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FOREWORD 

A new concept of high-speed mass transportation has been 

under study at Rensselaer Polytechnic Institute for some time. The 

.:.~f. 
concept involves the use of fluid-supported vehicles traveling inside 

tubes at speeds comparable to those of air transport. Its main 

distinguishing feature is a method of propulsion that permits a great 

saving of power. 

Until the end of 1964, this study dealt only with problems 

of vehicular propulsion, support, and stability. Its scope was 

subsequently broadened, and in the Spring of 1965 a Transportation 

Conference was held among interested faculty members and students of 

the Rensselaer Schools of Engineering, Architecture, Management, and 

Humanities and Social Sciences. A list of the participants is given 

in the next two pages. 

Weekly meetings were held for two months, and the discussions 

ranged from the purely technical aspects of the new transportation 

concept to its sociologic and aesthetic implications. 

After the conference, some of the participants prepared 

written summaries of their views on specific areas of the problem. 

These summaries are collected in the present report. 

Financial support for the publication of this report was 

provided in part by a Ford Foundation grant for the development of 

engineering education. 
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INTRODUCTION (Foa) 

The thoughts presented in this report concern primarily 

a new mode of intercity travel. Their implications, 

however, go beyond this immediate object. 

The current transportation crisis has made the public 

acutely aware of the fact that transportation should 

not be viewed merely as a convenience or as a business 

but rather as a basic social need. It has also called 

attention to the interdependence of various modes of 

travel, to their interaction with urban development, 

and to the need for improved coordination in the plan-

ning of cities and transportation, as components of an 

integral system. 

The feedback between transportation and land use is 

basically an unstable interaction, capable of operating 

in directions contrary to the public interest as well 

as in its favor. Illustrations of the effects of favor-

able interactions are found in impressive arrays of 
\ .' ;: 
cities that rose along the roads of ancient Rome. Many 

of these cities grew to become thriving centers of art 
t ) 
and commerce, and the roads which had generated them 

acquired, as a consequence, a vital importance which they 

retained for over two thousand years. Similarly, rail-

roads and waterways gave life to great cities in the 
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New World, and were fed by them in return. On the 

other hand, there is cause for alarm in the mechanism 

by which the automobile has been making itself indis

pensable in more recent years. This mechanism has 

involved the erosion of cities and the diffusion of 

population over vast suburban areas, where the pro

vision of public transportation would be either futile 

or enormously expensive. In addition to bringing 

squalor and economic distress to the cities, this feed

back has created a commuter problem for which much too 

often no relief is provided except through palliative 

measures -- more highways -- that are likely to make 

matters worse. 

These interactions demonstrate that unregulated develop

ment cannot be expected to lead to the best use of 

transportation as an instrument of economic growth. 

They also suggest that the social returns of a we11-

planned transportation system may far exceed its private 

returns and the immediate convenience of its users. It 

is conceivable, for example, that improvements in inter

city transportation could be so directed as to promote 

ecological changes that might relieve the plight of 

cities and the commuter problem. 

It is in this area that the RPI Transportation Study has 

its broadest implications. Whatever the precise ultimate 

goal, the most pressing current need is for improvements 

in land transportation, and the improvements must be 

substantial if they are to have a controlling effect. 
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In addressing itself to this immediate problem, the 

RPI study has been producing knowledge that will 

bear on the understanding and formulation of the 

long-range objectives of transportation, inasmuch 
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as these objectives can be determined realistically 

only in relation to what is technologically possible. 

Until recently it was widely believed that land 

transportation had long ago reached a plateau of 

development and that, because of inherent technical 

limitations, it could go no further. The possi

bility of developing very much faster ~ransportation 

services than have been available to the public for 

the past fifty years was not even contemplated, 

because it was generally taken for granted that this 

could not be done. 

Closer scrutiny has now dispelled this pessimistic 

view. The simple fact is that land transportation 

has, for decades, failed to incorporate into its 

own technology the great advances of related fields. 

It is now clear, for example, that many of the 

methods and results of the aeronautical sciences 

are directly applicable to land transportation. 

More generally, there is increasing evidence that 

all the basic technologies are available for the 

development of a land transportation system capable 

of providing safe, frequent, dependable and com

fortable service to the public at speeds competitive 

with those of today's air transport. The question 
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is not whether this can be done but how it 

can be done best. 

Several solutions have been proposed. One of 

them has been the main object of the RPI study 

for several years, partly as an interna11y

sponsored activity, and partly (from 1961 to 

1964) under a grant from the Army Research 

Office (Durham). The system studied involves 

fluid-supported vehicles traveling in tubes at 

high subsonic or even supersonic speeds. The 

use of a tube as the guideway, initially dictated 

by obvious considerations of safety, guidance, 

and automatic control, offers important additional 

advantages. The tube is not evacuated, but power 

requirements are minimized through the use of 

appropriate flow control devices in the tube and 

of novel means of propulsion and energy supply. 

The papers collected here examine some of the: main 

aspects and implications of this new concept. For 

information on other aspects of the problem, the 

reader is referred to the literature listed in the 

bibliography (next page). 
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SECTION A 

PROPULSION 

by 

Joseph V. Foa 

. , 



A. PROPULSION (Foa) 

A-I. ABSTRACT 

The power required for propulsion of a vehicle in a 

tube depends on the flow disturbances that the moving 

vehicle produces in the adjacent columns of air. The 

extent and amplitude of these disturbances depend, in 

turn, on the manner in which the thrust is generated. 

Important reductions of power required are possible 

in high-speed tube transport systems through the com

bined use of appropriate flow controls and means of 

propulsion. 

A-2. INTRODUCTION 

A land vehicle traveling at very high speed must be 

supported from all sides and yet be left free to tilt 

itself to the correct angle of bank in every turn. 

This kind of support is best provided within a tube. 

Considerations of safety, comfort, guidance, communi

cation and control also call for the use of a tube 

as the supporting structure. 

A-I 

However, in conventional tube transport systems, the 

power required for propulsion at high speed is normally 

found to be impracticably high. Most of these systems 

utilize what may be called an "external" mode of 

vehicular propulsion, i.e., one in which the thrust 

is generated as the reaction to a force exerted on an 

external, stationary structure. This category of modes 

of propulsion includes wheel traction and linear in

duction motor drives. When external propulsion is used, 
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the vehicle acts in relation to the adjacent air 

masses like a driving piston, and a great deal of 

P9wer has to be expended in overcoming the inertial 

and frictional resistance to the motion of these 

masses at very high speeds. 

The same is true of a second category of propulsion 

modes that of pneumatic dispatch systems --

where the vehicle acts in relation to the same air 

masses like a driven piston. 

As one obvious way of alleviating power demands with 

external propulsion, it has been suggested that the 

tube be evacuated, but this method would have im-

portant disadvantages: an evacuated system would be 

vulnerable, would not permit the use of fluid sus-

pension, and would require contact braking even at 

the highest speeds. 

A simpler -- and more promising -- way of reducing 

the power required in high-speed tube transport is 

through the use of "internal" propulsion. In this 

form of propulsion, thrust is generated by continu-

ously transferring the air immediately in front of 

the vehicle in the tube to its rear. Of course, a 

transfer of air from the front to the rear of the 

vehicle takes place also with external propulsion, 

but only as a consequence of a vehicular motion 

that is produced by other means. In contrast, in 

ttl;/. 
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internal propulsion the transfer is the very process 

through which the thrust is generated. The transfer 

can be effected in a great variety of ways, but should, 

for maximum power economy, be carried out in such a 

manner that the flow disturbances in the remainder of 

the tube, and the attendant dissipation of energy, 

are kept at the lowest level that is compatible with 

A-3 

the maintenance of the prescribed motion of the vehicle. 

The flow disturbances may be reduced further by means 

of gates, valves or other flow-controlling devices fixed 

to the tube. 

It has been found that internal modes of propulsion 

are capable of producing much smaller flow perturba

tions, all other conditions being equal, than the 

conventional modes. The power required for propulsion 

of the vehicle at steady speed is, accordingly, greatly 

reduced. At supersonic speeds, this power is reduced 

to that required to make up for flow losses in the 

transfer passages. 

A-3. POWER REQUIRED 

The cruising power required has been calculated in 

Ref. I for a few, ~andomly selected modes of propul

sion and for certain. simplified schedules of heat 

transfer through the tube walls. This study has con

firmed that the flow disturbances that are produced 

by a moving vehicle in a tube -- and the attendant 

flow losses -- depend on the mode of propulsion. In 
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other words, the power that is required to maintain 

the motion of a vehicle in a tube depends on the 

manner in which the thrust is generated. The de

pendence is particularly critical when the speed 

of the vehicle is high. 

Ahead of the vehicle, the net effect of the disturb

ances that are generated by the vehicle itself and 

by its propulsion mechanism is in most cases a forward

facing flow if the cruising speed is subsonic. In 

general, it is only at supersonic speeds that an in

ternal thrust generator can eliminate all disturbances 

ahead of the vehicle without producing an excess of 

thrust over drag. Nevertheless, even at subsonic 

speeds, the flow disturbances ahead of the vehicle 

can be reduced, by appropriate means of internal pro

pulsion, to a much lower amplitude than would be pro

duced by external propulsion. As a consequence, the 

increment of stream force (relative to the vehicle) 

that is imparted by wall friction to the disturbed 

flow ahead of the vehicle is normally smaller with 

internal than with external propulsion. 

The flow behind the vehicle undergoes for some dis

tance certain rapid transformations, the nature of 

which has been examined in Ref. 2. The subsequent 

behavior of the "wake" depends on the sp'eed of the 

vehicle and on the mode of thrust generation. This 

behavior is still under study and incompletely 



understood, but there are indications (Ref. 1) of the 

existence of a range of operating regimes within which 

the wake flow is unstable unless it is substantially 

at rest relative to the tube everywhere except in close 

proximity to the vehicle. Outside of this range, the 

wake is "stable", in the sense that even relatively 

large local perturbations within it may be compatible 

in steady state with the boundary conditions. A study 
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by J. Schmid, currently in progress, has indicated that 

the extent of the "stable" range depends rather critical

lyon the schedule of heat transfer through the tube 

walls. On the other hand, nonsteady-flow analyses 

(Ref. 3) have shown that stability criteria based on 

consideration of frictional and heat transfer effects 

are valid o~ly for tubes of very great length. In parti

cular, in the range of speeds in which the wake flow 

according to Ref. I should be at rest, nonsteady flow 

processes have the effect of removing this constraint 

and of decreasing the power required very appreciably. 

A very important -- and still unresolved -- question is 

that of the behavior of the system when the tube is 

neither long enough to permit treatment of the flow as 

steady in the vehicle-fixed frame of reference nor so 

short that the dominant effect is that of the reverbera

ting pressure waves. All power estimates so far have 

been based on the assumption of an infinite tube length 

and therefore contain an error (of unknown magnitude) on 

the conservative side. According to these estimates, the 
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potential superiority of internal over external modes 

is small at low speeds but increases with increasing 

cruising speed and becomes impressive at high subsonic 

and at supersonic speeds. Some merit, however, may be 

found under special conditions in mixed schemes, in

volving both internal and external propulsion. 

In the transonic range the power required is very high. 

Therefore, transonic cruising is uneconomical. On the 

other hand, it is possible that the most economical 

cruising speed will be above the speed at which choking 

of the transfer flow first occurs. The reason for this 

is that the flow through the choked transfer passage is 

much like the flow through a choked Laval nozzle with a 

fixed inlet stagnation state and a fixed back pressure: 

the entropy rise downstream of the throat is uniquely 

determined by these boundary conditions and by the 

throat-to-exit area ratio.' Thus, as the speed is in

creased in the choked-flow regime, the power required 

increases rapidly, but this increase is a consequence 

of an increase of stagnation pressure loss in the trans

fer passage. Since this loss is uniquely determined for 

each blockage ratio and cruising conditions so long as 

the transfer flow is choked, the length and carrying 

capacity of the vehicle can, under these conditions, be 

increased very appreciably without increasing the power 

required for propulsion. 

Fig. A~l is a plot 'of cruising power required for a 

9 ft-diam. vehicle with an internal propulsion drive 
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consisting of a nose fan, for two different tube diameters 

and for the crusing speed range that is likely to be of 

practical interest over a ISO-mile run. The travel time 

t for this run is also plotted in the figure. The power 

curves are for a vehicle 130 ft long, designed to carry 

100 passengers, but at the higher cruising speeds the 

length of the vehicle -- and therefore its carrying capa

city -- can be increased within certain limits, as has 

been pointed out above, without a corresponding increase 

of power consumption. The carrying capacity increases 

as shown in the figure by the permissible number of passen

gers, which is indicated at various points of the power 

curves. As a consequence of this fact, the required power 

per passenger increases with cruising speed at a consider

ably lower rate than the total power required (see Fig.A-2). 

A-4. ILLUSTRATIVE MECHANISMS OF INTERNAL PROPULSION 

The fore-to-aft transfer flow of internal propulsion can 

be effected by a tractor or pusher propeller or fan, by a 

turbojet, by an ejector pump, a pressure exchanger, or any 

other suitable mechanisms of flow induction. It should be 

noted, however, that "suitability" in this case is not 

merely a matter of efficiency but also of adaptability to 

the special operating conditions of a fluid-supported 

vehicle in a tube. For example, at very high travel speeds, 

most of the power input must be supplied ahead of the 

throat of the air transfer passage. Also, because of the 

freedom of transverse motion that the vehicle is allowed 

by its suspension, large clearances must be provided 
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between the tube wall and all mechanical components of 

the thrust generator. If a propeller or fan is used, 

its diameter must be considerably smaller than the in

ternal diameter of the tube. Under these conditions, 

the propeller or fan should be shrouded, in order to 

avoid large tip losses. An alternative arrangement, 

in which this difficulty is eliminated, is one in which 

the transfer flow is energized by cryptosteady pressure 

exchange (Ref. 4). Cryptosteady pressure exchangers, 

when used to generate thrust, operate in effect like 

fluid-bladed fans. Their "blades" are free from struc-

. tura1 limitations and are always in sealing contact with 

the "casing" (1. e., with the boundaries of the transfer 

passage), despite the freedom of transverse motion of 

the vehicle relative to the tube. 

Fig. A-3 shows a vehicle with a driving mechanism which 

is essentially an ejector pump. The primary gas is dis

charged from a compressor or other suitable gas generator 

into a mixing duct behind the vehicle, where the ejector 

action takes place. The mixing duct is formed by the 

tube itself, as shown in the lower portion of the figure. 

Thus, when the primary gas generator is a turbojet (as in 

the vehicle shown in Fig. A-3), the thrust generator may 

be said to be a shrouded turbojet in which the shroud is 

replaced by a stationary tube. 

In the arrangement shown in Fig. A-4 the transfer flow is 

energized in two stages: first by a conventional fan, and 

then by the fluid blades of a cryptosteady exchanger. An 
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independently driver compressor in the rear of the vehicle 

provides boundary layer suction and an emergency supply of 

air for support and propulsion. 

In the embodiment of Fig. A-5 the thrust generating mecha

nism is again an ejector pump, but the transfer flow is 

energized upstream of the throat by an electrically-driven 

compressor. 

At supersonic speeds, the vehicle may be considered as 

the equivalent of the centerbody of a jet engine, the 

outer shroud of which is, in this case, the wall of the 

tube. Fig. A-6 illustrates this equivalence for a system 

in which the transfer flow is sustained by the addition of 

heat alone, as in a ramjet. There is a similarity between 

this embodiment and that of Fig. A-3, in that the transfer 

flow is energized, in both cases, in a region where the 

addition of energy to the flow would have no useful effect 

if the tube were absent. The tube constitutes, in both 

cases, an integral part of the propulsion' system. The 

power required by the configuration of Fig. A-6 at steady 

speed can be calculated by analogy with that of a ramjet 

engine in the condition of zero thrust. It should be 

noted, however, that in the case of the vehicle in the 

tube the outer boundary of the airstream passage (the in

ternal surface of the tube wall) is not stationary in the 

vehicle-fixed frame of reference as it is in the conven

tional ramjet: instead, it move's in this frame of reference 

in the direction of the relative airflow. Energy losses 

due to viscous forces are therefore substantially reduced • 

. -_._ .... _--- .------... 
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A-5. CONCLUSIONS AND RECOMMENDATIONS 

Preliminary analyses have shown that the power required 

for propulsion of a high-speed vehicle in a tube depends 

on the manner in which the thrust is generated. It is 

generally possible to find, for each configuration of the 

vehicle and for each cruising speed, an internal mode of 

propulsion that produces smaller velocity fluctuations in 

the adjacent air columns -- and, accordingly, require less 

power -- than any external mode. A further reduction of 

the power required is possible, with internal propulsion, 

when the propagation of flow disturbances in the tube is 

inhibited by means of gates or other flow control devices. 

The propulsion modes that produce the least flow disturb

ances have so far been identified only for a few, ideal

ized analytical models. Despite the use of conservative 

assumptions, the results have provided encouraging evi

dence of the economic feasibility of this form of high

speed transportation , at least as far as propulsive power 

demands are concerned. 

More general procedures should now be developed for the 

calculation of the power required in relation to the size 

and aerodynamic characteristics of the vehicle, to its 

cruising speed, to the properties and location of the tube, 

and to the mode of propulsion. These procedures should 

account for nonsteady-flow effects and ~or realistic 

schedules of heat exchange with the surroundings. 
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B. SUPPORT (Hagerup) 

B-1. INTRODUCTION 

The preliminary design parameters of the vehicle-in-the-

tube system that bear directly upon the problem of vehicle 

support are speed and weight. In the following discussion, 

as in other sections of this study, we shall consider the 

problem in terms of a 100 ton vehicle cruising at 375 mph 

in a tube that might be either 15 or 18 feet in diameter. 

