, is
selected for medium to long range transportation. This moving primary LIM concept is the basis
of the Japanese HSST 03 system, the maglev transit link in Birmingham, and the transit system
in Vancouver [11].

In this system, three-phase primary windings are mounted on capsules, whereas
secondary metal sheet and ground ac supply are placed on the pipeline (passive guideway).
Power supply to the moving capsule is from a variable-frequency converter, which receives
electricity from the ground via a current collector. The variable-frequency converter, together
with an on-board radar unit, capsule speed detector, and computer, serves as the capsule speed
control unit. On-board radar can detect the relative distance between one capsule and the capsule
ahead, and speed control can be adjusted automatically to avoid collisions with the capsule
ahead. A desired steady-state operating speed can be pre-set in the on-board computer, before the
capsule is injected into the pipeline. If the system contains many capsules distributed over a
range inside a pipeline, each capsule can control its own speed. A close spacing can be achieved
to take advantage of the drafting effect without physical chains, so that each capsule has the
freedom to head for different destinations when necessary.

Capsule design needs to consider capsule interior, exterior, door, capsule speed control, and
emergency strategies. In a pneumatic pipeline system, capsules are moved by drag forces created
by blowers [12]. In an electrical pipeline system, on the other hand, capsules are moved by
electric propulsion and capsule drag becomes a resistance to capsule motion. Therefore, it is
important to minimize aerodynamic drag in capsule design. Figure 3 shows a candidate capsule
design with a square cross section [10]. The same reference also contains a candidate pipetube
design.
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Figure 3. A Candidate Capsule Design: Side View
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EQUATIONS AND OPERATING COST

We consider a two-bore freight pipeline system consisting of parallel tubes, connected at
regular intervals by pressure relief tunnels (Figure 5). These tunnels can be opened up to external
environment as vents or just adits. The moving capsules cause flow in the tubes and through the
adits. The part of pipeline between two adits is called a section.

To obtain a set of tractabile equations of motion, it is assumed that the flow inside the
pipetube is incompressible turbulent flow, the capsule length is short compared to the distance
between adits (or section length), and adits are ideal and without headloss.

—_ _Capsules— PiPT“n&‘; A Section .
L N} |

o\ /. — s
5 & :
Adits or Vents ¢ Lt

Figure 5. Layout of a Two-Bore Pipeline System

Let us assume there are N sections (or N — 1 adits or vents) in the two-bore pipeline, N,
capsules in the right bore, and N; capsules in the left bore. Equation variables for a pipeline
system include capsule velocities, velocities of fluid flows in the pipeline, and pressure variables.
There are a total of (2N + N¢; + N¢)) + (N + 1) variables. To solve for these variables, the same
number of differential and/or algebraic equations are derived, and appropriate initial conditions
are identified. Detailed equations are derived in [10]. This set of equations is strongly coupled
since the drag force on a capsule depends on the flow velocity for the section and bore it is in,
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and the flow velocity in turn depends on the velocities of all the capsules in the system. In
addition, there is also coupling through the pressure variables.

Before numerical simulations can be conducted, as set of system design parameters need
to be specified. These parameters include dimensions of pipeline system and capsules: blockage
ratio P, pipetube interior cross-sectional area At = TR2, total pipeline length Lp, number of
sections N which in turn determines the length of a section Lt = Lp/N, pipeline grade geometry
¢(x), capsule length 1, capsule hydraulic diameter d so that A = BAr. In addition, some
parameters are needed to specify the physical environment of pipeline operations, such as air
density p, kinemataic viscosity v, and acceleration of gravity g. Finally, models of LIM thrust
force F and normal force Fy as functions of pipeline operating conditions are needed [10].

Total cost of a pipeline system consists of initial construction cost, maintenance cost, and
operating cost. A measure of operating cost can be defined as the amount of electrical energy
required to transport one unit of payload over one unit of distance. Mathematically,

j"P /m.dt
= 1 Itfpmdtz 1 , out LI _

1 t
FV/n.dt 3)
M,gL © M,g J:f Vdt M gLJ‘o

where t; is the amount of time required to travel over distance L, 1. is the efficiency of the linear
electric motor, and the LIM output power is Poy = FV. This expression can be simplified for
steady-state operation, in which both V and F are constant.

SYSTEM OPERATION DESIGN

Under optimum steady-state operating conditions, there is an equal number of capsules
moving in each bore; each with the same load velocity and with the same spacing between them.
Under such "design conditions" there are the same number of capsules in each bore section. In
Ref. 10, methods of steady-state capsule speed design and sizing of linear induction motors are
presented. Details are omitted for simplicity. In the following, we have adopted a Vandersteel's
model [13] which has a 2m diameter tube carrying 10-ton capsules (of which 8 tons are payload),
propelled at 25 m/s. At these design conditions, a 2 sec headway would give a continuous freight
rate of 4 tons/sec, or 100 million tons per year, which is about 10 times the annual truck freight
tonnage carried between Minneapolis and Chicago, but is not an unreasonable rate for some
heavily used corridors. Table 1 summarizes the base line operation design parameters.

CONTROL OF CAPSULE SPEED AND POSITION

Capsules are designed to operate at a certain speed. However, actual systems always
differ from models that are used in system design and analysis. In an actual system, a capsule's
operating speed is determined by the balance of its linear induction motor thrust force,
aerodynamic drag, rolling friction, weight thus pipeline grade, and miscellaneous forces on the
capsule. This speed, called an equilibrium speed of the capsule differs from the designed capsule
speed due to modeling uncertainties and disturbances. It also differs from capsule to capsule,
because different capsules have different payloads, and experience different aerodynamic drags
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and rolling frictions. It is desirable that the equilibrium speed is close to the design speed for a
capsule.

Table 1. Baseline Pipeline Design Parameters

Rr=1m interior radius of the pipetube
0,=0 pipeline average grade

Vg =25 m/s steady state capsule speed
1=3m capsule length

d=125m capsule hydraulic diameter
B=A/Ar=0.5 blockage ratio

1/qq4 = 2 sec capsule headway times

M, = 10 tons = 9071.8 kg | capsule weight
M, = 8 tons = 7257.4 kg capsule payload

Lr=250 m section length

Lp =20 km total pipeline length

N =280 number of sections (adits)

Vi/qq -= 50 m spatial headway

Na = N =400 number of capsules in each bore
NJ/N=5 number of capsules in each section

In operation, an individual capsule can maintain its speed in a certain range around the
equilibrium speed without active feedback control. This is due to the nature of linear induction
motor force. An increase in capsule speed results in a decrease in motor thrust and vice versa. On
the other hand, capsule positions in the pipetube are expected to deviate from the position
histories corresponding to the equilibrium speed. This is because positions are integrations of
capsule speed, and deviations of capsule speeds from the designed value can cause a finite
change in capsule position from designed time history. These deviations will cause the relative
distance between any pair of capsules to increase or decrease gradually over time. Because of
the low pressure region behind each capsule, a capsule approaching from behind will be sucked
into the wake region of the lead capsule if the relative separation becomes sufficiently small.

To control a capsule speed or position to a prescribed value, a feedback control logic can
be used that reduces the linear motor thrust force if the actual speed is larger than the desired
speed, and increase the linear motor thrust force otherwise. A feedback control law determines
how fast and how much the motor thrust force is changed. The capsule motion system is a
nonlinear dynamical system with fairly large ranges of speed change. As a result, nonlinear
feedback control laws must be used. Details of feedback control laws are reported in Ref. 10.

COMPUTER SIMULATION STUDIES

A comprehensive computer program is coded using C language to simulate pipeline
operations. This computer program essentially solves the differential/algebraic equations
developed above. A major challenge to the development of this simulation program is that
capsules must be allowed to enter and/or leave the pipeline system with arbitrary schedules. As
a result, the number of capsules in the pipeline system and thus the number of solution variables
can change from time to time. In numerical implementations, a set of logics has to be devised
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that can detect when a new capsule enters into the pipeline system, and when a capsule exits the
system. An array of variable dimensions is implemented with dynamic memory allocations.

In [10], numerical simulations are used to compare the efficiencies of different pipeline
system configurations such as adits and vents under off-design conditions. The relative merits of
intermittent versus platoon operations under off-design conditions are also compared. Key results
are now summarized below. For these results, the insertion of new capsules into the system was
done by a simple freight periodicity condition for convenience.
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Figure 6. Cost Parameter vs. Headway

Note: Circle for Vents, Square for Adits, Diamond for Both,
Solid Line for Without Adits or Vents

Figure 6 compares the cost of transporting the standard 10-ton capsules, with 8-ton payloads,
for configurations without adits, with adits or vents. It is assumed for intermittent operation that
capsules are evenly spaced but the headway between the capsules is greater than the 2-second
design value. It is also assumed that the motor force is available to keep the speed of each
capsule at 25 m/s. In Figure 6, the combined cost parameter U - 1 is plotted versus headway time
for the range 2 seconds to 20 seconds, i.e., the tonnage rate varies from 4 ton/sec on the left side
of the figure to .4 ton/sec on the right. For B = .9 the cost increases by a factor of 9 over this
range, while for B = .5 it increases by a more moderate factor of 4. At the higher blockage value
the cost increases almost linearly with headway time, most of the resistance coming from air
friction in the linearly lengthening distance between capsules. With the use of adits or vents, any
headway increase does not affect the cost as long as there is at least one capsule in each adit
section. That is, there is no effect up to a headway time of 10 sec, and this is also the case if there
is no traffic in the other tube; at longer headway we begin to see an effect. The results for adits
are disappointing. For f = .5 there is no effect over the range shown, while for B - .9 there is only
a small improvement. When the capsules are spaced out like this there is only a small
opportunity for air to be shunted through the other tube. For simple lossless vents to the
atmosphere, at the same spacing as for the adits, the results are somewhat better for the larger
blockage, but still have no effect for § = .5.
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Figure 7. Relative Cost vs. Platoon Number

In Figure 7, we consider platoons of from one to 80 capsules, with 25 m/s speed and 2 sec
headway in a 20 km pipeline with 250 m between adits or vents. The other tube is empty. The
results are shown in Figure 7 as relative cost versus platoon length for § = .5 and § = .9. Relative
cost is the cost divided by the cost under design conditions. If the platoon length were increased
to 400 for this pipeline, the relative cost would be one. If the capsules in a 40-capsule platoon
were spaced out evenly they would have headway of 20 seconds; the situation would be the same
as the right hand side of Figure 6. The advantage of platoon operation over intermittent operation
is clear from these figures. The physical reason is that with a platoon, it is not necessary to pump
air through the entire tube; the adits work as intended, circulating the air through the other tube.
Vents work even better. Vents are preferred from a heat circulation point of view. It is interesting
that the relative results are almost independent of blockage.

The forces required to keep all the capsules moving at the design speed are much larger
for the lead capsule in a platoon, which must accelerate the air as they enter a new adit section,
thus providing drafting for the following capsules. For f§ = .5 the (time average) force on the lead
capsule in a long platoon is about 3.5 times average force; for B = .9 it is about 5.5 times the
average. This requirement can be handled in one of two ways. Sufficient reserve forces can be
designed into each capsule. Alternatively, a special "lead capsule” can be designed that has a
larger LIM thrust force capability than other follower capsules.

CONCLUSIONS

There is an intrinsic advantage, in terms of energy use, of electrical capsule pipeline
systems over pneumatically propelled systems if the capsules have moderate blockage, since
some of the air set in motion by the capsules can pass over the capsules. For a blockage of .5,
which can be achieved without making the tube larger by using capsules of square section, the
aerodynamic cost is about half that for pneumocapsules.

Preliminary designs are conducted for electrical capsule pipeline systems with moving
primaries mounted on capsules. Potential cost problems arise when the system is not operating at
full capacity; the aerodynamic cost per ton-mi would be 4 to 9 times the optimum if the traffic
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were at 10% of capacity. This situation is much improved if the tubes are connected by adits or
are vented, provided the traffic management strategy is to run platoons of capsules at the design
headway, followed by long intervals with no traffic. The advantage comes from circulating the
driven air through the other tube, or diverting it to atmosphere, eliminating the necessity of
pushing it at high speed all the way through the tubes.
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ABSTRACT

Periodically the United States Department of Transportation (DOT) assesses the
feasibility of “new” transportation system concepts. Tube freight transportation systems (also
referred to as capsule freight pipelines) have been the subject of at least two DOT studies in the
last twenty-five years. The last study [1], completed in 1994, is the basis for this paper. This
study was sponsored by the Federal Highway Administration as a part of its assessment of future
freight transportation requirements and was prepared in response to a congressional request in
the ISTEA legislation. The Volpe National Transportation Systems Center performed the study.
This paper examines current tube freight transportation proposals and discusses their general
economic and technical feasibility.

Since World War II a number of tube freight systems have been built and operated in
regular service. In addition a number of systems have been proposed, particularly for general
merchandise movement. This paper surveys the range of these proposals with emphasis on
proposals in the United States. A quick review is also made of foreign activities known to DOT.

This study concludes that tube freight transportation systems are technically feasible
based on almost two hundred years of prototypes and operational systems. The early systems
were almost all based on the use of pneumatic propulsion, which is still in use today. Some
recent proposals anticipate use of linear induction motors for propulsion [2-5]. Although design
and limited development will be required for any specific application, there appear to be no
fundamental technological barriers to the introduction of the proposals which have been made
known to DOT.

With respect to economic feasibility, the study concludes that in spite of some favorable
general analyses of economic feasibility based on many assumptions, economic feasibility can
only be estimated in a convincing manner for a specific technology operating over defined
routes. This recognizes that economic feasibility is sensitive to tunneling costs and to the likely
demand for the service, both of which are highly site specific. Therefore, economic feasibility
remains to be estimated in detail and subsequently demonstrated.

INTRODUCTION

The U.S. DOT’s Federal Highway Administration, with the support of the Volpe National
Transportation Systems Center is examining the technical and economic feasibility of tube
transportation as an alternative to increasing capacity for long-haul trucking on the nation's
highways. Tube transportation is a class of transportation systems in which close fitting capsules or
trains of capsules move through tubes between terminals. Pneumatics is a consideration in such
systems even if they are not pneumatically powered. All historic systems were pneumatically
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powered and were often referred to as pneumatic capsule pipelines. Recently it has been proposed
that such systems might be more productive if powered by another means; use of linear induction
motors is one recommendation.

Tube transportation systems have a number of attractive features which make them worthy
of evaluation as alternatives for increasing national long-haul freight capacity. Such systems are,
and always have been inherently automated; they are, as a result, more productive than trucking and
railroading. Because they are enclosed, they are unaffected by weather and not subject to most
common rail and highway accidents. The tubes can be placed above or below ground. Underground
locations are useful in environmentally sensitive areas and are important where surface congestion
makes surface right-of-way difficult and/or expensive to obtain. All modemn, proposed systems are
electrically powered: thus, they are not a direct source of air pollution. Their energy efficiency
appears to be better than trucking and comparable to railroads.

Tube transportation, formerly referred to as pneumatic tube systems or pneumatic capsule
pipelines (as they were universally pneumatically powered), have been providing reliable freight
transportation around the world for over 150 years. Some systems have operated for over 75
years in essentially continuous use. Common applications before World War II were in the high
priority movement of documents and parts in industrial environments and movement of letters
and telegrams under city streets to bypass congestion. These systems were built with tubes
ranging from 2 to 8 inches in diameter. Such systems are still being built today to expedite small
shipments.

After World War II larger pneumatic systems were developed and built in Japan [6] and
Russia [7] to move bulk materials such as limestone and garbage. These systems had considerably
greater throughput as a result of both their increased diameter (3 to 4 feet) and theit mode of
operation which allowed more capsules to be moving through the tube at one time. By the early
1970's several groups began to give consideration to the use of these pipeline designs for common
carrier, general merchandise freight applications using tubes 4 to 6 feet in diameter.

CURRENT PROPOSALS

By 2015, surface transportation is expected to grow beyond current traffic levels with
significant constraints on construction of new capacity. New transportation routes are likely to be
difficult to obtain to accommodate this traffic increase. Thus, emphasis will be placed on increasing
the capacity of existing facilities and construction of new facilities on/under existing transportation
rights-of-way. Any new facilities will likely be required to have increased safety and minimal
environmental impact. For expansion of surface freight, some have recommended construction of
"pipeline” type new facilities on existing highway or other rights-of-way. The essential concepts
are:

1. Freight facilities using highway or other rights-of-way (primarily underground).

2. Completely automated operation. No personnel on board vehicles.

3. Electric power.

4. Complete grade separation.

5. Very high reliability service.
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These concepts, in addition to expanding national freight capacity, claim the following
benefits:

1. Increased safety due to substantial removal of long-haul trucks from the highways

2. Reduced emissions from trucks.

3. Reduced wear and tear on existing highways and bridges resulting in lower
maintenance costs.

4. Potential savings of operating cost due to automation.

5. Higher reliability than existing alternatives.

6. Very high productivity.

7. Lower energy costs.

8. Increased control over delivery schedules.

No standard definitions of "tube transportation" or "pneumatic powered transportation”
appear in the literature. For the purposes of this study we have adopted the following definitions:

TUBE TRANSPORTATION is a class of transportation systems for passengers or
freight in which vehicles (or capsules) are propelled through essentially continuous
tubes between terminals. TUBE TRANSPORTATION is differentiated from other
transportation systems using tunnels by the use of vehicles which are a close fit in
the tubes. Pneumatic considerations are important in these systems even if they are
not directly propelled by differential air pressure.

PNEUMATIC POWERED TRANSPORTATION is any transportation system
which uses differential air pressure to power its vehicles . The vehicles can be self-
powered or passive. All historic tube transportation systems were pneumatic
powered in that they used passive vehicles propelled through tubes by differential air
pressure. The International Freight Pipeline Society refers to these systems as
pneumatic capsule pipelines. Other pneumatically powered systems were not tube
transportation systems. Examples of the latter include compressed air powered
locomotives used by common carrier railroads and mining concems and the
atmospheric railways built in the nineteenth century which were pulled by a piston
operating in a tube (generally around 15 inches in diameter) placed between the
running rails.

