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Abstract

Vacuum Train refers to a proposed means of high speed long-haul ttatispor
involving the use of Magnetic Levitation Trains in an evacuated tunnelpfoject was
aimed at investigating the idea in more detail and quantifyomgesof the challenges
involved. Although, several studies on similar ideas exist, a consalideggort

documenting all past research and approaches involved is missinge@drt was an

attempt to fill some of the gaps in these key research areas.
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Executive Summary

Imagine being able to live in New York and work in London. Imagine hatwiagbility
to travel between continents by the time you finish watching asoeégiof your favorite
television series. In today’s global village where distances Haeen shortened by
advanced communication mediums, high speed travel, as proposed by tanyecthe

obvious next step.

Vactrain (Vacuum Train) refers to a proposed means of long-hamlsgortation
involving the use of Magnetic Levitation Trains in an evacuated tufing idea is to
travel very large distances in a very short time. We belidwa having such a
transportation system would be beneficial both economically andlgodibe Vactrain

is based on the concept of eliminating frictional losses and yasaodc drag to attain top
speeds of about 5000mph. At these speeds, a New York to London trip could be

completed in under an hour.

Our project was aimed at investigating the idea in more dmtdilquantifying some of
the challenges involved. In addition to determining the challenges,sevdredd to study
the practical and economic side of the problem. We researcheectimology involved
in each of the major sub-systems of the Vactrain and simultanecosisidered
economic aspects such as initial costs, pricing and feasibility.Idt of the research, we
drew parallels with existing macro-engineering projects wexe relevant either in their
scale or in the kind of technology used. These factors made thestpaoperfect fit as an

Interactive Qualifying Project at WPI. The technologicalilyanced nature of the project



and the associated social and economic aspects go very weltheitimission of our
University. This project aims at bringing together a multitudekdfsstowards studying

an idea.

WPI is no stranger to the concept of Vactrains. Robert Goddard r tdtheodern rocket
science and WPI alumnus, was also one of the initial pioned¢ng afactrain. Although
his designs were found only after his death in 1945, his work istletilbasis of the

modern Vactrain model.

Macro Engineering implies the interdisciplinary formulation, gesand implementation
of large scale projects that can contribute to human progreesmajor projects that we
used as case studies were: LIGO-Laser Interferometesit@ranal Wave Observatory,
Swissmetro — a high-speed underground maglev being worked on in Sawitzer
Concorde — the supersonic passenger jet, and lastly, the Channel TFurihel

revolutionary tunnel joining France and England. We worked closellp Wwrank

Davidson and Kathleen Lusk Brooke. Professor Frank Davidson was a co-Founder of the

famous Channel Tunnel Study Group in the 1950s that led to the constructibe of
Channel Tunnel. He was also an MIT professor and Director of tleeoMENgineering
group at MIT. Dr. Kathleen Lusk Brooke is the Founder and ManagingtDiref the
Center for the Study of Success and a former Harvard and Mifegsor. Professors
Davidson and Brooke founded the field of Macro-Engineering while af. NWr.

Davidson sponsored our IQP study.



For a lot of our analysis, we assumed the transatlantic routeddvactrain. This route
has also been studied by other researchers in the past and coiibd dasans-Atlantic

Tunnel”. To predict the overall costs, we estimated the cost ofatvematerials and
anticipated energy bills for maintaining vacuum levels. Thectffef high speed travel
on the human body were assessed and parameters such as forceeterdtmn were
roughly quantified. A comparison was made between Concorde and thaivas they

are very similar with respect to the potential clientele. pazialy the reasons for
Concorde’s downfall gave us an insight into the pitfalls that neeulduk considered.
Another outcome of this comparison was estimating the fare of ciraa so that

equilibrium exists between recovering manufacturing costs andy ladfordable at the

same time. The next big step was to determine safety levels for thaixactr

The problem of determining how safe the Vactrain should be was dabkieusing
airplanes as a yardstick. The death rate in aircraft ovepribgosed transatlantic route
was used to develop a safety standard for the Vactrain. A aabesas performed on
the Swissmetro, which is an inter-country partial vacuum maggév, and hence similar
in principle to the working of the Vactrain. The work being done onSivssmetro
suggests that the concept of Vactrain is not a far-fetched vision but a plausttdéepex
In summary, the Vactrain is an exciting project that will hamermous effects on the
economy of many countries and will change people’s notion of trava@idarAt the very
outset, the Vactrain might seem an implausible project, but in preniti quite simple
considering that the most of the involved sub-systems are alreatlyed in various

other Macro-Engineering projects. This project covered a vaoietgpics dealing with



the concepts behind the technology of the Vactrain. We also analyzedahemic as

well as the safety issues.



1 Introduction

Have you ever been on an 8 hour flight from NY to London, and dreamt how much easier
life would have been if the travel time was only an hour? Did youdream of the west

and the east coast being just 15 minutes away? The Vacuumidra fascinating
proposal that would make these dreams a distinct possibility layility to attain speeds
around 5000 km/hr. In the larger context, the Vacuum train might be théiggest step

in the transportation industry after the invention of the aircrHfte Vactrain caters
specifically to a set of clients for whom time is of paramoumportance. A
transportation system of this kind might have multiple advantages amomy and

society.

The Vacuum train uses the current maglev technology and takeshié ihext level by
implementing it in an evacuated tunnel. The costs for such a pegenormous and
hence the economics behind the project are extremely criticdhid report, our main
focus besides explaining the technology behind the maglev was to |tiod @onomic
feasibility and safety aspects. We looked at economic issiebsas the total construction
costs and potential fare pricing of the Vactrain. We also consicatety issues such as

the effects of high speed travel on the human body.

We researched and analyzed a lot of articles, data and perfoasedstudies to draw
conclusions on the feasibility of the Vactrain. In the initial pafrtthe report, we

explained the working of each of the subsystems; the Maglevhanelvacuated tunnels,
in great detail and looked at the different variations of the teopgied. We assessed the
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effects that high-speed travel might have on the human body. Alsostwmeated the
tunneling costs by performing an in-depth analysis using the cosite chw materials.
Furthermore, we came up with fare prices that might be ssittas recovering the
initial costs without risking over-pricing. We performed casgl&ts on LIGO, Concorde

and the Swissmetro as they were highly relevant to our analysis of thaiWactr

The Vactrain project has not come a long way from the propasge.sthere was a lot of
research done on the technical aspects of the various subsysttmms avVactrain
earlier. However, there seemed to be gap in the research déareosathe economic and
safety issues. Our report was an attempt to fill some ofé#ps in these key research
areas. In the first chapter, we start by discussingréatgdetail the technology of the
Vactrain. In the following chapter, we outline the effects of lsgked on the human
body. The subsequent sections represent our analysis on the ecossaes¢ mamely the
chapters on Vactrain costs and Vactrain pricing. The discussitheifinal chapters was
on the plausible effects of the Vactrain on the transportation astudy on the

Swissmetro, an interesting proposal of a maglev train in partial vacuum.

11



2 History of Vactrains

The concept of Vactrains is not a recent one. Proposals have beenfanad@on-
evacuated transatlantic tunnel which would link the United Statk<$saeat Britain. This
idea was also highlighted in the German film, Der Tunnel whialecaut in 1933 and its
English version, the British filmTransatlantic Tunnelwhich came out in 1935. The
modern concept of the Vactrain, as it is understood today, consistivg@faged tubes
and involving maglev technology was first proposed by American engiRebert

Goddard (Wikipedia).

Robert Goddard was an undergraduate at Worcester Polytechntaténsburing his
time in WPI, he wrote a paper in which he proposed a method for bajaseroplanes,
which got published in the Scientific American. After getting BiS. in WPI, Goddard
enrolled in Clark University where he did his Masters and then coutihiseresearch at
Princeton. Robert Goddard launched the world’s first liquid fuelled rocké&®26. He
launched rockets which could attain speed of up to 550 miles an hour. Even bi®ugh
work was revolutionary, he got little credit for his work. Along tleang, he eventually
came to be called one of the Fathers of modern rocketry. His docioreMactrains too
were discovered after his death (Mag). As a university studerdebgned detailed
prototypes of the Vactrain. According to the train designs whicte i@und after his
death in 1945, his train would travel from Boston to New York in 12 minattesspeed

of 1000 mph.