The choice of support mechanism would be based then on the 

following considerations: 

1) Support should be provided with particularly high 
efficiency at the cruise condition, but the system 
must of course also function adequately throughout 
the entire range of vehicle speeds from zero to 
375 mph. 

2) For passenger comfort at high speed, the support 
system must leave the vehicle free to adjust its 
angle of bank, so that the resultant of the weight 
and the centrifugal force in curves will still act 
normal to the cabin floor. 

3) The weight of the vehicle must be distributed over 
a significant portion of the tube wall, since 
structural limitations of any economically practi
cable tube are not likely to permit concentrated 
loads of the magnitude indicated. 

4) The cross-sectional shape of the tube in the absence 
of concentrated loads is expected to be quite uni
form, with local tolerances well below one foot. 

The first means of support t~at should be considered is 

naturally wheels. For operation at high speed, however, 

wheels require a very smooth pavement, or rails. In order 

to permit the vehicle to adjust its angle of bank, which will 

not be the same for vehicles pa8sing at different speeds 

through any given curved section of the tube, the smooth 

pavement must either cover a large and heavily reinforced 

portion of the inner surface of the tube, or else the cabin 
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must be free to rotate within a cradle supported by the 

wheels, which might then travel on fixed rails. Although 

it destroys the attractive basic simplicity of the vehicle

in-the-tube concept, this arrangement would provide direct 

vehicle-to-rail contact, and if difficulties were to be 

encountered in the development of microwave power trans

mission or other advanced electrical propulsion schemes, 

wheel support might then possibly merit further considera

tion in spite of the attendant construction problems and 

increased cost of the tube. 

With these reservations in mind, the power expended to 

support a cruising vehicle in this manner may be indicated, 

if for no other reason at least as a comparative standard 

for the other support systems to be discussed in the follow

ing. Assuming a representative wheel friction factor at 

this speed near .01, we should need in order to overcome 

this friction an approximate amount of power at cruise of 

~ ~ 2000 HP. Since the flow velocity in the annular 

transfer passage between the vehicle and the tube wall will 

approach the speed of sound under normal cruising conditions, 

it is clear that the parasite drag contribution to the power 

required for support may easily be as large or larger than 

the rolling friction contribution indicated above, but the 

precise value will depend of course on the detail design of 

the wheels and their attachments to the vehicle. It should 

be noted also that wheel support in the presence of torsion

al deformation of the vehicle gives rise to stability prob

lems which will require detailed investigation. 
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In view of the complications that would be introduced in 

vehicle design and tube construction if wheel support were 

adopted, and with proper attention given to the feature of 

the circular cross-section of the tube, the next a1terna-

tive would be to use air-support pads. Even though there 

is no adequate information on the performance and in parti-

cu1ar the stability of such devices at very high speed, it 

is still quite clear that in the present application aerody-

namic support displays the following important advantages: 

1) Moderate resistance at cruising speed. 

2) Complete freedom to adjust bank in a circular tube. 

3) Support loads distributed over large "areas of the 
tube wall. 

4) Flexible suspension without the use of springs and 
shock absorbers, provided clearances are large 
enough. 

Air-support pads exist in several aerodynamically different 

configurations, and in the following the principal types 

will be examined briefly in the context of their application 

to the vehic1e-in-the tube. The essential feature of all 

these systems is that the relatively close proximity of the 

tube wall is used to raise the air pressure underneath the 

lifting surfaces or pads, and the various types differ 

simply by the manner in whi~h this high pressure region is 

contained. 

Before discussing the basic types of air-support devices, 

one might point out that other means of support could be 

mentioned, such as magnetic suspensions. It would also 

seem clear that these are much further from realization on 

the presently required scale than are the wheel and the 
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air-support devices. 

B-2. LEVAPADS 

In the levapad or air bearing, high pressure is intro-

duced within a narrow gap separating the pad and the wall. 

The high pressure region is contained through viscous 

action, and since the viscosity of air is slight, extremely 

small clearances are generally required to sustain the 

large pressure change; on the other hand only a very small 

amount of high pressure air is needed then for the support 

of any given load. 

In order to obtain some crude notions on the orders of 

magnitude of clearances and power requirements ,if support 

is to be provided by four off-center circular pads of 8 ft 

diameter, it can be shown under the assumption of very 

small clearances that the horsepower required is approxi-

mately given by 

where h in is the clearance in inches, and where the terms 

represent auxiliary air pumping power and contribution of 

lifting surface skin friction respectively. The parasite 

drag of the pads and their attachments again is not in-

cluded. 

It is clear that even if the theory were applicable at the 

least permissible clearance of one inch, the power required 

would be out of the question. At what might be a more 

reasonable power level of 20,000 HP, a clearance of about 
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.05 inches is indicated, and even if the pads were flexible or 

otherwise articulated this is also quite impossible. It is 

interesting to note that the total power according to the 

formula given is minimized at little more than 100 HP when 

the clearance is .005 inches, which means that if the leva

pads were reshaped and supported on polished rails instead, 

such a system could be highly efficient. Compressibility and 

dissipation effects of course will change these numbers a 

great deal, and the analysis in the absence of ram effects is 

somewhat artificial; still the orders of magnitude indicated 

are significant. 

The conclu~ion is that levapad support cannot be applied to 

the vehicle-in-the-tube unless carefully constructed rails 

are incorporated in the system. In this case all the short

comings of wheel support would reappear. However, levapads 

on rails could be kept in mind as a possible means of support 

for the low speed approach and departure sections near 

stations, and also as an alternative means of providing 

positive control during high speed passage through switches. 

B-3. PLENUM CHAMBERS AND ANNULAR JETS 

In the plenum chamber ground effect machine, high pressure 

air is introduced within 'a bell-shaped structure, and the 

high pressure is contained by using the proximity of the wall 

near the rim to create a constriction for the escaping flow, 

which takes the form then of a narrow horizontal peripheral 

jet. An additional design criterion to retain a simple flow 

pattern when the device is in translation is that the chamber 

pressure be kept equal to or higher than the total pressure 
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outside. 

With a set of four pads arranged as before, the pumping 

horsepower requirement can be shown to be approximately 

For a wall clearance in the order of inches this is high, 

but not unreasonable. 

The annular jet modification replaces the peripheral 

horizontal nozzle of the plenum chamber by a curtain con-

sisting of a vertical or otherwise inclined annular jet; 

thus the clearance of the pad is increased beyond that 

of the exit thickness of the jet alone, and the downward 

momentum of the annular jet increases somewhat the tota~ 

lift. The main problem is the difficulty in predicting 

the behavior of the jet curtains at high translational 

speeds. Without undue optimism, however, and for the 

operating conditions considered above, a simple analysis 

indicates that a vertical annular jet will nearly double 

the ground clearance calculated for the plenum chamber 

configuration at the same power expenditure. 

Annular jet ground effect pads thus appear·capable of 

providing vehicle support with adequate clearance at a 

considerable but not impossible expenditure of pumping 

power. Certain problems of stability at high speed 

will require careful examination, and this circumstance 

as well as the duct losses in handling volume flow 

rates on the order of 104 cu ft/sec render the exact 
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performance of this system at cruising speed somewhat uncertain, 

and probably not very economical. 

B-4. RAM WINGS 

The numbers obtained for the ground effect devices considered 

above do not compare favorably with standard airplane perform-

ance, and although the tube severely limits the choice of 

lifting surface planforms, it would seem that a properly shaped 

wing placed within a foot of the wall might well provide ade-

quate support. A modern low-drag airfoil may have a lift to 

drag ratio of 400 in two-dimensional flow, whereas in the 

cruising range our ground effect devices above-are character-

ized by LID ~ 10 or less. 

The shape to be considered might be as shown in cross section 

below, with the high pressure region now contained by the ram 

,?»»>?»»»»»»»?»»»»»»»»»> 

pressure of the air in front, by the constriction imposed by 

the flap at the trailing edge, and by the usual three-dimen-

sional effects near the side edges. For operation at high 

speed the main limitation of this device is that only moderate 

lift coefficients can be realized before the flow velocity 

above the airfoil locally will exceed the speed of sound. 

The momentum recovery of the flow under an unswept trailing 

edge is essentially complete, and it is clear that local jet 
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curtains could be used to reduce tip effects, at a power 

loss which by simply increasing the ram wing aspect ratio 

could easily be made much less than that of the ground 

effect pads considered earlier. However, close examina-

tion suggests that adoption of a tapered p1anform might be 

even better. When the trailing edge is swept forward by an 

angle cP it is easily shown that the momentum recovery of 

the air emerging under the trailing edge is reduced to a 

fraction (1 - cos cp ), but at the same time the side edges 

are shortened, and the tip losses consequently reduced. In 

the present case, for two wings tapered to a point and 

wrapped around the lower surface of the vehicle for a total 

area of 250 ft 2 , the approximate horsepower required for 

support at a nominal lift coefficient of 1.0 would be 

3 lP = 2 '10 h in 

which is extracted from the energy of the free stream 

directly. This system alone is not adequate when the 

speed is reduced, however. The table below shows the 

speed of travel vs required lift coefficient for the 

vehicle considered, operating in a 18 ft tube with the 

flow past the vehicle critical at 375 mph, and using the 

ram wing support system just described. 

Vmph CL 

375 1.0 
300 2.4 
200 5.9 
150 10.5 

Airfoils equipped with trailing edge jet-flaps realize 

lift coefficients as high as 10, but only in two-
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dimensional incompressible flow, and it is clear from the 

table that for adequate support below cruising speed, the 

lift of the ram wings at reduced speeds must be augmented 

by the addition of peripheral jet curtains, in the manner 

of. the annular jet ground effect pads. 

This combined system of tapered ram wings and leading edge 

and/or trailing edge jet curtains would appear to be adequate, 

at a reasonable power expenditure, and with no special diffi-

culties apparent. As already noted, the efficiency of the 

ram wings at high speed would be further improved if the as-

pect ratio could be increased: hence the question as to whether 

the performance with more than two wings in tandem would be 

significantly impaired by interference should be carefully in-

vestigated. 

B-S. CONCLUSIONS 

Examination of three separate kinds of aerodynamic vehicle 

support leads to the following conclusions: 

1) The simplest system which appears capable of 
supporting the vehicle at cruising speed is that 
of two tapered ram wings in tandem, wrapped around 
the lower s~rface of the vehicle, and having me
chanical trailing edge flaps extending to a dis
tance of only a few inches from the tube wall. The 
horsepower required for the support of the vehicle

3 using this system appears to be approximately 2·10 
times the trailing'edge clearance in inches. Re
placement of the trailing edge mechanical flap by 
a jet-flap will nearly double the clearance at no 
significant additional loss of power. However the 
system thus modified is mechanically more complica
ted, and its stability characteristics must also be 
examined more carefully. 

2) Support of the vehicle at intermediate speeds will 
require provision in the ram wings for leading and/or 
trailing edge jet curtains, with a corresponding 
reduction in efficiency for this range of operation. 



B-lO 

3) Levapad or air-bearing support would appear practi
cable if at all only for operation in the near 
vicinity of stations, and during high speed switch
ing if necessary for positive control, and would 
require carefully constructed rails. 

B- 6. RECOMMENDATIONS FOR FURTHER WORK 

Detailed investigation followed by large scale testing is 

required both in the area of support performance analysis 

and design, and in the area of stability and control. The 

following problems are marked for primary attention: 

1) Stability of the ram wing/annular jet lifting 
surface in a tube. 

2) Optimization of ram wing/annular jet airfoil, 
planform, and jet curtain configuration . 

. 3) Interference problems of two or more ram wing/ 
annular jets in tandem. 

4) Interference problems of a ram wing/annular jet 
operating at transonic speed in a narrow transfer 
passage. 

5) Controls design for proper vehicle angle-of-bank 
selection. 
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C -1. ABSTRACT 

For the high speed tube transportation system, elec

trical power is proposed as the main source of' energy 

to power the vehicle. Propulsion of' the vehicle may 

assume the f'orm of' a propeller drive, a linear induc

tion motor drive or a combination of' these two concepts. 

With the propeller driven by an electric motor, all 

three proposed schemes require that electrical power 

be available to the vehicle. The basic consideration 

is to utilize electrical energy external to the tube 

and at very high power levels f'or propulsion of' the 

vehicle. With the vehicle supported by ground ef'f'ect 

pads, the problem is one of' transf'erring energy f'rom 

outside the tube through the large air gap to the vehi

cle. This could be accomplished by mechanical methods 

or by any of' several electrical methods. The latter 

appear to be the most promising. 

C -2. INTRODUCTION 

In article A-2, it was indicated that the internal 

mode of' vehicle propulsion would be more ef'f'icient at 

high speeds and that an electrically driven propeller 

would be one way to utilize this mode of' propulsion. 

The power required to drive the motor may be obtained 

f'rom batteries carried aboard the vehicle or power may 

be transf'erred f'rom sources outside of' the tube to the 

vehicle. A preliminary analysis indicates that vehicle 

borne batteries are prohibitively heavy and the secon~ 
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method is the more practical approach. 

There are several schemes that may be used to 

transfer electrical power to the vehicle for the 

motor. They can be classified into four categor

ies: 1) mechanical, 2) electromagnetic, 3) electro

static and 4) microwave techniques. For vehicle 

velocities in the subsonic region, mechanical 

methods of power transfer cannot be discarded 

without an analysis and experimental investigation. 

Wheel, brush and slide contacts must be examined. 

Electromagnetic techniques appear to be one of the 

~ore fruitful approaches to the problem. A pre

liminary investigation of power transfer by means 

of an air core transformer configuration has been 

conducted. In addition, electrostatic methods of 

transmitting power across the air gap have been 

considered. Both methods appear to be practical. 

Another feasible method is to transmit electrical 

energy at about 100 megacycles per second using 

the tube as a waveguide. No extra tubes or rails 

are required for this kind of power transmission. 

The auxiliary equipment required is electronic in 

nature and can be placed outside the tube. A cir

cularly symmetric .mode can be used so that the 

roll angle of the vehicle will in no way affect 

the system. 

At low speeds, the external mode of propulsion 
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appears to be advantageous as mentioned in Article A-2. 

Again electrical energy can be utilized through the 

linear induction motor principle where air gap flux 

linkages would exist between the vehicle and the tube 

much in the same manner as the rotor and stator of an 

induction motor. 

C-3. INTERNAL MODE PROPULSION - PROPELLER DRIVE 

(a) Mechanical Contact 

The vehicle is supported in the tube by means of an 

air cushion and there is no mechanical connection be

tween the vehicle and the tube. An air gap, therefore, 

exists, through which electrical energy must be trans

mitted. The most obvious method of transferring power 

across this air gap is by means of a sliding or roll

ing mechanical contact between the vehicle and the tube. 

This is shown in Figure C-l. 

Two electrical conductors would be built into the tube 

walls. These conductors would have to be designed to 

allow the vehicle to roll through curves in the tube 

without the power pickups losing contact. The type 

of mechanical contact used in this scheme must be 

thoroughly investigated. Several possibilities are 

shown in Figure C-2. 

Figure C-2a shows a roller pickup. The roller would 

be spring loaded against the conducting bus in the 

tube. Three phase power would be used and the mechanical 
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loading on the vehicle would be symmetrical. 

The advantage of a scheme of this type is its 

simplicitYj however, high current density at the 

contact point is a drawback. Arcing, pitting and 

mechanical wear also are disadvantages. Current 

densities could be reduced by using a wiper with 

more contact surface available. This is shown in 

Figure C-2b. A more substantial wiper scheme is 

shown in Figure C-2c. Here the contact rides in 

a slot in the conductor with a mechanical support 

arm from the vehicle designed so that two degrees 

of freedom are available for rolling in curves and 

for small deviations of the vehicle-to-tube gap. 

(b) Electromagnetic 

If it is desirable for the vehicle not to make 

physical contact with the walls of the tube, the 

problem then is to consider other techniques for 

transferring a large amount of power from outside 

the tube to the vehicle itself across an air gap 

separating the vehicle and the tube. The frequency 

of the A.C. electric power needed to energize the 

electric motor may have to be restricted to not 

more than several hundred cycles per second because 

of the present state of electric motor technology. 

Sixty cycle power might be preferable because of 

the availability of generating machinery. It appears 

feasible that large amounts of 60 cycle A.C. electric 
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a magnetic field. 
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More specifically, the power can be transferred from 

the walls of the tube to the walls of the vehicle by 

wrapping a coiled wire around the tube and wrapping 

the vehicle itself with a coil of wire. This config

uration is shown in Figure C-3. This is a large scale 

air core transformer. If a voltage is applied between 

terminals A and B, a magnetic field is created in

side the coil. This magnetic field then links the 

inner coil and produces a voltage between points C 

and D which can then be used to drive the motor. 