It should be noted that the preceding definitions explicitly do not include the much broader
range of pipeline systems which supply "transportation” in the broad sense. There are many
examples. Oil and gas pipelines in many cases provide interstate transportation. Coal and other
slurry pipelines often operate over extended distances. Water and sewer systems transport their
commodities. Air pressure is used to load, unload and move such bulk commodities as grain and
cement through pipes. Also excluded from this discussion are hydro capsule pipelines which have
been proposed. These pipelines would use water or another fluid to propel the capsules through the

pipe.
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Worldwide, several groups are proposing common carrier tube transportation systems at this

time including:

SUBTRANS, a freight pipeline concept developed by Mr. William Vandersteel of North
Bergen, New Jersey would ultimately provide a national system for transportation of
general merchandise. He has prior experience with the TUBEXPRESS system developed
by Transco Corporation of Houston Texas, a pneumatic system for dedicated movement
of bulk commodities in special markets. Vandersteel currently owns 50% of the
TUBEXPRESS Corporation.

A proposal similar to SUBTRANS was made by the British Hydro-mechanics Research
Association (BHRA) in the early 1970's for a British national tube transportation system for
general commodity freight. The only major difference from the SUBTRANS proposal was
that the British proposed to use pneumatic propulsion. Although the British are no longer
actively promoting this technology we assume they, as well as others who are still active in
the field remain interested in general cargo applications. The Transport and Road Research
Laboratory also participated in the development of this concept.

Mr. W. H. Chapman, a consultant from El Paso, Texas has recently proposed to the
Secretary of Transportation that a pneumatic tube transportation system for general
merchandise be built between El Paso and Dallas Texas. Few specifics are available.

The Swiss are evaluating a proposed cross-country, high-speed, maglev, tube transportation
system for passengers. In this case the tube is evacuated to minimize air resistance.

NASA has proposed "The New Millennium Transportation System" which includes a
hyper-velocity tube transportation system for both passengers and freight. The hyper-
velocity component would achieve approximately a travel time of 1 hour coast to coast.
This system would use an evacuated tube similar to the Swiss proposal above.

A proposal, for underground collection and distribution of freight in Tokyo, is significant
because it shares some common features with the proposals above although it does not
meet the definition of tube transportation adopted for this paper.

TECHNICAL FEASIBILITY

The purpose of this section is to demonstrate that tube transportation has a long history of

successful applications in niche markets, a fact that is generally unfamiliar to the public.

Tube transportation has a history which extends back at least 200 years. During this period

systems for both passengers and freight have been built and operated. Some are in operation today.
In addition, there have been many more proposed systems which were never built. All of the
historical tube transportation systems were pneumatically powered. A number of pneumatic systems
were built which were not tube transportation systems as defined here. These systems are mentioned
briefly here for completeness. Three sections follow. Large diameter systems, smaller diameter
freight systems and non-tube transportation pneumatic systems (Atmospheric Railways).



George Medhurst, a London businessman, is considered the earliest proponent of pneumatic
powered railways although there were a few earlier, brief suggestions from others. He first
published a freight proposal in 1810, a passenger proposal in 1812 and a more comprehensive set
of proposals in 1827. These included a suggested speed of 60 miles per hour (at a time when steam
locomotives had not reached 30 miles per hour!) [8-10]. The latter proposals envisioned all three of
the general categories to be discussed below.

LARGE DIAMETER PASSENGER/FREIGHT TUBE TRANSPORTATION SYSTEMS

There have been many proposals for large diameter tube transportation systems (diameters
ranging between about 6 feet and 15 feet). Medhurst proposed a rectangular tube 6 feet high by 5
feet wide for a passenger system in 1812. Generally the large tube systems were "large" to
accommodate passengers. Carriage of freight was usually incidental to the basic proposal [8].

Only four demonstration systems are known to have been built and operated in passenger
carrying service. In 1826-1827 John Vallance built in Brighton, England a 150-ft long, nearly 8-ft
diameter tube in which he operated a 20-passenger vehicle. The 22-ft long vehicle was propelled
through the tube at 2 miles-per-hour by air pressure from two steam driven pumps. The carriage ran
on rails in the tube and was steadied by lateral wheels [9].

The second system was built in London for the Crystal Palace Exposition and placed in
operation in August, 1864. This 1800-ft long line used a relatively standard, broad gauge railway
carriage with a capacity of 35 passengers. The carriage ran in a brick arch tube roughly 10 feet
by 9 feet. The carriage was moved in one direction by the pressure from a 22-ft diameter, steam
driven fan. For the return run the fan was reversed creating a slight vacuum in the tube, so that
atmospheric pressure propelled the carriage. The system operated successfully for 2 years. The
line included several curves and a grade of 1 in 15. As a result of this demonstration, a number of
proposals were made for application of the technology to transportation needs. One proposed
application, the Waterloo and Whitehall Railway Co., actually began construction of a half mile
crossing of the Thames River in 1865. This railway was privately financed. The river crossing
was to be by 12-ft long, 9-inch wide (inside diameter) iron tubes sunk and covered in an
excavated trench in the river bottom. Even though three of the 221-ft tube sections had been
constructed, the financial panic of 1866 stopped all construction and it was never resumed. This
project was the closest the Crystal Palace technology came to a real transportation application.

Pneumatically powered systems are clearly feasible because they have been built and
operated in the past, although not in general merchandise service. Although the largest system
built to date has a diameter of about 4 feet, we see no technical problems in scaling such systems
to a 6-ft diameter. Linear induction motor powered systems are also technically feasible although
such systems have not been demonstrated or, in fact, designed in detail as yet. These systems are
not off-the-shelf: They will require specific designs for specific applications. Also better
definition of cost and performance is required for a number of system elements to improve the
reliability of economic estimates. More detailed conceptual designs for linear motors, switching
mechanisms and terminals are examples.
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ECONOMIC FEASIBILITY

The economic feasibility of tube transportation systems carrying general merchandise is
unknown at this time as no such system has been built and operated in revenue service. A study of
the economics of tube transportation performed in the later 1970's sponsored by the U.S.
Department of Transportation indicates tube transportation may be competitive with long-haul truck
and some railroad operations. This study by the University of Pennsylvania was performed without
detailed tube designs and associated cost data. Such data for currently proposed tube transportation
concepts is also lacking as noted above. As a result, engineering development studies and concept
demonstrations are needed to provide refined estimates of the system economics. Cost estimates
need to be made for specific routes since a major part of the capital requirement covers tunneling
costs which are highly variable and site specific. Port or urban core access corridor lines appear to
be likely candidates for study where high land values and surface congestion would enhance the
value of the tube transportation approach. Package delivery firms, less-than-truckload trucking firms
and the U.S. Post Office are also candidates for such a system [4].
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ABSTRACT

In the initial stage of capsule pipeline research the drag coefficient and the pressure drop
were experimentally and theoretically studied for concentric and eccentric capsules held
stationary in the pipe. In the early 1970's industries started applied research to establish the
design method for a large-scale system, gathering the necessary data. In 1977, the first large-
scale pneumatic system was introduced in a steelworks to transport burnt lime 20,000t per month
over 1.5km by using 609.6mm diameter pipeline. Later on there appeared a demand for exactly
predicting the capsule motion to hydrodynamically control the motion near the destination.
Various feasibility studies and investigations have been performed on the capsule pipelines. To
hoist manganese nodules from a deep sea, basic research was started on the motion of capsule in
an air lift pipe. A tube transport system using a linear motor has been also investigated. As a new
application of hydraulic capsule, research has been carried out on the transport of spherical ice
capsules as a transport medium for a heat storage system.

INTRODUCTION

One of the authors (K.Y.-M.) reported on capsule pipeline research in Japan at the 4th
International Symposium on Freight Pipelines in 1982 [1]. In the present paper we review the
same topic for work extending over a period of 30 years. Pneumatic capsule pipelines have been
used to transport documents in buildings for a long time. However, the role of information in
hard copy form, has been gradually replaced by electronic communication. The remaining and
emerging roles are transport of sample material in works, commodities in buildings and a large-
scale transport of bulk materials. The merit of capsule pipelines is isolation of transport from the
environment. Thus, the environment is not affected by the transport and vice versa. Furthermore,
since the transported material is contained in the capsules, the degradation of materials is
minimized. The principle of capsule pipeline is old. Although there were various problems in
design of a large-scale system, it was not practical to restrict this conventional practice to small-
scale pipelines. To solve these problems much research has been carried out in various fields.
This paper reviews the basic research related to capsule motion in a pipeline and then describes
the practical use of pneumatic capsule pipelines.

FLUID FORCE ON THE CAPSULE

When fluid is the driving medium of the capsule the effective use of fluid force is
important; but when the capsule is driven by other means, the fluid in the pipeline is generally
obstructive. In either case, however, the precise estimation of fluid force on the capsule is
important. The fluid force to drive the capsule (fluid drag) F generally consists of pressure and
shear forces, and is characterized by the drag coefficient Cp as
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important. The fluid force to drive the capsule (fluid drag) F generally consists of pressure and

shear forces, and is characterized by the drag coefficient Cp as
F

Cp =
® T 12pv2A, (1)

where p represents the fluid density, v, the fluid velocity relative to the capsule and A. the cross-
sectional area of the capsule.

Yanaida [2, 3] derives the drag coefficient for cylindrical capsule held concentrically in
the pipeline based on the boundary layer theory as

1 96%
C, =1.628-(1-k*)? +O.6225(——1)+ ()
k (;7 f
k-l Re

for laminar flow of Re (/d) <5 x 10° and

1 ) 0.3221d )

Car=1.013 - (1 -k?)? +0.293 (;‘ * Uk-1)""Re"
for turbulent flow. In these equations, ! represents the capsule length, k = d/D, d the capsule
diameter, D the pipe inside diameter, Re = vud/v, C4 = Cp (1-k*)* and vy the mean fluid
velocity relative to the capsule in the annulus. Figure 1 shows his correlation of drag coefficient,
which includes the experimental results. In the figure, s is the density ratio of capsule to fluid.
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Figure 1. Drag coefficient versus characteristic number.
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Tsuji et al. [4] also derives the drag coefficient for the concentric cylindrical capsule as

148, +4A, (VA)/(1-K)
- (1-1%

“4)

D

where
}"p= 00?;'/766 , Rem - VOD (5)
Re,, 2(1+k)

and &; the loss coefficient for abrupt contraction due to the capsule. They [5] also give the drag
coefficient for the cylindrical wheeled capsule with end plates.

Hisamitsu ez al. [6] measured the drag coefficient for various wheeled capsules with end
plates and obtained the following convenient equation

k2 Y
Cp= [II] ©)
where k; is the square root of area ratio between the end plate and the pipe.

Ohashi and Yanaida [7] show that since in the equilibrium state of capsule motion, the
fluid drag becomes equal to the retarding force on the capsule Cp in the horizontal pipeline is
expressed as

Cp = 2fk(Ud) (s — 1) Fr2 ()

where Fr is the Froude number defined by vo//gD and f is the sliding friction factor of the

capsule. 5 ’
ld=6 !

v (D-d)/v=10° ‘
4r A

Figure 2. Drag coefficients.
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PRESSURE DROP DUE TO THE CAPSULE

Fluid flow dissipates the energy when driving the capsule. The energy loss due to the
capsule per unit fluid volume is expressed as the pressure loss due to the capsule Ap and is
characterized by the pressure loss coefficient {. which is defined by

Ap
= 8
¢ 1/2pv? )

Since there is pressure recovery when the fluid emerges from the capsule, Cp is slightly larger
than {.. However, Cp is usually substituted by {.. The pressure loss due to the capsule consists
of the friction loss, abrupt contraction loss and abrupt expansion loss. It is known that the friction
loss of eccentric capsule is smaller than that of concentric one. Tachibana and Matsumoto [8]
and Ohashi and Yanaida [9] studied the pressure loss due to the concentric and eccentric
capsules and give the correlation equations of pressure loss for both capsules. Figure 2 shows the
drag coefficient by several researchers.

Ohashi and Yanaida [7] divide the total pressure drop due to the capsule pipeline into the
one due to the fluid flow alone Ap, and the one due to the capsule Ap,, and they propose the
following correlation for Ap, after the Durand correlation for a liquid-solid two phase flow:

Oc = Oc (We) ®)

where
0c = Ap/K°Apo, We = F; /2fk(Vd)/(s-1) )

Figures 3 shows experimental result by this correlation.
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Figure 3. Correlation of pressure drop.

50



Fujiwara et al. tried to reduce the pressure drop in a hydraulic capsule pipeline by adding

a small amount of polymer (See Figure 4) to water flow [10] and by carving helical ribs on the
capsule surface [11].
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Figure 4. Effect of polymer additives

CAPSULE TRAJECTORY

It is important to stop the capsule slowly to prevent it from being destroyed by the
collision with the stopper at the destination. For a soft landing the braking effect by air between
the capsule and the stopper can be utilized. Collisions between capsules should also be avoided.
Figure 5 shows the brake effect of air between wagons. If the capsule trajectory is known, the

handling of capsules becomes easy. For this purpose many researchers have been studying the
capsule motion in the pipeline.
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Figure 5 Brake effect of air between wagons.
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Yamamoto [12] numerically examined a tube-freight-system in which wagons, which
will be driven by a linear motor system, transport freight in a tube between cities like Tokyo and
Osaka. His results show that the braking effect increases with increasing k and decreases with
increasing wagon number. Furthermore, the braking effect is weak to control automatically the
wagon intervals. Fukuchi ez al. [13] proved the Yamamoto’s analysis by the measurement that
was done in a 100mm diameter inclined tube of 30m in length. Fifteen wagons were put into the
pipeline. The wagon was driven by gravity.

Ohtaki [14] numerically studied a pneumatic capsule pipeline where capsules with
different mass and end plate were put into the pipeline. The measurement taken in a 100mm

diameter horizontal straight pipeline of 8m in length proved his numerical prediction. Tsuji ez al.
[5] and Chono et al. [15] carried out the numerical analysis and proved it by their detailed

measurements. s
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Figure 6. Capsule velocity control by changing the area of the end plate.

Abe et al. [16] introduced a new calculating method which was invented by Lurie [17].
He calculated the compressible unsteady gas flow by the method of characteristics. Thereafter,
many calculations were reported by this method [18-23]. Ohba et al. [24] extended this method
to include a shock wave. Tomita er al. [25-28] applied this method to a hydraulic capsule
pipeline.

Tsuji er al. [29] show numerically and experimentally that in a pneumatic capsule
pipeline the capsule motion can be controlled by changing the area of end plates (see Figure 6).
Yanagisawa and Kosugi [30] studied the velocity control of capsule at the loading or unloading
site by adjusting the valves at both ends so as to make the capsule move according to the
reference velocity pattern (Figure 7). Fujiwara et al. [31] numerically show that the capsule
velocity can be controlled by an air release valve placed on the pipeline (Figure 8).
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Tachibana [32] analyzed the incipient velocity and the power required at incipience in an
inclined hydraulic pipeline.

PNEUMATIC CAPSULE PIPELINES

As a practical realization of pneumatic capsule pipelines, Japanese companies started
research and development by introducing technology from the U.S.A. and former U.S.S.R. in the
early to mid 1970's. They constructed a large-scale pilot plant up to a pipeline of 900mm in
diameter and 1500m in length including upward and downward routes (up to 8°). They obtained
running characteristics of capsule, developed the reliability and durability of the system on a
prototype level, improved the control method and mechanism and proved heavy loading
operation. They established the optimum property and size of the running wheel of capsule and
structure of the wheel suspension system. They found that the reduction of noise and vibration
could be realized by means of underground pipeline.

The first demonstrating pneumatic capsule pipeline was introduced into Nippon Steel's
Muroran Works in 1977. The system was jointly developed by Nippon Steel Corporation and
Daifuku Machinery Works Ltd. and was used to transport burnt lime. The main specifications of
the system were:

(a) The transport material was a lump burnt lime of 10 to 30mm in size, of which bulk
density was 1070kg/m>.

(b) The monthly transport volume was 14,000t and the monthly operating time was 500h.
The maximum annual transport volume was 300,000t.

(c) The pipeline was 1.5km in length and with an inside diameter of 609.6mm and was laid
on 7 to 8m in height above ground.

(d) The unit consisted of a two-capsule train and the dispatch intervals were 60s (45s in
minimum). The unit transport volume was 500kg/train and the capsule running speed
was 6 to 8m/s. The total mass of the unit was 1000kg/train.

(e) The air sources consisted of one unit of main blower of 75kW and each 6 units of
auxiliary blowers of 2.2kW and 3.7kW, respectively.
The similar system but single track was employed for a cotton mill to transport bobbins
and empty bobbins between two works. The main specifications were:
(a) The capacity was 37.5case/h.
(b) The pipeline was 230 m in length and with a width of 500mm and a height of 700mm.

(c) The unit was consisted of a three-capsule train and the dispatch intervals were 288s.
The unit total transport volume was 200kg/train and the capsule running speed was
4.5m/s.

(d) The air source consisted of two units of blowers of 3.7kW.

In 1978, Mitsubishi Heavy Industries Ltd. installed a vacuum type of pneumatic capsule
pipeline of single track for dry paint sludge. The main specifications were:
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(a)
(b)

©

(d)

The daily transport volume was 4800kg and the daily operating time was 8 h.

The pipeline was 120m in length with a diameter of 600mm and was laid 8m above
ground.

The dispatch intervals were 6min and the capsule running speed was 1.5m/s. The
carrying capacity of the capsule was 60kg.

The air source consisted of a blower of 3.7kW.

In 1981 Sumitomo Cement Co., Sumitomo Steel Co., Kashima Civil & Construction Co.

and Niigata Engineering Co. Ltd. jointly developed a pneumatic capsule pipeline system for
transport of limestone. In 1983 the first commercial system was installed from Karasawa mine to
Tochigi mill of the Sumitomo Cement Co., and the system is still in operation. The main
specifications are:

(a)

(b)
©

(d)

(e)

The transgort material is limestone under 50mm in size, of which bulk density is
1600kg/m".

The annual transport volume is 2,000,000 tonnes.

The pipeline, which was laid on the remains of discontinued railroad line, is 3.2km in
length and has an inside diameter of 998mm. The maximum gradient is 9.5%.

The unit consists of a three-capsule train and the dispatch intervals are 50s. In the line
23 trains are used. The capsule running speed is 9m/s. The total mass of the unit was
16,000kg.

The air source consists of two units of main blower of 800kW for loading and two units
of main blower of 840kW for unloading.

Sumitomo Metal Industries found a new application to move drilled mud at the

construction site of their tunnel. The capsule transported the mud over about 10km from the
tunnel face (drilling site of the tunnel) to the dump yard. On the return trip concrete mix was fed
to the empty capsule at the tunnel inlet and was transported to the face over 7km at the
maximum. When the tunnel was completed and there was no longer a need for transportation, the
transport system was removed. The main specifications were:

(a)
(®)

(c)
@

The t3ransport volume of the tunnel mud was 100m’h and that of the concrete mix was
40 m’/h.