12



The first time that Vactrains made headlines was in the 1970s Rileert F. Salter, who
was a leading advocated of the RAND corporation (Research amdldpment),
published engineering articles in 1972 and in 1978 (Wikipedia). As gdRbbert Salter,

in an interview by LA times, the U.S. government could build a tubdlshaystem with
the technologies available at that time fairly easily.ald® said that such systems reduce
damage done to the environment by aviation and surface transportatifwougkithe said
that underground Very High Speed Transportation (tube shuttles) wastiba’'s next

logical step, his plan never became a reality.

During the time these reports were being published, national prestas of
consideration as Japan’s bullet train was in operation and resedvtdgiev trains was
on. Maglev or Magnetic Levitation Transport is a form of trangiom that suspended,
guided and propelled vehicles using electromagnetic forces. Tranetaty subway
service would be established by the American Planetran inthtedJStates which could
commute to Los Angeles from New York City in one hour. This tunneltwd® buried
several hundred feet deep in solid rock formations. Alignment wias taken care of by
using lasers and tungsten probes would be used to melt through igoelofisrmations.
Partial vacuum was to be maintained so that drag could be mininfiassengers would
experience forces up to 1.4 times that of gravity and the speed wiptheould be 3000
mph. This would require using gimbaled compartments. A gumball iseehanical
device which allows the rotation of an object in multiple directionis. inade up of two

or three pairs of pivots mounted on axes at right angles. Construmbists estimated

13



were magnanimous, (around US$ 1 trillion) which was why Salfgdposal was not

executed.

There have been recent proposals on Vactrains by Frank Davidson, arpobride
Channel Tunnel project and Yoshihiro Kyonati, a Japanese Engineer, wkiedtac
transoceanic problems by floating a tube above the ocean floor, adchih cables.
This tube was proposed to be at a depth of 100 feet from the swdace to avoid water

turbulence (Mag).
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3 Technology
3.1 High Speed Rail

High speed is a relative term and the definition of high spaiédaries from country to
country. The International Union of Railways (UIC) classitgh speed rail as all trains
that can travel above 250km/hr. At present, there are a number of esuthizit have
access to high speed rail with the major ones being Japan, France, Ungddrk Italy,

Germany and Spain. (International Union of Railways)

As the automobile industry rose during the mid twentieth centurylenddrs were fast
enough to travel at speeds of regular trains, passengers wegeinoloned to use cars
instead of railroad. High Speed Rail was seen as an attenggdin railway passengers
who seemed to be moving towards other modes of transport. Theuficgssful “High

speed train” that was launched was Japan’s Shinkasen whichwaatda during 1964

and it was able to achieve speeds up to 200km/hr. (Wikipedia)

To have a high speed rail system, making the high speed trainyi®malof the tasks
involved. The track on which the train runs is critical in a sucoe$sgh speed rail
system. As is the case with roads, railway tracks have spsgtttions and very often
the speed restrictions are way below the top speed of theltrigimot all that difficult to
build a train that can travel at fast speeds; however building pegdsail tracks that are
good enough to allow the trains to travel smoothly and safely at3@80m/hr is

considered a bigger challenge. (Keating)
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A dedicated high speed rail track has many features that #ikvain to travel at its full
speed for the maximum time. Curves on the high speed rail aremthilvery high radii,
which enable the train to travel without having to slow down much at the curvedsti is a
made sure that there is a lot of spacing between the trackaki sare that the pressure
created when two trains cross each with such high speeds in oppesiteods is not too
much. There are no level crossings, and also all the trackiersged off completely.

These steps are taken to increase the safety levels. (Mag)

When faced with the challenge of building a high speed railwayspgmah system,
operating companies have to choose between tilting trains and bualdieg dedicated
high speed railway line. Tilting trains are often considered asiliée option when

building a new railway line is beyond the budget of the project.

3.1.1 Tilting Trains

Figure 1: Swedish X2000 tilting train, top speed 2Tkm/h or 125mph [2]

16



Tilting trains are a major form of High speed trains. Thigams are based on tilting
technology at the corners. Regular trains are forced to slow ddwea nearing corners
and then speed up again. Due to the deceleration time requiredoe\ganfie corners,
trains will not be able to travel at their highest possibledger long which has a huge
bearing on the overall average speed. When sitting on a cormey giospeed there are
two forces acting on you, gravitational force and the centrifugatefowhich is
accelerating you into the corner. The resultant of the two fqyaskes you to the side
and into the seat. However if the train is tilting, then the nbooatact force of you on
your seat will be the same as the resultant force yoexgeriencing. This means as far
as the passenger is concerned he or she is just being pulled intdarsseat, and he or

she is used to that so no discomfort is felt. (Keating)

3.2 Maglev (Magnetic Levitation) Trains

Magnetic Levitation trains, more commonly called the maglev,aangghly innovative
form of high speed transportation. Maglev trains are completelerdiff from the
regular train in their functioning. As the name suggests, riie ts levitated above the
track with the help of magnets and runs on the principle ofreteeignetism. There
exists no friction between the track and the train, which allowsdglev trains to travel
way faster than conventional train. Maglev trains are ablgaiel at speeds around
500km/hr. The first maglev train stated during the year 2004 in Shangiich
transports passengers from downtown to the Shanghai Airport. dineédrable to travel

the distance of 30km in 7 minutes. (Wikipedia)
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Figure 2 Maglev at the Shanghai airport [3]

3.2.1 Working principle of the Maglev

The two major types of maglev technologies are based on Elegr@atic suspension
(EMS) and Electrodynamic suspension (EDS). The EMS technologytractian based
technology, is the more popular and commercially tested of the nhmdgies. The
EDS technology is based on repulsion and has been developed recenggrniradd is

still in the prototype phases.

There are three main functions that each of the maglev techmlpgitorms, which is

shown in Figure 3. (Wikipedia)

. Levitation
. Propulsion
. Guidance

18



Levitation

Figure 3: Functions of the maglev [4

3.2.2 Levitation

The first task of a maglev system is to get off treck and stay suspended whict
achieved through levitation. The two primary magtegchnologies, EMS and EDS, ¢
distinguished primarily based on their methodsenfithtion. The EMS technology us
magnetic attraction to levitate the train. As shawiFigure 4 there are electromagne
on the small haped portion of the maglev train below thuide way. Thes
electromagnets are attracted to the magnets winichrader the guide way which lifts t
train upward. There will be a constant gap betwibentrack and the train maintained
feed back circuits and a system of sensors. The Eysem i considered to b
fundamentally unstable as the magnetic forces asaexponentially as the two magr

get closer to each other (Jacobs)
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Figure 4: EMS and EDS [4]

The EDS technology, as mentioned earlier, is basedepulsive forces. Most magl
trains based on EDS have Superconducting magn€&@d gy under the train. The:
magnets induce current in the guide way which #&gg the train in a stable mani
using reulsive forces. These repulsive forces increasediagance increase as t
distance between the guide way and the train deese&lowever, the train needs to re
at least 25 km/hr before it can levitate off th@wgrd which can be attained by us
wheels. The EDS system is theoretically supposed téagter than the EMS as the

gap between the train and the guicay is more in the EDS system. (About.com)

3.2.3 Propulsion

Maglev trains are distinguished primarily basedtlieir methods of levitation. Howev
they need a propulsion system that would acceléhatérain. In the EMS system, bas
on electromagnetic attraction, the train also piogerward using the same princip
However, the magnets used for levitation the ones used for propulsion are comple
different. When the magnets that are placed ongiideway are activated, they ¢
attracted to the magnets that are under the magle.activated electromagnets of

guideway are just in front of the mag and hence they tend to pull the maglev in

20



forward direction. The EMS system is also popularly referrecagoa ‘Pull system’

referring to its mode of propulsion.