To investigate the feasibility of this approach more 

fully, some numerical computations were made. The re

sults of this investigation show that this approach 

might indeed be a very practical solution. The power 

lost in transferring the electric power from the walls 

of the tube to the motor in the vehicle is about 20% 

of the total power applied to the coil of wire lining 

the tube. This figure is based on the assumption 

that the frequency of the applied voltage is 60 cps 

and the wire diameter is 1 inch. The power loss can 

be made much smaller by using an applied voltage of 

higher frequency, but then other problems arise: 1) con

struction of a motor that will operate from an electric 

power source of several hundred cps. and 2) availability 

of electric power source that can supply electricity 

.. 



c-6 

at several hundred cps. Even the 80% efficiency 

obtainable at 60 cps. is quite good compared to 

the efficiency of the automobile which is about 

30%. 

The computations also show that if the motor on 

the vehicle requires 26,000 kw at 13,000 volts, 

then the voltage required at the terminals of the 

coil of wire lining the inside of the tube is about 

200,000 volts. This magnitude of supply voltage 

is not at all unrealistic. Power transmission 

along high tension lines sometimes use voltages 

of this order of magnitude. If wire diameter is 

increased to 2 inches, efficiency rises to 97%, 

Primary voltage decreases to 74,000 volts. 

Assuming that the high voltage requirements and 

the efficiency of power transfer are acceptable, 

another area to consider is cost. Besides the 

cost of constructing power substations at various 

points along the tube, a major part of the expense 

associated with this method of supplying power to 

the vehicle is the initial cost of winding a coil 

of aluminum wire around the tube. Assuming that 

the cost of the raw metal itself is the most sig

nificant part of the overall cost, it was estimated 

that this would amount to about $600,000 per mile. 

This calculation was based on the assumption that 

one inch diameter wire would be used, that the 

turns in the coil would be placed very close to 



each other, that the tube diameter would be about 18 

feet, and that the bulk price of aluminum would be 

about $.25 per pound. For a 2 inch diameter wire the 

cost per mile would double. 

All calculations that were made were based on the 

assumption that a section of the tube the same length 
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as the vehicle would be energized by the power sUbstation. 

Something approaching this would probably have to be 

used if this scheme were employed. If the energized 

section of the tube were longer than two or three times 

the length of the vehicle, there would be a verY large 

leakage inductance in the equivalent circuit which 

would mean an input voltage much higher than the already 

high value obtained with a short section. Therefore, 

as the vehicle moved down the tube', each section 

would have to be energized as it entered, requiring 

some sort of rapid switching arrangement. (With section 

lengths of twice the length of the vehicle and assum

ing speeds near 400 miles per hour, power would have 

to be switched from section to section every 1/3 second, 

or every 20, cycles if 60 cps. power were used). 

Methods for accomplishing this at the very high power 

levels involved would have to be investigated. 

Further study is also needed on the possibility of 

imprOVing the input power factor with capacitors. The 

voltage supplied by the substation needed to achieve 

the desired output voltage would then be smaller than 
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the 20,000 volts required without any capacitive 

tuning. 

Heating losses in the tube and vehicle coils pre

sent a heat dissipation problem. If the tube 

coil is in a tunnel, perhaps imbedded in concrete, 

the heat generated in the coil of wire would not 

be able to escape. Energizing a section for only 

a short time, as necessary for reasons stated 

above, might alleviate this problem. 

Another area which should be investigated is the 

design of an electric motor large enough to drive 

this vehicle. At present, there are probably no 

motors which will deliver 26,000 kw, although there 

are generators much larger than this. The motor 

would have to be light enough to be supported by 

ground effect pads and small enough so as not to 

take up an unreasonable space in the vehicle. 

(c) Electrostatic 

Transfer of power by electrostatic methods is based 

on obtaining efficient power transfer from outside 

the tube to a vehicle suspended aerodynamically 

in the tube by using capacitive effects between 

tube and vehicle. The aerodynamic configuration 

of the vehicle would have to be modified to some 

extent to provide adequate area for the capacitor 

plates. The configuration is shawn in Figure c-4. 
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A thin ring, which can also provide aerodynamic lift, 

is built around the vehicle. Three sections of this 

ring compose the capacitor plates with electrically 

insulating strips separating the plates. For the 

analysis, the diameter of this ring is assumed to be 

eighteen feet. The results of this analysis indicate 

that this approach is feasible. With capacitor plates 

of 157 s~uare feet in the vehicle and a spacing of 

1.2 inches from vehicle to wall, 1500 amps per phase 

can be delivered to the motor at a phase voltage of 

1200 volts. The fre~uency of the supply voltag~ is 

50 megacycles. Several disadvantages are readily apparent. 

The power supply fre~uency is very high for the power 

levels involved and the danger of dielectric break-

down in the air gap must be investigated more thoroughly. 

The calculations involved in the analysis were made 

at a lower power level than is re~uired. The form of 

the solution is valid but more consistent numbers must 

be used to obtain a valid comparison with the Electro

magnetic Study. The effect of this method of power 

transmission on the total power transmission system 

must be investigated. However, more information on 

the motor characteristics are re~uired before this study 

can be undertaken. The configuration of the mating 

capacitor plates in the wall of the tube must also be 

considered with respect to cost of tube construction, 

effect on the physical characteristics of the tube and 

the effect of rolling disturbances on the power input. 
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(d) Microwave 

For the microwave scheme, a power level of 5 to 

15 megawatts will be required. Microwave power 

at comparable levels has been generated and trans

mitted at S-band and the lower frequencies required 

for an 18 foot waveguide should be much easier 

with lower overall losses. The transmission and 

conversion equipment can be extremely simple with 

minimal maintenance. 

Commercial triodes and tetrodes can provide 10 - 50 

kilowatts each on a continuous basis. Such tubes 

can power individual loops phased to provide an 

endfire array or otherwise combined to provide the 

required power. Another possibility might lie in 

the design of magnetrons with coaxial cavities. 

Such magnetrons are not presently available, but 

the requirement for power generation at the rela

tively low frequencies and high efficiencies required 

for the system proposed here has not previously 

arisen. 

A receiving system using thin based PIN diodes 

specially designed for high efficie~cy at the fre

q~encies required seems feasible. Rectifying units 

of about one cubic inch should be capable of handl

ing 100 kilowatts so that 50 to 150 such units 

should be capable of rectifying 5 to 15 megawatts. 

The efficiency of the system depends on five factors: 
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a) DC to RF conversion should be possible at about 

800/0 efficiency. 

b) Transmission guide losses in a tube with a spray 

or shell coating of aluminum approximately .5 mil 

thickness and losses due to deformation and non-alignment 

of the tube will yield an efficiency of 85 - 90% for 

a l5 - 20 mile section of tube. 

c) Coupling from and to waveguide mode including 

antenna tuning and matching losses can probably be 

accomplished with an efficiency of 90 - 95%. 

d) RF to DC conversion losses including solid state 

diode losses and tuning and matching losses -- 90%. 

e) DC electrical energy to mechanical energy con

version can probably be accomplished with an efficiency 

approximating 95%. 

The overall efficiency can therefore be reasonably 

expected to be between 50% and 60'{0. 

The problem area of greatest importance is the determina

tion of the tolerances required of the tube construction 

so that undue mode conversion and resultant mismatching 

will not occur. Scattering into modes lower than the 

circularly symmetric mode chosen will result in in

creased losses due to reflection and increased thermal 

loss in the tube walls. This will influence the choice 

between the circularly symmetric modes TMOl and TEOi• 

The second major problem area is the determination of 

'other efficiency factors to greater precision and a 
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careful cost comparison with the use of fossil 

fuels. 

The receiving system would consist of loops in 

either the z - r or r - 9 plane depending on 

the mode used and would be mounted on the rear of 

the vehicle. The system would be tuned to terminate 

the guide in its characteristic impedance. The 

vehicle itself being several wavelengths long would 

serve as a short preventing all but a very small 

amount of radiation from entering the tunnel ahead 

of the vehicle. Ideally radiators would be 

switched on after the vehicle passes them and 

switched off when the distance between the radiator 

and vehicle is sufficiently great to make use of 

the radiator uneconomical. The radiators themselves 

would be imbedded in the walls of the tube and 

would not hamper passage of the vehicle. 

c-4. EXTERNAL MODE PROPULSION - LINEAR INDUCTION MOTOR 

At low speeds, external mode propulsion employing 

the linear induction motor principle warrants serious 

consideration. The vehicle would act as the rotor 

of the machine and coils would be spacially wound 

around the tube and represent the stator. The flux 

from the stator would link the rotor and move along 

the tube at a speed determined by the spacing of the 

coils and the frequency of the electrical power 

applied to the stator. If the supply frequency is 
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fixed, the relative motion between the flux moving 

along the tube and the vehicle would be greatest at 

starting. Forces would be exerted on the vehicle 

tending to cause motion of the vehicle in the direction 

of the moving flux. The magnitude of the forces 

producing vehicle thrust would vary with the difference 

in speed between the flux speed and the vehicle speed. 

It would be desirable to have the thrust due to linear 

induction motor action greatest at starting and this 

condition might be realized. The power factor would 

have an important bearing on the thrust. For constant 

supply frequency, obviously the slip would be greatest 

at starting. If, likewise, the design were such that 

the power factor were greatest at starting, then the 

power developed tending to move the vehicle would be 

greatest at starting. 

Only a brief look has been taken at this method of 

propulsion. References in this area are sketchy although 

some work has been done here and abroad in the area 

of catapulting aircraft from carriers. 

C-5. CONCWSIONS AND RECOMMENDATIONS 

The problem of supplying electrical energy to the pro

peller drive propulsion scheme appears to be practical. 

Preliminary analyses indicate that the air core trans

former method of transmitting power from the tube to 

vehicle is feasible and economical. 

In addition, the transmission of electrical energy at 
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radio frequencies to the vehicle using the tube 

as a waveguide appears feasible and attractive. 

There seem to be no fundamental limitations to 

this scheme. However, there is an obvious need 

for a thorough and complete assessment of the 

possibilities of such an approach. If necessary, 

the system can be modeled on a smaller scale, 

possibly at L-band frequencies. 

The application of the linear induction motor 

principle to augment the propeller drive would be 

advantageous in that external mode would be the 

primary means of propulsion at low speeds and the 

internal mode of an electrically driven propeller 

would provide the high speed propulsion. It is 

recommended that a scaled down experimental model 

employing the linear induction motor principle be 

built in the form of a circular track simulating 

the tube with a vehicle inside the tube. In this 

fashion winding configurations and rotor configu

rations could be tested. 

Further studies as to the effects of the magnetic 

fields and the microwave power associated with the 

various proposed schemes on the communication and 

safety systems must also be undertaken when 

feasibility studies are completed and the actual 

system integration is being conducted. 
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D. ENVIRONMENT (Foa) 

D-l. ABSTRACT 

This section deals with the control of pressure, 

temperature and composition of the air in a vehicle 

traveling at high speed within a non-evacuated tube. 

D-2. INTRODUCTION 

The problems of environmental control are far simpler 

in the system under study than in an evacuated tube. 

D-l 

They differ, however, from those of all existing means 

of transportation and call, to a certain extent, for 

novel solutions. A new and promising method of tem

perature control has already been studied and tested. 

Several ways of dealing with air contamination are also 

presently being considered, including, of course, its 

total elimination through the use of electric propulsion. 

These and other aspects of the problem are discussed in 

the following pages. 

D-3. PRESSURE CONTROL 

Although the tube is not evacuated, cabin pressure con

trol is necessary because of the large pressure differ

ences that are maintained by the transfer flow on the 

surface of the vehicle. The difficulty here is not with 

pressure changes with time, as in the case of the train 

entering a tunnel (Ref .. 1), but rather with pressure 

gradients which are believed to be substantially invariant 
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with respect to time if the vehicle is reasonably stable. 

In principle, the difficulty could be overcome through the 

use of a perfectly sealed cabin, but then a leakage at any 

one point would bring the whole interior to the local exter

nal pressure at that point. A safer way of keeping the 

cabin at the desired pressure is to vent it to the transfer 

passage through a duct leading to automatically controlled 

valves at widely spaced surface ports. 

D-4. TEMPERATURE CONTROL 

When flow disturbances are propagated for some distance in 

the tube ahead of the vehicle, the problem of frictional 

heating on the surface of the vehicle is not quite the same 

as that of frictional heating in free flight. Under these 

conditions, the tube acts like a very large heat exchanger, 

in which the stagnation temperature of the air in the tube, 

relative to the vehicle, may be significantly decreased 

(Ref. 2). The amount of energy that is transferred out of 

the flow ahead of the vehicle depends on the nature of the 

flow disturbances, on the material properties and location 

of the tube, and on other factors. Not enough is known 

about this effect for a prediction of its magnitude, pri

marily because the coupling between flow disturbances and 

heat exchanges is still incompletely understood. It is 

clear, however, that easily controllable means will be 

needed for cooling or heating of the air in the vehicle 

over a wide range of temperatures. 

The device that seems best suited for this purpose is an 

"energy separator" which is currently under development 
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at Rensselaer (Ref. 3). The underlying concept is that 

of a nondissipative process whereby an initially homo-

geneous stream is divided into separate streams at 

different energy levels. This process can be viewed as 

the reverse of the "cryptosteady energy exchange" that 

is proposed for propulsion (see Section A). Its only 

steady-flow counterpart is the highly dissipative 

mechanism of the Ranque tube. 

Basically, what is done here is to capture a stream of 

ram air and divide it into two streams, which are then 

deflected to two different directions. In the frame 

of reference Fs in which the two flows are steady, the 

stagnation enthalpy is the same in the deflected flows 

as in the original_ stream. However, in every other 

frame of observation F the two flows acquire different 

energy levels as they are deflected to different orienta-

tions. If the only deflecting forces are the mutually 

exerted pressure forces at the surface of contact be-

tween the two streams, as in Figs. D-l and D-2, then 

the energy exchanged is equal to the work done by these 

forces as the contact surface is displaced in F. In 

Figs. D-l and D-2, subscript i denotes the initial stream 

and subscripts a and b denote the two deflected flows. 

S is the contact surface, c and u denote flow velocities 

in F and F, respectively, and V is the velocity of Fs s . 

relative to F. In both cases, energy is transferred 

from flow a to flow b. Therefore, flow a can be 
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extracted as a stream of cold air and flow b as a stream 

of hot air. 

Fig. D-3 shows the predicted performance of this device, 

based on the theory of Ref. 3. Here, f is the ratio between 

the mass flow rates mb and mao The stagnation temperatures 

of the two separate flows are plotted for an intake stagna

tion temperature of 5280 R and for various ratios between 

the intake stagnation pressure Pio and the cabin pressure Pd. 

Experimental results for a variety of configurations have a1-

ready come close to the theoretical predictions. In its 

simplest forms, the device calls for utilization of only one 

of the two separated flows. For example., if cooling is de-

sired, it may be convenient to use a mass ratio fA of .2: 

then, one sixth of the captured flow is dumped overboard as 

hot air, and the remainder is fed as cooling air to the cabin. 

In more sophisticated arrangements that are presently being 

studied under a grant from the Army Research Office (Durham), 

some of the energy of the hot flow is recovered in a variety 

of ways. 

D-5. VENTILATION 

When combustion engines are used inside the tube for any 

purpose, some ventilation of the tube is required to maintain 

an adequate supply of oxygen for the operation of the engines 

themselves. This requirement is not critical, because the 

* average mixture composition is so lean that scores of 

* Calculated average air/fuel ratios required for propulsion 
vary from 1000 to 10,000. 
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vehicles could travel the length of the tube before air 

renewal becomes necessary for continuing engine opera-

tion. 

Far more important and demanding is the requirement of , 

passenger safety. The use of a sealed cabin, carrying 

its own atmosphere, is not considered safe enough. A 

desirable arrangement would be one whereby all toxic com-

ponents would be removed from the discharge flow of the 

air conditioning system into the cabin. Safer yet would 

be a combination of air purification and tube ventila-

tion. The power required for ventilation of the tube 

depends on many factors, some of which remain to be 

determined. One of these is the spacing between ventila-

ting pumps. Another is the air renewal time. For 

example, if no residual trace of combustion products is 

tolerated in the tube, the time for complete renewal of 

the air in the tube must not exceed the headway between 

vehicles. It should be noted that an important saving 

of ventilating power is provided by the braking mechanism 

of this transportation system. During the braking phase, 

the tube-vehicle system acts in effect as a positive dis-

placement pump. The braking effect of the air masses in 

the tube may be increased by means of spoilers on the 

surface of the vehicle and may be relieved by means of 

valved vents in the tube. This means provides vigorous 

purging of long stretches of the tube, as vitiated air 

is pushed out in front of the vehicle and fresh air is 

sucked in behind it. 
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Needless to say, the most promising solution of the air 

contamination problem lies in the successful development 

of electric propulsion . 

• 
D-6. CONCLUSIONS AND RECOMMENDATIONS 

The maintenance of a safe and comfortable atmosphere in 

the vehicle requires that pressure and temperature be 

automatically controlled and that the tube be adequately 

ventilated. 

Probably the best way of achieving pressure control is by 

venting the cabin to the air transfer passage at various 

points, through valves automatically operated by a central 

pressure-sensing control unit in the cabin. 

An energy separator which is presently under development 

at Rensselaer is believed to be well suited for use as a 

temperature-control device. This device is simple, 

efficient, and capable of almost instant response to con

trol signals. 

Reliance on a sealed enclosure for the maintenance of 

safe and comfortable conditions in the cabin is not re

commended. 

Air composition control is necessary when internal com

bustion engines are used for any purpose inside the tube. 