The length of pipeline in the gallery was 7km in the maximum and that in the outside
was about 3km. The section of the line was square with a side of 900mm. The gradient
in the gallery was 3%.

The unit consisted of a three-capsule train and the dispatch intervals are 120s. The
capsule running speed is 7m/s. The total mass of the unit was 2,000kg.

The rotary positive blower of 1360 m*/h was used.

One of the authors (K.Y.-M.) joined the project to vertically hoist drilled mud from

underground below 15m at the construction site. The planned specifications were:
(a) Transport volume is 7,500kg/h.
(b) The length of pipeline‘is 30m and the inside diameter is 1000mm.
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(c) The dispatch intervals are 190s.
(d) The air flow rate is 280m>/min, the pressure is 710mmAq and the power is 55kW.

While the introduction of large-scale pneumatic system has not increased as expected
during the past twenty years, freight transport by pneumatic capsule pipeline is still forecast as a
key technology in future transport system. Various feasibility studies and investigations have
been performed for urban garbage transport in a district.

HYDRAULIC CAPSULE PIPELINES

Since the hydraulic capsule pipeline has larger driving force compared with the pneumatic
capsule pipeline, it can take advantage of the buoyancy; therefore, it is more suited to long
distance and large-scale transport of heavy material as well as transport in steep gradient lines.
Japanese companies started the research and development of hydraulic capsule pipeline from the-
mid 1970's as well. Sumitomo Metal Industries constructed a large-scale loop pilot plant for the
hydraulic capsule pipeline of which total length was about 1,300m and the pipe diameter was
302mm. Hitachi Zosen Co. constructed two experimental facilities: (1) a straight horizontal
pipeline 46m in length and with an inside diameter of 95mm, and (2) a large-scale loop pilot
plant of which length and diameter were 200m and 304.7mm, including 45° inclined lines.
Yokogawa et al. [33] obtained many useful results by using these apparatus, obtaining new data
on correlation of capsule velocity, pressure loss, scale-up method, design data and safe operation
methods (See Figure 10). The experimental work is near completion and a trial design has been
implemented for the practical system [34]. However, no commercial pipeline exists in Japan yet.
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MISCELLANEOUS

In 1989, a project was initiated to construct a micro gravity experimental facility of about
10™g level by using an abandoned mineshaft. The diameter and depth of the shaft are 4.8m and
820m, respectively. The drop shaft uses the lower 730m, in which the free fall section is 500m
for about 10s duration and the rest is used for a braking section. The size of capsule that contains
experimental apparatus is 1.8m in diameter and 8m in length. To obtain high quality of micro
gravity operation, it was necessary to minimize the fluid drag on the capsule in the test section,
and at the same time, the capsule had to be smoothly stopped in the braking section. For the
latter purpose, the capsule was introduced into a pipe 200m in length with an inside diameter of
1.895m to take advantage of air braking effect. The mass of the capsule was about 5,000kg and
the velocity at the pipe inlet was about 100m/s. The huge kinetic and potential energies of the
capsule were absorbed by the compressibility of air in the pipe. For this project related
technology was used and many research projects were performed, which produced useful results
[35,36].

In relation to hoisting manganese nodules from a deep sea, one of the authors (K.Y.- M.)
is investigating a gas lift capsule transport [37]. Yanaida established that voidage is a governing
parameter in the correlation of drag coefficient [1].

A tube transport system using a linear motor has been investigated as a possible transport
system in future. In 1993, NKK Co. constructed a test loop line 56m in total length, which
included a 5.2m vertical, a 45° inclined and a branch section. The tube sizes are 300 and
500mm. The current maximum speed of the capsule is 10m/s in the horizontal section when the
carrying capacity was 10kg [38]. The system consists of a linear tube and a linear capsule. The
conception for application is as follows:

(a) In small size tubes between 200 and 350mm, transport of small commodities like medical
charts and documents in buildings.

(b) In middle size tubes between 400 and 700mm, supply of parts from automatic warehouse
to works through an underground corridor and delivery of goods from stores to
residential houses.

(¢) In large size tubes between 750 and 1200mm, high speed and mass transport like freight
between cities and urban garbage through underground pipeline.
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In an ice heat storage system, spherical capsules filled with water are frozen to store
energy and hydraulically transported through a pipeline to a destination [39]. The spherical ice
capsules are a transport medium of heat storage system. Capsule size is from about 1pm to 3 cm.
The requirement is high-density transport of energy and reduction of transport power. At present,
various approaches are considered for the effective transport.

CONCLUSIONS

While it seems that the basic research on the capsule pipeline is mostly established, such
unstable and unsteady problems as the capsule rotation and stoppage and water flow in hydraulic
capsule pipelines are hydrodynamically interesting topics to be investigated. Although the spread
of capsule pipeline is slow, people seem to be recognizing the merits of the system. Therefore,
now is now an important time for us to strongly appeal to the world concerning the advantages of
this technology with constant effort.
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NOMENCLATURE

English

A, = cross-sectional area of the capsule;

Cp = drag coefficient of capsule;

Car = drag coefficient of capsule referred to the clearance velocity;
D = inner diameter of pipe;

d = outer diameter of capsule;

F = fluid force to drive the capsule;

Fr= Froude number defined by v,/ @ ;

f = sliding friction factor of the capsule against the pipe wall;

k = diameter ratio (d/D);

I = length of capsule;

Ap = pressure drop due to the capsule;

Re = Reynolds number defined by vped/v;

Re.n = Reynolds number defined by v,D/2(1 + k);

s = density ratio of capsule to fluid;

vmf = mean fluid velocity relative to the capsule in the annular region;
v, = fluid velocity relative to the capsule;

Greek

v = kinematic viscosity of fluid;

A, = fricition factor in the clearance flow;

p = fluid density;

€. = pressure loss coefficient due to capsule.
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Pneumatic Capsule Pipelines in Japan and Future Developments

Sanai Kosugi, Dr. Eng., General Manager (Pipeline Engineering)
Pipeline & Thermal Plant Engineering Department
Sumitomo Metal Industries, Ltd., Japan

ABSTRACT

This paper presents a review of development in the pneumatic capsule pipeline (PCP)
system and its potential future applications. Two commercial PCP systems have been installed in
Japan. One is to transport 2 million tons of limestone annually from the mine to the cement
works (3.2 km). It has been operated since 1983 without serious trouble and environmental
pollution with its availability being as high as 94 - 98 %. The other was commissioned for
tunneling of the Japan's bullet train from 1991 to 1994. It transported hourly 100 cubic meters of
excavated earth from the excavating machine in the tunnel to the disposal area (3 - 6 km) and
ready mixed concrete in return. This application is an epoch-making tunneling project with its
cleanliness and safety. One of recent potential applications in Japan is for highway construction
in the thickly populated area where highway is of ditch configuration in order to avoid noise and
dust. The construction requires transportation of huge volume of excavated earth. The project is
to be launched in 1999. Sumitomo Metal Industries, Ltd. (SMI) is also studying the application
of the PCP system to municipal solid wastes, parcels, etc. It is anticipated that the 21st century
will see widespread uses of the PCP system by virtue of its effectiveness without environmental
impacts.

INTRODUCTION

The PCP system has a long history from the point of feasibility study and engineering-
design since its invention in the 19th century, however its use for commercial operations is very
limited. Recent industrial concern and trend such as environmental issues, political deregulations
have enhanced the attention of the PCP system due to its environmental friendliness and its
effectively diversified applications. This paper firstly traces SMI’s experiences and operation
scheme, as well as SMI’s recent potential application, then explains the future development of
application with political deregulation in Japan.

EXPERIENCE OF OPERATION

Up to now two commercial PCP systems have been installed in Japan. One is to transport
limestone from the mine to the cement works and the other is to transport excavated earth from
the excavating machine to the disposal area and ready mixed concrete in return.

1. Limestone Transportation
The first and largest capsule transport system in the western industrialized countries was

installed at the Karasawa Mine of Sumitomo Cement Co., Ltd. in Kuzuu-City, Tochigi
Prefecture. It commenced commercial operation in April, 1983.
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1.1. Background of Introduction

The limestone had been originally transported by railway from the mine to the cement
plant. Year by year, however, problems caused by the railway transportation became
increasingly serious, such as noise, earth vibration, traffic congestion at road crossing and traffic
accidents. Furthermore, the railway transportation capacity was limited, and it was difficult to
cope with the increasing amount of production. As the railway transportation's future was
considered limited because of noise/vibration, traffic problems, limited capacity and no
foreseeable labor productivity improvement, through several studies the belt conveyor system
and the pneumatic capsules transport system were raised as possible alternatives. The latter was
chosen based on the following comparisons :

(1) Right of way: The belt conveyor system was not able to use the railway route because it
required a straight line and, therefore, a new right of way had to be obtained. In addition, a
curved belt conveyor system had difficulties in road or railway crossings.

(2) Cost: The belt conveyor construction cost was slightly higher than the capsule cost.

(3) Noise/vibration problem: Belt conveyor's noise and vibration is controlled by using pipe
girder, low noise rubber and firm foundations. The capsule pipeline noise is affected by
characteristics of rubber tire, laying condition, ground condition, capsule velocity, etc. It was
reduced about 20 dB by burying the pipeline. Capsule pipeline vibration was controlled by
using thick rubber tire and pipe connection gap control.

(4) Safety: The pipeline, which is the major part of capsule transport system, is maintenance
free. Both the loading station and the unloading station are fully automatic operation. The
capsule pipeline system is extremely safe, much safer than the belt conveyor system which
requires line maintenance and roller replacement.

1.2. Outline

The system is designed to transport limestone at the rate of 2 million tons per year
between the mine and the cement plant for a distance of 3,200 meters. Since commencing
operation the system has been in continuous use at average 6,000 hours per year. Table 1 and
Figure 1 provide the operating parameters and the outline of the system which functions as
follows [1]:

The three-capsule trains, operating at an average speed of 9 m/s are slowed down in the
braking zone located between the first air outlet and the second outlet (braking valve) with back-
pressure created by subsequent capsule train(s) previously decelerated. By the control of the
braking valve, the velocity of each capsule train in the braking zone is controlled to stay within
prescribed limits. In this way capsule trains are decelerated so that succeeding trains can be
connected with controlled impact velocity. Once the trains operate in a continuous stream, they
are loaded or unloaded with limestone with the capsule motion controlled by a chain conveyor.
Once the trains exit the loading or unloading station, the connecting link between trains is
released and each train is sequentially inserted in the launching device by a suction blower and,
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once the launching tube is shifted to the return line, the main blower pressure is used to
accelerate the train out of launch tube.

The capsule, as shown in Figure 2, has two five-wheel assemblies at each end of the
capsule body. Three capsules are connected together to make up one capsule train. Each wheel
assembly has five equally spaced wheels mounted on a bearing at the central axis of the capsule.
As the center of gravity of the capsule body is below the point of rotation, the capsule body will
remain stable preventing cargo spillage. Rubber tires are used to minimize noise and soil
vibration along the pipeline route.

1.3. Performance

This system has been operated for 16 years without any serious trouble. The required
energy is about 2.5 kWH per unit metric ton. Its availability was between 94% and 98% and it
was operated 16 hours everyday in shifts of 8 hours each by 8 persons. Since November of 1991,
it has been operating 24 hours every day in shifts of 8 hours each by 8 persons totally. Although
its availability was reduced to 90 — 94% initially, it recovered its availability to 94 — 98%.

2. Earth Handling for Tunneling
2.1. Background of Introduction

Excavated earth in tunneling construction is conventionally carried out by shuttle truck
transportation. Air ducts to remove exhausted gas of trucks out of tunnel occupy large portion of
the tunnel section. The shuttle truck transportation in narrow tunnel space always has
considerable risks, such as traffic accidents and personnel injuries.

In the case of belt conveyor application in earth transportation, there are other problems
such as maintenance work along belt conveyor, cleaning of spilt material off the conveyor belt
and accidents of entrapping person in conveyor belt. In the case of railway application, increase
of traffic accidents and operational person error is reported due to the elongation of transporting
distance. Conventional railway transportation cannot ever meet excavating speed in this case and
there is the possibility of increasing accidents due to the difficulty in braking in approximate 3%
steep gradient of the tunnel. In construction conditions in mountainous area, it is not so easy to
obtain enough passby space for shuttle trucks. It is also difficult to install belt conveyor facilities
in curve sections along the mountainous road. In addition, environmental restrictions on dust,
noise and vibration have become more stringent than ever. To overcome the difficulties of the
conventional transportation method, the PCP system was spotlighted to solve the problems in
tunneling construction in mountainous area, and Japan Railway Construction Public Corporation
determined to adopt the PCP system in the Hokuriku Shinkansen Akima Tunnel Construction.
Akima Tunnel is a mountain tunnel with large section of almost 90 square meters in cross-
sectional area. They use the Extruded Concrete Lining (ECL) Method as a tunneling method and
use the PCP system for earth and concrete transportation as subsystem to the ECL Method [3].
Ready-mixed concrete is transported from the tunnel head to the ECL machine and excavated
earth from the tunnel face to the dumping zone 3 km away from the tunnel head.
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2.2. Outline

The outline of the PCP System is shown in Figure 3 and Table 2. This system transports
100 cubic meter of excavated earth and 40 cubic meter of ready-mixed concrete every hour at the
launching interval of 150 seconds [2]. The following shows the six components:

1) Capsule vehicle (Figure 4)

2) Station Inside Tunnel (SIT; Figure 3)

3) Station at Tunnel Head (STH; Figure 3)

4) Station at Dumping Zone (SDZ: Figure 3)

5) Pipeline inside Tunnel: Pipeline between SIT and STH is extended in accordance with the
progress of ECL machine. The tunnel slope is 3%.

6) Pipeline outside Tunnel: Pipeline between STH and SDZ is installed underground, on the
ground or on trestle.

Three capsule vehicles form one train and carry ready-mixed concrete from the concrete
plant to ECL machine and excavated earth from ECL machine to the dumping zone. Excavated
earth or ready-mixed concrete is loaded from the top of capsule and dumped out by opening the
bottom lid. Reinforced concrete boxes of 1.5-2.0 m long (inner height and width are 0.9m each)
are used for the most of the pipeline. This system has a unique moving station SIT:

After decreasing its speed by the dead end effect, train stops at the stopper installed in the
pipe after the preceding train. When the next train arrives, the stopper is released and the
preceding train moves out of the pipeline and onto the capsule transfer conveyor. Then the
capsule transfer conveyor moves to the loading and unloading unit carrying its newly loaded
train. This train moves to discharging unit where ready-mixed concrete is dumped into a concrete
mixer. Ready-mixed concrete is unloaded by opening the bottom lid of capsule. When finished
unloading ready-mixed concrete, train moves to loading unit where capsules are loaded with
measured volume of excavated earth. Then it moves to capsule transfer conveyor, launching unit
into the pipeline. The travelling distance of capsule transfer conveyor is extended in accordance
with progress of excavation. But the extended distance is put back to the original by adding pipe
pieces between the end of pipeline and launching & braking unit. The adjustment work of the
distance is carried out once a day by shutting down the operation of the system.

2.3. Performance

This system applied in the tunnel construction for the first time is unique in the aspects of
moving station (SIT) and different materials transported (earth and ready mixed concrete).
Tunnel construction was finished in August, 1994 after excavating 3,800 m. The progress of
construction went without serious trouble though collapsible rocks sometimes disturbed the
progress of tunneling machine. Use of the PCP System resulted in a higher level of safety and
cleanliness in construction than could be obtained from other construction methods such as truck
and railway transportation. The PCP System is expected to see more use in tunnel construction as
the utilization of underground space becomes more realistic. To establish the economical
application of the PCP system, it is necessary to reuse the system in different construction
projects, or to design pipeline as a part of foundation of tunnel structure for other utility lines.
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RECENT POTENTIAL APPLICATION
1. Earth Handling for Highway Construction
1.1. Background of Application

Japan Highway Public Corporation (JHPC) has been planning several highways around
Tokyo in order to relieve the traffic congestion. Such highways are required to be installed
underground or in big ditch to reduce environmental impact such as noise and dust to the
surrounding thickly populated area. Such kind of highway configuration produces a huge volume
of excavated earth to be transported and at the same time, this transportation shall be carried out
with a minimum environmental impact. This requirement suggests application of the PCPs
instead of trucks.

1.2. Outline

Figure 5 shows highway connecting junction K (JCT-K) and interchange T (IC-T)
through interchanges S and C (IC-S, IC-C). Excavated earth shall be gathered to JCT-K and
disposed at the disposed area. Construction of this highway starts from JCT-K and spreads to IC-
T. Earth from Spread 1 is disposed directly through JCT-K. Earth from Spread 2 is gathered to
the loading station 1 (LS1) located at the center of Spread 2 and that from Spread 3 and 4 is
gathered to the loading station 2 (LS2) at Spread 3. The PCP project’s Phase 1 in the former 3
years used unloading system (US) near JCT-K, loading station LS2 and pipeline. Loading station
LS2 and pipeline are constructed by the end of the third year. Earth from Spread 2, 3 and 4 is
transported from LS1 and LS2 in the latter 3 years (Phase 2). The pipeline diameter is 0.7 m
which is rather large comparing total freight volume of 4 million tons in 6 years in order to cope
with high peak volume of 130,000 ton/month.

1.3. Performance

JHPC requested a consulting company conduct an econo-technical feasibility study in
1998. This study concluded that existing road capacity does not allow usage of trucks and the
PCP system is more technically feasible and much more economical than the belt conveyor
system. JHPC will proceed with this project using the PCPs, which is to be launched at the end
of this year.

FUTURE DEVELOPMENTS
1. New Target — Municipal Solid Waste Transportation

Several studies have been carried out on application of the PCPs for materials other than
ore or rocks. Henry Liu [4], Capsule Pipeline Research Center, has determined the preliminary

economic feasibility of using the PCPs to transport mail and other products along the East Coast
corridor stretching from Washington D.C. to New York City. His study found out that PCPs can
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transport mail and other cargoes at about half of the cost by trucks. On the other hand, SMI has
studied the economic feasibility of using the PCPs to transport municipal solid wastes for a large
city area and for a newly developed small areas [5].