The EDS system uses a Linear Synchronous Motor (LSM) to gereenatagnetic field
that follows the guideway. In this system, the activated @esctof the guideway attract
the onboard superconducting magnets, and once the polarity changes théwenepe
pushing the vehicle. Hence, the EDS system is also known as a “ptridnaush”
system.Error! Reference source not found.shows the propelling technology of the

EDS system. The train can be slowed down by reversing the magnetic field.

““?“

GED GEEND GED G GED G

Figure 5 Propulsion and Guidance

3.2.4 Guidance

A maglev train would be unstable if it were to be levitated and gliexp just using

magnets. There is a need to keep the train stable. Hence, guidagnets are used to
make sure that the train is completely stable. As shown ind-@guhe guidance magnets
are on the side of the train and there exists a systeraut@natically adjusts the current

in the electromagnet based on the distance between the guidewaheamin to
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maintain a constant distance. Hence, the guidance magnets &itiseare as important

as the ones used to levitate and propel and the train.

3.2.5 Advantages of the Maglev

The major advantages of the maglev are mentioned below.

. Speed: Speed is unarguably one of the biggest advantages of the maglev
train. The Maglev can easily reach speeds around 500km/hr. Even though the
conventional high speed trains have traveled at similar speeds totektions,

but very rarely do they cross the 300km/hr in commercial operaticarry(L
Johnson)

. Operation (Weather conditions): The operation of regular traitisbei
affected by inclement weather conditions such as snow stormseuriogvitable
circumstances. However, there is almost no chance of the wedteeting the
operation of the maglev trains. (Larry Johnson)

. Maintenance: The maintenance costs of the maglev will be coaisiger
lower than the conventional rail system. As the train is neveontact with the
track, there is no mechanical wear on the suspension system todithand the

track itself. The load of the entire train is uniformly distrilsliteser the length of

the train and not at the wheels as is the case with conventiai®. tmhis is
another factor that increases the life time of the maglev. (Freeman)

. Energy: Another important advantage of the Maglev would be the lower
use of energy. On a passenger mile basis, the energy used Madgtev is

roughly about 25 percent of the energy used by aircraft and othersnudde
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transport. More importantly, the train runs on electrical energychvitan be
obtained from hydroelectric generation or nuclear power and htresn't affect

the petroleum resources which are dwindling currently in most cosntrie
especially the United States (Powell).

. Economics: Although, a heavy capital is required to start the awagl
system, the operation costs of the maglev will be much lower cechpa
airplanes. (Larry Johnson)

. Pollution control: Maglev does not emit pollution. The Maglev does not
emit any carbon dioxide or other gases as it runs on electriEwgn though
electricity is produced from coal and other means, the resultifgpe dioxide

emission is much less when compared to other modes (Freeman).
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3.3 Tunneling Technologies and their Applicability to the
Vactrains Project

The proposed transportation system Ives high speed, long-haul, Magl trains tc
operate in evacuated tunnels at speeds of abol Bgith (Mach 7 The distance
involved in some of these routes are i-continental. A major engineeringconomic
and environmentathallenge for this system is the constructid the tunnel itsel For
our analysis, we will consider the case of a trdas#c route The airdistance betwee
New York and London is abod458 miles.To get a better idea as to the scop this

project, here are statistics for some of the biggemeling projects in the wor

Hame Locaticn metres Imiles} Type Year Cemment
Seikan Tunnel Tsugaru Strait, Japan 5£3.850 (33.5) Railway 1338 longest tunnel, longest narrow gauge tunnel
Channel Turnel English Channel, England - France 49940 (311} Railway 1994 longest underwater section
Létschberg Base Tunnel  Switzerland 34,600 Railway 2007 longest land tunnel
lwate-chinohe Tunnel  Jagan 25810 (16.0)  Railway 2002
Laardal Laerdal - Aurland, Marway 24510(18.2)  Road 2000 longest road tunnel
Daishimizu Tunnel Rikuni Fountain Range, Japan 22.221(153.8)  Railway 1982
Wushaaling Tunnel Wuwei, China 21,050 (131} Railway 2006
Simglan Alps, Switzerand - taly 19,803 (12.3}  Railway 1308 second tube opened in 1922 (19.824 m long}
Wereina Klosters - Sagliains, Switzerand 19,058 (11.8}  Railway 1999 longest meter gauge rail tunnel
Shin Kanmon Kanmon Straits, Jagan 18,713 (1.8} Railway 1975

Figure 6: World's Longest Tunnels

To be successful, this project wo require building tunnelsne hundred times long

than the longst ever built. The longest tunnel ever built, 8&gkan Tunnel, Japan, pas
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under the Tsugaru Strait and has a length of 33.5 miles. The semogest is the
Channels Tunnel joining France and Great Britain. The tunneling apptoade
followed in this project would obliviously be greatly dependant on thgagéuan
construction costs. The following are profiles of some of the suggesteeling

methodologies that may be implemented for the Vactrains Project.

3.3.1 Tunneling with Tunnel Boring Machines

The choice of tunneling method for this project will obviously dependergéographic
and geological properties of the area en-route. If we considerade af an intra-
continental route, say between New York and San Francisco and ifmoaemoment,
complications such as earthquake-prone zones, mountain ranges etc, tfuthoieg
facts may be noted. The air-distance between New York and 8aaig@o is about 2571

miles.

TBM or Tunnel Boring Machine is a heavy duty machine used to digetsirof circular
cross section. They drive forward apply forward thrust whileuimmeously rotating a
disk shaped cutting surface equipped with diamond tipped cutters. Tlagavetation
rates for the cutter range from 1-10 rpm depending on the soiltmordiThe back end
of a TBM can have one of many soil removal mechanisms dependithg type of rock
being tunneled. TBMs drive forward slowly by using support off ef finished part of
the tunnel to push against the rock surface. They are used asraatalé to Drilling and
Blasting (D&B), and have certain advantages in terms of noisetipol and tunnel wall

smoothness.
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Figure 7 One of the worldlargest TBMs with a diameter of 14m.

The best estimate for tunneling speed based on the Euro Tuopedtpis about 2400
tons/hour. The tunneling rate (average), for the Euro Tunnel was estimtaabout 311
meters per week (Note: This value will change depending on theadtypack being
tunneled). Based on this estimate, the New York-San Francisco twonéd require
~839 years bore. Although this figure can be made to reduce lpagiog the scale of
the operation, reducing the length of the route, or even increasifigghef TBMs used,
an underground tunnel going across such a vast area will encountetsatifsgeological
stumbling blocks including earthquakes, tectonic plate boundaries, collapdesther
risks. A thorough study of the long term effects of such tunnelggfs to be made in

order to comment on the feasibility of such a tunnel.
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PACIFIC
PLATE FLATE

Figure 8: Major Tectonic Plates in the America:

3.3.2 The Tube Tunne

This method was envisioned by MIT researchers ErfRemkel and Frank Davidson.
involves constructing a tuldéee tunnel aboul50 feet below sea level and anchoring |

the ocean floor using tether cab

—Muintenance shaft

“Main tunnel section

N

y j’.
{Magnetic track ©)

ki

Emergency trac

15— Anchor tether
-Power supply i

Figure 9: Proposed Tube Tunnel Section

The first challenge would be tconstruct the 54,000 prefabricated tube sec. The

sections may be made of stainless steel with aar gaisket of thick sup-buoyant foan
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Figure 10: Left: Anchored Tethers, Right: Foam Coa¢d Gasket for Lining Tube

The prefabricated sections would then be transported to constructes ssing

specialized ships called Immersion Pontoons. These sections, whemed together
would form an airtight tube between the two destinations. The tuleehavie separate
tracks for two-way transport along with an auxiliary tredok emergencies/servicing.
Utility ducts will run through the tube to provide for the signifit@ower requirements

of both the Maglev and the vacuum pumps for the tube.