Attention should be given to the development of means for 

the separation of all toxic or otherwise harmful products 

of combustion from the air which is discharged from the 
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energy separator into the cabin. A determination should 

also be made of the required air renewal time and of the 

most economical spacing between ventilating pumps, in 

relation to headway and vehicular speed and power. Con-

sideration should be given to the utilization of the 

kinetic energy stored in the vehicle, during the braking 

phase, as a means for reducing the power required for 

ventilation of the tube. 
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E. COMMUNICATIONS AND SENSING (Carlson) 

E-l. ABSTRACT 

E-l 

This section deals with the communications and sensing 

mechanisms for a vehicle traveling at high speed with

in a tube. Electrical sensing techniques are described 

for determining the position and velocity of all vehi

cles in the tube. Additional relative position sensing 

is included as a fail-safe provision. A proposed 

communication system is described which provides two

way communications between each vehicle and the outside 

world for purposes of vehicle control, traffic control, 

and passenger entertainment. 

E-2. INTRODUCTION 

The problems of communicating with a vehicle in a tube 

are similar to those of a high-speed train in a tunnel 

of extreme length. The tube provides almost complete 

electrical shielding from the surroundings, and hence 

electrical signals must be coupled directly into the 

tube. (Of course, the tube shielding is quite benefi

cial from the viewpoint of outside interference.) 

Similarly, vehicle sensing, if done electrically, must 

be accomplished by mechanisms within the tube. From 

efficiency considerations, it seems that the electri

cal coupling used for communications should also be 

used for sensing. on the other hand, an independent 

sensing scheme is called for as a fail-safe provision. 

The specific topics covered in this section are as 
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follows: 

(1) Tube-vehicle electrical coupling. 

(2) Vehicle sensing. 

(3) Two-way communications. 

(4) Fail-safe provisions. 

These topics are discussed in terms of a specific 

system which has received preliminary study and 

looks to be quite attractive. This is not to 

suggest however that this particular system is 

optimum. Rather, the system represents one possi

ble solution. 

E- 3 . TUBE-VEHICLE ELECTRICAL COUPLING 

The key to successful communications is the elec

trical coupling between tube and vehicle. A 

cylindrical tube, with inside diameter of approx

imately 15 - 18 feet, has electrical properties 

which depend on the tube composition and the elec

trical frequency. It is assumed here that the 

tube shell represents a good conductor. For re

inforced concrete construction this is a reason

able assumption if the reinforcing members have a 

spacing which is small compared to the wavelength 

in question. For very small wavelengths a thin 

metallic coating on the tube interior -- such as 

aluminum paint -- might be required to satisfy 

this condition. 



In the approximate frequency range of 100 - 500 Mc 

the tube will act as a circular waveguide, guiding 
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the electrical signal along the tube. With a properly 

excited mode, the attenuation will be small and tube 

curvature will have little effect. Propagating waves 

of this nature could be launched and detected by the 

vehicle, or by a source external to the tube with slot 

coupling. 

Above 500 Mc a wave launched near the tube axis will 

be loosely coupled to the tube and will propagate as 

in free space, following optical paths. The tube walls 

will then act as reflecting surfaces. Signals of this 

sort could be launched and detected only by the vehi

cle, unless a removable obstruction such as a gate 

were used in the tube. 

Below 100 Mc the tube acts as a waveguide below cutoff, 

and signals would be drastically attenuated with dis

tance. However, by adding one or two conductors on 

the tube interior, a low-loss transmission line can 

be constructed which would be good down to very low 

frequencies. (Actually the conductors could be buried 

in the tube walls, with appropriate insulation.) This 

transmission-line scheme would be easy to excite from 

the exterior of the tube, and a probe on the vehicle 

would provide two-way coupling. This technique has 

two distinct merits over the others: (1) excitation 

is very simple; (2) by periodically terminating the 



E-4 

transmission line, the tube can be sectioned into 

zones for communications and sensing. This is 

discussed in further detail in the next two sec

tions. 

E-4. VEHICLE SENSING 

Using the zoned transmission line for tube-vehicle 

coupling, a very simple means for vehicle sensing 

is as follows. The vehicle is equipped with a cw 

transmitter at a modestly low frequency -- say 

around 5 Mc. The vehicle signal is coupled to the 

transmission line and travels in both directions 

along the line; it can thus be detected at both 

ends of a given zone. Coupling into adjacent zones 

is presummed negligible. Figure E-l shows the 

zone arrangement; only the transmission lines and 

vehicle are within the tube. Taking the trans

mission line to have moderate loss, the amplitude 

of the detected vehicle signal is shown in Fig. E-2 

as a function of vehicle position. 

A sensing station for zone n includes the far

end termination of zone n and the near-end ter

mination of zone n + 1. By inverting the detected 

signal from the former and adding it to the Signal 

from the latter, a characteristic signal is devel

oped which has its zero crossing when the vehicle 

passes from zone n to zone n + 1 -- Fig. E-3a. 

Note that this positional sensing is independent 
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of the absolute magnitude of the vehicle signal. 

Velocity sensing is accomplished by detecting the 

turning points of the composite signal, as indicated 

in Fig. E-3b. Since the distance between zone termin

ations is known, the time between turning points is 

inversely proportional to the velocity of the vehicle. 

The vehicle acceleration can be estimated from the 

velocity measurements of two adjacent sensing stations. 

The vehicle sensing scheme described gives sample 

values of position, velocity, and acceleration at each 

sensing station. The spacing of the sensing stations 

is thus determined by the rate at which vehicle data 

must be acquired. This in turn sets the zone length. 

Taking a vehicle crusing speed of 375 mph (550 ft/sec) 

and two-minute headway, a conservative spacing would 

be about one mile; this gives vehicle sampled data 

every 10 seconds, and allows for 12 zones between 

vehicles, thereby eliminating multiple-vehicle inter

ference. 

The data collected by the sensing stations could be 

used for localized controlling, similar to railroad 

block control. Alternately, the data from all stations 

could be fed to a central computer system for vehicle 

and traffic control. In the latter case, either each 

vehicle or each sensing station must be uniquely . 

identified to avoid ambiguity. Unique vehicle identi

fication seems the more attractive plan since there 
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will be many less vehicles than sensors in a tube 

of moderate length. Furthermore, traffic control 

and switching is simplified by vehicle identifi

cation. 

E-5. TWO-WAY COMMUNICATIONS 

Assuming a centralized control facility, the 

signals which must be accommodated by the corrurru

nications system are as follows: 

(1) Control center to each vehicle: control 

signals and emergency voice signals. (A tele

vision channel for passenger entertainment is 

also desirable.) 

(2) Sensing stations to control center: vehicle 

data. 

(3) Vehicles to control center: performance 

monitoring signals and emergency voice signals. 

The logical intermediary between vehicle and con

trol center is the sensing station, since this is 

the point at which signals are readily coupled to 

and from the vehicle. Inasmuch as there are many 

such stations in a given tube, land-line connec

tions via coaxial cable are called for. A multi

plexing scheme is described below which incorporates 

these features. 

A schematic diagram of one complete sensing station 

is shown in Fig. E-4. The unique feature of the 



E-7 

system is that individual carrier frequencies are 

assigned to each possible vehicle in the tube. These 

carriers are generated at the central control and fed 

to each sensing station via repeatered cable. As a 

vehicle enters a sensing zone, it is identified by 

the sensing station. (The identification is made by 

detecting a tone modulated on the 5 Mc vehicle signal.) 

Upon identification, the corresponding vehicle carrier 

is selected and amplified. This carrier is then 

modulated by the sensing station data signals, and re

turned to the control center along with other modulat

ed carriers from other sensing stations. 

The data signal from the sensing station is a binary 

code pattern in the following sequence. At the zero

crossing point of the sensing signal -- Fig. E-3a 

a START signal is generated. The START signal is 

modulated on the vehicle carrier, followed by a binary 

code identifying the particular sensing station. Thus, 

at the control pOint, the vehicle position is uniquely 

determined in time. Finally, a quantized and coded 

representation of the vehicle velocity is sent. 

In addition to an identifying tone, the 5 Mc vehicle 

Signal is modulated by vehicle-borne data signals for 

performance monitoring. (This channel may be switched 

over for emergency voice signals.) The monitor signal 

is also detected at the sensing station and used to 

modulate the vehicle carrier, this signal being returned 
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by a separate multiplexed line. 

All vehicle carrier signals returned to the con

trol center can be synchronously demodulated with 

the aid of the central carrier generators. 

The vehicle control signals, originating at the 

central control, are individually modulated on 

sub-carriers which, in turn, modulate a master 

carrier at a frequency near 25 Mc. This multi

plex signal is fed via cable to all sensing 

stations where it is amplified and coupled to the 

zone transmission lines. Using band-pass filters, 

each vehicle can extract its own control signal. 

Emergency voice channels may be added in a similar 

fashion. The master carrier can also be modulated 

by a television signal and an all-vehicle guard 

channel. All of these signals are continuously 

impressed on the zone transmission lines to avoid 

coverage gaps. 

By way of summarizing, the spectra of the 5 Mc 

vehicle signal and the 25 Mc control signal are 

shown in Fig. E-5. 

E-6. FAIL-SAFE PROVISIONS· 

Fail-safe provisions must be made for two basic 

types of malfunction: the failure of one or more 

individual pieces of equipment, and massive fail

ure of the central control facility. 
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In view of the fact that the communications equipment 

cost will be but a small fraction of the total system 

cost, a simple and logical protection against individual 

equipment failure is by means of duplication. Thus, 

standby transmit-receive units can be carried by each 

vehicle. Similarly, alternate sets of land-lines, 

complete with repeaters, should be provided. However, 

it is not necessary to duplicate sensing station equip

ment since normal operation can be maintained despite 

the loss of one or more such stations. 

A more critical problem is the case of .massive failure 

at the control center. It is then desired to have in

dependent vehicle-borne detection and control equipment 

which will permit continued operation. A pulse-doppler 

radar installed on each vehicle would provide the needed 

detection signals. As indicated in E-3, a radar fre

quency above 500 Mc would propagate in the tube along 

optical paths. Thus, where the tube is straight, the 

return signal would indicate the range and relative 

velocity of the next vehicle ahead. The radius of tube 

curvature is sufficiently great that the radar would 

provide sufficient warning on curves if the vehicle 

velocity is reduced. This velocity reduction can be 

actuated by radar retUrn from the curving tube wall. 

E-7. CONCIlJSIONS AND RECOMMENDATIONS 

As indicated by the scheme described here, complete 

vehicle sensing and communication is possible in a 
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high-speed tube-vehicle system. Adequate fail

safe measures can also be provided. This scheme 

however was based on several assumptions which in 

themselves deserve further study. In particular, 

it is recommended that the following topics be 

pursued in detail. 

(1) The control philosophy: The communication 

and sensing requirements are highly sensitive to 

the rate at which control data must be acquired, 

and whether the control is by blocks, as in rail

road systems, or by a central facility. Here is 

an area where communications and control engineers 

must work together. 

(2) Electrical coupling: Detailed experimental 

studies must be made of the types of coupling 

listed in E-3. The 100 - 500 Mc guided mode warrents 

further consideration, as well as other possible 

techniques. 

(3) System economics: After resolution of the 

above items, a more meaningful study of the tech

nical and economic factors can be made in the 

context of particular systems. 

----------------------
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F-l. ABSTRACT 

A high speed ground transportation system involving 

fast moving vehicles in a confined guideway requires 

reliable, effective means of automatically controlling 

the motion of the vehicle to provide passenger safety and 

comfort. A two-level control system consisting of the 

central controller and local controllers aboard vehi

cles is proposed. The roll motion of a vehicle during 

passage through a curve will be stabilized by a local 

controller while the traffic flow and dispatching will 

be regulated by the central controller using both pre

calculated schedules and feedback corrections. 

F-2. INTRODUCTION 

In any transportation system involving high speeds and 

close vehicle spacing, automatic methods for control 

of spacing and dispatching times are undoubtedly re

quired. In any case some fast means are needed to 

rapidly detect situations requiring immediate deceler

ation and to inform the moving vehicles of impediments 

along the right of way. This implies a requirement for 

a reliable, accurate and fast means of sensing the state 

of vehicle motion and communicating such information 

to the controlling equipment so that proper action may 

be initiated. Any transient pitch and yaw .motion of 

the vehicle caused by impulsive disturbances .must be 

controlled to insure the safety and comfort of pa~~enger~. 
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The impulsive disturbances may be produced by im

perfections in the guideway structure and alignment 

or malfunctioning of the support mechanism in moving 

vehicles. Since a vehicle moving at very high speed 

must also be left free to tilt itself to the correct 

angle of bank in every turn, it is necessary to 

apply a proper control torque to the vehicle to 

stabilize its roll motion as it passes through a 

curve. 

A two-level control system consisting of a central 

controller and a local controller may be used to 

implement the various control actions outlined 

above. The central controller shall monitor peri

odically traffic conditions throughout the trans

portation system and regulate the movement of vehi

cles according to well defined criteria of safety 

and economy. A local controller aboard the vehicle 

shall stabilize its roll .motion in passing through 

a curve. Emergency braking and guidance of a 

vehicle through misaligned guideway may require 

coordinated actions of both central and local con

trollers. 

F-3. CONTROL OF ROLL MOTION 

(a) General 

The vector sum of the gravitational and centrifugal 

forces acting upon the vehicle and its passengers 

during a curve makes an angle 'f with the Earth 1 s 
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local vertical, as shown in Fig. F-l. If ¢, the 

vehicle's angle of roll relative to the same reference, 

is not equal to ~ , the angular difference, 9 = ~ _ ¢, 
will result in a moment about the vehicle's geometric 

center and a sideways thrust upon the passengers. 

This moment tends to reduce 9, provided that the 

vehicle's center of mass is below its geometric center. 

In order to maintain the angle 9 at essentially zero 

during a curve when a c ' the centripetal acceleration, 

is changing with the radius of curvature, a control 

torque about the vehicle's longitudinal axis can be 

applied by diverting air from the support pads in a 

direction tangental to the tube wall and normal to the 

direction of travel. This torque, N(t), will result 

in an angular acceleration 

¢ = (1) 

where J is the moment of inertia of the vehicle about 

its roll axis, and (.) = d( )/dt. Knowing the vehi-

cle velocity V, the curvature of the tube, and J, 

an open-loop control torque can be programmed so as 

to vary the roll angle in such a manner that 9(t) is 

nominally zero throughout the curve. The effects of 

any disturbances or slight errors in this open-loop 

control can be eliminated by having a relatively small 

feedback torque capability which acts only when 9 f O. 

The methods by which these two control systems might 

be designed and the manner in which control system 
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considerations might affect the curve design are 

presented in the following two sections,' along 

with some representative numerical results. 

(b) Open-Loop Control 

Assuming that the curve is described by a function 

y(x) as in Fig. F-2, the requirements on the 

open-loop portion of the roll control system can 

be obtained in a straightforward manner. To a 

good approximation, the centripetal acceleration 

is given by 

where the minus sign denotes a direction to the 

left in Fig. F-l and ( )1 = d( * )/dx. It is 

readily apparent from Fig. F-l that if the net 

force on the vehicle and its passengers is to act 

vertically with respect to the vehicle, the roll 

angle ¢ must satisfy the relationship 

¢ = 'f (3a) 

where 

"f = arc tan 
V2y ll 

(3b) g 

During a section of straight tube, y" = 0, so 

the no.minal roll angle is ~ = 0. Differentia-

tion of 1..{J twice with respect to time and use 

of Eq. (1) will yield the desired expression for 

* - y2yll 
Actually, a - ] 3/2 • 

c - [1 + (yllt)2 
For the curves 

under consideration, Iyllli will be 
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the open-loop, i.e., programmed, torque in terms of x. 

To ,examine the torque requirements during a curve, it 

will be assumed that the centerline of the tube devi

ates from a straight line initially as y = kx4. This 

will mean that the curvature varies as x2 and it 

will be shown later that the torque required to main-

tain 9 = 0 will remain finite throughout the curve. 

Any complete curve must be composed of at least two 

sections during which the curvature yll increases from 

zero to some maximum value yll and from there back 
m 

to zero at the exit from the curve. At the end of the 

first section the roll angle reaches its maximum value 

of 

IlIJ t V2 II 
T m = arc an gYm (4) 

and at this point the magnitude of the effective gravi-

. tational field felt by the passengers will be (from 

Fig. F-l) 

gm = g J 1 + tan
2 "/1m 

where g = 32.2 rt./sec. 2• Therefore, considerations 

of passenger comfort will place a limit upon the values 

of II./', and yll for any curve in the tube. If a m m 

curve must change the vehicle's direction by an angle 

greater than that which can be achieved by the above 

two sections, then a section of.constant curvature 

yll of any desired length can be inserted between these 
m 

two sections of increasing and decreasing curvature. 

----------.. -- ---------------
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The behavior of y', i', and "f along a typical 

curve are shown in Fig. F-3. Because the section 

of constant "f' reCluires zero open loop co"ntrol 
•• 

torClue (~= 0) and because the section of decreas-

ing curvature is merely the image of the first 

section relative to a new coordinate system, (see 

Fig. F-2) only the section of increasing curvature 

will be discussed further. This section can be 

further divided into two halves of length L, as 

shown in Fig. F-4, where the curvature is given 

by 

O~ x~L 

y"(x) (6) 

L~ x ~ 2L 

where k is a constant involving several system 

parameters. The piecing of two Cluadratics is 

necessary in order for the torClue N to be finite 

at the beginning and end of this section of the 

curve while maintaining e = o. 