1.1. Background of introduction

The cost of collection and transportation of municipal solid wastes has been rapidly
increasing because of the increase in the amount of wastes and traffic congestion. Current needs
of municipal solid wastes management require drastic measures. However, to change whole
systems of waste collection-transportation in large cities brings about large problems and
troubles in budgets and labor issues. A newly developed urban district in Japan was chosen as a
target area for this study. This represents the first step toward gradual application of a new
pipeline system, and a large city area was chosen for the second step.

1.2. Qutline

Municipal solid wastes are processed through two stages, collection and transportation.
The PCP system is to be used for transportation of wastes as shown in Figure 7. The bulk
specific gravity of solid wastes is so low (0.15-0.25) that it is not efficient to transport wastes
under this bulky state. Solid wastes are, therefore, compressed up to a bulk specific gravity of 0.5
and fed into capsules. The capsule vehicles are simplified in their structure by packing solid
wastes into cylindrical capsules in advance. Outside views of capsule and capsule vehicle are
shown in Figure 8. The capsule train consists of several capsule vehicles and its load is
exchanged between capsules filled with solid wastes and empty ones at the stations.

1.3. Performance

The PCPs can actualize the cleanliness of solid waste transportation. From an economical
point of view, its feasibility will be suggested by the result that the transportation cost for a small
area application, which is 300 T/day in volume and 6 km in distance, is about 30 dollars per ton.
However, for a large city area application of 4,000 T/day in volume and 25 km in distance,
transportation cost is much less--about 10 dollars per ton.

2. Technology

Technological improvement will enlarge the application area of the PCPs by decreasing its
cost. The following developments are underway:

2.1. Top-Dumping Unloading

Bottom dumping requires bottom lids of capsule vehicle as shown in Figure 2. On the
other hand, capsule body for top-dumping can be cylindrical shape as shown in Figure 6.
Comparison between Figure 2 and 6 suggests that capsule capacity for top dumping system
becomes larger than that for bottom dumping system. Its difference is about 30% in our design
and this means the pipeline diameter and the cost can be reduced by 15% and 30%, respectively.
Furthermore, the configuration of capsule vehicle is simpler in top dumping system, which
reduces maintenance as well as fabrication cost for capsule vehicles. We have developed the top
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dumping unloading system through performance experiment and the system is to be applied in
the before-mentioned highway earth transport project.

2.2. Linear Motor Control/Drive

The capacity of the PCPs increases linearly to the inverse of its launching interval as well
as the conveying speed of capsule vehicles in stations. This conveying speed is limited by the
stability of mechanical drive control. The use of linear motor control can be regarded to increase
this convey speed. Capsule Pipeline Research Center (CPRC) and SMI have been developing
this new system. This increase in capacity of PCPs means decrease in their pipeline diameter and
therefore in its capital cost.

In addition to this cost reduction, the use of linear motor drive can contribute to stable
operation in re-start after the power failure. Power failure can cause several trains of capsule
vehicles to gather at the bottom of valley shaped pipeline profile. Blower has to move these
trains at the bottom in the current system, and this operation causes transient and unstable motion
of trains. Trains can be moved one by one if the linear motor drive is installed along the valley
slope.

3. Political Deregulation in Japan
3.1. Land-Ownership

The highest hurdle in applying the PCPs in Japan lies in the difficulty to acquire right-of-
way due to legally protected land-ownership. It is, therefore, very difficult to acquire right-of-
way on private land. On the other hand, laying pipeline/tunnel under the road is not allowed
unless designated for gas, electricity, telecommunication, sewage, and railway. The effort to
acquire approval to pass under roads is very hard because of a complex government regulatory
system. For example, the governing body in charge of transporting wastes is different from that
for road maintenance. Recent tendency toward government deregulation in Japan is a good sign
for the future of PCPs.

3.2. Multi-Department Task Force

Activities of governmental bodies in Japan are highly sophisticated, and they are
separated from each other. For example, the municipal solid waste processing is governed by the
Ministry of Health and Welfare, maintenance of national road is managed by the Ministry of
Construction, and that of local roads by the local government; all environmental issues are
controlled by the Ministry of Environment and so on. It is desirable this situation will be
improved and multi-Department task forces will be established in the near future.

3.3. Utilization of Underground Tube Networks
Several underground tube networks for electricity, telecommunication and sewage have

been established independently in the metropolitan areas of Japan. It will be profitable if they can
be allowed to install the PCPs.
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CONCLUSIONS

In the 20th century the PCP system proved to be a highly effective method with least

environmental impacts by many companies and institutes. We are sure that SMI has made high
contribution in this respect and paved the way for wide utilization of the PCP system through its
operational performance of the two commercial installations. The 21st century will see its
widespread uses by strengthened efforts to find out new opportunities while keeping abreast with
technological developments and political deregulation movements.

REFERENCES

1.

Kosugi, S., “A Capsule Pipeline System for Limestone Transportation” Proceedings of the
7th International Symposium on Freight Pipelines, 1992.

Kosugi, S., Uchida, M. and Kameda, M., “Pneumatic Capsule Pipeline System for Tunnel
Construction” 8th International Freight Pipeline Society Symposium Proceedings, 1995.

Komori, H. and Tomoda, T., “Mechanizes Construction Method for Long Mountain Tunnel”,
Proceedings of Options for Tunneling 1993, pp. 605-614

Liu, H. “Preliminary Cost Analysis of a Pneumatic Capsule Pipeline System for Transporting
Mail and Other Products Between Washington D.C. and New York City”, CPRC Report No.
97-3, August 15, 1997, 36 pages.

Kosugi, S. and Mutsuta, A. “A Feasibility Study on a Collection-Transportation System of
Municipal Solid Wastes by Pipelines in a Newly Developed Urban District”, Proceedings of
6th International Symposium on Freight Pipelines, 1989

68



Table 1 Specification of Limestone Capsule Pipeline

Items Description

Material Transported Limestone
Travel Distance 3,200 m
Annual Volume of Freight 2,000,000 ton
Annual Working Hour 6,000 H
Pipeline Diameter 0.998 m
Capsule / Live Load 1.6 ton

Number of wheels 5x2

Launching Interval of Trains 50 sec (3-capsule train)
Auvailability 94 - 98 %

Table 2 Specification of Excavated Earth & Concrete Transportation

Items Description
Material Transported Excavated Earth / Ready Mixed Concrete
Travel Distance Max 10km /Max 7km
Capacity 100m’/H / 40m’/H
Pipeline 0.9mx0.9m Rectangular Concrete

Table 3 Specification of Excavated Earth Capsule Pipeline for Highway Construction

Items Description
Material Transported Excavated Earth
Freight Volume 4 million ton / 6years
Pipeline Diameter 0.7m
Capsule / Live Load 0.6 ton
Number of wheels 4x2
Launching Interval of Trains 45 sec (6-capsule train)
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Electromagnetic Pipeline Transport Systems
for the Phosphate Industry

D. Bruce Montgomery, Stephen Fairfax, & Dexter Beals, Magplane Technology, Inc;
Bradford Smith, Massachusetts Institute of Technology; and
John Whitley, IMC-Agrico Company

ABSTRACT

This paper presents a description and cost model results for a new bulk material pipeline
transport system. A demonstration which uses a linear synchronous motor to move vehicles is
under construction at the IMC-Agrico Company in Lakeland, FL. The demonstration utilizes 276
m (700 feet) of 610 mm (24 inch) diameter cylindrical cast “waste water” fiberglass tube, and
contains a 79 m (200 foot) long accelerator/decelerator section, a switch, and load and unload
stations. The test vehicle traverses back and forth, obtaining a peak speed of 17.9 m/s (40 MPH.)
The 2.39 m (6 foot) wheelbase vehicle uses six-wheel assemblies at each end of a rotating
hopper, and has a payload capacity of 273 kg (600 pounds). The vehicle carries an array of
neodymium-iron boron permanent magnets which interact with the linear motor mounted on the
outside of the tube to provide propulsion, and with external coils to provide an electromagnetic
switch function. A preliminary economic model has been built to estimate total system cost and
to investigate the trade-off between variables such as annual capacity goals, pipe diameter,
vehicle speed, headway and number of coupled cars.

INTRODUCTION

Pneumatic capsule pipelines have a long history, and there are several large scale systems
in current use. Conventional pneumatic systems use external blowers to move the column of air
together with the capsules in the pipe. Full-diameter valves are used to control the injection,
removal and subsequent return of capsules. Various practical limits tend to constrain the
throughput of these systems and limit their cost effectiveness. This paper shows that the use of
electromagnetics can lessen these constraints.

The original research impetus toward capsule pipelines was driven by a mandate from the
Florida phosphate industry to find a cost-effective way to reduce the environmental impact of
conventional transportation for their very large quantities of material. These industry leaders
projected up to 27 million tonnes (30 million tons) per year of finished product will flow from
the Port of Tampa. Trucks carry the bulk of current production, and place a burden on the
region’s already stretched feeder and highway infrastructure. A 48 km (30 mile) pipeline from
the mining region to the port is a potential solution, but must be cost effective enough to compete
with conventional transportation. Preliminary economic studies carried out during phase 1 were
judged by the phosphate industry to be sufficiently promising to proceed with the demonstration
project.

This capsule pipeline study has also generated expressions of interest from a large mining
company interested in transport of ore from deep mines to their surface mills, and from a large
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cement company interested in a viable alternative for their more difficult long-length conveyor
belt applications.

PROTOTYPE SYSTEM DESCRIPTION

A cross section through the pipe containing a typical vehicle is shown in Figure 1, and
the vehicle is shown separately in Figure 2. The linear synchronous motor “stator” winding is
mounted on the outside of the tube leaving the inside of the tube free of obstructions. The
permanent magnet assembly mounted on the vehicle consists of four poles, alternately north and
south. A linear synchronous motor concept was chosen over a linear induction motor concept
because it retains reasonable efficiency at large operating gaps. The gap between the magnet face
and the effective centerline of the winding is 32 mm (1.25 inches).

and Capsule Mid-Section.

Pipe:

Because the winding is on the exterior of the tube, the tube must be made from a non-
conducting material. A cast fiberglass “waste water” pipe product is used for the straight
sections, and is supplied in 7.9 m (20 ft) lengths with a 15 mm (0.6 inch) wall. The curved
sections are also fiberglass, but are built on an interior removable mandrel. The sections are
Jjoined by standard sealed couplings. The pipe can be run at ground level, in elevated sections, or
underground.

Vehicle:

The vehicle consists of a cylindrical open-top hopper 508 mm (20 in) in diameter by
1,219 mm (48 in) long, attached to wheel carriers at each end through pivot bearings. This allows
the hopper and the wheel assemblies to rotate independently around the pipe line central axis.
The wheel carriers each have six wheels spaced at equal 60-degree angles. The wheels are 150
mm (6 in) diameter polyurethane coated standard industrial units with sealed ball-bearings. The
overall length of the vehicle is 2.36 m (6 feet.) The magnet assembly occupies a 90 degree by
1,219 mm (4 foot) long sector at the bottom of the vehicle, and is hung from the central shaft at
each end of the hopper section through bearing mounts, to allow rotation independent of both the
hopper and the wheel assemblies. This feature is used in switching and unloading.
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The fully loaded capsule weighs 545 kg (1,200 pounds), of which 273 kg (600 pounds) is
payload. The ratio of payload to overall weight is lower than one might have postulated from
conventional capsule systems. This is largely a consequence of the need to carry an on-board
magnet system, which weighs 91 kg (200 pounds.) Additional tare weight reductions may be
possible as the project moves beyond the prototype stage.

Magnet Assembly:

The magnet assembly consists of an array of individual blocks 5 cm x 5 cm x 1.9 cm
deep (2” x 2” x 3/4”), magnetized parallel to the 1.9 cm dimension. They are located on a curved
back-iron plate 610 mm by 1220 mm long by 12.7 mm thick (2 feet by 4 feet by 0.5 inches thick)
which is hung from the central shaft at each end of the hopper section. The 80 individual magnet
blocks are arranged in sets of 28 to form four poles, two north and two south. The poles have a
“pole pitch” of 305 mm (12 inches), and a repeat pitch of 610 mm (24 inches.) The magnet
blocks are magnetized prior to mounting on the back iron.

Linear Synchronous Motor Winding:

The linear motor windings are wound in 7.09 m (18-foot-long) modules and attached to
the outside of individual 7.9 m (20-foot-long) pipe sections. Each module is wound from three
continuous lengths of #6 copper cable, insulated for 600-volt outdoor service. Each length forms
one phase of the three-phase winding, and is wound back and forth 14 times using special
tooling. A single phase of the winding (artificially foreshortened) is illustrated in Figure 3. A
laminated iron 12.5 mm thick backing is included outside the winding to double the effective
permanent magnet field at the winding, reducing the power requirement by a factor of four.

Figure 3: Single Phase of the 3-Phase Linear Synchronous Winding Module
(Not Shown Full Length)

Power Conversion and Control:

A standard 100 HP commercial four-quadrant motor drive is used to drive the
synchronous motor modules. The drives are outfitted with proprietary control systems to enable
them to automatically synchronize the LSM, and to interface with the global control system. An
output frequency of 30 hz is synchronous with 17.9 m/s (40MPH.) Ten modules in series are
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required to accelerate a fully loaded vehicle to 17.9 m/s. In cruise sections of the pipe,
periodically spaced motor modules are used to re-accelerate the capsules which have been
slowed by wheel bearing and air friction. The impact of periodic windings on system operation
and economics is discussed in later sections.

In most rotary and linear synchronous motor applications a feed-back loop is required
between the position of the “rotor” and the phase of the stator magnetic traveling wave. In the
pipeline capsule “freight” application, however, where the load is insensitive to the jerk which
accompanies position hunting, the motor can be operated open-loop without difficulty as long as
the phase angle is not advanced beyond a limit. This eliminates the need to continuously sense
position of the vehicle. Instead, position and velocity are checked only at the entrance to each
motor section as the car passes over a simple magnetic sensor.

A global control system is required to keep the capsules properly spaced. Each time a
vehicle passes over a boost winding, the global controller adjusts the speed appropriately. A
phase difference is maintained between the capsules assuring that all do not simultaneously pass
over boost windings, thus smoothing out the power peaks. Information fed-back from the local
drives can also modify the global system; for example, capsules that do not respond in an
anticipated manner, and may require maintenance can be flagged.

Load and Unload Stations:

A load station consists of an accumulation hopper feeding a metering device, which in
turn dumps on command through a chute into the at-rest hopper section.

The unload station needs to rotate the hopper 180 degrees, and have a clear path for the
load to gravity dump. This requires that the magnet assembly be rotated out of the way, and that
there be no vehicle support directly below the hopper. A preferred approach is to rotate the
magnet assembly 180 degrees before entering the unload station using the same technique used
in the switch, and to then use passive iron elements on the top of the tube to provide sufficient
upward attractive force to carry the full weight of the loaded vehicle. The lower 180 degrees of
the pipe can then be removed without loss of support. The magnet rotation is also used to rotate
the load hopper.

Experimental dumps of phosphate rock with varying levels of moisture indicate that a
minimum of 1.5 seconds is required to dump the load. To provide a time allowance for
positioning the capsule and releasing it, we have set 2 seconds as the minimum time interval
allowed for each capsule to spend within the unload station.

Capsules can be operated singly or in coupled sets. Coupling two capsules, for example,
increases the launch interval by two, reducing the number of required parallel load and unload
stations, but increases the complexity of those stations.

Switch:

Throughput of a given dimension pipeline can be increased as the time interval between
capsules (or an articulated set of capsules) is decreased. If the time interval between capsules
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becomes shorter than the minimum time required in an unload station, parallel unload stations
must be added with switches to accommodate the increased throughput.

An external winding interacts with the magnet assembly on the capsule to provide the
switch function. A “street Y” switch section in the pipeline is provided. Prior to entering the
switch, the rotatable magnet assembly on the vehicle is swung to the horizontal position by an
external winding on the pipe, and then held in that orientation by passive iron elements in the
wall of the tube. The elements carry through the curved section of switch until the vehicle has
safely re-entered the pipeline, at which point the magnet assembly rotates back to the bottom. In
the default mode, the capsule travels directly through the straight branch, with any necessary
lateral support provided by passive iron elements in that wall.

Demonstration Project:

A demonstration project is under construction to test the feasibility of the system concept
and the various components. Two hundred seventy six meters (700 feet) of 610 mm (24 inch)
diameter pipeline are being constructed. A vehicle is loaded and accelerated to 17.9 m/s (40
MPH), coasts to a stop in climbing a 24 m (60 foot) elevation hill; re-accelerates to 17.9 m/s (40
MPH) in descending the hill, is decelerated to zero, unloaded, and recycled through the process.
The switch is located between the accelerator and the hill.

Preliminary systems integration tests were completed in March, 1999. Two motor
modules were used to cycle a vehicle between the ends of an 80-ft pipeline section at a vehicle
speed of 2.7 m/s (6 MPH.) A separate wheel test ran fully loaded wheels at 17.9 m/s (40 MPH)
for 300 hours without noticeable wear.

The field installation began in July, 1999, and site integration tests will begin in
September. The present phase of testing is scheduled to be complete in February, 2000.
Photographs of several components are shown in Figure 4.

MOTOR COVERAGE

In a freight transport pipeline there is no need for the capsules to maintain a constant
velocity, and therefore no need to cover the entire length of the line with motor windings. Rather
the capsules can coast between periodically spaced motor modules which boost the speed lost to
wheel friction and moving air in the pipe. As noted in the economic studies, the fraction of the
pipeline occupied by motor windings has a significant impact on the overall system capital cost.

The fraction of motor coverage required is a function of the allowed loss of speed
between motors, the capability of the motors, the pipeline and capsule characteristics and the
velocity and spacing between capsules. For the prototype 610 mm (24 inch) pipeline and 545 kg
(1200 pound) loaded capsule, the minimum percent coverage required on flat ground is 5% if
vehicles are traveling at 1 second intervals and are permitted to lose 10% of their 17.9 m/s (40
MPH) speed before re-acceleration. Since two 7.9 m (20-ft) motor modules are sufficient to re-
establish the velocity of a passing capsule, 5% coverage represents a pair of modules every 281
m (712 feet.)
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Figure 4c: Rotating Hopper Figure 4d: Demonstration site

The individual capsule speed loss resulting from moving air in the pipeline, depends on
how much air is being moved by each capsule, which in turn depends on the time interval
between capsules. If the interval in the above example is lengthened from 1 to 3 seconds, each
capsule must move 3 times as much air, and will have higher losses. A motor coverage of 8% is
required in this case, requiring two motor modules every 175 m (443 feet.) At 3-second intervals,
the losses due to moving air are comparable to the wheel friction losses, assuming a coefficient

of friction of 0.01 for the wheels.