Figure 11: Immersion Pontoon Lowering Tube Section
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Next the sections would be lowered to the required depths and assemb&water and
anchored to the ocean floor at a depth of about 150-300 feet belolevetalt is
estimated that over 100,000 tether cables would be required for aAttansc tunnel.
This would require a massive-scale underwater operation. Thesérprated sections
would each need to be connected together in an airtight sealcdilics be achieved by
underwater welding operations. Alternatively, an interlocking meshancould be
developed and incorporated into the sections themselves in order to lisieedme

underwater assembly process.

Once the entire tube has been assembled, heavy duty vacuum puhips wged to

evacuate the tube tunnel and maintain it at the desired level of air density.

Recent estimates based Bopular SciencéMagazine state that a trans-Atlantic tube
tunnel will require approximately 1 billion tons of steel. Tstimated time to build the
tunnel in this method is about 20 years. The cost of building the tunfeeksasted at
about 25 — 50 million per mile. The estimated cost for this strucsuaeound 1 trillion

dollars.
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3.3.3 Artificial Vacuums Case Study: LIGO — The World's L  argest
Artificial Vacuum.

For successfully creating and maintaining a vacuum, two basic things need to be done.

. Removal of matter from the tube

. Prevention of leakage, that is, re-entry of matter back into the tube.

For removing gases and air, from a tube, air needs to be pumped gtvasuum
pumps. By definition, vacuum pumps suck process vapors into the pump bingitiliz
pressure differentials. Obviously, the techniques and processes useebforg artificial
vacuums will depend on the specifications, requirements, and theustidichitations of

the space being evacuated.

LIGO, a joint venture between the Massachusetts Institute of Tegy@IT) and the
California Institute Technology (Caltech) is an effort to suga and verify the existence
of gravitational waves coming from outer space. For the purposesasumng these
waves, the observatory requires a pair of 2 kilometer long tubdagha angles to be
maintained at very high vacuum levels as shown in Figure 12. éls, shese tubes
comprise the world’s largest artificial vacuum. In many walysse tubes are similar to
the proposed Tube Tunnel. For instance, they are made of stainkelsgistdike the
proposed Tube Tunnel and they too are consistently maintained at highagon levels.

The basic process employed in evacuating this tube is outlined below.
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Figure 12: LIGO Hanford, Washington. Each tube is alout 2km long.

LIGO requires a very good vacuum between its mirrors or else thememirage-like
effect that makes the mirrors appear to move even when theyaading still. The
required “vacuum level” is around the order of a billionth of an atmosphere &3 ¢4
started, but eventually , vacuum levels of about a trillionth of eroshere will be

needed.

The process of creating this artificial vacuum can be seemrasgstng of two major

components.

1) The large scale evacuation of the tube using vacuum pumps

2) The removal of smaller molecules near tunnel walls using heating techniques

The first part of this process involves pumping out air from the tubey deeavy duty
vacuum pumps and reaching a ‘good’ state of vacuum as per the meepiseof the
project. The second part involves the systematic heating of theoudvea serious of
phases (about 30 days each) at temperatures of about 300 degreesndliles the
removal of the few ounces of water off the walls of a one and a quarteromgesiece of

LIGO Beam Tube.
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Figure 13: Left - Fiberglass Insulated Tube, Right Power Supply for Tube Heating

The first part is relatively easy and air removal goes smoddhlthe first few days. The
problem arises due to the condensable molecules, like water vaporydimadrbons.
These molecules tend to stick lightly onto the stainless stdid of the Beam Tube. The
problem is that these molecules keep coming off the walls and spoilingdinenvanside
the tube. At the same time, they stick well enough that it tékewser for all these
molecules to finally come loose. The strategy used was to rethevenolecules fast
enough so that the vacuum pumps would be able to remove them. Incospered up
this process, the entire tube is heated up so that the hydrocarbayarcséhermal energy

and be excited enough to move away from the walls.

The tube is wrapped in fiberglass insulation about ten inches theok, N850 Amperes
of current are sent through its length. The stainless steekefidively acts as its own
heating element. About one megawatt of electricity was drawn dghrau series of

transformers to provide the large DC currents through the Beam Tsheelhas AC
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power for the pumps and instrumentation along the tube (see FigurSdEtial copper
cables with a total cross-section of 2.4 square inches of coppeedoaurrent back from
the tube (se&rror! Reference source not found). Their ends were carefully trimmed

in length to balance currents in the various loops.

Figure 14: Copper Cables for Heating Tube

Next, Turbo Pumps at each end of the tube pumped non-condensable gases, like
hydrogen, while eight Cryo-Pumps were spaced out along the tube to pwemp t
condensable molecules. This system was closely monitored using a@fut
thermocouples. Residual gas molecules in the tube were monitored hyass
spectrometer throughout the bake. Metal bellows spaced every 13@odéetip the
thermal expansion from the bake and special gauges were usedifiotat the
mechanical strains on the tube agreed with the structural mod&mme of these

processes maybe considered during the construction of the prefabricated totoes se
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3.4 Aerodynamic drag

The aerodynamics of a maglev and high-speed railway syatemvery similar in
principle. In both cases, trains are running on ground. The differeniteatighey are
either in open air or in tunnels. In the section below, we will comffeeeaerodynamic
issues associated with the existing German high-speed yalygéem to German maglev
project. These comparisons would apply to any other high speed systemaalev.
Aerodynamics of both the systems is subdivided into open air and tumodya@mics.

Tunnel aerodynamics is of the most importance to us.

3.4.1 Aerodynamics of the High speed railway system

Railway aerodynamics can be divided into two categories: aerodgma@f open air and
tunnel aerodynamics (Th. Tielkes). Aerodynamics in open air comtesplay when a
train passes another train or an object as a noise barpegssure pulse is generated on
the other side of the train. Trains consisting of several couplgdurets, the coupling
position also generates a significant pressure pulse on thed pagBeAll the pressure
which is generated depends on the speed of the train. A more eorsgle is train
induced aerodynamic loading on other trains. Trains also induce aaroityfoads on
the track. Aerodynamic drag, which is the resistance to motiohe immost prominent of
all aerodynamic issues. Hence aerodynamic resistance plagsr@le in the design and

acceptance of high speed trains.

Most aspects of tunnel aerodynamics are linked to each other. Wiraen auns through
a tunnel, the flow and pressure field around it are strongly affdntehe design of the
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tunnel. Aerodynamic drag is much more in a tunnel than in open air {@ke3). Also
aerodynamic drag in tunnels includes pressure waves, which propagate through the tunne
with the speed of sound. These pressure waves are superimposedthevtbniplex
pressure wave pattern formed within the tunnel due to the trasinma This complex
wave pattern is a result of compression and expansion waves genetan the train
enters the tunnel, when its velocity changes and whenever thesertgs of the tunnel
is varied. These pressure variations result in aerodynamic loadirtge train and the
pressure variations might penetrate into the train and cause dismfort of
passengers. Aerodynamic noise, forces and moments acting taithand chiefly the
aerodynamic drag, increase due to the confinement of the surroupdicgy iscomfort
to nearby residents can be caused due to micro pressure wasesanbloom at the end
of the tunnel. Mathematically, the amplitudes of the pressure ieasatepend on the
train speed, geometry of the train nose and the blockage ratio, vghibh ratio of the
cross section of the train to that of the tunnel. The change isypesis mostly a function
of the length of the tunnel, the train and other factors like tlag¢ivelentry time between

two trains (Th. Tielkes).
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Figure 15: Pressure waves in a tunnel [19]

Figure 15 shows the generation of pressure waves while aetngans a tunnel and the
reflection at the end of the tunnel. Figure 15(a) shows a comprasaignlabeled as 1
produced at the entrance of the train. Figure 15 (b) shows an expamsienlabeled as
2 produced at the entrance of the tail of the train. Figure 18h@ys the reflection of
both the waves at the downstream opening of the tunaedtadds for train speed and ¢

stands for the speed of sound.
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Figure 16 : Development of micro-pressure waves[18]

3.4.2 Aerodynamics of the Maglev system

Aerodynamics of a maglev system is not very different froat of high speed trains. In
open air, the aerodynamics involves the interaction between theevemdl the guide
way and the issues which are involved in the high-speed railwagnsysich as loading
on other trains and on objects as noise barriers and the effeatatwfal winds.