ECluation (6) can be integrated twice to yield 

y(x), the eCluation for the curve. If the distance 

is normalized by defining 

~ = x/L 

and the parameter 

cx= 
12 k V2L2 

g 
(8 ) 

is introduced, the following expressions for 

~------------ -------~----
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y' (~) and y(~) can be obtained by straight-

forward integration, using the approximation that 

* dx/dt ~ V: 

~ [~ t; 3] O~~~l 
f-

y' (~) = (9) 
~ [¥(2-6 ti +6r;2_ J<3~ HE;;2 
f-

y(~) = (10) 

Figure F-5 shows y( J:) for several representative 

values of a. 

The roll angle of the vehicle required to ~eep the 

net force vector vertical with respect to the vehi-

cle is found by using Eqs.(3, 6, and 7) to.be 

{

arc tan a f:. 2 
0 ~ e -5: 1 

~ (~) = 2 
arc tan a( -2+4 'Eo - -e) 1 ~J: -5: 2 

(11) 

Differentiation of If with respect to time gives 

2V [ aE J O~E~l 
L 14&4 

• "J'(i) = (12) 

2V f a( 2- J! l . J 
L· 14(-2+4~ _ J:2)2 

1~t~2 

* V Actually, dx/ dt = ... [.----..;-2]=-=1,....;=2. For the numer-
1 +(y') 

ical example given in Section (d), the apprOximation 
is in error by at most 0.8% and generally by much 
less. 
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• 
Differentiation of I./J and use of Eqs. (1) and (3a) 

yields the desired expression for the open-loop con-

trol torque: 

N(t) = 

[~~~~~)2 ] 
{ 

-1-+<1 28-80:!+68~2-24a 3+ .E~)} 
1 +ci(4-16:e. +20 ~ 2 -8 ~ 3+ ~ 4)] 

l~ e < 2 

where J is the vehicle's moment of inertia about the 

roll axis. In Figs. F-6, F-7, and F-8, the variables . 
"f, 1\jI, and N are shown versus J: with a as a 

parameter. 

By noting from Fig. F-6 that "I' reaches its maximum 

value, 'Y' , at f: = 2 (or equivalently x = 2L) and 
m 

using Eq. (11), the parameter a can be expressed in 

terms of ~ by the equation 
m 

a = ~ tan ~m 

Use of this result with Eq. (5) yields an expression 

for the peak acceleration during the curve in terms 

of a, namely 

The values of a for which the curves are plotted 

(14) 

(0.2, 0.4, 0.6, and 0.8) correspond to values of 9m 

equal to 1.08g, 1.28g, 1.56g, and 1.89g, respectively. 

It is apparent from Fig. F-8 that the open-loop torque 
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is a rather complicated function of e but, espe-

cially for law values of a, closely resembles 

the output of a bang-bang controller, i.e. one 

for which N(t) = + N , - N , or o. A bang-m m 

gang controller would have two important advantages 

over the controller resulting from the curve dis-

cussed above and described by Eq. (10): 

(i) The bang-bang actuating device would 

be composed of a pair of valves which were either 

completely open or completely shut as opposed to 

a pair of valves whose openings would require con-

tinuous variation. 

(ii) The bang-bang control logic would have 

to establish the times at which the valves should 

be opened or closed, whereas the control based upon 

the quartic variation of y with x would have 

to satisfy Eq. (13). 

For these reasons it might be better to determine 

the curve function y(x) which results in a bang-

bang open-loop control, rather than choosing a 

simple curve geometry and using the more complicated 

control system which results. If a bang-bang con

trol is postulated, ~ can be obtained by using 
--

Eqs. (1) and (3a) and integrating ~ twice with 

t t t o e· Then y"(x) respec 0 J.m. is given by Eg. (3b) 

and y(x) can be found by integrating y"(x) twice 

with respect to x (presumably numerically) • 

. ~~~~----
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Since the tube will be located from a set of calculated 

points this approach imposes no complication in the 

tube design or construction, while resulting in a 

significant simplification in the control system. The 

two approaches should also be compared with regard to 

such criteria as maximum torque required, peak angular 

velocity, and minimum length for a switch. 

(c) Feedback Control 

Because the open-loop control torque is based upon 

nominal parameter values rather than the actual values 

occuring during a particular turn and because there is 

no means of correcting for random disturbances with 

the open-loop control, it is imperative that a feedback 

control be added to the system. This feedback system 

would detect any deviation of the actual roll angle, 

¢, from the desired roll angle, ~ (see Fig. 1) and 

apply a corrective torque. The error angle 

"f - ¢ (16) 

is to be kept as close to zero as possible at all times, 

both during straight sections of the tube when 4f = 0 

and during curves when "/I varies with the curvature. 

As mentioned in Sec. (a), there will be a restoring 

torque 

NF = F("'/') b sin e 

where 

F(~) = W Jl + tan
2"f (18) 



F-ll 

and b is the distance of the center of mass below 

the geometric center. However, due to the· absence of 

any dissipative torques other than viscous torques Which 

would be small, any disturbances or deviations of ¢ 
from the desired value will result in undamped 

oscillations of the vehicle about its desired roll 

angle "f' . 

Summing torques about the roll axis yields 

where NO! is the open-loop torque which nominally 

satisfies the relation 

(20) 

and Nfb is the feedback torque, as yet unspecified. 

Use of the relationship ¢ = ~- 9 and Eq. (20) yields 

the following nonlinear, time varying differential 

equation for the error angle: 

J 9 + F ("I') b sin 9 = Nfb (21) 

The coefficient F(~) varies with the tube curvature 

but can be approximated with sufficient accuracy by 

* using F = 1.2W. Because 9 is an error angle which 

is nominally zero, a small angle approximation is 

justified, resulting in the approximate fixed linear 

differential equation 

*For the numerical example in Sec. (d), W~ F(.o.r) ~ {2w. 
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J 8 + 1.2 Wb8 = Nfb (22) 

It is easy to verify that a feedback torque derived 
. 

from measurements of 8 and 8 according to the 

algorithm 

. 
Nfb = - GpGT (Kp8 + Kd8 ) 

where 

Kd proportional gain, volts/volt 

Kp derivative gain, vOlts/volt/rad/sec 

Gp pendulum gain, vOlts/rad 

GT torque actuator gain, ft. lbs./volt 

will result in 8(t) being a damped sinusoid or 

a combination of decaying exponential functions. 

The gains of the "proportional plus derivative" 

feedback control expressed by Eq. (23) and the 

characteristics of the response, e.g., damping 

ratio, natural frequency, etc., can be readily 

obtained from the resulting differential equation 

(24) 

The measurement of the error angle 8 appears to 

be quite simple, merely requiring an electronic 

pendulum of sensitivity Gp vOlts/radian fixed 

to the vehicle,whose output would be a voltage 

proportional to 8. However the precise mechani-

zation of Eq. (23) would probably not be feasible 

due to the difficulty of measuring 8. An inertial 

gyro would measure the total roll rate ~ but 

_________ .1_~~ _______________________________ _ 
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. 
could not determine that component due to 9. However, 

a relatively simple approximate solution appears feasible, 

namely using a lead network in series with an amplifier 

operating upon the output of the pendulum. With the 

proper choice of parameter values and a continuously 

variable actuating device, this arrangement can approxi-

mate Eq. (23) with sufficient accuracy. 

A block diagram of the proposed roll control system 

is shown in Fig. F-9. 

(d) Numerical Example 

To illustrate the application of the preceeding analy-

sis and to .give a feel for the magnitudes of the vari-

ables involved in the proposed tube transport system, 

a typical example is presented below: 

Vehicle weight: W = 200,000 lbs. 

Vehicle radius (exclusive of support pads): r = 4.50 ft 

Radius of roll torquers (mounted on support pads): 

R = 8.0 ft 

Moment of inertia about roll axis: 

* slug ft2 

4 
J = 6.29 x 10 

Distance of center of mass below geometric center: 

* b = 0.563 ft 

Velocity: V = 500 ft/sec 

Distance required to reach ~m: 2L = 2000 ft 

*Assuming 1/2 of mass uniformly distributed above the 
geometric center and 2/3 below. 
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Having established the above parameters, the curve 

of the tube, the roll angle, and the open loop con-

trol torque are uniquely specified in ter·ms of the 

peak acceleration g (or, equivalently, the maxi
m 

mum roll angle "fm or the nondimensional parameter 

a). For a value of a = 0.5, it follows that 

"f m = 45
0 

and gm = j2 g, which probably would 

not cause excessive passenger discomfort. The be-

havior of the variables y, l' , and N along the 

first portion of the curve (corresponding to in-

creasing "f) is shown in Fig. F-10. Perhaps the 

most significant feature of the plots is the wide 

variation in the magnitude of the torque. Because 

of the geometry assumed for the curve, a rather 

large torque (22,600 ft lbs) is required for only 

a short duration of time whereas the maximum torque 

required over most of the interval is 15,750 ft lbs. 

If a bang-bang torque is assumed it is likely that 

a peak torque of somewhat less than 22,600 ft lbs 

might result, with L, V, and a unchanged. 

The angle through which the vehicle turns as x 

goes from 0 to 2L is given by 

¥ = arc tan yt (2L) 

From Eq. (9), this angle is found to be 7.350
• 

The change of direction obtained from sections of 

increasing and decreasing "f will be 2"'(, namely 

14.70 • If the total turn angle exceeds 14.70 a 
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circular length of tube having a constant curvature 

equal to y"(2L) must be added. During this arc the 

open-loop roll torque will be zero since ~ is constant. 

From Eqs. (6) and (8), this curvature is found to be 

y" (2L) = 2ag/f 

0.644 rad/1000 ft 

For a 90
0 

turn, a constant curvature section 2040 ft 

long would be needed, in addition to the two sections 

of changing curvature of 2000 ft each. Therefore the 

total curve would be 6040 ft in length and a transit 

time of 12.08 seconds would be required at a veiocity 

of 500 ft/sec. 

The gains to be used with the feedback control system 

and the character of the response to a disturbance in 

the roll angle can be determined by Using Eqs. (22) 

and (23). For the system without feedback control, i.e., 

Nfb = 0, 

where 

ron = Jl.~ Wb 

The response resulting from any initial value of e or 

e will be oscillatory with a natural frequency of 1.95 

rad/sec or a period of 3.22 sec, as shown in Fig. F-ll. 

If Nfb is obtained from eight thrusters (four at each 

end of the vehicle) located at an 8 ft radius having a 
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sensitivity of 10 lbs/volt, the torque constant 

will be G
T 

= 640 ft lb/volt. Assuming a pendulum 

sensitivity of 10 volts/radian, Eq. (24) -can be 

written as 

If the desired closed-loop response is specified 

in terms of the damping ratio :f and the undamped 

natural frequency ill it is a simple matter to 
n 

solve for the necessary Kp and Kd 

lationships 

and 

2 
ill 

n 
2.15 + 0.102 K 

P 

from the re-

For an ill 
n 

4 and ~ = 0.7, it follows that 

and 

K = 136 volt/volt p 

Kd = 55 vOlt/volt/rad/sec. 

Although the ideal differentiator called for by 

the above scheme cannot be built, and probably 

should not be due to noise considerations, it is 

a straight forward matter, using root-locus, Bode, 

or Nichols plots, to find a simple R-C lead 

network which will give essentially the same effect. 

Figure F-ll shows the time response (for the linear 

fixed model) with and without the feedback control 
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system, which the vehicle would undergo for a disturbance 

resulting in an initial value of 9 = O.lO rad/sec. 

F-4. GUIDEWAY TOLERANCES AND VEHICLE CONTROL 

Since the construction of the guideway will be the major 

item of cost in the total transportation system, it 

is most important to investigate the allowable toler

ances for shape and alignment of the guideway as they 

affect the implementation of vehicle control. Local 

imperfections and long term deformations of the guide

way affect the distance between the tube wall and the 

vehicle. Since the aerodynamic and ground-effe"ct 

lift forces acting on a moving vehicle depend on the 

distance from the tube wall and the vehicle speed, one 

must describe quantitatively the interaction between 

the guideway tolerances and vehicle dynamics to control 

the yaw, pitch and bending motions of the vehicle. 

It may be possible to stabilize the motions of vehicle 

partially or adequately by a proper design of the vehi

cle frame to provide appropriate stability derivatives. 

However, all high performance aircraft today need 

stability augmentation and a~tomatic control to de

liver the expected performance. It seems reasonable, 

therefore, to assume that a high speed land vehicle 

may also need stability augmentation and automatic con

trol in addition to the inherent stability derivatives 

provided by a good structural design. 

The vehicle motions may be controlled by using appropriate 
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support mechanisms and thrust to compensate the 

disturbances due to the guideway tolerances. 

For example, it may be necessary to slow'down the 

vehicle in order to guide it through a deformed 

section of tube. This raises the question of 

measuring the long term deformations of guideway. 

This measurement may be performed by a special 

test vehicle equipped with pairs of horizontal 

and vertical capacitor plates. 

A partial or complete blockage of the guideway may 

be detected by using a pulsed-doppler radar 

mounted on the vehicle. The radar signal could 

actuate the braking mechanism, if n~eded. In general, 

one cannot rely exclusively on the feedback 

correction for effective, precise control of a 

vehicle moving at very high speeds. One must 

"forsee" the trouble instead of waiting for it. 

Anticipatory measurements and control actions are 

needed for a safe, comfortable and efficient 

movement of the traffic throughout the system. 

The central controller which may be a part of 

the central computer can provide anticipatory con

trol actions based on the previous and current 

measurements along the guideway around and ahead 

the moving vehicle. 

F-5. OPTIMUM DISPATCHING AND TRAFFIC CONTROL 

The central controller (central computer) will 

-------- ._ ..... _--_ ...... __ .- . 



regulate the dispatching times and traffic profile 

throughout the transportation system. 

A. The vehicles will be dispatched according to a 

precalculated dispatching schedule based on an estimated 

demand and subject to the constraints of headway and 

maximum economy. The dispatching schedule may be cal

culated in advance in the following manner: 

(a) Construct a mathematical model of the transporta

tion system including the demand and traffic flow rate. 

(b) Construct a cost function to include at least the 

cost of passenger transportation and the cost of main

taining an adequate inventory of vehicles to meet the 

peak demands. 

(c) Derive the optimum schedule of dispatching and 

assignment of vehicles to and from each terminal by 

.minimizing the cost in (b) subject to the system dynamics 

in (a). 

(d) The precalculated dispatching schedule outlined 

above should be corrected if the actual demand deviates 

from the estimated demand. 

In terms of the passenger seryice, this schedule will 

provide two desirable features: The precalculated 

schedule provides the regular service and any extra 

service, if neeqed, will be provided by the correction 

schedule mentioned in (d). 

B. The traffic control may be provided by the central 

computer in the same .manner as it provides the dispatch

ing schedule. There is a desired traffic profile 
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which is precalculated according to criteria of 

safety and economy. This traffic profile is 

stored in the central controller. If the actual 

traffic profile deviates from the desired profile, 

the central controller will calculate the needed 

corrective actions and implement them through the 

two-way communication system and control devices 

on the vehicle. This is schematically shown in 

Figure F-12. 

F-6. CONCLUSIONS AND RECOMMENDATIONS 

It has been shown that the roll motion of the vehi

cle can be controlled such that the net force acting 

on the passengers is vertical with respect to the 

vehicle, both during straight sections of tube and 

during curves. This can be accomplished by pro

viding both an open-loop control torque which acts 

only during curves and a feedback torque which 

corrects for any errors in the application of the 

programmed torque and for any disturbances affect

ing the roll angle. A specific curve geometry was 

assumed and the resulting programmed torque was 

evaluated. Based upon what appear to be reasonable 

assumptions for speed, acceleration limits, curve 

distance, etc., a numerical example indicates that 

satisfactory performance should be obtainable. 

However, it is pOinted out that by postulating a 

bang-bang open-loop controller and computing the 
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required curve geometry, an improvement of system per

formance and a simplification of the equipment required 

may be obtained. This approach should be studied in 

order to compare the two methods. In addition, the 

study presented should be broadened to include questions 

such as: 

(i) Human factors constraints, i.e., maximum roll 

rate, angular jerk, and maximum acceleration. 

(ii) The effects of curve geometry and control 

system design upon the switch design. 

In order to study quantitatively interactions between 

the guideway tolerance and the vehicle control, it is 

necessary to develop mathematical models of the vehi-

cle dynamics as controlled by various forms of air-cushion 

support and aerodynamic surfaces. These models, then, 

may be used to predict, to the first approximation, 

the motions of the vehicle under various conditions of 

interests. Appropriate means of control can be determined 

based on the predicted motions of the vehicle. 

Computation of the dispatching schedule compatible with 

physical and economic constraints requires analytical 

models of demand for travel and traffic flow. Although 

an adequate model of the demand may not be known for 

some time, the "structure" of dispatching schedule can 

be determined by assuming a periodic demand pattern. 

The problem has an analytical solution if the cost 
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function is quadratic and the dynamics of traffic 

flow is linear. In general, however, analytical 

solutions are impossible and one can only specify 

algorithms for computational solutions. 
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G. BRAKING (Foa) 

G-l. ABSTRACT 

One of the advantages of a non-evacuated system is that 

the confined air masses in the tube provide a safe, ef

fective, and easily controllable means for bringing the 

vehicle to rest from speeds at which conventional brak

ing devices must be ruled out. Furthermore, when the 

air masses in the tube are used for braking, the kinetic 

energy of the vehicle is not necessarily all dissipated 

but can instead be utilized, at least in part, for use

ful purposes. 