While limiting motor coverage to small percentages of the total pipeline has a beneficial
economic effect, it presents a potential problem of system restart after a loss of power. In the
above examples (assuming level ground) the 1 second spaced capsules would coast to a stop in
158 seconds, traveling a distance of 1,700 m (4,320 feet); at 3 second intervals (with larger
losses per capsule) they would coast for 130 seconds, traveling a distance of 1,270 m (3,224
feet.) With these very small percent coverage of windings, the chance that any significant
number of capsules would coast to a stop over a motor segment is very low, and therefore some
other strategy for restart is required. The relatively long coast times, however, do allow normal
recovery from the most common power failures which are only a few seconds in duration. The
capsules would simply coast to a somewhat lower velocity before being automatically re-
accelerated when the power was restored.
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The restart strategy chosen would depend on an assessment of the expected frequency of
long duration power outages. If it were once a year, a slow recovery could be tolerated; for
example, motorized “recovery” capsules could clear the pipeline. If the expectation were for
much more frequent outages, a more pro-active system would be required. By way of example, a
bypass pipe containing an accelerator could be provided every 1,300 m (3,300 feet.) In the event
of a long duration power failure, coasting capsules would be switched into the bypass and held
until they could be re-accelerated and re-enter the main pipeline. Addition of a 79 m (200 feet)
long accelerator every 1,700 m (4,400 feet), would add a 5% motor coverage penalty to the
capital cost. The coupling of vehicles through the air column in the pipe would be used to
advantage during the re-start.

The above discussion is based on a hypothetical level-ground installation. In cases where
significant altitude changes must be accommodated, motor coverage must be further increased.

LINEAR SYNCHRONOUS MOTOR PERFORMANCE

The calculated performance of a pair of boost modules sufficient to restore a 10 % drop
in velocity is given below, and is based on the prototype design. A commercial 100 HP
conventional synchronous motor drive unit is sufficient to power a module. The performance of
the two motors vary, reflecting the speed-dependent characteristics. The efficiency increases
with speed, but the increased back EMF developed by the vehicle motion cuts into the maximum
voltage limit on the drive, decreasing the current and thrust available.

Table 1. 1st Boost Motor and Drive at 60 Degree Phase Angle

Velocity in (m/s) 15.9 | Efficiency (%) 55
Velocity out (m/s) 17 Power factor(%) 44
Time (s) 0.26 | traction power (kW) 37
Acceleration (m/s"2) 4.5 input power (kW) 69
Thrust (N) 2,242 | input power (HP) 93

Table 2. 2nd Boost Motor and Drive at 60 Degree Phase Angle

Velocity in (m/s) 17 Efficiency (%) 58
Velocity out (m/s) 18 Power factor(%) 44
Time (s) 0.24 | traction power (kW) 37
Acceleration (m/s"2) 4.2 input power (kW) 65
Thrust (N) 2,090 | input power (HP) 88

When capsules are first introduced into the pipeline they need to be accelerated to their
cruise velocity of 17.9 m/s. This requires ten modules in series. At lower speeds, for example,
the initial stages of the accelerator section, the speed dependent trends illustrated by the two
boost windings are more apparent. At the low speed end, the maximum thrust is limited by the
available drive current and by heating in the windings.

The thrust that can be provided by the modules at a given speed is related to the cosine of
the phase angle between the winding drive and the magnet poles on the capsule; it is maximum
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when the angle is 90 degrees. If feedback control between the vehicle position and the drive
phase is employed, angles approaching 90 degrees can be utilized. If the angle is reduced to 60
degrees, the system will operate stably without feedback control. The thrust at 60 degrees drops
to 87 % of the maximum available, but is a reasonable tradeoff against the complexity of a feedback
loop requiring continuous and accurate position sensing, and the need for on-board transducers.

ECONOMIC STUDIES

Economic studies have been made using a preliminary costing model. The model takes
engineering and unit cost inputs and projects capital and operating costs for any prospective
system. Major capital cost components include pipeline, vehicles, magnet assemblies, windings
and load/unload stations. The elements of operating cost include power, material costs for
maintenance (taken as a fixed percentage of capital cost) and labor costs for operating and
maintaining the system.

The case studies show that pipeline diameters ranging from 457 to 559 mm (18 to 24
inches) and vehicle speeds of 9 to 18 m/s (20 to 40 MPH) are generally optimum for systems
operating in the 4.8 to 48 km (3 to 30 mile), 1 to 10 Million tons/year (Mt/y) range. Slower
speeds are more optimum at short distances where the load/unload station costs are a substantial
fraction of the total cost. In nearly all cases, pipeline costs are the largest single component of
capital cost, whereas the second-most expensive component depends on the distance and
tonnage. The model minimizes total system cost, which is defined here as the sum of the
annualized capital cost plus the operating cost. Calculation of the annualized capital cost requires
a choice of a minimum attractive rate of return and a time over which the return will be realized.
In our studies we have fixed these at 20% and 20 years as illustrative.

Figure 5 presents the total system cost projected by the model for a 30-mile, 10 Mt/y
system as a function of the pipeline diameter, at vehicle velocities of 20, 30, 40 and 60 mph. The
figure shows that a minimum cost occurs in the vicinity of pipeline diameters of 18 to 26 inches,

Annualized Capital Cost (20%, 20 years) + Operating Cost
30 mi, 10 Mty System

0.100

0.010

° 5 10 15 20 2 0 35 40
Pipe diameter (in)

Figure 5: Projected total system cost as function of pipe diameter and
capsule velocity for a 30 mi., 10 Mt/yr. installation
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depending on velocity. Since pipeline costs are a strong function of the pipeline diameter, smaller
diameters are desirable; to keep the throughput constant the smaller pipelines require higher speeds.
All the constant velocity curves show a minimum point. Pipeline diameters below the minimum
require such frequent launches of vehicles that the increasing number and cost of the required
parallel load and unload stations and number of vehicles begins to increase the total cost. The system
that minimizes total cost operates at 17.9 m/s (40 MPH), with a 559 mm (22-inch) pipeline. At
higher speed, for example the 60 MPH curve shown, the increasing power penalty for moving air
starts to add significant cost.

The 59 mm (22 inch,) 17.9 m/s (40 MPH) minimum cost case would require a total of
8652 vehicles (half outbound and half returning) and seven parallel load/unload-station branches
at each end of the line to handle the 10 Mt/y throughput. The capsules are assumed to be coupled
in sets of three. The cost elements at this minimum cost point are summarized in the table below.

Shorter haul distance case studies show higher total system costs per ton-mile, for
example, rising to 0.10$/t-mile for a 10 Mt/y capacity at an 8 km (5 mile distance.) Shorter haul
distances are increasingly dominated by the cost of the load and unload facilities, and minimum
costs are achieved by minimizing those facilities, generally by increasing pipeline diameters and
reducing speed. Lower capacity systems also have higher costs per ton-mile; for example, costs
for a 5 Mt/y system at a distance of 48 km (30 miles) are 0.10$/t-mile.

Table 3.0: Capital and Operating Cost for 17.9 m/s, 559 mm Pipe Case

Capital Cost $M %
“pipeline 18.8 30.7
vehicles 15.6 25.5
magnet assemblies 7.8 12,7
motor windings 7.7 12.6
load/unload stations 5.5 9.0
power units outbound 3.3 54
POWET units returning 1.6 2.6
central control 0.5 0.8
block control units 04 0.7
total 61.2 100.0
Capital recovery ($/t-mile) 0.042
Operating cost $M/y %
Power 33 49.3
Maintenance 1.8 271.7
Labor 1.5 23.0
total 6.7 100.0
Operating cost $/ton-mile 0.022
Total System Cost ($/t-mile) 0.064
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The economic model uses illustrative unit costs and scaling relationships to establish the
sensitivity to variables and to determine what elements are likely to dominate the costs. The
estimates for some of the elements, for example the pipeline itself and the power units, can be
reasonably estimated from existing databases. Other elements such as the cost of vehicles,
magnet assemblies and motor windings are much more speculative. For these elements,
experience in fabrication of the prototype reduced by a factor for volume productions has been
used. The reduction factor is only speculative as production engineering studies have not been
done.

All examples above assumed a six percent winding coverage of the pipeline. For the 10
Mt/y, 30 mile case, if the coverage were to be increased to 12 percent, the capital cost would
increase by 22 percent, increasing the total system cost by 14 percent, from $0.064/ton-mile to
$0.073/ton-mile.

CONCLUSIONS

Preliminary economic studies have provided sufficient incentive for sponsorship of the
demonstration project of a suitable scale to establish the feasibility of the technical approach. A
follow-up project will likely be necessary before a viable product can be commercially available.
Such a project might be to replace truck traffic between nearby processing plants and would
serve to fully develop the technology, and establish the economics.
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ABSTRACT

The freight carrying capacity (throughput) of conventional pneumatic capsule pipelines
(PCPs) can be greatly increased by using non-intrusive pumps such as electromagnetic pumps
based on the principle of linear induction motor (LIM). LIMs can also be used for capsule
acceleration at pipeline inlets, capsule deceleration or braking at pipeline outlets, and control at
pipeline branching points. The purpose of this study is to optimize the design of LIMs used in
PCP so that an efficient PCP system driven by LIMs can be built and used commercially. The
study involves four phases: (1) deriving the fluid mechanics and electromagnetic equations that
can be used to predict the behavior of LIM-PCPs, (2) using the derived equations to optimize the
design of LIM-PCPs, (3) conducting small-scale laboratory experiments to check the validity and
accuracy of the derived equations, (4) conducting a pilot plant study involving testing a large
LIM in a large and long pipeline loop. This paper is a progress report of what has been
accomplished so far, and a discussion of what remains to be done. From the preliminary analyses
made, it is shown that using LIMs to improve PCP operation appears to be rather promising.

INTRODUCTION

Pneumatic capsule pipelines (PCPs), often referred to commercially and by the lay public
as "tube transport,” is the shipment of cargoes (solids) inside vessels or vehicles driven by air
flow pumped or blown through a pipe or a pipeline network. Past and current use of PCPs have
been mainly for post offices in major cities, drive-in banks, large hospitals, and large building
complexes [1]. They are small and short systems, normally using less than 30 cm diameter pipes
or tubes. However, in the last two decades, much larger and longer PCPs have been used in
Japan for transporting limestone to a cement plant and certain other applications [2], and in the
former Soviet Union for transporting rocks [3]. These newer systems use pipes of the order of 1 m
diameter, and transportation distances are longer than 1 km. They are automatically controlled
by computers.

Although the large new PCP systems have proven their reliability and practical values,
they have not found a large market so far due to several reasons, such as industry reluctance to
try new technology, and relatively high cost. The cost of transporting goods by a contemporary
PCP system is usually not less than that of other conventional means such as trucks or conveyor
belts. This is not attractive for new technologies. For a new technology to gain rapid
acceptance, it must have a distinct economic advantage over the existing commercial systems
that perform the same function. Therefore, to improve the commercial acceptability of large and
long PCP systems, the economics of the current PCP systems must be improved.
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The best way to improve the economics of current PCP systems is through a good
understanding of the current systems and their shortcomings. The current systems have a
common major shortcoming: it has very low linefill--less than 5%. This means less than 5% of
the length of the pipeline is occupied by capsules moving in the pipeline; over 95% of the line is
empty. Therefore, the most effective way to improve the economics of freight transport by PCPs
is to increase the linefill rate. For instance, by a four times increase in the linefill, the freight
carrying capacity (throughput) of the pipeline will be quadrupled, and the unit cost in terms of
$/T (dollars per tonne of freight transported over the distance traversed by a pipeline) will be
much reduced.

Contemporary PCP systems have low linefill rates for two reasons:

(1) They use blowers (fans) to drive the air which in turn drives the capsules. The
blowers block the motion of capsules--the cargo-carrying vehicles. Capsules must
be stopped before they reach any blower and then rerouted through another line in
order to bypass the blower. The rerouting impedes the capsule traffic in the pipe and
reduces the linefill.

(2) Loading and unloading of capsules are done in-line. The system comes to a halt or a
snail's pace while loading/unloading takes place. To create a new PCP system of
high linefill, loading and unloading cannot be done while the capsules are in-line.
Off-line loading/unloading is a necessity.

Therefore, to improve the economics of contemporary PCP systems requires two
measures: (1) The systems must use non-intrusive pumps that don't block the motion of the
capsules. This can be done by using electromagnetic pumps such as the linear induction motors
[4,5]. (2) An off-line loading/unloading system must be designed for use at each terminal. This
has been studied but it does not belong to the scope of this paper [6].

The purpose of this research is to design and demonstrate an efficient and optimum PCP
system based on LIMs. The research involves four steps or phases: (1) deriving the fluid
mechanics and electromagnetic equations that can be used to predict the behavior of LIM-driven
PCP systems; (2) using the derived equations to optimize the design of LIM-PCPs; (3)
conducting small-scale laboratory experiments to check the validity and accuracy of the derived
equations; and (4) conducting a pilot plant study involving testing a large LIM in a long pipeline
loop. It is anticipated that after the completion of the four steps, the technology of LIM-PCP will
be ready for commercial use to attain over 20% linefill on a continuous basis. Such a system
will greatly enhance the economic competitiveness and the market acceptance of large and long
PCPs.

LITERATURE ON PCP-LIMs

As early as 1976, Liu and Rathke proposed and investigated the use of electromagnetic
pumps for powering capsule pipelines [4]. They investigated two types of electromagnetic
capsule pumps--one using a LIM powered by alternating current, and the other using a set of
solenoids powered by direct current. They tested both concepts by using bench-scale models.
Both systems were found to work not only in a water-filled pipe (hydraulic capsule pipeline or
HCP) but also in an air-filled pipeline (PCP). Subsequently, they applied for and obtained a U.S.
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patent on a capsule pipeline system powered by electromagnetic pumps [7]. Later, a 4-inch (10
cm) diameter tubular linear induction motor (TLIM) connected to a pipe of the same diameter
was tested in laboratory by Assadollahbaik using water as the fluid [5, 8]. Assodollahbaik and
Liu also analyzed the efficiency of LIM for powering HCP [9]. They found that to get good
efficiency, the LIM-capsule pump must have small "air gap" and small "slip." Note that "air gap"
is the electrical engineer’s term for the clearance between the capsule wall (the "rotor") and the
LIM wall (the "stator"), whether the gap is actually occupied by air (for PCP) or water (for
HCP). “Slip” will be defined later.

DERIVATION OF EQUATIONS

Both fluid mechanics equations and electromagnetic equations are needed to predict the
behavior of PCP systems powered by LIMs. These two sets of equations must be solved
simultaneously before the behavior of a PCP, such as the capsule velocity, pump pressure, power
and efficiency, can be determined for any given case.

Fluid Mechanics Equations

The simplest fluid mechanics analysis of a PCP powered by LIMs assumes steady
incompressible flow in which capsules with equal spacings travel through the pipe at a constant
velocity. Figure 1 shows the general case where the diameter of the LIM, D', is slightly smaller
than the diameter of the pipe, D. The smaller diameter for the LIM is needed to generate smaller
air gap, larger thrust generated by the LIM, and better efficiency.

L 1 |
= = = P
5 L kL] i

Fig.1 Steady Flow of Capsules through a PCP Powered by a LIM

Assume that the lengths of the pipe and the LIM are respectively L and L'. In the pipe,
the air velocity is V, the capsule velocity is V., the linefill is a, the cross-sectional area is A, and
the number of capsules is n. The corresponding quantities in the LIM are V', V., o', A', and n".
Furthermore, assume that the capsule weight is W, capsule length is L., contact friction
coefficient of capsule wheels is W, and the electromagnetic force generated by the LIM on each
capsule is F..
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For steady incompressible flow we have:
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The values Cp and C'p can be calculated from the following equation proposed by Kosugi [10]:
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where kg is the diameter ratio of the end disk (kq = D¢/D), and k'q = D¢/D'.

Cp= (7

Electromagnetic Equations

According to Assadollahbaik [5], the electromagnetic force exerted by a tubular LIM (TLIM)
on a capsule is:

_ ¢2 wL. psKw2N2112

F. : ®)
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in which the slip, S, and the goodness factor, G, are defined by
S = u )
VS
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In the above three equations, ¢ is the number of phases, w and L. are respectively the
perimeter and length of the capsule, ps is the surface resistivity of the capsule, Vs is the
synchronous speed, Ky, is the winding factor, N is the number of turns per phase, I, is the input
current, L, is the stator length, V. is the capsule velocity, W, is the magnetic permeability of air, f.
is the frequency of the electricity, L, is the pole pitch, and b' is the effective air gap.

For a given LIM design and capsule design, and a given input current and frequency, Egs.
8, 9, and 10 show that the electromagnetic force (thrust) on the capsule, F., is a function of the
capsule velocity V.. F. is a maximum when V. =0, or S = 1, and it decreases to zero as V.
increases toward V. Details about how to determine the quantities in Egs. 8, 9, and 10 are given
in [5,9].

Using an approach similar to that described above, Plodpradista analyzed the
performance of TLIMs of two different sizes under various conditions--different air gap,
different aluminum wall thickness, different pole pitches, etc. [11]. One of the results obtained
for a 1 m diameter TLIM is shown in Fig. 2, which shows that the air gap has a strong influence
on both the thrust and the efficiency of TLIM. From Fig. 2, it is crucial to design commercial
LIM-PCP systems with small air gaps, of the order of 1 cm. Any air gap much smaller than 1 cm
will produce practical difficulties due to the small tolerance required in construction.
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(a) Efficiency Curves (b) Thrust Curves

Fig. 2 Characteristics of a TLIM with 1-meter diameter bore (3-phase, 480 VAC, 60 Hz, 4
poles, 2 slots per pole per phase, 0.72-meter stator length, Vs = 21.6 m/s)

Solution of Equations

To analyze a given problem, the fluid mechanics equations (Egs. 1-7) and the
electromagnetic equations (Egs. 8-10) must be solved together. This can be done as follows:

88



1. Design a particular LIM of large thrust and good efficiency for the system. Then, by using
the electromagnetic equations, plot the thrust, F, and the efficiency, E, as functions of the
capsule speed in the LIM, V'¢, as shown in Fig. 2.