Physically, there is no difference in the tunnel aerodynamit®ibf the systems as well.
The difference lies in the aerodynamic parameters of thedfiunaglev project from the
existing German high speed trains. The tunnels of the Munidiemaroject are to be
built single track whereas the railway tunnels are doublé.trébhe blockage ratio of
these future single tracks will be 0.17 to 0.18 as compared to theabcétios of 0.11
to 0.13 of the existing double tracks. The quest for single tracleksing in order to

support fire safety. However the concept and feasibility of dowaék tunnels might be

re considered for future high speed maglev operations in tunnels.
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3.4.3 Consumption of Power due to Aerodynamic Drag

Power consumed by aerodynamic drag depends on speed, size, shapalansitg. It
takes immense amount of power to travel in thick sea leveRattucing the velocity by
half reduces the air resistance by 8 times. This is beqauser varies in proportion to
the cube of the speed. That is the reason why planes travgba¢a of 30,000 feet. Even
though, traveling at a height of 3000 feet would save them a lot oftifigsi climb up to
the height because the atmospheric density is 37% of whattitseadevel. As power
consumed by air resistance varies directly with air ra@scs, the power consumes is also
37% of the power consumed at sea level (Arturo Baron). As higkdspains have to
travel at sea level or below the sea level in the case/attain, they have to have a lot

of power which can overcome the air resistance.

Other factors which affect the power consumed due to thataeaodc drag are the size
and the shape of the train. The size corresponds to its frontahrdethe shape to how

streamlined it is.

Aerodynamic drag depends on several parameters such as thegbloeim, the
geometry of the tunnel network, the number of pressure relief dhetdrdin type, its
speed, presence of other trains etc. If the train velocityos reduced, unsteady
aerodynamic problems are enhanced. Pressurized vehicles migbedbed to with stand
the pressure waves of high amplitude. The air flow velocity andraive drag increases
which require higher power and maximum speed allowed by the paypplyssystem is

thus limited.
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Train aerodynamics was first studied by von Tollmien, who used ai-gtaic
incompressible model to find an analytical expression. In large fuinicton along the
train sides is a dominating factor, while in smaller ones tiseeehigher blockage ratio

and thus the near field flow is governed primarily by compressibility effect

Another issue of aerodynamics concerning high speed trains traweltognels is the
high velocity of air flow at the exit of the tunnel. The velocity of the air flothea exit of

the tunnel is ten times greater than the current comfort regeimsnior passengers in
underground stations. Hence aerodynamic resistance plays a big tbke design and

acceptance of high speed trains.
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4 Effects of High Speed Travel on the Human Body

The Vactrain is a mode of transportation with a speed like a streak ofligit&Ve have
already seen how cost of creating a vacuum is a constraiitt design, as it limits its
speed. Another major constraint on the Vactrain’s design is passewogerfort. It is

essential to make sure the passengers are at ease througlroiuthey. We cannot
have the Vactrain travelling at soaring speeds and accelefashgf the human body
cannot withstand it. Therefore, it becomes an issue of utmost comcencover what
physiological changes occur in a passenger’s body, on boakhttein. The Vactrain
can be built once we are completely aware of human endurance. |&mde that is
known, we can work our way around such that the passengers are abiefothe

manufacturing cost is at its minimum and the Vactrain movewidtdysas possible, thus

satisfying its goal.

Research in the past years has shown that speed in itself hifisah@me the organism
(Quest). The human body can tolerate any speed in the earth er Byfaat matters is,
the time taken to reach that speed, in other words, the accelerBtorexample,
airplanes travel at high speeds and so do the crew and the passesige. The airplane
is the reference plane for the passengers. As the passandeiseir frame of reference
are travelling at the same speed, no forces are acting on ldwemever, the passengers
experience forces during takeoff or landing as the plane is a&ibeeto a high speed or
decelerating back to ground speed in a few seconds. This is also slyoWewton’s

second law of motion which states that
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F=ma

Thus, the more the acceleration the more the force acting on the body.

4.1 What is a G-Force?

G-Force is a term used commonly by aviators, astronauts and¢aackivers. Though
not very rigorously defined, a G-force usually is a measure aefe@xpressed as a
proportion of the nominal gravitational force experienced in freedfalbther words, it is
the measure of the net effect of the acceleration that a brdgriences and the
acceleration that gravity is trying to impart to it. The ‘effect’ can be best described as
the vector difference between the acceleration due to grandytlze acceleration the

body is actually experiencing.

In our daily lives we experience accelerations of various kinda. dar, we experience
vertical acceleration due to bumps or irregularities in the roaleah over when the car
turns because we tend to continue in the same direction becausetiaf(iQaest). The
forces experienced by accelerating objects are referreas @ forces. G forces are
actually units of acceleration and 1 g represents the acomheraxperience by a
stationary object at sea — level due to the earth’s gravitgsdforces are undergone by
jet pilots or on roller coasters as they are accompanied Imgekan speed and direction.

A person feeling a force of 4gs feels 4 times as heavy as his normat {&i{

The proposed velocities for the Vactrain are as high as 5000 nt/sBuchA high speeds,

the safety and comfort of the passengers is definitely afdatgr to be considered. In
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order to quickly achieve its maximum speed, the Vactrain wilehi@ accelerate at a
high rate. This section considers some cases of acceleratidrefdrans-Atlantic route
and tries to quantify the effect of the acceleration, i.e. thi®r€e, on passengers

travelling in the train. (Wikipedia)

A research team led by Colonel Stapp showed that the human bodyecolulice high

forces in small amounts of time. Persistent and varied eff@cty forces can have
dangerous physiological implications. Effects of high acceleratioesae evaluated by
studying flight situation, crash dummies, centrifuges and computerdaions. These
forces have different effects depending on the magnitude of tledeestoon, duration,

where on the body they are applied, the posture and the axis of théhkgdyct against
(Voshell). For example, a hard slap on the face may impose a force ofl $eveheed Gs

locally but may not cause any real damage. On the other hausgtagnsd force of 15gs
is fatal. The soft tissues of the human body are particulagkiblle and deformable
(Wikipedia).
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Figure 17: Time vs Acceleration
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The graph in Figure 17shows how effects of acceleration on thedspind on both its
magnitude and the duration for which the body is subjected to it. Cursieos that

even though the body is subjected to an acceleration of 7.5 Gs appsdyjnmet
symptoms or effects are seen. This is because the body israte@ and decelerated
back in a very short period of time. Curve B shows that a body is accelerated to as high a
9 Gs and still there is no visible effect. However, if iképt under the same acceleration,

the body is not able to withstand it for long and within seconds, losensciousness
occurs. Curves C and D show constant rates of increase in acceleration. 3 henmatre
relatively slow and visual symptoms are seen for a short tinferdbdoss of

coNnsciousness occurs.