G-2. INTRODUCTION 

At the travel speeds that are contemplated for this 

system so much kinetic energy is stored in the vehicle 

that it would not be practicable to dissipate it all 

through sliding friction between solid surfaces. In 

evacuated systems, where propulsion must be of the ex

ternal type, the only effective braking mechanism is 

thrust reversal. Even this mechanism, however, cannot 

be fully relied upon in emergencies, as it depends on 

an external power supply which is itself subject to 

failure. On the other hand, in non-evacuated systems 

with internal propulsion a safe and ever-ready braking 

mechanism is provided by the large air masses which are 

confined within the tube. 

Whereas with external propulsion one can speak of a 

"drag" of the vehicle, with internal propulsion the 
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separate identification of thrust and drag is not 

possible, and one can only speak of an "equivalent drag", 
/ 

which is the power required divided by the travel speed. 

Normally, this equivalent drag is considerably lower than 

the drag with external propulsion (see Section A). 

When the input of power to the transfer flow is shut off, 

the retarding force that acts on the vehicle is not the 

equivalent drag of internal propulsion but the larger drag 

of externaL-propulsion, because the vehicle then acts in 

relation to the adjacent air masses in the pistonlike 

manner of externally-driven vehicles. Large disturbances 

are then set up in these air masses, and a transfer flow 

is still maintained only by virtue of the pressure differ-

ence that is built up through the vehicle as a result of 

these disturbances. The result is a large retarding force. 

This force increases at first, as the pressure waves pro-

pagate away from the vehicle and larger and larger masses 

of air are induced to flow; then it decreases, as the 

vehicle slows down. When the velocity of the vehicle has 

become low enough, conventional sliding-friction means can 

be used to bring it to a full stop. In any case, the 

kinetic energy initially stored in the vehicle becomes 

distributed by this process over such enormous masses 

that its dissipation does not entail any difficulty with 

local heating or wear. 

G-3. BRAKING FORCE 

It has already been noted that when the power is shut 

off the action of the vehicle on the adjacent air 
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masses becomes that of a piston of some permeability. 

In estimating the retarding force that is generated on 

the vehicle at the beginning of this transient, it 

must be realized that the effective permeability of 

the vehicle is controllable over wide limits and by 

obvious means: it can be increased through the opening 

of appropriate vents, or it can be decreased through 

the insertion of spoilers in the transfer passage, or 

through windmill operation of the inducing fan or com-

pressor. The greatest braking force would be produced 

if the transfer passage were fully sealed immediately 

following the power shut off, because this operation 

would produce a full-strength forward-facing "hammer 

wave" ahead of the vehicle, and an equally strong rear-

ward-facing expansion wave in the rear. The initial 

braking force Fi in this transient, assuming an ideal 

condition of internal propulsion (i.e., negligible flow 

disturbances everywhere except in the transfer passage). 

before power shut off, would be (Ref. 1) 

r.f L 
~ = f'o A [( 1+ ~I MoF- (,- tz-I M~) (-I ] 

where A is the cross-sectional area of the tube, Po the 

initial pressure in the tube (ambient pressure), r the 

ratio of specific heats of the air, and Mo the Mach 

number at which the vehicle is traveling when braking 

begins. 

In a 15 ft-diam. tube at sea level, the initial braking 

force so calculated would be 150 tons at Me = 0.30, 
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270 tons at Mo = 0.50, 1100 tons at Mo = 1.5. When 

acting on a 100-ton vehicle, these forces would produce 

initial decelerations of 1.5 to 11 gls. In larger tubes, 

the initial braking force would, of course, be increased 

in proportion to the cross sectional area. These results 

indicate that total closure of the transfer passage would 

result in the generation of excessive braking forces even 

before frictional effects set in. It should also be 

noted that subsequent changes of the braking action depend 

not only on the growth of viscous forces but also on the 

presence and location of flow control devices in the tube 

(e.g., gates, baffles, discharge ports, etc.). It follows 

that the mechanism just described is capable of producing 

any braking action that may be desired or required even 

under severe circumstances. 

G-4. ENERGY RECOVERY 

As has been noted above, the braking effect of the air 

masses may be excessive, and may have to be relieved. 

This can be done by means of vents in the vehicle or of 

valved ports in the tube. The latter means is prefer

able because it provides interesting possibilities of 

recovery and utilization of some of the stored kinetic 

energy for useful purposes. The central idea here is 

that, so long as the vehicle behaves like a piston, it 

might as well be made to do some useful pumping. For 

this purpose, it may even be profitable to use drag

producing spoilers on the surface of the vehicle con

currently with drag-relieving ports in the tube walls. 
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The resulting pumping action could be used, for example, 

to purge long stretches of the tube by forcing vitiated 

air out of it in front of the vehicle and sucking fresh 

air in behind it, thereby reducing the power required 

for ventilation (see Section D). It it also conceivable 

that other ways could be found for utilizing, rather 

than dissipating, some of the energy that is imparted to 

the air in the tube in the braking process. 

G-5. CONCLUSIONS AND RECOMMENDATIONS 

In a non-evacuated tube transport system, the inertial 

and frictional resistances of the confined air masses 

provide a very effective braking mechanism at speeds at 

which sliding-friction brakes could not be used. This 

braking mechanism is safe, because its elements are not 

subject to failure;- it takes place instantly when power 

is shut off; it is easily controllable through the use 

of spoilers and vents in the vehicle, or of gates, valves 

and ports in the tube, and it permits recovery of some of 

the kinetic energy of the vehicle for useful purposes. 

No quantitative information on this braking process is 

presently available except for special limiting con

ditions. As a necessary first step in the development 

of a fully automated system, a study will have to be 

made of the flow processes which follow power shut-off, 

and of the manner in which these transients can be 

controlled to produce any desired braking schedule. 

It is also-recommended that a determination be made of 
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the best ways to utilize the available mechanical 

energy that is acquired by the air masses in the tube 

in the braking process. 
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H. SWITCHING AND BRAKING (Foa) 

H-I. ABE TRACT 

Switching is a critical operation in high-speed, high-

density land transportation systems. The use of a tube 

as :he guideway creates special problems but opens in-

ter~sting new possibilities in a vast assortment of 

sui:able switching techniques. The relative merits of 

the:e techniques, particularly with regard to safety, 

cost, and effect on the permissible headway, remain to 

be e"aluated. 

H-2. INTRO:UCTION 

In oro~r to be suitable for use in the guidway of a high-

speed Jass transportation system, a switch must satisfy 

at leaE: the following requirements: 

(a) it must be capable of being negotiated at 
high speed without imposing dangerous loads 
on the vehicles and without causing dis
comfort to the passengers; 

(b) t must be easily monitored and controlled; 

(c) ::s operation must be fast enough to avoid 
,:fecting the permissible headway; 

(d) il TIust not interfere with the operation of 
tr ffic control, communication, and power 
tr.1smission systems; 

(e) it lISt be safe, and mechanically simple 
enou h to be substantially free from sources 
of ol~rational trouble, and 

(f) its c"t of construction and operation must 
be re, 'onable. 

Meeting all the~' requirements is particularly difficult 

when the guideway is a tube. On the other hand, the 

use of large-clear Ace fluid supports opens the possibility 
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of interesting new switching techniques, which may 

simplify the structural problem or even eliminate it 

entirely. 

Switching and branching methods presently under con-

sideration may be classified in three main categories: 

(a) Structural, involving a deformation or 
displacement of a portion of the guide
way, or the selective use of rai1guides 
in a fixed tube structure; 

(b) Aerodynamic, whereby the vehicle is guided 
to the appropriate branch through the action 
of controlled aerodynamic forces on its 
surface, and 

(c) Inertial, whereby the selection of the branch 
is automatically determined by the speed of 
the vehicle. 

In cases (a) and (b), switching is actuated auto-

matica11y in response to signals from both the vehicle 

and the computerized control center on the ground. 

H-3. LENGTH OF SWITCH 

In contrast to railroad and highway practice, the 

transition curve is stipulated here to be one in which 

the curvature increases with the square of the dis-

tance. For the small curvatures that can be tolerated 

in a high-speed system, this condition is satisfied in 

excellent approximation by the quartic parabola 

(1) 

The following conditions and assumptions will now be 

introduced: 

(1) The speed V of the vehicle along the 
transition curve is constant; 

. I 



(2) The vehicle is at the correct angle of 
bank at every instant; 
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(3) The maximum centripetal acceleration must 
not exceed 0( g, where g is the gravita
tional acceleration, and 

(4) The maximum rate of roll must not exceed 
~ radians per second. 

The "switch" starts at the beginning of the transition 

(x = 0) and extends to a distance x = e,at which y = Ed, 

where d is the diameter of the tube and € is a factor 

which can be taken to be 0.5 for symmetrical branching 

and 1.0 for switches with only one curved branch. Eq. 1 

gives 

(2) 

The centripetal acceleration increases monotonically with 

x, because V is constant and y" = l2kx2 . Therefore, 

condition 3 may be expressed in the form 

(3) 

Eqs. 2 and 3 yield 

(4) 

(5) 

By virtue of assumption 2, and since the curvature is 

approximately equal to y", the angle of bank is, at 

each instant 

, Vt. I' 
~ _ t~- -'--....J~'-

~ 
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Therefore, with the approximation J~~ - V, the rate 

of roll is 

. d~ '" V 
4>=di~ 

or 

(6) 

The maximum rate of roll occurs at 

( '1 )'k ?(. = 
~".~ 12. 6 l vI. 

(7) 

and is 

(8) 

Therefore (stipulation 4), 

or 

~ 'i 2;'1. 

27 V'+- (9) 

Then, Eqs. 2 and 9 give 

If x ;;. > n the maximum rate of roll occurs after 
':t: max -t.. , 

the exit from the switch. However, for passenger com-

fort, conditions (4) and (10) must both be satisfied in 

any case, in order to meet stipulations 3 and 4. 

For example, with V = 300 fps, d = 18 ft, E. ... 1.0, 

C( = .65 and ~ = .3 rad/sec, conditions 4 and 10 yield 
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f :::::. 967 ft and t.:::::::.. 943 ft, respectively. In this 

case the design of the switch is controlled by stipu1a-

tion 3, the length of the switch must be 967 ft, and k 

is obtained from Eq. 5. Similarly, with V = 300 fps, 

d = 15 ft, E. = 0.5, 0<: = .75 and 'C- = .3 rad/sec, con-

ditions 4 and 10 yield e ~ 580 ft and e .:::::::.. 755 ft. In 

this case, stipulation 4 is the controlling condition, 

the length of the switch must be 755 ft and Eq. 9 yields 

-10 k = .23 x 10 . Then, the maximum centripetal acce1era-

tion within the switch can be calculated by means of 

Eq. 3 and is found to be only .44 g, which is well below 

the stipulated allowable maximum of .75 g. 

This analysis is, of course, very crude, and serves only 

the purpose of providing an approximate idea of the 

length of switching or branching section required to 

insure comfort and safety. For example, stipulation 2 

is one that could not be realized exactly except through 

programmed control. It is also probable that higher-

order transition curves would provide greater comfort 

than the quartic assumed in this analysis. 

H -4. STRUCTURAL SWITCHING 

Forty-four years ago, an American inventor, Lester P. 

Barlow, proposed a high-speed tube transport system 

(Ref. 1) featuring flexible-tube switches of the type 

diagrammatically shown in Fig. H-l. Because of the high 

transverse loads that the passing vehicle imposes on the 

curved tube, the term "flexible" in this context can only 

be interpreted to mean "laterally unsupported to permit 
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flexing". In the "switch" stretch, the tube is essen-

tially a cantilever beam with its built-in end at the 

switch entrance and a concentrated load at the free end. 

The idea seems plausible at first sight, in view of the 

great switch lengths that are required for passenger 

comfort (see Art. H-3), but closer scrutiny reveals 

that this switching method may not be practicable. In 

the first place, the deflection curve that is produced 

in this manner is one in which the change of curvature 

in the direction of motion of the vehicle is a sudden 

increase followed by a gradual decrease, whereas what 

is wanted is a gradual increase all the way. In the 

second place, the bending stresses that are produced in 

this operation are found to be excessive, particularly 

when fatigue effects are considered. This can be veri-

fied as follows. Let I then be the diametral moment of 

inertia of the tube cross section, E the modulus of 

elasticity, E) the maximum stress produced by bending 

at the built-in end, and P the concentrated load that 

is required to produce the deflection c d at the free 

end. Then 

and 

Therefore, 

f5 

E 

p e~ 
td- EI 

6'= 

E. 
2. 

peel 
2.I 

(+)~ (11) 



For the case considered as the first illustrative ex

ample in Art. H-3 ( E. = 1, d = 18 ft, e = 967 ft), 

Eq. 11 yields 6i~E = 1.73 x 10-4 ; for the second case 

( f. = .5, d = 15 ft, e = 755 ft), f5"/e- = .985 x 10-4 . 
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For a steel tube, the corresponding stresses are about 

50,000 psi and 30,000 psi, respectively. It should also 

be noted that in this analysis no account has been taken 

of the increased curvatures and possible dynamic in-

stability -- resulting from the centrifugal forces 

imposed by the passing vehicle on the curved, unsupported 

stretch of guideway. By lengthening this stretch it may 

be possible to reduce the bending stresses to tolerable 

levels, but then the dynamic difficulty would be aggra

vated further. 

These conclusions indicate that, unless and until radical

ly new concepts are put forward, "deformation switches" 

will have to be considered unfeasible. 

"Displacement switches", on the other hand, are feasible, 

although mechanically complicated. Two displacement 

switches that immediately suggest themselves are the 

"rotation" and "translation" types that are sketched in 

Figs. H-2 and H-3, respectively. The rotation type is 

lighter and probably less expensive in construction and 

operation, because it involves only one tube element. 

It also lends itself for use in switches involving more 

than two branches. It cannot be used, however, except 

in symmetrical branching. In contrast, translation 
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switches can be designed to meet any branching require-

ment. By means of counterweights or other energy-storage 

devices, the power required to operate a displacement 

switch can be reduced to that necessary to overcome fric-

tional losses. 

"Railguide switches" require no deformation or displace-

ment of the containing structure. Vehicles which are to 

be transferred out of the main line are guided to the 

appropriate branch by railguides of which they take hold 

at suitably low speeds by means of rollers or levapads. 

H-S. AERODYNAMIC SWITCHING 

In aerodynamic switching, the guideway structure is fixed 

and the vehicle is steered by lateral aerodynamic forces 

to its prescribed path. The guiding aerodynamic forces 

can be generated in a variety of ways: 

(a) by transverse jets from a stationary high
pressure air supply (Fig. H-4); 

(b) by transverse jets, or jet flaps from a high
pressure air supply in the vehicle (Fig. H-S); 

(c) by "negative ground effect" on retractable 
pads with central air ejection (Fig. H-6); 

(d) by adjustable lateral-control surfaces on the 
vehicle (Fig. H-7); 

(e) by the combined action of transverse jets and 
adjustable baffles in the tube (Fig. H-8); 

(f) by transverse differential control of the air 
curtains in the GEM-support pads (Fig. H-9); 
and 

(g) through the opening of vents on, one side or 
the other of the tube (Fig. H-IO). 

Method (a) has been suggested by General Electric Co. 

engineers, as one that could make use of well-established 

fluid amplifiertechniques. Its main drawback is that it 
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must rely on the operation of an external high-pressure 

air supply which is subject to failure. Perhaps, for 

greater safety, method (a) should be used concurrently 

with method (b), or (c), or (f). Method (e) has the 

advantage of not requiring an external air supply, but 

is mechanically as complicated as any of the compounded 

arrangements just mentioned. Method (g) is the simplest 

and safest, so long as the vehicle travels at reasonably 

high speed, in that it requires no complicated machinery 

but only the control of valved ports in the tube walls. 

This method makes use of the fact that the pressure in 

the annular transfer passage between the vehicle and 

the tube wall is generally different from the local ex

ternal pressure around the tube. Occasionally it is 

higher, but most often it is lower (Ref. 2). In any 

case, if ports are opened in the tube wall on one side 

of the vehicle, transverse pressure gradients and cross 

flows are produced which steer the moving vehicle to one 

side. These effects can be increased by longitudinal 

fins or spoilers on the vehicle. The main disadvantage 

of this method is that it becomes inoperative at low 

speeds. It must, therefore, be supplemented by a stand

by control utilizing method (b) or (f). 

H - 6 • INERTIAL SWITCHING 

In a switching method proposed by H. J. Hagerup, the 

guideway structure is again fixed, and no switch control 

is needed, either within the vehicle or on the guideway. 

The two branches of the guideway fork are both curved in 

the same direction but have different curvatures, and 
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the guideway is slanted transversally in the branching 

portion. The angle of slant is so chosen that vehicles 

traveling below a certain speed limit V1 will be pressed 

inward and follow the path of greater curvature, where-

as vehicles traveling above another speed limit V2 will 

be pressed outward and follow the path of lesser curva-

ture (Fig. H-l1). For maximum safety, the interval 

between the two speed limits must be made as small as 

possible. This can be accomplished by appropriate se-

1ection of the slant angle e and of the ratio between 

the two radii of curvature, j3 = R1/R2 , at every point. 

For example, if j3 = .9 throughout the transition, a 

positive path selection will take place for vehicle 

speeds lower than V1 = 300 fps or higher than 

V2 = 318 fps if 

_ ~2._ - 1124. 