2. From the graph in Fig. 2, find the capsule velocity V'; and the thrust F. that correspond to the
peak efficiency, or near the peak.

3. Then, substitute the values of V'; and F. into Eq. 6.

4. Select a desired capsule length L (such as L, = 4D), and a desired linefill
(such as oe=0.20). Then use Eq. 2 to determine the number of capsules in the pipe as
a function of pipe length, namely n = /L. Substitute the result into the first term
on the right of Eq. 6.

5. Use Eq. 7 to calculate Cp and C'p. Then substitute the value of C'p into Eq. 6.
6. For simplicity, assume f = 0.012, p = 1 kg/m’?, and p = 0.015.

7. Use Eq. 3 to determine V'.

8. Use Eq. 4 to determine V.

9. Use Eq. 5 to determine V..

10. Use Eq. 1 to determine o'.

11. Use Eq. 2 to determine n and n'.

12. Assume a pipe length L, use Eq. 6 to solve for the LIM length L".

Example: Consider a 1 m diameter TLIM that has 4 poles, using 3-phase, 60 Hz, 480 VAC and
a synchronous velocity of 21.6 m/s as shown in Fig. 2. Assume that the air gap is 1 cm, and the
capsule diameter is 0.98 m. From Fig. 2, at V'. = 19 m/s, the TLIM has an efficiency of 80%,
and a unit thrust of 23,000 N/m. For a capsule 4 m long, thrust on the capsule is F = 92,000 N.

Now that we have V'.= 19 m/s and F. = 92,000 N, Egs. 3-5 can be used to determine the
values of V', V, and V., Egs. 1 and 2 can be used to determine o' and n', and Eq. 6 can be used
to determine the length of the LIM, L', by using the following assumptions:

a=0.2,n =500, L =10 km = 10,000 m, A' =0.7854 m?, D = 1.04 m, A = 0.8495 m?,

p=1.0kg/m?, f=0.012, p=0.015,D. = 0.98, L. = 4 m, A, = 0.7543 m’,

W, =2,000kg =19,620 N, D4 =0.99 m, kq=9.99, Cp =373 and C'p = 9,703.

Note that the values of Cp and C'p are determined from Eq. 7.

The solution of Eq. 6 is:

V'=14.1m/s, V=13.03 m/s, V. =11.7 m/s, &' =0.123,n =500, n'= 1.57, and L' = 51 m.
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The foregoing example shows that with a TLIM as short as 51 m, there is only about 1.57
capsules in the TLIM at any given time. However, the thrust generated is sufficient to drive 500
capsules in the pipe over a distance of 10 km approximately. This shows the effectiveness of a
properly designed TLIM for pumping capsules in PCPs. The efficiency of 80% is also rather
good.

PRESSURE CHANGE

Under steady-state or quasi-steady-state operation, the pressure rise across the LIM due
to the capsule thrust on the air, Ap', is equal to the pressure drop in the pipe between LIMs,
Ap, namely

KW

, n L pV?

(11)
D 2
where the first term on the right of the equation is the pressure drop caused by contact friction
between the capsules and the pipe, and the second term is the pressure drop due to air resistance
caused by the pipe.

+f

Using Eq. 11, the foregoing example yields a pressure change of Ap = Ap' = 183 kPa
which is less than two atmospheres. Had the pressure been much higher, the assumption of
incompressible flow would have been grossly violated, and a more complicated approach using
compressible flow equations such as given by York [12] would be necessary.

OPTIMIZATION OF LIM

The foregoing description shows how the quantities Fe, V'¢, V¢, V', V, o/, n, n', L' and Ap
can be calculated for each case in a step by step manner. At a minimum, the number of capsules
in the LIM at any given time must be greater than one (namely, n' > 1), or else, the operation of
the LIM will be discontinuous. To increase the number of capsules in an LIM, one can either use
a less powerful but longer LIM, or increase the distance L between neighboring LIMs so that L'
will also be longer. The maximum distance L that can be used in a given case depends on
practical considerations such as the maximum pressure that can be allowed in a PCP. Many other
parameters, such as the efficiency of the LIM pump, must also be optimized in any future
application. Such optimization will be part of our future research.

LABORATORY TEST

The purpose of the laboratory test is to check the corrections and accuracy of the
predictions made from the derived equations. Once the laboratory test results compare favorably
with the predicted values, then the derived equations can be used with confidence for analyzing
and designing commercial PCP systems driven by LIMs.

The test system consists of a LIM of 190.5-mm inner diameter and a length of 1.44m,
connected to a straight pipe having the same inner diameter as that of the LIM, and having a total
length of 8 m, approximately. Most of the pipe is made of transparent Plexiglas so that the
motion of the capsule in the pipe can be seen from outside. At the end of the pipe is a PVC
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section with a sealed end to be used as a damper or trap to slow down and stop the capsule. The
system is illustrated in Fig. 3.

le—— 144m —ple—— 366m O 2.13m ——»
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\ / L T End Cap
Transparent Plexiglas Pipe Capsule Trap ——
(PVC Pipe)

Fig. 3 Laboratory apparatus for testing a PCP-TLIM

The LIM is of tubular type--TLIM. It consists of four identical segments, each having a
length of 360 mm which is approximately the same as the capsule length. Thus, the total length
of the TLIM is about four times the capsule length. The TLIM is powered by 60 Hz, 3-phase, 220
VAC. Inverters will be used so that the frequency of the input power can be changed to cover a
wide range of frequencies for the test. Current transducers will be used to record the current, and
power transducers will be used to record the power consumed. The TLIM has been built by
Force Engineering Limited in England, and is currently (September 1999) undergoing
preliminary test by the company. Then, it will be shipped to Missouri for testing in this special
PCP test system. A picture of the constructed LIMs is shown in Fig. 4.

Fig. 4 TLIMs constructed by Force Engineering to be used for laboratory tests
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The capsule is a cylindrical body with wheels mounted on both ends. The capsule body is
made of a thin-wall steel pipe of 3.2-mm wall thickness. Both ends of the cylinder are sealed by
a steel disk of a thickness of 6.4 mm and a diameter the same as that of the cylinder. They are
welded to the cylinder or capsule ends. The cylinder wall also contains an aluminum outer layer
where the electromagnetic eddy current and the thrust force are produced. To vary the air gap,
three capsules of different diameters will be tested: 178, 181,and 184 mm. The weight of the
capsules can be adjusted by filling sand into them. When empty, each capsule weighs about 10
kg; when filled with sand, it will weigh about 35 kg.

Special capsule sensors will be mounted both in the LIM and along the pipe to measure
the capsule acceleration in the LIM, and deceleration in the pipe.

PILOT PLANT TEST

Before the LIM-based PCP system can be used reliably in costly commercial projects, it
should be tested at a sufficiently large scale--a pilot plant. The pilot plant test will not only
demonstrate the technical feasibility of LIM-based PCP, it will also provide needed data that can
be used for the design of commercial systems, in order to insure the success of the first
commercial demonstration project. Furthermore, construction of the pilot plant will also provide
some cost data, such as the cost of large LIMs, and the cost of the capsules. Such cost data are
needed for accurate determination of the cost of commercial systems, and for analyzing the
economic feasibility of LIM-PCPs under various conditions.

Due to the large size of the LIMs and the pipelines used for the pilot plant test,
construction of the pilot plant is expected to be costly. The cost can be reduced if existing
pipeline system can be used. Two potential candidate facilities for the tests are under
consideration. The first is the Flow Loop facility owned by the Gas Research Institute (GRI) and
operated by the Battelle Company in Columbus, Ohio. This flow loop is made of a 600-mm steel
pipe 1.4 km long. The facility is currently used for testing pipeline pigs (scrapers) used for
inspecting pipe interior. With minor modifications, it can be used for testing PCP-LIMs. The
second candidate is a 914-mm pipe approximately 1 km long, owned by the Willbros Engineers,
Inc. in Tulsa, Oklahoma. The facility was used in the past for testing a commercial system of
PCP, but is not used currently and is in disrepair. It can be renovated for the pilot plant test.
Therefore, finding a test site for the pilot plant test is not difficult. What is more difficult is the
acquisition of the funds needed for constructing the pilot plant and running the tests, estimated to
exceed one million U.S. dollars.

With careful planning and adequate financing, the pilot plant test can be completed in
two years. Then, the first commercial LIM-PCP system can be undertaken.
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CONCLUSIONS
Based on the results obtained so far from analyses, tentative conclusions can be reached:

1. LIM is a practical means to provide the thrusts needed for powering or driving PCPs. The
analytical results did not reveal any difficult problem associated with PCP-LIMs; the results
look promising.

2. Efficient LIMs require small air gaps and a capsule speed slightly smaller than the
synchronous speed of the LIM so that the slip can be kept a minimum.

3. For each PCP, the LIMs should provide the required thrust at or near peak efficiency. This
involves optimum design of the LIMs.

4. By combining the fluid mechanics equations with the electromagnetic equations governing
LIMs, the performance of LIM-based PCPs can be predicted.

5. For PCP at high linefill rates (say, 20%), the capsule-to-pipe contact friction is much higher
than the fluid friction or resistance. In such a case, the thrust and power that must be
provided by a LIM are almost linearly proportional to the contact friction coefficient pu and
the capsule weight W.. Decreasing u and W will decrease the need for high thrust and large
power. Therefore, capsules should be designed with low friction coefficient u, and low
deadload.

6. Much remains to be studied before an optimum commercial LIM-PCP system can be built
and used reliably and efficiently. The required study involves an optimal design study, and
testing both laboratory and pilot-plant scale systems.
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Corridor Selection in Texas as Part of a
Freight Pipeline Feasibility Study

Stephen Roop, Director, and Christine Jerko, Economist,
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ABSTRACT

The purpose of this research is to describe the process that TTI is using to choose the
appropriate corridor for analysis within the larger freight pipeline feasibility study. Three types
of potential corridors are examined: intra-city, inter-city, and trans-Texas. The criteria for
selecting potential corridors are chosen in an attempt to make the freight pipeline system
economically viable. Economic viability means the defrayment of social costs, such as road
construction and maintenance, and the ability to attract potential customers. The defrayment of
social costs can be measured by the volume of trucks and miles traveled along different
corridors. Other criteria, such as factors which affect modal shift, can be measured as the number
of modal shift transfers per distance traveled. We find that the most probable corridors suited for
a freight pipeline would be a trans-Texas system to capture both domestic and NAFTA traffic.

INTRODUCTION

The Texas Transportation Institute (TTI) received a federal earmark in the recent
Transportation Efficiency Act for the 21% Century (TEA-21) legislation to research the feasibility
of developing a freight pipeline system in Texas. The purpose of this paper is to describe the
process TTI is using to choose the appropriate corridor for analysis within the larger freight
pipeline feasibility study. A brief overview of the study provides the motivation for establishing
the corridor selection criteria. Next, various types of corridors and examples of such corridors
are provided. Lastly, a hypothesis is presented as to the types of corridors which are best suited
for a freight pipeline. Data pertaining to existing and potential commodity flows (flows which
could, under the proper circumstances, be shifted to a freight pipeline) are used to support the
hypothesis.

TTT’s freight pipeline study, sponsored by the Federal Highway Administration (FHWA)
and the Texas Department of Transportation (TxDOT), stems from an appropriation in the TEA-
21. It is being investigated as a possible means of alleviating some of the problems associated
with growing traffic congestion on major highways and meeting the transportation capacity
needs of the next century. A properly engineered and implemented freight pipeline system could
alleviate some of the congestion attributed to truck traffic. Additionally, a freight pipeline could
potentially serve to offset some of the construction, maintenance, pollution, and congestion costs
associated with vehicular transportation.

Not only does Texas contend with intrastate truck traffic, the State also experiences more
than 5,233,803 vehicle miles of NAFTA truck travel per day (TXxDOT, 1996). The shift of
freight from trucks to pipelines may alleviate some traffic congestion, but, in the final analysis, a
system such as this will work only if the economics appeal to users. In fact, freight pipeline

95



viability has different connotations depending upon the perspective of the interested party. For
the purposes of this paper, the interested parties are described as anyone having a financial stake
in the development or operation of a freight pipeline system.

Viability from the State’s perspective could mean realizing a lowering of the cost of the
infrastructure required to move a ton-mile of freight in an added highway lane versus a freight
pipeline system. Or viability could include the lowered cost of maintenance of state roads
relative to the construction of a freight pipeline. Viability from the perspective of a private
investor could mean finding that the operating cost of a freight pipeline system per ton-mile is
less than that of truck transportation.

As a means to determine the economic viability of a freight pipeline system in Texas, TTI
is conducting a four and a half year study (1999-2004), consisting of three major research areas:
(1) Political issues, (2) Costs of differing technologies, and (3) Freight movement along
corridors. Political issues are considered to be all issues outside of technological and economical
issues which could affect the ultimate viability of a freight pipeline system during planning,
construction, or operation. Political issues are driven by various groups. These groups may
consist of competing transportation industries, political entities, environmental groups, land
owners, or others. A degree of support for a freight pipeline system is necessary from these
factions for the project to move forward smoothly. One particular political issue that will be
evaluated relative to both the state or federal government is that of the right of eminent domain.
Eminent domain may be necessary to facilitate right of passage through public and private lands.
Some have contended that without some form of eminent domain, a freight pipeline system will
be infeasible.

The next major research area is cost determination. Identification of available
technologies is the first step in this process. Next, the fixed or capital costs associated with
building the pipeline and the costs of operating the system (marginal costs) will be assessed.
Capital costs are those costs which are independent of actual freight movement. Major capital
costs are the pipe elements themselves, the guide way and propulsion systems, and the hardware
required for command and control. The marginal costs, on the other hand, are directly impacted
by the amount of freight moved since the greater the amount of freight moved, the greater the
energy requirements (and hence energy costs) to move the freight. All of the operational costs,
i.e. energy consumption, maintenance, management, technicians will be unitized by dollar per
ton-mile accounting for several pipeline scenarios.

Further research activities will catalog freight size and freight movement between origins
and destinations in Texas. The potential size of the system, along with terminal location
decisions will depend upon the freight that is moving along candidate corridors as well as
assessments as to the quantity that could potentially be shifted from trucks to pipelines. Lastly, a
linear programming transportation model will minimize the cost subject to volume, weight, and
quantity of freight moving within a given corridor.
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The fixed and marginal costs will be determined for the optimal technical scenario and
applied to three cases: (1) the case where the public sector is involved in the construction of the
infrastructure, (2) the case where the freight pipeline system is privately owned and operated,
and (3) the case where the public and private sectors join to construct and operate the system.
The optimization model will determine for each case whether the quantity of freight moved, with
assumptions about revenue, can offset the cost of construction and marginal costs of operation.

TTT’s research begins by identifying potential corridors for the study. It is not feasible
for all truck corridors to be studied, so criteria was developed to guide the selection of candidate
corridors. Corridor selection is based on criteria which aids the State in achieving its
transportation goals. TxDOT’s goals address the improvement of public welfare, the reduction
of congestion, and the improvement of safety on Texas’ highways. Ultimately, these goals
directly relate to the expenditure of tax dollars. To reduce congestion, the State is under pressure
to build more highway infrastructure. To improve safety, the Department invests in a wide array
of programs, design innovations, and roadside safety accoutrements. The criteria which supports
these goals will also be the criteria which focuses, ultimately, on the economic viability of an
alternative freight transportation system. By selecting an appropriate pipeline corridor,
comparisons can be made between a functioning pipeline system and the cost of maintaining or
building new highway infrastructure.

We define the primary criteria as current and future traffic levels. Related to this will be
an assessment of the potential to induce freight traffic from other modes, i.e. modal shift. The
corridors selected for study should have the real potential to slow the growth of highway
congestion brought about by increased truck traffic. By extension, these corridors should be able
to favorably impact air pollution production in Texas and allow for land use other than road
construction. Other considerations for corridor selection will include an assessment of the
potential to access other transportation modes and potential for expansion.

Choosing the correct corridors for initial study is a mandatory first step in finding viable
corridors for freight pipeline. As mentioned earlier, the amount of freight which can potentially
be shifted from highway to pipeline will help determine feasibility. The alternative corridor
classes TTI will consider include intra-city, inter-city, and trans-Texas corridors.

Intra-city corridors can be defined to include certain metropolitan areas subsuming one or
more major cities. Dallas-Fort Worth is an example of a Texas metroplex with the potential for
freight transportation via freight pipeline. Houston and any other large city could also be
considered as a candidate for assessment. Inter-city corridors, as contrasted to intra-city
corridors, would link markets in cities separated geographically. Dallas to Houston, Dallas to
San Antonio, Houston to San Antonio would all be examples of inter-city corridors with the
potential for freight traffic. Lastly, a trans-Texas corridor has terminal ends near or outside of
the border of the State. New Orleans to El Paso or Houston to El Paso would be examples of a
trans-Texas corridor.

Corridor selection, whether intra, inter, or trans-Texas will depend on assessing traffic
and market factors deemed critical to the economic success of an alternative mode of
transportation. It may be that an additional consideration, one pertaining to geo-political issues,
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will "tip the scales" toward selection of a corridor that maximizes the benefits to the citizens of
Texas. These benefits, which are economic in nature, address the ability of a freight pipeline
system to divert substantial volumes of truck traffic from Texas highways to something else. In
the best case scenario, the diversion would focus on "foreign" trucks (either domestic, non-Texas
based trucks, or Mexican and Canadian trucks) which use Texas roadways, but do not pay
proportionately for the construction or maintenance of the state's highway system.

For practicality’s sake, all three corridor types will not be studied extensively. However,
an initial review applying two criteria, congestion and the potential for modal shift, will aid in
revealing which corridors are most suitable for the freight pipeline study.

Intra-City

After an initial evaluation, the intra-city corridor type was first to be eliminated from the
pool of eligible corridors to be studied. Three principal factors were considered. First, drilling is
sometimes necessary to install pipelines in urban areas and the cost of drilling is substantially
higher than the cost of trenching. Secondly, potential patrons would be less likely to use the
system if the number of transfers (moving materials from one mode of transportation to another)
increases. This is especially true for such a short distance between origin and destination. Also,
intra-city freight movement would likely be more time sensitive than freight moving greater
distances. Lastly, the criteria of ‘access to alternative transportation modes’, although possible,
becomes discounted in importance when considering an intra-city system due to the excessive
costs of drilling.