Figure 18: Colonel Stapp’s experiment on accelerain effects

Some of the pioneering research on the topic of measuring the bapedbility to
withstand acceleration was done by Col. John Stapp who, in 1946, headed upFthe AA
Aero Med Lab’s research program investigating the effectsnethanical forces on
living tissues. Their research showed that the previously declaredtir@&nhold for

subjection of human beings to G-Forces was at best conservative.sémies of
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experiments, Stapp subjected himself to different G-Force vélyegding on a track
mounted rocket sled. In a series of several runs from December A9¥rgtist 1948,
Staff kept pushing the upper limit of the human body’s survival under@igbnditions.
On his final run, Stapp reached a peak velocity of 632 mph (20G) wiiig hit by two
tons of wind pressure. He then hit two water brakes and came topainstl.4 s
experiencing a record setting 46.2G (Voshell). Stapp had sufferechplete red out and
was just barely conscious. The jolt burst nearly every capillahis eyeballs, he was
blinded, but his retinas did not detach. He slowly regained his beamdjwithin a day

his vision was back to normal. (Voshell)

4.2 Directional G-Forces

G-Forces are vectors and can be applied to the human body iniantation on the
XYZ plane. As such, we use the term Directional G-Force to ddheteomponents of
the G-force in the X, Y and Z directions. The g forces impact flsréitly in the three
axes, namely the vertical, transverse and the lateral ¥®ishéll). In each directional

axis, the body can be affected both positive or negatively.
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Figure 19: G-Forces

Vertical axis

As indicated in Figure 19, the vertical G-forces are assocwaithdacceleration in the z-
axis. This would affect someone ascending/descending rapidly titudel This

component would most affect aircraft pilots, astronauts and aviators in lgenera
Positive g (9

The body experiences this force when it is accelerated imeébdward position. As a
result of this acceleration, the body is pushed into the seat,dyaime blood from the
head to lower parts of the body. As air is also pulled down fronutigs, it becomes

difficult to breathe. Prolonged acceleration leads to unconsciousness (V.oshell)
Negative g (-9

This condition is similar to one in which an individual stands upside ddws
acceleration results in the opposite effects compared to thevpagiticceleration, as the
blood is forced away from the lower extremities to the heddadts to the slowing down

of the heart and eventually unconsciousness (Voshell).
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Since a Vactrain never lifts from the ground, the passengemadrikely to experience
these effects. Hence we do not have to be concerned of these wfidetdesigning the
train.

Lateral axis — gforces

These forces act from one side of the body to the other. Thesyeariponent would
affect travelers negotiating turns/banks. They can affecstipporting muscles of the
neck and the head. These forces are also not of much concern to upasstrgers are
unlikely to experience these (Voshell)

Transverse axis

Transverse forces are directed at the body in either froriattk or back to front
directions. The levels of tolerance are higher for transversedothan vertical forces
(Voshell)

Positive g (g

These forces are directed at the back of the body towards the Tioatbody can
withstand higher magnitudes of positive g transverse forces as minjganegative g
transverse forces. Transverse forces of magnitudes greater2fgm can produce
respiration and lung inflation problems (Voshell)

Negative g (-9

These forces are not tolerated well by the body and can create difficultyathibge
Transverse forces are of the most importance as thedeeali@¢es which the passengers
of the Vactrain are most likely to experience. Effects of transversteaation need to be

kept in mind while designing the interior of the Vactrain. The sgaarrangement should
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be such that all the passengers and the crew can only expepiesitive transverse force

and never the negative force (Voshell).

Given the Vactrain model, it would be best if G-forces on passengeuld be
minimized. By designing a straight line path between destinatipmsuld be easy to
eliminate lateral and vertical G-forces. Thus, for the purpasgfethis model, we will

assume that lateral and vertical forces are negligible.

4.3 G-Force Calculation: Trans-Atlantic Route

While performing G-force calculation in the horizontal direction. @besnward pointing
acceleration vector (due to earths pull) is often ignored. Thdeng when the horizontal

acceleration component is very large compared to the vertical.

To make the New-York — London trip in under an hour, the average speed of the Vactrain
is estimated at 5000 miles/hour (or 8045 km/hr). Assuming that we tevaetaich top-
speed in the first 5 minutes of the journey and then maintaindghétéd rest of the trip.

The Velocity curve for the trip will look as shown in Figure 20.
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Figure 20: Proposed velocity curve

For such a velocity curve,
The G-force experienced in the first five minutes can be etdnby calculating the

acceleration and expressing it as a ratio of the earth’s G (¥8.m/s

m

8045 + 1000 * (W

) 2234.72%
~ 300s

m
A= =7.5— =0.76G
S

% hour
This result indicates that going from zero to top-speed in 5 nsEnuik result in a
transverse G-Force of only 0.76G.
In the case of a very sudden change of velocity, the experien€enc@ will be higher.
This could be due to some sort of failure or emergency break meohanthe train. To

go from top speed to zero in 5 seconds, the experienced g-force will be:
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2234.72m

A= ;—S = 446.94m/s? = 45.606G

This value is much greater than that due to the Vactrains n@atoealeration. Research
shows that the human body is capable of surviving G’s in this ra&hgeever safety

levels need to be set conservatively to avoid any potential accidents.
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5 Vactrain Costs

Estimating the cost of such an enormous project is a difficght Bo that we may obtain
a general idea of the costs involved, this section is aimed exindeing the cost of a
Vactrain as applied to the transatlantic tunnel model. Some roagirareas in this
project will include - material costs, construction costs, eneagfs etc, transportation

costs etc.

Figure 21: The Channel Tunnel Model

Very briefly, the Trans-Atlantic tunnel model proposes a tube tethered about 156e800 f
below the ocean floor using cables. Due to the obvious constructioeraes! given the
nature of the project, it is proposed that the design be made in pratadrsections
which can be assembled on-site by employing immersion pontoorrarigportation. In
the case of the channel tunnel, the idea was to have two mainstafiriddhmeter 3.8m
and one service tunnel of diameter 2.4m. Now, assuming the sanifecapens for the

transatlantic tunnel, we have:
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Tunnel Volume = (volume of 2 main tunnels) + (volume of service tunnel)

[ 7 (1 x ()| + [2 7 (1, x (1)
[2x 77 (38m) x (5563925 16°m)|+ [r7x (24m) x (5563925 16°m)]

= 605492311.6 m

5.1 Vacuum costs

The proposed approach for evacuating the tube uséoan array of heavy duty vacuum
pumps. These pumps operate on the principle ofgusinolumn of liquid as a piston to
control airflow. There is great diversity in inddat vacuum pumps based on design,
rating, vacuum level, power consumption and capadit the absence of a set of more
specific customer requirements, we decided to db thie SK Water Ring Vacuum Pump
designed for industrial purposes. This product edenby Remy Valve Manufacturing
Co, a manufacturing firm based in Shanghai, Chirthtaas the following power/capacity

specifications. (Shanghai Remy ValveManufacturimg)C

¥

Figure 22 SK Water Ring Vacuum Pump
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Gettering Rate 1.5 - 120 (m3/min)
Vacuum Limit -0.091 - 0.093 (MPa)
Pump Power 3-185 (KW)
Compressor Power 4 -75 (KW)

Water Consumption 10 — 260 (L/min)

Figure 23: Specification for SK Pump [31]

The Gettering Rate refers to the volume of airghep can process per minute. Based on
these specifications, we made the following assigngtto arrive at a figure for the time

taken by the pump to evacuate the entire tunntbleagiiven vacuum level:

That we will use an array of 200 SK Water Ring Pamp

That each pump will operate at a Gettering rat&Qsf ni/min

That the total volume to be evacuated is 6054923 .

Power Consumption (Pump + Compressor) = 260kW pir u

Given these assumptions, the time taken to evatihateinnel can be calculated by:

V,

tot

T = m

Vot = total volume to be evacuatedjm

Where T = total time taken to evacuate the volumg hinutes)
N = number of vacuum pumps in array

GR = gettering rate of one vacuum pump/(minute)

Using this expression, the time takegy ¥ 30274.62 minutes or 21.024 days
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In order to get an energy cost estimate for thixrajpon, we used the current US national
energy cost average of $ 0.10120 per KWH and atratea bill of USD 2,657,200 for

going from normal pressure to full vacuum capauit21 days.

This analysis assumes that there is no leakagéanvacuum levels after the initial
evacuation process. However, in the actual desgme leakage may occur and this
would require the vacuum pump array to be usedodeally in order to ensure the

desired vacuum levels.

Another approach that was being considered wasédafst would be feasible to operate
at a lower vacuum level (and therefore a lower maxn velocity for the Vactrain) such
that the costs for maintaining the vacuum levelsdakiced. However, after conducting
the above analysis, it seems that the energydiltfeating the vacuum is not as high as
what was anticipated. Thus, the optimization of {@rameter does not affect the overall
Vactrain bill significantly. With an estimated tbtost of 1 trillion dollars (Wikipedia),

the electricity bill for evacuation purposes alasm@ mere 0.000266 %.
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5.2 Material Costs

Figure 24 An HRC Steel Coil

For a project of this magnitude, it is expected tmaterial costs will be considerable.
One of the major costs will be that of the sheaname of steel required to build the tube
tunnel. It is estimated that about 1 billion tosteel will be required to for the Vactrain.
As of January 2007, the cost of per metric ton of-Rolled-Coil steel is USD 747 (The
Steel Index). Ignoring the effects of inflationetburrent cost estimate for the required

steel is a whopping USD 747 billion.