Since the minimum value of R2 before the two branches 

become separated is about 10,000 ft, the maximum slant 

angle e is in this case about 70
• 

H - 7 • GENERAL COMMENTS AND RECOMMENDATIONS 

It is recognized that the discussion above covers only 

a few of the conceivable switching methods that could 

be adapted for use in high-speed tube transport systems. 

Many others will surely suggest themselves as the work 

progresses, and it is likely that some of them will have 

greater merit than those that have been considered so 

far. 
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In the evaluation of the relative advantages and dis-

advantages of the various methods, attention will have 

to be given not only to considerations of safety, cost, 

and operating time, but also to the requirements of con-

trol, communication, and power transmission, particularly 

when dealing with systems in which the guideway serves 

also the function of a wave-guide. 

In general, it is obvious that switching methods which 

do not require deformations or displacements of the 

guideway structure are to be preferred from every stand-

point. All these methods, however, involve the tran-

sition through a region in which the guideway is a duct 

of varying cross section. Therefore, a study will have 

to be made of the possibly severe aerodynamic disturb-

ances that may be generated in the flow field around a 

vehicle traveling at high speed through such a transition. 
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I. STATIONS AND TERMINALS OMochon and Csobaji) 

1-1. ABSTRACT 

The function of the passenger station in any transpor

tation system is related to the assembly and distribution 

of great numbers of people within short periods of time. 

This assembly and distribution takes place through the 

traffic arteries of the city. The integration and co

ordination of a major transportation facility with other 

systems of travel is absolutely essential. These basic 

concepts are applicable to the various kinds and sizes 

of stations, ranging from the intermediate stops to the 

terminals. 

1-2. INTRODUCTION 

In the consideration and identification of problems 

associated with this system, we find reassurance in 

architectural precedents for proper handling of large 

numbers of people. Grand Central Terminal in 1950 

handled approximately 186,000 passengers per day. Recent 

transportation studies of New York City indicate that 

peak passenger loads in all terminals occur within ten 

minute periods at 9 A.M.· and 5 P.M. Although we may 

not find the movement of people in these facilities at 

peak loads totally satisfactory, we must consider the 

fact that at the time of thetr design, the intensity of 

their use today was not envisioned. 

This system can generate 12,000 people per hour (two ·k 

minute headway, two hundred passengers per car, two 
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tubes) under conditions of maximum utilization of both tubes. 

The 288,000 passengers per day that the system could generate 

exceeds the total for Grand Central Terminal. However, the 

high speed and the two minute headway of the system eliminates 

the short peak conditions which congest our terminal facili

ties today. 

In the design of the terminals for this system, we can derive 

pertinent lessons from existing examples, apply known new con

cepts of movement and circulation, and rely on a highly refined 

technology to provide additional mechanized and computerized 

systems for more efficient handling of passengers and baggage. 

Tperefore, it can be stated that proper handling of the volume 

of passengers generated by the system can be achieved through 

planning and design. 

1-3. DESIGN CONCEPTS 

The concept of a multi-level, multi-use transportation struc

ture, coordinating different systems of travel is especially 

appropriate for this system. Historically, as far back as 

1914, the Italian futurist architect, Sant'Elia, in his 

Citta Nuova scheme, conceived of a multi-use transportation 

structure in which subways, traffic lanes, and railways would 

intermesh at different levels. The large transportation 

structures in the heart of our cities (Grand Central, Penn 

Station) apply this multi-level concept, but are deficient 

in considering other modes of travel. The best current ex

ample of a multi-purpose transportation facility is Penn 

Center at Philadelphia, which brings together bus, rail, 
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subway, and private auto (including parking) integrated 

with commercial and business facilities, in the heart of 

downtown Philadelphia. 

A terminal concept for this system could include all these 

intersecting streams of movement. Air travel could be added 

by providing VTOL pads on top of the buildings. To increase 

the economic base of such a venture, high rise commercial 

and business as well as cultural and entertainment facili

ties could be included into the total complex. 

The controlling factor in terminal design is the configura

tion of the tubes. Based on the tubes running superimposed 

vertically on each other, and a mechanism for moving a 

section of the tube laterally, four passenger platforms can 

be loaded simultaneously. Vertical movement of the tube 

sections would be desirable to remove disabled vehicles or 

to introduce fresh vehicles into the system. In addition, 

cargo capability can be added during the passenger slack 

period. Each individual station would need to be pro

grammed according to the requirement of its location. 

A schematic station design serves only to indicate how a 

standard concept may be evolved from the basic tube con

figuration and how the various modes of travel can be brought 

together. Each station would represent a unique problem 

in solving the external circulation; however, the internal 

circulation can become relatively standardized if the tube 

configuration is the same throughout the system. 
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1-4. TERMINAL LOCATION 

Of vital importance is the location of each terminal 

within the fabric of the community. This aspect of 

the system would need to be studied in detail for each 

particular location. In general, the location of the 

terminal should be integrated into the commercial and 

general growth of the city. The requirement to co

ordinate with other systems of travel has been stated 

previously. Recognition should be given to possible 

future growth patterns resulting from the addition of 

the system. 

The integration with supporting systems may require 

that the terminal be located in conjunction with exist

ing transportation facilities. Where an entirely new 

terminal location is indicated, the supporting modes of 

travel would require realignment. The effects of genera

ting high density residential areas at the terminals re

quires specific considerations in terms of providing for 

human needs such as recreation, employment, services, 

and open spaces. An overall development plan encompassing 

all aspects of planning should be a supporting document 

for the chosen location of the terminal. 

1-5. CONCLUSION 

From an architectural and urban planning point of view, a 

multi-purpose structure encompassing all modes of trans

port is desirable. Such a structure in an urban core 

would be a great asset in terms of generating human acti

vities. 
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As a next step, specific designs could be worked out for 

a typical intermediate terminal and a typical main terminal. 

Baggage handling and passenger processing methods can be 

studied and incorporated into the design concept. Specific 

terminal locations can be studied in terms of growth and 

land use patterns, once the basic decision has been made 

as to the location of stops along the route. Vehicle 

storage and maintenance requirements peculiar to each station 

can then be analyzed and met. 

In summaty, it can be stated that there appears to be no 

limiting factors imposed on this system by terminal design. 
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J. IMPLICATIONS FOR URBAN AND REGIONAL PLANNING 
(Mochon and Csobaji) 

J-l. ABSTRACT 

J-l 

Transportation systems historically have exerted a pro-

found influence on human environment and have inevitably 

contributed towards shaping society. Conditions have 

come to a climax in the twentieth century, in which we 

have become a society continuously on the move. Although 

our technology continues to provide a varied choice of 

modes of travel, our reliance is now primarily on the 

automobile., It is the most flexible an~ versatile form 

of transportation, but its space requirements for both 

movement and storage have become excessive in view of our 

increased demand for urban land. The environmental ef-

fects of the automobile on our cities have also been un-

fortunate. The congestion it has created has resulted 

in the loss of its inherent advantages. It has taken 

over the street, thereby dissolving the connective tissue 

of the city, and it has contributed to the dissipation 

of urban densities. 

The expanding population and the fixed available land re-

sources are an indication towards increasingly higher 

densities in the future. The concept of mass transporta-

tion is based on connecting points of high density. The 

social and economic desirability of mass transportation 

systems for the future is becoming increasingly evident 

for our society. This is evidenced by the increased 

public acceptance of mass transit system as an efficient 
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and economic mode of travel. The advent of higher 

speeds, such as those offered by this system, increase 

the role of the mass transit from the metropolitan to 

the regional level. 

J-2. INTRODUCTION 

The efficient functioning of a high speed mass transporta

tion system is dependent on the concentration of large 

numbers of people at strategic points along the system. 

This can be accomplished by the collection of people from 

lower density areas through secondary transportation sys

tems. Because of the specific nature of the tube concept, 

the secondary system becomes of primary importance. The 

relatively long distance between stops requires efficient 

collection of people from the adjacent areas. Each stop 

needs to be in coordination with the overall transportation 

network of the area of its influence. In the location of 

the stop, the consideration of regional patterns of growth 

and movement is of primary importance. Of greater impor

tance however, is the recognition that the creation of 

such a system can become a force in developing new, more 

desirable and ideal patterns. In our consideration of 

this system, a balance must be struck between accommoda

tion of the existing regional fabric and the possibility 

of creating new patterns along which development can occur. 

This system with its strong linear character lends itself 

to the adaptation of contemporary planning concepts. 
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J - 3. URBAN PLANNING 

Our society has become increasingly aware of the deterio

ration of the urban functions. Massive redevelopments of 

downtown areas in Boston, Baltimore, Philadelphia, and 

Washington are evidence of our determination to reestablish 

a living environment in Center City and to revitalize the 

urban core. 

Historically we know that communications and transporta

tion are keys to urban life, as any unit of society seldom 

flourishes in isolation. The city is the most efficient 

system for multiplying contacts and social relations be

tween people. The creation of new mass transportation 

links, between the various urban cores, can multiply the 

social contacts offered by the city to a degree previous

ly unrealized. The civic core and the central business 

district would regain their functional and symbolic signi

ficance through the infusion of great numbers of people. 

Culturally each urban core would have its own identifi

able character and its peculiar benefits would be available 

to all people linked by the system. The cumulative 

cultural and educational benefits derived from such in

creased interaction of p~op1e is immeasurable. 

J -4 • REGIONAL PLANNING 

Planners are increasingly aware of the emergence of the 

region as the logical planning unit. Socially, only the 

region can provide the full range of environments frOm 

rural to urban. Economically the region may be self suf-

ficient or specialized. Physical boundaries exist, or 
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there is a positive political definition. 

The modern region is shaped most clearly by its communi

cation and transp.ortation network. To date the region 

has been identified with a city and its surrounding 

metropolitan area. This limitation has been imposed by 

the speed of the available modes of land transport. It 

can be readily seen how the introduction of the high 

speed of this system extends the limits of accessibility. 

The mass transportation then becomes the dominant force 

in shaping a new regional unit. Contemporary planners 

are seeking such ordering forces which can direct the 

systematic development of our future environment. 

The corridor concept for urban development along the 

Eastern Seaboard has been the subject of many recent 

studies. The applicability of this system to such de

velopment can be readily seen. 

Of similar nature is the stem concept, as proposed and 

applied by Shadrach Woods of France. The stem functions 

not only as the link between nodes of development but 

also acts as a generator of urban growth. The flexibility 

and adaptability of the stem concept to this system is 

derived from the fact that its basic dimensions are based 

on the proposed speed and operating characteristics of the 

system. Such a plan would be susceptible to change as the 

various operational characteristics of the system changed. 

----------~---
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Specific proposals are only intended to illustrate the 

general compatibility of this system with current plan

ning concepts. In addition, it is hoped the positive 

and constructive effect of a mass transit system on 

regional development is illustrated. 

J-S. ENVIRONMENTAL EFFECTS 

The harmful environmental effects which can be created by 

various transportation systems are evident. We are aware 

of the widespread blight adjacent to our railroad lines, 

the uncontrolled strip development along our highways, 

and noise and hazards associated with the commercial air

port. 

The tube system, as proposed, does not contain any such 

adverse effects on our living environment. It does not 

impose a permanent scar on our landscape as do our modern 

expressways and massive interchanges. The system contri

butes towards the creation of a good environment. It re

tains the necessary elements of a mass transportation 

system by providing efficient service, economy, and ac

cessibility to the areas of concentration without en

croachment on the environment. 

J-6. CONCLUSION 

Ideally the development of the proposed system should take 

place as a component part of a long range comprehensive 

plan for the Eastern Seaboard. Such a plan would provide 

for the systematic development and orderly growth of all 
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components of the region. The realization of the re

gional unity and full range of interrelationships made 

possible by this system is dependent on total planning. 

Unfortunately, at this point there is no agency in exist

ence that could carry out the design and implementation 

of such a plan. There is a need however, for widest 

possible coordination between all involved planning 

agencies and for systematic assembly of data to facili

tate in the decision making. 

Planning is an analysis of all relationships. The in

crease in the scale of these relationships offered by 

th~ system, makes it imperative that the conclusions 

drawn be based on scientific evaluation of all pertinent 

statistics. 

It is important that in the development of the system, 

the possible positive effects on our society, and 

specifically on environment, should be realized. Mass 

transportation systems are needed by our society to pro

vide an efficient and economic mode of travel. They must 

act as a revitalizing agent for our urban cores and as an 

ordering force to develop future patterns of growth within 

a regional framework. 

- ------------------- -~--------



------------------------------------------------------------------------------------------------------
J-7 

BIBLIOGRAPHY 

Directive Committee on Regional Planning, The Case 
for Regional Planning, Yale University Press, New 
Haven, 1947. 

Mumford, Lewis, The Culture of Cities, Harcourt, Brace, 
and Company, New York, 1938. 

Urban Design Studio, Graduate School of Design, Harvard 
University, Intercity II, Harvard University, 1964. 

Ritter, Paul, Planning for Man and Motor, The Hacmillen 
Company, 1964. 

Newman, Oscar, New Frontiers in Architecture, ClAM S9 in 
Otter10, Universe Books Inc., N. Y. 1961. 



ALBANY 

N Y 
-.-.- . - .-.-.-.-. ~ 

P A \ .. , 
scaA NT ON 

.iI 

BALT 

VA 

\ 

\ 

" ..... 
. .A. 

f "- . 
. / N J "'. 

/ ...... , . 
.I 
i 

" 

I ~ , 
. -
J';.'-'- '-'-' ___ . .J 
. MASS 

! 10STON 

I 
! 5" D 

I • 
\-.- ~ _. -' _._. 
i CooN N 
r 
, HA RTP D 

I 

................... MAIN LI HI 

____ T RUNIt LI N I 

DI A GRAM ONL Y 

EASTERN SE ABOARD 
50 o 50 10 0 

MIL I S 



SECTION K 

COST 

by 

Earl S. Paul 



K. COSTS (Paul) 

K -1. ABSTRACT 

The economic feasibility of a new mode of transporta

tion will depend partly on the cost of the mode to 

achieve given transportation needs and requirements. 

This section considers the basic strategy of deter

mining such costs. The frame of reference will be to 

minimize the cost of a transportation mode given the 

objective (output) or objectives (outputs). 

K-2. INTRODUCTION 

A new mode of transportation will be undertaken only 

if the difference between the estimated benefits and 

costs to society exceed the benefits-cost difference 

of existing modes. In this section, only the cost 

of the modes will be considered. Evaluation of the 

benefits is undertaken in other sections of the pro

posals. 

To estimate the costs of the proposed mode, the ob

jective or objectives the mode is to achieve in trans

portation has to be specified. The objectives can 

be quite general such as passenger or freight services, 

or to satisfy national defense needs, or they can be 

very specific such as the number of passengers per 

hour between two cities. If appropriate cost analysis 

is to be done, the objectives have to be specific 

.K-1 

enough so that the direct and indirect costs of achieving 

--- ------------~-- ----------.~-~--- - - - ------- -
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the objectives can be determined. The reason for 

this is that the strategy of the cost analysis is to 

minimize the cost of achieving a given objective(s). 

To find the minimum cost for a given objective 

alternative systems will have to be compared. By 

systems it is meant the resources, structures, equip

ment, manpower, and their allocation which can achieve 

a given objective. Any change in equipment, resources, 

structures, etc., will result in a new system. System 

A may differ from system B in one respect (underground 

tube, or surface tube), or in several respects (under

ground tube or surface tube, different switching 

facilities, and so on). The costs to be compared 

are the full systems cost of each alternative which 

achieves a given objective. 

The specification of the objectives of the system 

will determine the manner in which the cost analysis 

will proceed. Essentially, the costs for a limited 

objective will be determined first and then extended 

to more general objectives. The limited objective 

of the system is the number of intercity passengers 

per hour arriving at two terminals which are con

nected by a single route or two tubes. Under the 

assumptions of a two minute headway, a 150 mile dis

tance between terminals, a capacity of 100 passengers 

per vehicle, and a two way flow of traffic, the number 



of passengers per hour would be 6000. The initial 

cost studies will begin with this objective. 

The second step of the analysis will be to allow the 

number of passengers per hour to vary. There will be 
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two parts to this phase of the analysis: (1) an in

vestigation of the short-run costs of the 6000 passengers 

per year system, and (2) the investigation of the long

run costs which result from varying the systems for 

the given 150 mile distance. The long-run cost an

alysis will introduce the effect of changes in scale 

and size (economies of scale). The information on the 

scale and size effects will be useful in establishing 

more general systems. 

The third step of the analysis examines a general trans

port network which connects many city pairs with varying 

distances. In this part of the analysis several measures 

of output may be used. For instance, the output could 

be measured in gross ton miles per year, passenger miles 

per year, or passenger seat miles per year. Which 

measure is chosen will depend upon how the cost estimates 

are to be used. 

Finally, the costs determined in the analysis will be 

compared with the costs of existing modes and with pro

jected modes. 
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K-3. COST OF 6000 PASSENGER PER HOUR SYSTEM 

The initial costs to be estimated in this section 

are for systems which satisfy the 6000 passenger per 

hour objective or output. The system which achieves 

this objective with minimum cost will be called the 

optimum system. However, the principle payoff of 

this section's analysis will be not to determine 

the optimum system but to construct models which 

trace the relations among the inputs and outputs, 

or resources and objectives of the systems. The 

models are important in that (1) they establish 

which inputs are complements to other inputs and 

which inputs are substitutes for other inputs; 

(2) they are the basis from which other models with 

different objectives or outputs are to be constructed; 

(3) they permit the use of simulation techniques to 

assess the effects of changes in variables and 

assumptions on costs. 