Inter-City

The elimination of the intra-city corridor leaves the inter-city and the trans-Texas
alternatives. An inter-city corridor may be appropriate considering that 86% of the truck traffic
in Texas has a Texas destination (TxDOT). However, other considerations besides traffic levels
may influence potential freight pipeline customers. As mentioned earlier, one of the factors
which influences modal shift potential is cost. It may be the case that the terminal locations for
an inter city freight pipeline system would only be convenient for a select group of customers.
Also, freight pipeline transportation could conceivably be slower than truck transportation.
Consumer goods which travel shorter distances are typically time sensitive.

Trans-Texas

A trans-Texas corridor may be the most appropriate corridor since it could capture both
NAFTA traffic and some inter-city traffic. One measure of corridor appropriateness could be
truck movement through particular areas. Tables 1 and 2 show how truck traffic in selected
border towns has changed since the inception of NAFTA. The three cities with the most tuck
traffic in 1999 are represented in these tables; Laredo, Brownsville, and Pharr. As the data
shows, the highest number of trucks moving in and out of Mexico are going through Laredo.
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Over the past five years, 1995 through 1999, the overall percentage changes into and out of
Laredo are approximately 153% and 61%, respectively. Pharr has a much greater percentage
change in truck traffic going into and out of Mexico, approximately 2010% and 370%, but the
overall number of trucks are much lower than Laredo and the major growth occurred in 1997
with a tapering off of growth since that time. Brownsville has the third highest truck traffic.
This city has had an approximate growth in truck traffic of 53% over the last five years, but has
seen roughly even levels of traffic out of Mexico.

Truck counts are necessary when measuring traffic relative to a stationary point. Other
measures important to potential corridor selection are vehicle miles traveled (VMT) by corridor
and the amount or volume that is moved on each corridor. Table 3 provides vehicle miles
traveled on each major corridor for all truck traffic and provides the average volume of NAFTA
trucks. The locations of the different corridors are pictured in Figure 1 which shows the volume
of NAFTA truck traffic carried on major highways by depicting the level of volume with
bandwidth. IH-35 is the most heavily traversed with all types of trucks, NAFTA trucks, as well
as average volume of NAFTA trucks. The average daily volume of NAFTA trucks along the
589 mile IH-35 corridor was 2,809 trucks in 1996 and the average daily VMT for was 4,477,244
(Table 3). Given the percentage change increase in border truck counts in Tables 1 and 2, one
may assume that the 1999 average daily VMT and average daily volume of trucks, has increased
significantly over the 1996 levels on IH-35 and other corridors carrying NAFTA traffic, as well.
The next highest VMT by all trucks is on the IH-10 corridor with 4,167,542. IH-10 also has the
second highest daily NAFTA truck VMT, 903,511. IH-20, IH-30, IH-45, IH-40, and US-59 all
have total daily VMT of over 1,000,000.

Table 1. Number of January Truck Shipments into Mexico Through Selected Texas Cities
(1995-1999) and the Overall Percentage Change in Shipments for Those Years.

1995 1996 1997 1998 1999 Percentage
Change
Brownsville 14,580 16,286 17,680 23,060 22,381 53.5%
Laredo 3,664 37,962 48,194 91,388 92,872 153.3%
Pharr 715 3,411 6,810 13,317 15,092 2010%

*Source: Texas A&M International University
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Table 2. Number of January Truck Shipments out of Mexico into Selected Texas Cities
(1995-1999) and the Overall Percentage Change in Shipments for Those Years.

1995 1996 1997 1998 1999 Percentage
Change
Brownsville 9,751 8,695 9,757 8,430 9,450 -3.0%
Laredo 31,238 40,579 44,067 43,978 50,411 61.3%
Pharr =y 3,231 12,004 12,173 15,204 37.0%

*Source: Texas A&M International University

**Data not available for this year.

Table 3. Daily Truck VMT, NAFTA truck VMT, and Average Volume of NAFTA Trucks

by Corridor for 1996.*
Corridor All Trucks NAFTA Trucks | Roadway Length | NAFTA Trucks
Daily VMT Daily VMT (miles) Average Volume

IH-35 4,477,244 1,654,573 589 2,809

US-77 636,031 426,327 232 1,838

IH-37 439,753 215,511 129 1,671

US-281 339,015 247,687 164 1,510

IH-30 1,444,034 242,960 223 1,090

IH-10 4,167,542 903,511 875 1,033
US-75 576,102 78,414 86 912
IH-20 3,416,678 443,151 627 707
US-59 1,579,009 318,023 580 548
US-83 140,478 53,016 177 300
US-87/190 461,943 42,120 559 75
IH-40 1,041,379 7,072 181 39
TH-45 1,988,075 5,976 287 21
Other 10,964,419 595,462 20,156 30
Total 31,671,702 5,233,803 24,865 210

*Table reproduced from TxDOT’s Effect of NAFTA on the Texas Highway System, p.20.
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Figure 1. Volume of NAFTA TRUCK Traffic Carried on Major Highways

In "Effects of the North American Free Trade Agreement on the Texas Highway
System," the concluding remarks state that NAFTA-related truck travel represented 16.4 percent
of all truck travel in 1996. Also, thirteen highway corridors carried almost 90 percent of all
NAFTA trucks. IH-35 carried 31.6 percent of all NAFTA-related truck traffic. Also, of the total
truck traffic on US-281, 73 percent was due to NAFTA trucks.

While a freight pipeline system would not focus exclusively on NAFTA commerce,
NAFTA commerce has a particular role in corridor consideration. Since much of the NAFTA
traffic is moving to destinations outside of Texas, the marginal saving of using a freight pipeline
system may be relatively greater for these trips than for shorter, intra-state trips. These savings
occur because a transition cost is incurred when switching modes. On longer trips, the transition
cost may be made up for by the potentially lower cost of operation. Additionally, time may
actually be saved up with a pipeline that doesn’t suffer service interruptions due to inclement
weather or driver fatigue. Hence, the incentive to use a freight pipeline system would be greater
for the long-haul patrons. Based on these considerations, the level of NAFTA traffic seems an

important consideration.
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The measures of volume of trucks and truck miles are doubly important because they
translate into social costs. Table 4 shows the annual costs imposed on Texans by NAFTA truck
traffic. Since NAFTA truck traffic accounts for approximately 14 percent of all traffic, the
potential defrayment of annual costs due to truck traffic with the use of a freight pipeline system
could be closer to $950 million.

Table 4. Annual Costs Imposed on Texas by NAFTA Truck Traffic for 1996

Types of Impact Annual Cost
(millions)
Congestion $213.2
Accidents 158.7
Air Pollution 89.7
Noise 49.2
Total Annual Cost $510.8

*Table reproduced from TxDOT’s Effect of NAFTA on the Texas Highway System, p.20.

CONCLUSIONS

The data from the TxDOT report suggests that several corridors may be potential
candidates for study due to the high volume of truck traffic. However, when taking other criteria
into consideration, such as potential for modal shift, access to alternative modes of transportation
and expansion capabilities, a few corridors stand out: the Laredo to Dallas corridor and the
Houston to El Paso corridor (Figure 2), in particular. In examining the Laredo to Dallas corridor,
strategically placed freight pipeline terminals north of Dallas and at Laredo, would provide
convenient access to NAFTA commerce arriving from several northern states and Canada as
well as from Mexico. These terminal locations would access interstate traffic moving north and
east of Dallas, as well as being within close proximity to two rail lines north of Dallas.

The Houston to El Paso corridor has access to the Port of Houston and could also pick up
NAFTA commerce moving west from Austin. These corridors would also encompass the major
intercity traffic between Houston and Austin, Austin and Dallas, San Antonio and Austin, and
Houston to Dallas via Austin. However, preliminary evaluation suggests that the greatest modal
shift potential exists with traffic moving across Texas to Mexico because there would be
relatively fewer transportation shifts, hence transaction costs, per mile traveled.

102



Figure 2. Suggested Corridors in Texas for the Freight Pipeline Feasibility Study.
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Underground Freight Transport in Urban Areas

Future Transport Concepts for a Sustainable and Intermodal
Urban Freight Transport
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ABSTRACT

During the past few years a number of governmental organisations in the Netherlands,
together with the private sector and a few scientific research organisations, have focused
attention on the innovative power of underground transportation systems for transport of general
cargo. This new mode of transport is presented as an alternative to daily truck delivery. In 1997
the “Interdepartementale Projectorganisatie Ondergronds Transport” (IPOT) was formed to study
underground transport. IPOT is an interdepartmental organization consisting of representatives
from several ministries of the Dutch government, including the Ministry of Transport, Public
Works and Water Management. The IPOT task force started with an exploratory study of the
feasibility of underground freight transport (UFT). It is estimated in this study that about thirty
percent of the domestic freight transport — this represents 245 million tonne per year — is suited
for this new concept. Underground freight transport has some important social benefits, such as a
decrease in nuisance, energy consumption, and air pollution, as well as a more economic use of
space. Other benefits are fewer congestion problems, more reliable transport, and reduced
operating costs. On the other hand, a new infrastructure has to be built, which is expensive and
will take a long time to complete. The network that is needed will consist of about 4600
kilometres of tubes. The investments that are required will amount to between 25 and 50 billion
dollars (US). This paper describes in more detail the approach and the results of the study.

INTRODUCTION

Underground transport of gases and liquids has for many years been a common
occurrence in the world. This concerns not only the transportation of drinking water and sewage
(and in some countries also natural gas) to households but also the transportation in large
quantities of liquids and gases within and between chemical industrial complexes. The NATO
tube network for fuel (kerosene) in Europe must also be mentioned. Since 1985 the Dutch
national policy for pipeline transport has been covered by a Structure Plan for Tube Systems
(Dutch acronym: SBUI). Although transport of bulk goods by pipelines plays an important role
next to road, rail and waterborne transport, no attention is paid to it in the current national policy
regarding freight transport, particularly in the modal shift-policy of the national government.

During the past few years a number of governmental organisations, with the private sector
and a few scientific research organisations, have focused attention on the innovative power of
underground systems for transportation of general cargo. This new mode of transport presents an
alternative to daily truck delivery. It has some interesting social benefits, such as less nuisance,
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lower energy consumption and resulting air pollution, and a more economic use of space. Other
benefits are fewer congestion problems, more reliable transport and reduced costs. On the other
hand, a new infrastructure has to be built that will be expensive and that will take a long time to
complete. The social relevance, and the technical and economic aspects are described in several
studies (Haccoll et al., 1996; Brouwer et al., 1997; CTT, 1997). These studies have drawn the
attention of a number of politicians, including members of parliament. The Underground
Logistic System Schiphol project in particular received a lot of public attention (see the
contribution of Pielage). This attention can be explained by the following three important factors:

1. the existing national policies in the field of freight transport have failed to solve the
current accessibility and environmental problems related to freight transport by
provoking a modal shift

2. the need to achieve a sustainable economic growth, considering the expectation that
freight transport in the Netherlands is likely to double over the next 25 years

3. the promising potential (social and economic) qualities of underground freight transport

It is for this reason that the national government wanted to know:

e what the role of the government can and should be in the development of traditional and
new underground freight transport systems

e what the social and economic potential qualities of new concepts are
what the role of these concepts will be in the future transport system and how they can be
implemented

In order to find answers for these questions Interdepartementale Projectorganisatie
Ondergronds Transport (IPOT), a government task force for the study of underground transport
was formed, consisting of representatives from the following ministries:

e Transport, Public Works and Water Management

Economic Affairs
¢ Housing, Spatial Planning and the Environment.

The IPOT task force started with an exploratory study of the feasibility of underground
freight transport. The first phase of the study took place from September 1997 until March 1998.
The progress report, published in April 1998 describes the results of this exploratory study.
Phase two started at the end of 1998 and will continue until the end of 1999; this phase
concentrates on feasibility studies of local applications of underground freight transport systems,
for instance in the Airport Schiphol area, and in the city of Leiden (see the contribution of
Visser).

THE OBJECTIVES OF THE EXPLORATORY STUDY

To identify the role of the government, the exploratory study focused on the contribution of
new underground freight transport systems (UFT) to government objectives. Therefore the
following potential qualities of UFT were to be made clear:

e the increase in efficiency, effectiveness and reliability of freight transport

e the reduction of the burden on the environment, the improvement of traffic (and

transport) safety, and efficient use of space

® strengthening of the economic structure
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There is little experience as yet with underground transportation of general cargo. It is
therefore important to know all relevant aspects of this kind of transportation and to gain insight
into the possible effects of its introduction. The following principal question was formulated for
the exploratory study:

Is underground freight transport a desirable and viable mode of transport for the 21st
century?

The research was carried out by scientists from the research organizations TRAIL
Research School, NEA, TNO and Buck Consultants under the auspices of the IPOT task force.
The members of the research group had already been involved in earlier studies in the field of
underground freight transport. The exploratory study is mainly based on the results of these
studies (Haccoil et al., 1996; Brouwer et al., 1997).

Background Studies

In 1994 the Dutch Governmental Program for Sustainable Technology Development
(DTO) organized several round table discussions with experts and actors concerned on
sustainable technologies for transport in the future (Grontmij, 1994). In these meetings
underground freight transport was mentioned as one of the interesting and potentially sustainable
technologies for freight transport. Within the framework of this research programme, a definition
study (Haccofl et al., 1996) was carried out to determine in more detail the feasibility of under-
ground transport and to define the field of application. This study demonstrated that underground
freight transport within urban areas was potentially an interesting, but also a sustainable and
competitive, application. The underground transportation system should make use of small
diameter tunnels (at maximum approximately 2.4 metres), which means that the introduction of
such a system needs radical changes in the way freight is distributed today. But, on the other
hand, this concept fits within the current logistical trends of just in time service with smaller and
more frequent delivery. The study also concluded that, in the field of urban freight transport, no
alternative sustainable transport modes are available in the way that rail and waterborne are
available for long distance transport.

The next step within the framework of DTO was to design a logistic concept for
underground freight transport within urban areas and to define an implementation strategy. The
work was carried out in 1996 and 1997 in a project called an ‘Illustration process for tube
transportation of freight within urban areas’ (Brouwer et al., 1997). This new logistic concept
was based on automated transport of commodities through networks of small tubes between
shopping areas, residential areas, industrial estates as well as between regions. Automated freight
transport through tubes deals with palletised or containerised consumer goods which are
transported automatically through a network of underground tunnels or tubes. The load units are
relatively small: approximately 1 cubic metre. This concept should provide a solution for the rise
of economic and social costs due to traffic growth and the resulting congestion and
environmental problems in the long term. The concept can also be placed in a broader
perspective. Future transport concepts should provide a solution for the increasing demand for
reliable, high frequency, fast transport of consumer goods in relatively small units (that means
loads of about one cubic metre or dividable into units of this size), to, from and within urban
areas in a sustainable way. The expectations at the moment are that road transport can only
handle this demand by generating more freight traffic. This will result in higher economic and
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environmental costs. Future transport concepts should provide the infrastructure for a more
network based logistic approach. The network approach should lead to better transport
performances (more reliable, more frequent and with lower transport costs), a more efficient use
of the transport system due to consolidation and should also support the use of other transport
modes, such as rail and inland navigation. In the Dutch situation this means that a national
backbone network will connect regional networks. The regional networks do not necessarily
have to be based on the same transport technology as the backbone network. Underground
freight transport is only one of the technological solutions.

APPROACH AND RESULTS

The exploratory study contains a global design of relevant inter-modal or uni-modal
concepts of underground freight transport, a goods flow analysis, a technical analysis and a cost-
benefit analysis. The outline of the research is shown in Figure 1. The research started in
September 1997 and finished at the end of January 1998. The results of the goods flow analysis,
the specification of the concepts and the evaluation are presented in this paper.

Goods flow
analysis

- 1995, 2010, 2020
- potential volumes

Concepts Market analysis Specification Impacts/ Evaluation
- spatial - supply spatial concepts feasibility - conclusions
- logistic - trends - expected traffic _ |- financial, .| - recommenda-
- critical factors 7| flows ”|  economic tions
- technical systems - environment - follow-up
- spatial concept - safety

Technical analysis
— - type tubes

- transport systems
- control systems

Figure 1. Outline of the Research Projects

Concepts for Underground Transport Systems

Two fundamental aspects of network design need to be analysed: the scale of the network
and the inter-connectivity of the network (uni- or multimodality of the network). The scale of the
network, the first aspect, can be local, regional or national. For the situation in the Netherlands,
the following network concepts relative to scale are defined:

e an ‘Urban’ network: a system that is implemented in only one city or urban area

e 2 ‘Randstad’ network: a backbone network between and a regional network within four

large urban areas in the western part of the Netherlands.

e aso-called ‘Randstad-plus’ network: a ‘Randstad’ network that also connects important

industrial areas.

e a ‘National-optimised’ network: a national backbone network that connects the 14 most

important urban origin and destination areas in domestic transport of consumer goods, in
combination with regional networks within those urban areas.
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These concepts are based on regional underground networks within the urban areas, and a
backbone network that connects the regional networks. Four possible options for interregional
transport are considered: road transport, automated freight transport lanes (Combi-road concept),
short distance rail transport concept, and automated underground freight transport.

Collection Transport Distributior
network network network
| UFT II r—--l Short distance rail l—- UFT
origin O O—-{ UFT I—-O . D destination
city
'—_Ilroad [ —"[ road J— logistics
—-{ combiroad |—-

Figure 2. Uni- or Multi-modal Underground Transport Concepts

Goods Flow Analysis

The goods flow analysis was carried out by NEA/DHV (1998). The analysis is based on
the long-term prognosis on the demand for freight transport within, to and from the Netherlands
for the year 2020. The determination of the potential volumes was done by estimating the
percentage of the goods, which answer to certain criteria. These requirements are based on
mainly physical characteristics of goods:

e Type of goods. It concermns general cargo only. Bulk goods, like ore, chemical or
petrochemical products, but also livestock are excluded. Consumer goods are the main focus.

e Restrictions in size. The goods must fit within a tunnel or tube with a diameter of about 2
metres. This means a volume of about one cubic metre or less.

e Safety restrictions. Dangerous goods, which need to be transported under certain safety
conditions, are excluded.

e Place in the logistic chain. It concerns transport in the middle or at the end of the logistic
chain.

Table 1. Transport Volumes per Transport Flow in the Year 2020

(in million tonnes per year) 1992 1995 2010 2020
Domestic freight 550.3 576.8 796.9 1,005.8
<50 kilometres 333.5 3374 455.6 558.8
>50 kilometres 216.8 239.4 341.3 446.9
International 703.9 706.6 1,032.5 1,337.0
import/export 368.5 405.7 602.6 806.3
transit 335.4 300.9 429.9 530.7
Total 1,254.2 1,283.4 1,829.4 2,342.8
Source: NEA/DHYV, 1998
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Other conditions, such as geographical condition (the origin and destination of transport
flows needs to be connected to the new freight transport concept) and commercial conditions (the
cost-performance ratio of a new freight transport concept should match with the market
conditions of the goods) are not considered.