In estimating the cost of building such a tunnleéré are a multitude of other materials
that need to be considered - power lines and pdmesmission, outer super buoyant
foam coating, tether cables (and how deep they tego till they hit the ocean floor),
temperature regulation systems and miscellaneousrig@acosts. It will be difficult to

reach a reasonably accurate figure without firshiog up with a detailed design.
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6 Pricing of the Vactrain

The pricing of a transportation system is a critfeator that generally has a huge impact

on its success. There are a number of objectivesefting a good fare price:

. Attracting the maximum number of passengers

. Generating the maximum revenue for the transportagency

. Recovering the initial investment in a practicatipe of time

. Achieving specific goals such as improving the rhigbiof students,

seniors or business officials
It is not possible to fulfill all the objectives migoned above to the fullest as there are
definitely going to be conflicts. For example, thest and the second objectives are
mutually conflicting. To attract the maximum numldrpassengers, the transportation
costs need to be really low. However doing thathingeverely dampen the revenue that
would be generated. Hence, equilibrium needs tdobed that would generate high
revenue without losing out on a lot of passengadsthat would be the biggest challenge
while pricing the Vactrain. Recovering the initiabestment would also be tied up with
these two objectives, as there would be massita@linnvestment involved and they

would aim to get it back in span of 10-15 years.

As the main clientele for the Vactrain would be ibass executive for whom time is of
paramount importance, the Vactrain has to be precbrdingly. In other words, it
would be more appropriate to compare the possilaletrein prices with Executive class

aircraft prices rather than with the Economy clpsses. However, there are a lot of
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other factors that need to be thoroughly examineidre reaching a consensus on the

price of a Vactrain ticket. ( Economic Aspects o&fisportation Systems)

6.1 Concorde

In terms of Potential clientele, speed, saving tinmitial investments and carrying
capacity Vactrain can be readily compared with acoode. In this section, we take a
look at the Concorde and relate how its pricinglddae used as a measure for Vactrain

prices.

Figure 25 : Concorde flight operated by Air France

The Concorde flight was operated commercially bigigr Airways and Air France from
the year 1976 onwards. Concorde flights were ablegavel at around 1500mph and the
flights from New York and Washington to London aRdris would take less than 3.5
hours. There were about 16 Concorde flights thawelled across the Atlantic Ocean
every day. These flights were also very comfortablehe passengers when compared
with the regular flights as shown in FigureEx6or! Reference source not found.

Commercially, these flights were a success unélybar 2000 when a flight crashed in
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Paris which had a huge impact on its business.cidh killed 100 people along with 9
of the crew. There was an immediate ban on the @dedflights and they came back to
service from Oct 2001. However, it was never reallsuccess thereafter and went into a
lot of losses eventually going out of service ie gear 2003. Apart from the crash, the
Sept 11 terrorist attacks and the rising maintenance destso its ultimate withdrawal.

(Wikipedia)

Figure 26 : Inside the Concorde

The pricing of the Concorde was a costly affairrodind trip from New York to Paris

cost about $3800 and it bloated up to $8000 byyda 2000. The main reason for this
high pricing had to do with the large maintenanostg due to the fuel which was
expensive. It would cost both a Concorde and alaed@oeing 747 the same amount of
fuel but the Boeing could carry 4 times the passengvhich made the difference. The
pricing of regular flights was around $500-$1,000icth was lower than the price of the
Concorde. However, the Concorde appealed to the ekeople from the business
community for whom money did not make such a ddfee and the Concorde would

still make money from such audience. (Wikipedia)
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6.2 Comparing Vactrain with the Concorde

There are three main factors to keep in mind wilutenparing the pricing of the

Concorde with the possible pricing of the Vactraihe major advantage that a Vactrain
has when compared to the Concorde is that its eraamice costs would be much lower.
Also, the Vactrain would be expected to have a nhigher capacity than the Concorde.
The Concorde could fit a maximum of 100 passengdrsreas the Vactrain would be
able to seat at least 800 passengers, assums@st big as the Euro-rail. However, the
initial investment of the Vactrain is expected te much higher than that of the
Concorde. So, these would be the factors that wioale to be considered before making
an estimate on the price of the Vactrain. It woubd be possible to start off the Vactrain
with same price as the Concorde which was $800Bidyime it closed. Such high prices
are definitely not going to work at this time, a®e the rich companies found it difficult

to justify spending ten times the amount as you ldvapend on a normal flight.

However, it cannot be priced as much as the cuaeataft prices either, as it would be
difficult to recover the investment. Hence, theeeds to be an equilibrium price of
around $3000-$4000 which would be valued by thegragers but it would also help you
recover the initial investment. Considering thaé thusiness class tickets of Trans-
Atlantic airlines cost around $3000, a startingefarf $3000-$4000 would be really

appealing for the select audience as you can ri@ctiestination in a quarter of the time.
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7 Safety of a Vactrain

Safety of a Vactrain will be an important factor ialh will come into play when

passengers consider using it. A Vactrain needsctoeae a certain standard to be
considered safe. As it is impossible to determime safety of a Vactrain before it is
started, we approached this problem by determitiiegsafety of an airplane and setting
that as a yardstick for Vactrain safety. We chagalanes for comparing Vactrain safety
because, airplanes are currently the most superales of transportation and a Vactrain

being more superior in terms of saving time coelplace airplanes in the future.

Safety is a subjective concept; its definition eliff from person to person. Each person
looks at a different aspect while considering tagety of an airplane or a Vactrain. We
guantified safety of an airplane by calculating death rate per passenger miles. For this,
we looked at the statistics of the number of fatedidents in the world over the past
twenty years. The graph in Figure 27 shows thehdeate per 100 million passenger

miles flown.
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Figure 27 : Death rate in Aircrafts

As seen above, there are a lot of peaks and démmesbut the overall trend is
downwards as indicated by the dashed line. Thegasek probably because an airplane
crash can lead to the death of all the passengarstanes which causes the death rate to
shoot up. The downward trend is suggestive of iwmgmeent in technologies and
increased levels of safety. In 2005, the death patel00 million passenger miles was
0.03. Therefore, for a Vactrain to be an acceptaidee of transportation, the death rate
should be less than or equal to 0.03 per 100 miliassenger miles when it is started.
Next, we used the slope of the regression lineatoutate the decrease in death rate per
year. Using this line, the death rate was 0.07310€r million passengers in 1990 and

0.07 in 1991. Thus the death rate decreased b @&0year.

Hence the death rate decreased by 0.03 from 1920Q6. Thus a Vactrain would be

considered a superior mode of transport in termsnpirovement in safety levels if the
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decreae in death rate is more than 0.003 per year peavits death rate is less than
equal to 0.03 per 100 million passenger miles atitne of its introductiol

We also looked at the trend of fatalities and deatés in the past decades of other n
commonly used modes of transport, railways andraahiles. The graph below sho
the death rate per 100 million vehicle miles inoanbbiles. The graph was plotted us

data obtained from the U.S. National Highway Ta8iafety Administratior

Fatalities in Automobiles

1975 198 1985 199 1995 200 2005 2010
Years

Figure 28 : Fatalities in Automobiles

The graph below shows the passenger deaths irs frathe U.S. over the last 20 ye

Figure 29 : Fatalities in Railways
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As seen in the above two graphs, there is a dowhtvand in both the graphs showing
that the overall number of deaths have decreasedtbe past twenty years. This could
be because the death rate reduced due to the ismpeot in technologies and heightened
safety. This is also applicable to a Vactrain. Tla¢a used to plot these graphs are U.S.
statistics. Similar trends can be observed in chseorldwide fatalities. The death rates
might be different but the trend is downward in tast twenty years. Through all these

analyses, we can conclude the following:

1. The death rate should be 0.03 per 100 million pagsemiles or less at
the time the Vactrain is introduced.
2. For the Vactrain to replace aircrafts and establishsuperiority, the
decrease in death rate should be more than or ¢qual003 per 100 million
passenger miles per year.
3. The death rate might be more when the Vactraimti®duced but it will
probably decline steadily with time as the techgglomproves.