Two types of goods are selected: consumer goods and general cargo which can both be
transported in standard load units, like pallets or mini-containers. In case of the ‘Urban’ network
and the ‘Randstad’ network the new freight transport concept only delivers transport services
between distribution centre and shops (that means at the end of the logistic chain). This means
only consumer goods. In the situation of the National-optimised network the transport services
are also delivered between production locations and distribution centres (this means in the
middle of the logistic chain). Because the network-alternatives are different in that respect, both
options have to be worked out. By using the Delphi-method among experts the percentages of
the potential volume of goods are estimated for both options. The standard (NSTR-)
classification of goods is used. With this information it is possible to estimate the potential
transport volumes for each concept alternative of the new freight transport concept. The
following table shows the estimated transport volumes. For each scenario tonne-kilometres are
also estimated.

Table 2. Estimation of Potential Transport Volumes for New Freight Transport Concept

Potential transport volume in 2020 Share in modal split

Scenario (in million tonnes per year) (in percentages)
‘Urban’ network — consumer goods
- Amsterdam 44 14.4 %
- Utrecht 3.2 119 %
- Den Haag 1.9 14.3 %
- Rotterdam 5.9 15.0 %

Total 15.3 14.0 %
‘Randstad’ network — consumer goods
- consumer goods 70.2 141 %
- standard load units 212.1 26.6 %
‘National-optimised’ network — standard load units
- standard load units 245.9 30.6%
Source: NEA/DHY, 1998
Specification

The next step in the research process contained the specification of the concept
alternatives. In each scenario the characteristics of the network are specified in terms of the
number of terminals, infrastructure length and vehicles; the performance of the concept is
determined. The results from the goods flow analysis are used as inputs for the specification.
With the information from a technical analysis the capacity of the transport system is estimated.
Transportation takes place by using load units with dimensions 120 cm (1) x 125 cm (w) x 125
cm (h). The transportation system for the regional network is based on an underground
transportation system for freight. Automated guided vehicles carry out transport with the
capacity of one load unit per vehicle with an average speed of about 20 kilometres per hour. The
network is ring-shaped, with a tunnel or tube with a diameter of 2.0 to 2.4 meters.
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The transportation system for the backbone network has been worked out in four
alternative concepts: road transport, Combi-road, rail transport, and underground freight
transport. Road transport contains articulated trucks with a capacity of about 20 load units per
vehicle. The average speed is 45 kilometres per hour. Combi-road is a new concept of automated
transport, developed for medium distance transport of ISO-containers. The loading capacity is
also about 20 load units per vehicle. Combi-road uses a separate road-infrastructure. The average
travel speed is 50 kilometres per hour. The rail transport concept is based on future rail concepts.
Existing rail transport specialises in bulk transport and long distance container-transport, and
therefore does not have the right requirements for this kind of transport. Based on information of
NS Cargo (the Dutch Freight Railway Company) the characteristics of the new rail transport
concept are formulated. A train contains 192 load units. The average travel speed is 60
kilometres per hour. Underground freight transport contains the same transportation system as on
the regional network. The difference is that the vehicles will be linked up in combinations of
about four vehicles. The average speed is increased to 40 kilometres per hour.

Table 3. Main Characteristics of the Transportation System

Urban Backbone
Combi- rail

UFT road road transport UFT
Load weight (in tonnes/ vehicle) 0.3 5.6 5.6 53.8 1.2
Max. lane capacity (in 1500 1000 1000 40 1500
vehicles/hour)
Max. transport volumes (in million 2.1 15.7 15.7 9.1 6.9
tonnes per year)

Source: Visser et al., 1998

The number of terminals in each urban area is determined on geographic information
about the size and location of existing industrial zones and shopping areas in urban areas. By
using extrapolation, the number of terminals in the year 2020 is determined. The location of the
terminals is used to determine the average distance between terminals in the network. The
average distance between terminals is about 1.6 kilometre. This also includes remote terminals in
satellite living areas. The average distance within city centres is much less: about one kilometre.

Table 4. Number of Terminals Within Each Network Scenario

Network scenario ‘National-
‘Urban’ ‘Randstad’ ‘Randstad-plus’ optimised’
Amsterdam, Amsterdam,
Utrecht, Den Haag, | Utrecht, Den Haag, 14 regions in the
Urban areas Utrecht Rotterdam Rotterdam Netherlands
Regional transfer/
transhipment points 3 11 11 24
Local terminals 77 592 592 1,411
Source: Visser et al., 1998
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The ‘Urban’ network has been applied to the urban area of the city of Utrecht, while the
‘Randstad’ and ‘Randstad-plus’ has been applied to the four main urban areas of the Randstad
(Amsterdam, Utrecht, Den Haag and Rotterdam). The ‘Randstad-plus’ network also connects
main industrial areas within the Randstad. Due to a lack of data it was not possible to make this
operational in terms of number of extra terminals and network length. In the ‘National-
optimised’ network concept the Netherlands are subdivided in 14 regions. In the study,
subdivisions with four, six, and eight regions have also been worked out. The results are not
described in this paper.

Network Assignment

Before using the results of the goods flow analysis, supplementary criteria were applied
to meet the geographical restraints. In the ‘Urban’, the ‘Randstad’ and the ‘Randstad-plus’
network scenarios, the assumption is made that within the urban areas, stringent restriction
measures are taken such that one hundred percent of the potential volume will use the regional
UFT network. In the ‘National-optimised’ network, the percentage depends upon the manner in
which the regions of origin and destination of the goods flows are connected to the network. This
will be explained later on in this paper. The following table shows the assignment of the
transport volumes to the backbone network in the different scenarios.

Table 5. Assignment of the Transport Volumes to the Networks in Each Scenario

‘Randstad- ‘National-

Network Scenario ‘Urban’ ‘Randstad’ plus’ optimised’
Consumer Consumer Consumer Standard
Type of Goods Goods Goods Goods Load Units

Regional network 100 % 100 % 100 %  assignment
Backbone network
- intra-regional N/A. 0% 0 % 0%
- between regions in the Randstad N/A. 50 % 50%  assignment
- to and from the rest of the Netherlands N/A. 0% 10%  assignment
- international N/A. 0% 0 % 0 %

Source: Visser et al., 1998

In the ‘National-optimised’ network concept a special type of assignment has been
applied. The Netherlands was subdivided into fifty-four zones (traffic zones). Each zone is
dedicated to one of the fourteen regions. Each zone within the region is categorised as: local,
regional or hinterland, depending on the location of the zone within that region. The assumption
is that the distance to the backbone network determines the use of the network. Only the local
zones have a (sub-)regional underground freight transportation network. The other regions only
make use of the backbone network. For each type of zone, an estimation of the use of the
network has been carried out. The percentages are shown in the following table.
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Table 6. Assignment in the ‘National-Optimised’ Scenario

Sub-region Destination
Origin Local(90%) Regional (50%) Hinterland (10%)
Local (90%) 81% 45% e 9%
Regional (50%) 45% 25% 5%
Hinterland (10%) 9% 5% 1%
Shaded = will be assigned to the regional network :

Source: Visser et al., 1998

Only 45 percent of a transport flow with the origin in a regional sub-region and a
destination in a local sub-region will be assigned to the backbone network if the origin and
destination sub-regions do not belong to the same region. The network assignment also results in
the transport-volume on each link of the backbone network. This information is used to
determine the required capacity on each link. The following tables show the network-length and
performance of each scenario. The network-length is the total length of the network expressed in
single lane or tunnel kilometres.

Table 7. Specification of the Regional Network in Each Scenario

‘Randstad  ‘National-
Regional network ‘Urban’  ‘Randstad’ -plus’  optimised’
Network length (in km) 123 666 666 1,885
Vehicles 9,634 53,128 53,128 242,909
Transport volume (in million tonnes per year) 3.9 19.7 19.7 91.5
Transport volume (in million ton kilometers per 28 155 155 723
year)
Traffic (in million vehicles per year per link km) 196 1,054 1,054 4,904

Source: Visser et al., 1998

Table 8. Specification of the Backbone Network in the ‘National-Optimised’ Scenario

Backbone Network in ‘National-Optimised’ Network Road Combi-road Rail transport ~ UFT

Network length (in km) 2,144 2,144 2,349 2,712
Vehicles 4,360 3,936 393 24,644
Transport volume (in million tons per year) 58.8 58.8 58.8 58.8
Transport volume (in million ton kilometers per year) 5,943 5,943 5943 5,943
Traffic (in million vehicles per year per link km) 2,123 2,123 221 10,613
Source: Visser et al., 1998
Evaluation

The evaluation step contains the determination of the feasibility of the new freight
transport concept, as well as a cost-benefit analysis. One of the difficulties in this part of the
research was to construct a consistent reference scenario. Between 1998 and 2020 measures,
such as road pricing, will probably be implemented. The question was if these kind of policy
measures, and the costs of it, should be included in the reference scenario. Another question was
how to incorporate the congestion costs. The reference scenario is based on prognosis for the
year 2020 under the assumption that large investments in road infrastructure will be spent on
reducing congestion costs. Using the measures taken by the Ministry of Transport to reduce
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congestion (not shown here), another scenario for the year 2020 was constructed. Both scenarios
are used as references. The calculations for the evaluation were based on available information.
This means that the results can only give a rough impression of the quantities. Only very rough
information on costs and emission parameters of new transport systems is available. In addition,
only rough indicators are used. For instance, the reduction of the congestion cost is used as an
indicator for the reduction of the transport costs and the improvement of the quality of transport.
Other savings like logistic trade-offs are not considered. The evaluation has been carried out on a
limited number of scenarios. Only the concepts with underground freight transport within and
between regions are considered.

Table 9. Evaluation of Financial Aspects

‘National-

Reference 2020 ‘Urban’ Network ‘Randstad’ Optimised
Performance ( in billion ton kilometers per year)
UFT 0 0.03 0.65 6.67
Road transport 55.3 -0.03 -0.65 -6.67
Share freight on roads 23.0 % 23.0 % 23.0 % 21.0 %
Investment costs (in billion guilders)
UFT 0.0 1.9 14.9 e e
Road 83.9 -0.1 -1.6 -15.5
Balance 83.9 1.8 13.3 40.0
Exploitation costs (in billion guilders per year)
UFT 0.0 0.2 1.3 4.5
Road 422 -0.1 -0.7 -5.0
Balance 42.2 0.14 0.64 -0.47

Source: Dullemond and Dekker, 1998 (One Guilder = 0.41 in American Currency as of 08/01/00)

Table 10. Evaluation of Social Aspects

‘National-
Reference 2020 ‘Urban’ Network ‘Randstad’ Optimised’
Congestion costs (in million guilders per year)
Reduction 2,290.0 -6.0 -87.0 -339.0
Reduction emissions (in million kg per year)
CO, 18,600.0 -2.0 -200.0 -1,800.0
NO, 202.0 0.1 2.4 -24.4
Particles 14.1 -0.01 -0.2 -1.7
GH, 49.8 -0.03 -0.6 -6.0
Saving space use (in hectare)
p.m. p-m. -60 -600
Safety compared to 1995 (percentage, only severe casualties)
Reduction injured 3,487 0.1% -1.2% -12.1%
persons
Reduction deaths 727 -0.1 % -1.2 % -12.1 %
Reduction hindrance (in number of houses)
Noise (> 55 dBa) 0 -1,000 -5,300 -27,000
Noise (< 55 dBa) 0 4,000 -24,300 -140,000
Visual 0 -1,000 -2,600 -13,700

Source: Dullemond and Dekker, 1998
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The reference scenario shows that an investment of about 84 billion guilders
(approximately $34 billion in American currency) in road infrastructure is needed to facilitate
urban freight transport within urban areas. The new freight transport system with underground
freight transport needs an investment of about 55.5 billion guilders ($22.8 billion in American
currency). The investment in underground freight transport also leads to lower exploitation costs,
due to transport automation. The cost savings are less than was expected at the start of the study.
The evaluation also shows that there is a reduction in emissions, an improvement in traffic safety
and a reduction in hindrance. Particular the reductions of CO, and NOy are interesting from an
environmental point of view. The new freight transport concepts offers the opportunity to meet
the policy objectives; this seemed not possible with current policy measures.

CONCLUSIONS

The project offered the opportunity to analyse new freight transport concepts in a rough
way. The conclusions from the study must be considered as preliminary. At maximum, one third
of the transport volume in the year 2020 can be transported by the new freight transport
concepts. The scale of the network and market conditions will dictate the transport volume to be
expected in the year 2020. New freight transport concepts need large investments but generate
large economic and social benefits. Implementation on a national scale generates the highest
economic and social benefits. Small scale implementation will probably face exploitation
problems. From a policy point of view, the development of such a system on a national scale is
the most interesting option. Although the new freight transport concepts based on rail, road and
Combi-road are not evaluated, the expectation is that these concepts are also promising,
particularly from a costs point of view, but that they still need to be worked out.

The results of the study look promising but there are still too many uncertainties that have
to be studied. Innovations like underground freight transport need more research and
development. Also a lot of effort needs to be put into developing rail or other concepts which can
be used for transport of general cargo over short and medium distances. Implementation,
especially of underground freight transport, requires a long-term strategy. This strategy contains
the construction of the physical and organisational network, as well as a change of the spatial-
economic structure of the distribution and trade of goods. Spatial concentration of distribution
centres, depots and warehouses stimulates consolidation and makes it possible to connect these
concentrations to the multi-modal network in a sufficient way.

The project team [POT decided in 1998 to concentrate on feasibility studies of local
applications of underground freight transport systems. The following studies were started: OLS
Leiden, OLS Utrecht, OLS-DSM Geleen and OLS KAN (area Arnhem-Nijmegen). Also a
laboratory for testing vehicles and control systems for underground freight transport will be build
and operational before the end of the year 1999. Finally, two others study will be carried out; a
more detailed goods flow analysis and a design study on a national backbone network.

114



ACKNOWLEDGEMENTS

The author would like to thank Hans van Baaren of Connekt, and Martin Muller, project
leader of the IPOT taskforce. They supported the work and the dissemination of the results. The
author gratefully acknowledges the support and intellectual guidance of Arjan van Binsbergen,
assistant professor at the faculty of Civil Engineering at the University of Technology in Delft,
the Netherlands and Jos Vermunt, professor of Logistic Management at the Catholic University
Brabant in Tilburg, the Netherlands.

BIBLIOGRAPHY

Binsbergen, A.J. van, and J.G.S.N. Visser (1998) Underground Transport, TRAIL research and
results, TRAIL Onderzoekschool, Delft.

Brouwer, W., W.E. van Lierop, G.A.A. Erens, A.F.C. Carlebur, and J.G.S.N. Visser (ed.) (1997),
Buisleidingtransport (BLT) voor Stedelijk Goederenvervoer, deel A, DTO-werkdocument M9.
DTO, Delft.

Brouwer, W., W.E. van Lierop, G.A.A.Erens, A.F.C. Carlebur, and J.G.S.N. Visser (ed.) (1997)
Buisleidingtransport (BLT) voor Stedelijk Goederenvervoer, deel B, DTO-werkdocument M10.
DTO, Delft.

CTT (1997) Ondergronds Logistiek systeem (OLS), hoofdrapport deel 1: Definitiestudie,
Rotterdam.

Dullemond, A.Th. and K.Dekker (1998) Ondergronds Transport in Buizen, een integrale
afweging, TNO, Rijswijk.

Grontmij Advies en Techniek (1994) Verslag van ronde-tafelbijeenkomsten en voorstel voor
illustratieprocessen, Zeist.

Haccoti, H.A., J.G.S.N. Visser and R.L. Elting (1996) Buisleidingen voor goederentransport,
definitiestudie, DTO werkdocument M2. Interdepartementaal Onderzoeksprogramma DTO,
Delft.

Interdepartementale Projectorganisatie Ondergronds Transport (IPOT) (1998) Transport onder
ons, Den Haag.

NEA/DHV  (1998) Eindrapport referentieckader  vervoer ondergronds transport,
Rijswijk/Amersfoort.

Visser, J.G.S.N., A.JM. Vermunt, and A.J. van Binsbergen (1998) Ruimtelijke concepten
ondergronds transport, TRAIL Onderzoekschool, Delft/Hoeven.

115



OLS-Schiphol, a Pilot Study for Automated Underground
Freight Transport in the Netherlands

Ben-Jaap A. Pielage, Faculty Design, Engineering and Production
Section Transport Systems and Logistics
Delft University of Technology, the Netherlands

ABSTRACT

Transportation by road is becoming a problem in the area of Schiphol Airport and the
flower auction-mart at Aalsmeer in the Netherlands. The deteriorating accessibility, congestion
of traffic and growing costs increasingly threaten the position of the airport and flower auction-
mart. An underground logistic system (called OLS) will help solve the problems. The goal of the
OLS is to transport flowers and time-critical aircargo through an unmanned underground system,
thereby reducing the growing road traffic and creating an undisturbed connection between the
airport, flower auction-mart and international railways.

The approach taken to the pre-design phase of the OLS is to generate plausible options
for the method of transport, materials handling and terminal layout, within the constraints
imposed by the logistical functions of the OLS. This will permit the assessment of the technical
and financial feasibility of the OLS. The constraints and logistical functions have been
formulated and several concepts for the method of transport, materials handling and terminal
layout are being developed. This paper discusses the current state of the OLS project and will
give an overview of the transport technological aspects.

INTRODUCTION

Transportation by road is becoming a problem in the area of Schiphol Airport and the
flower auction-mart at Aalsmeer in the Netherlands. The deteriorating accessibility, congestion
of traffic and growing costs increasingly threaten the position of the airport and flower auction-
mart. An underground logistic system (called OLS) will help solve the problems. The goal of the
OLS is to transport flowers and time-critical aircargo through an unmanned underground system,
thereby reducing the growing road traffic and creating an undisturbed connection between the
airport, flower auction-mart and international railways.

The project started with a feasibility scan, which was completed in January 1996. The
general conclusion was that the OLS could make an important contribution to improve the
accessibility of the Schiphol area and reduce the pressure on the environment. The next phase,
the definition phase, was completed in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>