If these criteria are satisfied the Vactrain williversally be accepted as a safe mode of

transportation.
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8 The Swissmetro

In this section, we look at the Swissmetro projébe Swissmetro is a project that should
be implemented in the next 20 years if everythimgsgaccording to plan. The Swiss
metro is a maglev train that would run undergroimgartial vacuum connecting major
cities across Switzerland. There would be a traawving every 6 minutes making it a

high frequency- high speed train.
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Figure 30: The Swissmetro

8.1 Need for the project

The reason an underground partial vacuum maglem tisa extremely relevant for
Switzerland is the topography of the landscapeagt imoving maglev would be useful in
any country but it is all the more valuable in Sagiland. The Alps and the Jura
mountains cover about 70 percent of the surfac&witzerland. A majority of the
population of Switzerland, roughly 5 million, live the Swiss Plateau which covers the
major landscape besides the mountains. (StudyeoBthissmetro (1994-1998)) In such

topographical conditions, it is highly difficult tbuild a new efficient High Speed
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Railroad. Hence the Swissmetro project gains margortance and relevance.
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Figure 31: Possible Routing Map

The first and the most important stage of the mto the line from Geneva to St.Gallen

through Lausanne, Bern, Luzern and Zurich (illuslaby the bold red line). The

Swissmetro is targeted to have a seating capatR@® persons. There would be a train

leaving every 6 minutes, which means about 200@lpemould be travelling every hour

in each direction. Also, based on the requiremtn®,frequency might be reduced to 4

minutes, which would increase the capacity to 3@e@®sons. If everything goes

according to plan, one can get from Geneva to $eG& an hour on the Swissmetro

compared to the 4 hours it takes now. For theahgart of the project, the line between

Geneva and Lausanne would be built first. (Swissrd/@fficial Website)
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8.2 Historical Timeline

The historical timeline for the project is givende.

1974 — The Swissmetro project was conceived by bad\eith

1985 — The project was presented at the parliament

1986 — A feasibility study of the project is domedaghe Upper House of Parliament
rejects the proposal

1992 — A new promotion company Swissmetro AG ialdghed in Berne

1997 — Swissmetro AG requests a contract for hgjdif a pilot distance

1999 — The Upper House of Parliament decides thattact approval will be considered
only if there is financing proof

2000 — Swissmetro is certified to be about 5 timese ecological than air traffic

2002 — The Upper House of the Parliament wantSthissmetro project to be pursued
further

2003 — Swissmetro resubmits a request for the aohtrf a pilot distance (from Geneva
to Lausanne) with financial and budget evaluatidre project budget was approximated
to be around 3.5 billion Francs

2004 — Mathematical models and Simulations withl8wvels are tested and found
feasible

2006 — Swissmetro starts plans to market the tdoggalevelopments in the project

(Wikipedia)
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8.3 Implications of the successful implementation of
Swissmetro

A successful implementation of the Swissmetro \Wwdive many far reaching effects.
There would definitely be a huge economic impaal #me economic situation would
take an upsurge. Looking ahead, there would definkie plans of building a metro that
would connect all the major cities in Europe whialould go a long way in the

development of Europe in general.

Figure 32: A model of the underground vacuum train

The Swissmetro is therefore a very exciting protbet would also be of great interest to
someone examining the feasibility of a Vactrainthé Swissmetro which is based on
partial vacuum is successful, it is extremely kelat a complete vacuum train would be

the next step that would be looked at.
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9 Effects of a New Mode of Transport

A new mode of transport which travels quicker tlzamold one is always likely to have
an effect on the old mode of transport if it is sssful. This trend was expected and it
can be noticed distinctly in the case of the arlindustry affecting travel by ships.
Compared the increasing number of commercial diecma the United States from 1970-

2005 to the decrease in the number of ships dah@game time period.

U.S Ocean Going Vessels Vs. U.S Commercial Aircraft
—e— Aircraft Units (Passenger & Cargo) Units
—m— Ocean Going Vessels
9,000 1,800
8,000 - + 1,600
7,000 ~ + 1,400
6,000 - + 1,200
5,000 + -+ 1,000
4,000 - -+ 800
3,000 + 600
2,000 ~ - 400
1,000 - + 200
0 T T T T 0
1960 1970 1980 1990 2000 2010

Figure 33 : Ships vs. Aircrafts
It can be clearly noticed that the number of oceassels went down from 8000 during
the year 1970, when commercial aircrafts came éxistence, to roughly 400 by the end
of the year 2005. This marked a heavy decline & ghip travel industry and clearly
shows how a new and better mode of transport ndghstically affect another as the
passengers would be very interested in the fastedemof transport, especially if

marketed well.
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10 Conclusion

In this project, we have tried to consolidate tlteea of the Vactrain from its
conceptualization in 1945 by Robert Goddard asieeusity student to its current status
and future implications. We analyzed the practiigbof a Vactrain and how it would
impact the world. In the world of today, where drstes are no longer a constraint to

communication, the next expected step is high sfreed|.

The Vactrain outweighs the current modes of trartspo several ways, making it a
ground-breaking idea. It has a clear edge overeptesrplanes, trains and automobiles as
it causes no pollution and does not operate withaggetroleum. Thus, while the present
transportation would soon be in a sticky situatiath the energy crises which the world
is facing with dwindling resources of petroleum agak, the Vactrain would emerge
victorious. Moreover, the Vactrain is unaffected dyy extremes in weather conditions.
It has low maintenance costs as it employs the-lfigiime maglev technology, which
also minimized wear due to friction. Additionallg,has low operation costs and 25%
energy consumption when compared to aircrafts. @uall these factors, the Vactrain
triumphs over the current means not just in theirkutbut even in present situations

making it highly superior.

A Vactrain has several advantages which make iewlutionary idea but it is not
without its set of drawbacks which are preventinffom turning into reality. Although
proposed in 1945, the Vactrain is yet to be biittis is not because the technology is not

available, but because of the huge manufacturingpbone trillion dollars tagged to it.
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Ironically, delaying the Vactrain would only mak®s problem bigger. This is indicated
by the fact, that at the time of its proposal,astimated manufacturing cost was much

smaller.

The Vactrain would involve building a huge tunnehich would be more feasible, in
terms of costs and time, under the sea than urmerdr Additionally, an underground
tunnel would be more susceptible to collapse inetient of an earthquake. The safety of

a Vactrain is another huge issue which makes tivisstment a huge risk.

Several factors will govern a Vactrain’s design lsuas aerodynamic drag issues,
passenger comfort, passenger safety and the vamuainmaintained. One of the things
considered was the trade-off between cost and wadeuel maintained. Based on our
study, it was seen that the energy cost for maimgia high vacuum level in the tube

does not substantially affect the overall expemdifar the Vactrain.

Moreover, higher the speed, more the aerodynanag dssociated with it. Therefore,
optimum values of time taken for a trip, desirabpeed and affordable costs need to be
determined and a balance has to be attained bettiheem. Depending on these, the
degree of the vacuum needed to be created cant&enieed. Also, as discussed earlier,
the Vactrain can achieve a high speed by accelgrgradually without affecting the

passengers comfort in any drastic way.

70



It is thus safe to say that if the Vactrain becomesality, it will lead to a decline in the
most superior mode of transport at present, naetyafts. And similar to the transition
from water-vessel to airplanes, the Vactrain migateven be a substitute for certain
routes. Not only is the Vactrain much faster busoaovercomes most of the
disadvantages of aircrafts and other modes of pamsinitially, the ticket prices might
prevent a wide clientele, but over time, thesedsstan be fixed and the Vactrain could

possibly be the next big step in the transportaticistry.
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