Inasmuch as the proposed system has been divided into 

several sections for study, there will be preliminary 

screening of costs of the various components by dif

ferent investigators. Some methods of construction, 

of power supply, of control, and so on will be elim

inated at this stage because of costs even though 

they are technically feasible. However, the summing 

of costs of the various components to obtain the 
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total cost for the initial system does not necessarily 

imply that the minimum cost for this particular sys-

tem has been estimated. Under fortuitous circumstances, 

this cost estimate may be the minimum cost, but not 

necessari 1y so. 

Because the model traces the complementary and sub

stitutive relations among inputs, the incremental 

(decrementa1) costs of varying inputs can be estim

ated in a systematic manner. Thus, as new systems 

are constructed by varying inputs, then the full cost 

of a new system is readily estimated. This procedure 

provides a systematic way to determine the optimum 

system. 

The general category of costs to be examined are: 

(1) the initial capital costs for the construction 

of the guideway, right-of-way power stations, ter

minals, vehicles, control and communications, and 

so on; (2) the recurring capital costs which result 

from replacement of vehicles and other equipment; 

and (3) the operating, maintenance, and repair of 

the system. This classification of costs will be 

useful in evaluating the costs of existing modes. 

One problem which has to be settled in this section 

and other sections of the cost study is to determine 

the appropriate rate of discount to apply to costs 
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and also to revenues. The reason for the discount 

rate is that in comparing economic alternatives, it 

is the future costs and revenues in which we are in

terested. It is not only the amount of future total 

cost and revenue streams in which we are interested 

but also the shape of these streams. The use of an 

appropriate rate of discount is what makes these 

different future costs and revenues commensurate. 

Ideally, the appropriate rate of discount would be 

the social rate of return on investment. Briefly, 

the social rate of return is a measure of deferred 

consumption in the sense that if society by sacri

ficing a small amount of consumption today (assuming 

a fully employed economy) can increase its future 

maintainable consumption tomorrow, then the percent

age change in consumption would be an approximation 

of the social rate of return. However, recent re

search indicates difficulties in measuring the social 

rate of return for an economy (Ref. 4). The re

sults from these studies may be useful. Other in

vestigators in water resource designs, efficiency 

in government, and the economics of defense although 

presenting arguments for using a social rate of re

turn have generally settled on an approximate rate 

of 6 to 7 per cent for these projects. These rates 

are close to public utilities rates; the 6.5 per cent 



used for rate making purpose in railroads, but below 

the 10.5 per cent suggested for airlines by the 

Civilian Aeronautics Board (Ref. 1, 2, 3 & 5). Un

less the rate of discount is given to the project 

by some outside source, there will have to be some 

investigation and decision with respect to the rate 

of discount. 

An important by-product of this analysis in this 

section is that it may suggest alternative systems 

which were not conceived of at the beginning of the 

analysis. 
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K -4. TWO TERMINALS, 150 MILE _ SYSTEMS WITH VARYING OUTPUT 

The second step in the analysis would be to allow 

the passengers per hour to vary between the two 

terminals and for a distance of 150 miles. Within 

these constraints, two kinds of analyses will be 

undertaken. The first is to examine the cost be

havior of the optimum 6000 passenger per hour system 

(established in the previous section) when the num

ber of passengers per hour is allowed to vary. The 

second is to estimate the long-run costs for each 

level of output. That is, for each output find that 

system which would give the minimum estimated costs. 

The models developed in this latter analysis prepares 

the groundwork for estimating costs of a network in 

which distance and output are variable • 

. ---~------~--- ---~ ----~----
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By allowing the output to vary in the 6000 passenger 

per hour system, the characteristics of short-run 

costs for this scale of operation can be estimated. 

The behavior of the average and marginal costs would 

be useful in obtaining some information on how the 

costs of the system behave in peak and slack periods. 

Are the marginal costs essentially constant? Do 

they start to rise sharply after a certain level 

of output has been achieved? Other questions on 

operations, maintenance and repair costs could be 

partially answered by such analysis. 

After the short-run costs for the 6000 system have 

been estimated, the analysis will then estimate the 

lowest attainable or minimum costs for each a1ter-

native level of output. This phase of the analysis 

differs from the above analysis in that size and 

scale effects (economies of scale) are introduced 

and can be analyzed. Figure 1. shows in a stylized 

manner the relationship between the costs of the 

optimum 6000 system and the systems to be developed 

in this section. 

The size and scale effects (economies of scale) 

result from the fact that different equipment and 

different tube sizes would be required to obtain 

the minimum costs for each alternative level of 

output. For instance, if the output were consider
I 
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ably less than 6000 passengers per hour, the diameter 
I 

of the tubes could be smaller resulting in vehicles 

with smaller capacity; the power, control, communica-

tion and terminal equipment requirements would be 

less, and so on. If the output were considerably 

larger than 6000 passengers per hour, then the number 

of pairs of tubes may be increased, or the vehicles 

may be coupled to form trains, or the vehicle capacity 

increased, and so on. Changes in pairs of tubes, or 

size of tubes, and changes in the vehicle's capacity 

or forming trains would require different inputs· of 

power, control and communications, terminal facilities, 

etc. For each level of output we could determine 

the least cost combination for inputs or resources. 

One important finding from this analysis would be 

to compute that level of output for which the average 

cost is a minimum. The particular system which has 

the minimum average cost is generally considered by 

economists to be the optimum scale of plant and is 

from the view point of society the most desirable 

level of output. Moreover, this would be the rele-

vant cost to be used for comparison of the cost of 

alternative modes. In Figure 1. the curve SS re-

presents the cost of the optimum system or scale 

operation for which minimum average cost occurs at 

output 0, and total cost C. 

------------------------------
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The strategy of the analysis in this section would 

be again to construct models which are based on the 

initial models constructed in the previous section. 

From these models the long-run marginal costs of 

construction, operation, maintenance and repair 

could be determined as the input requirements varied 

to find the system which had the minimum costs for 

each alternative level of output. The models would 

also eliminate the construction of a feasible system 

for every level of output. From just a few outputs 

we should be able to infer within a reasonable approx

imation the behavior of the long-run costs of the 

proposed mode within the constraint of 150 miles. 

The models developed in this section form the basis 

of the models to be constructed when a network is 

considered. 

K-5. TRANSPORT NETWORK 

The third step in the analysis will be to estimate 

the costs of a transport· network which will consist 

of more than one city-pair with different distance 

between each city-pair. To facilitate the analysis, 

a transport network will be assumed to exist among 

the primary cities in the Washington-Boston corridor. 

The models to be constructed will be designed to in

corporate the salient reatures, economic and topo-
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graphical, of this particular corridor. After the 

costs have been estimated for the Boston-Washington 

corridor, then new city-pairs can be introduced and 

the model extended. The new city-pairs should have 

different economic and topographical features from 

those of the Boston-Washington corridor. 

For comparison of costs with alternative modes, 

three output measures will be used: (1) the gross 

ton miles of passengers per year; (2) the number of 

passengers per year; and (3) passenger seat miles 

per year. It is anticipated that the relation among 

the three measures will be at most a scaling factor. 

In the previous models, systems were developed in 

which economies of scale (scale and size effects) 

were investigated and the effects of such economies 

on costs analyzed. Furthermore, because the initial 
J 

systems were designed for a distance of 150 miles, 

there has been some analysis of the relationship 

between costs and distance. What needs to be 

explicitly examined in this section is whether costs 

are proportional to distance or not. 

A new factor in this section will be the introduction 

of switching apparatus. If mainlines are constructed 

to by-pass intermediate points, then to switch the. 

vehicles or trains from the mainline to an intermediate 
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terminal will require facilities which were not 

present in the previous models. Thus, the effects 

of switching apparatus will have to be included in 

the models. 

It should be noted that the basic strategy remains 

the same: State the objective to be achieved (12 

billion passengers per year), determine the al

ternative systems which can achieve the objective, 

and then find that system which minimizes the total 

costs. The systems will be represented by models 

which will incorporate the salient features of the 

particular set of city-pairs contained in a trans

port network. 

X-6. COMPARISON OF ALTERNATIVE MODES' COSTS 

Within the last several years, there has been several 

cost studies done of the transportation industry. 

Some of the studies have concentrated on one mode 

and others have considered the industry. For the 

purpose of this project, the relevant costs of the 

alternative modes would be what economists call the 

long-run marginal costs. (Ref. 3). Such costs 

imply that the optimum scale of operations have 

been considered and that the capital costs included 

are those which shall be variable in the long-run. 

Consequently, the costs of the new mode will be 

directly comparable to the existing systems costs 

given the same measure of output. 
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However, the cost estimates are dated and it will 

be necessary to bring the cost data up-to-date for 

the existing modes. This means new long-run marginal 

costs will have to be computed. Also, where the 

other studies are deficient, or our study suggests 

better methods of computing and estimating, then 

new cost analysis will have to be done of the al

ternative modes. 

It must be emphasized that even if a given mode has 

costs which are less than an alternative mode for 

the same level of output, the consumer may still 

choose to use the more expensive mode of transporta

tion (assuming that the price is set equal to the 

long-run marginal costs). For instance, Meyer et al. 

(Ref. 3) estimated that the long-run marginal cost 

of ordinary rail coach was between 1.3 and 1.4 cents 

per passenger sear mile (1955 dollars) and that the 

average cost for tourist class on a piston engined 

airplane for a distance of 200 miles was 4.2 cents 

per passenger seat mile. During this period of 

time, we had a substantial shift in intercity from 

rail coach to airplanes. One possible explanation 

is that time is money; the 2.8 cent differential 

represents the time cost of rail transportation. 
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K-7. CONCLUSIONS AND RECOMMENDATIONS 

To establish the cost feasibility of the proposed 

high speed ground tube mode, the objective or .ob

jectives of the mode needs to be determined, the 

alternative systems of accomplishing the given 

objective or objectives developed, and determine the 

system which minimizes cost. These costs can then 

be compared with the existing modes. 

The first cost analysis is based on a system con

sistent with the assumptions used in the engineering 

feasibility studies. Under these assumptions, the 

first objective is to determine the minimum cost for 

a 6000 passenger per hour system. Once this cost 

is determined the analysis is extended to determine 

the cost behavior, short-run and long-run, of systems 

when the number of passengers per hour varies. Finally, 

the costs of a transport network are estimated. 

To facilitate explorations of the costs, models 

will be constructed which represent the alternative 

systems. Given engineering and cost data, then the 

models can be simulated to determine their cost 

characteristics with respect to stated objectives 

and also with respect to the cost characteristics of 

existing and potential transportation modes. 
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L. REVENUE (Paul) 

L-l . ABSTRACT 

This section deals with the problem of revenue estima

tion for the system. Revenue estimation turns out to 

be a problem of demand estimation. Some of the prob

lems and methods of estimating demand are discussed 

in the following text. 

L-2. INTRODUCTION 

Once the estimated costs of the system are determined, 

then the amount of revenue for the system to "pay for 

itself" easily follows. The primary problem for analy

sis is not to make a point estimate of revenue, but to 

determine if the demand for the system's services i8 of 

sufficient magnitude to generate the required revenue. 

Thus, the revenue estimation problem becomes one of 

demand estimation. The problem then will be to con

struct a demand for the system's services from what 

can be determined about the properties and character

istics of demand for transport services of existing 

and projected modes on the aggregate level or for par

ticular transportation modes. 

The primary focus of the analysis will be to determine 

the long-run, dynamic properties and characteristics 

of demand on both the aggregate level and for partic

ular transportation modes which perform in a generic 
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way the same services for the consumer. Cyclical, 

seasonal even daily fluctuations in demand will af

fect the system and its revenue, but for the system 

to be viable, to "pay for itself," it will be the 

long-run properties and characteristics of trans

portation demand both on the aggregate level and 

the specific level which will be the determining 

factors. The long-run relations of crucial impor

tance will be the income and price elasticities, and 

the evaluation of other variables which affect 

tastes or preferences for the services offered by 

the different transportation modes. The long-run 

price elasticities reflect the responsiveness of 

the consumers to price changes in utilizing the 

services of each mode; they measure the degree of 

substitution for the services of one mode for the 

other because of relative price changes; they also 

measure the effect on revenue of a given system. 

If a particular mode is highly preferred or con

sidered necessary, then the price elasticity with 

respect to its own price and the cross elastic

ities with respect to prices .of substitutes would 

be small. The income elasticities measure the in

crease in demand because of increasing incomes. 

Thus, if the income elasticities of demand for dif-
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ferent modes are different, then the relative rate 

of growth of demand for each mode would be different. 

Again, the income elasticities reflect the preferences 

for the different modes, and hence, they do give some 

measure of relative preferredness of one mode over 

another. 

Inasmuch as we are constructing a hypothetical demand 

for the system, we do need outside information on 

preferences or tastes. Such factors as the education 

level, income distribution, occupations, classifica

tions as to mode of travel and reason for travel, 

etc., are necessary in completing the structure of 

the demand relation. 

Moreover, because this is a high speed system, the 

measure of services and the constructed demand need 

to take the factor of speed explicitly into account. 

A priori it seems that the substitution against other 

systems for this system's services will be, other 

things being equal, the elapsed travel time. If the 

relevant variables and their relationships with each 

other can be established in terms of elapsed travel 

time, then potential demand for the system can be 

better established. 
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To facilitate the analysis, the demand for transport 

services will be limited to interurban passenger 

services in high density population regions and for 

distances of 150 to 500 miles. Three conditions es

sentially limit the analysis to the Boston-Washington 

corridor. The extension of the network of the system 

to other regions and for different distances, if 

meaningful results are obtained for the more limiting 

case, should not be an insurmountable problem. 

L-3. DEMAND MODELS 

The optimal method of estimating the long-run prop-

erties and characteristics of the demand for inter

urban passenger services would be to construct a 

complete model of the demand relations. Each mode 

would be represented by an assumed empirical demand 

relation among the variables of the structure, as 

well as equations representing technological, in

stitutional and legal relationships among the var

iables which the system would require. If the 

criteria of identifiability were satisfied, then 

the parameters of the system could be estimated by 

appropriate statistical methods. It is clear that 

even if the data and resources are not available 

for complete estimation, a general model should be 



formulated to act as check on the results from more 

limited studies and to give insights into the de

mand structure. 

At the present time, most studies have been limited 

to single equation, multivariate analysis (Ref. 1, 

2,4). E.g., Fisher's analysis of passenger demand 

for railways between Boston and New York does at

tempt to measure the long-run demand and does con

tain interesting methods of long-run analysis. ~ven 

though the income and price elasticities found by 

Fisher indicate a continued shift to airlines and 

automobiles and away from railways, the factor of 

elapsed time or speed is not explicitly taken into 

account. Caves summarizes various analyses of air

line demand. He concludes that these studies have 

not given meaningful results as to the price and 

income elasticities. He attempts to assess the 

characteristics of the demand structure from surveys 

which have been done. Such studies indicate a need 

for a model of demand which explicitly accounts for 

the interrelations and feedback effects. Moreover, 

the studies do indicate that cross section analysis 

would be of great value in establishing lon~-run 

properties. Most studies have used time series data, 

L-5 
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and the use of time series data present problems of 

multicollinearity, autocorrelation, etc. 

One study by the Systems Analysis and Research Cor

poration (Ref. 4) of the demand for intercity passen

ger travel in the Washington-Boston corridor has 

explicitly treated the travel time (the sum of average 

local travel time, terminal time, line-haul time, and 

scheduling delay) as one of the explanatory variables 

in their set of equations. They found that the elas

ticity of demand for round trip business travel be

tween city pairs in the corridor was sensitive to the 

travel time variable. For instance, they found that 

a one per cent decrease in total air travel time 

resulted in a two per cent increase in the number of 

round trips between city pairs. For each mode - rail, 

bus, air and auto - the elasticities of demand were at 

least two per cent or greater with respect to travel 

time. This study does suggest that the passengers 

are very much aware of the total travel time by each 

mode and do respond to variations in the travel time. 

Because the proposed system is a high~speed trans

portation system this study does indicate that the 

consumer does have a positive preference for shorter 

travel time. 



--------------------------------------------------------

If the data and the resources are not available for 

a complete demand study, second best methods may have 

to be followed. This may require more aggregation 

than desired, or the use of single-equation models, 

etc. The particular strategy to follow can only be 

determined after a careful preliminary analysis of 

the problem. 
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One problem needs to be mentioned: In what units do 

we measure the services of each mode? One attack 

would be to accept the conventional measures used in 

each mode. That is, the services could be measured 

in passengers per year, or passenger miles per year, 

passengers per hour of flying time, etc. Because 

price and income elasticities are pure numbers, the 

effects of the system could be assessed and compared. 

If the data only comes in this form, then the analysis 

may be stuck with such conventional measures. 

Another attack is to develop a standardized measure 

of output or services and, in particular, to develop 

a measure of services in which the factor of speed 

is explicitly taken into account. One method would 

be to have a standard unit measured in elapsed time 

of travel. The use of elapsed time as the measure of 

service would reflect the fact that for the same 
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elapsed time the utility of the consumer would be 

higher the faster the speed (Ref. 3). If a standard 

unit of elapsed time is constructed, then different 

modes with different speeds could be compared with 

each other. For instance, the standard unit of 

elapsed time for a given distance would be the time 

of travel required for one round trip from a central 

starting point of a particular mode, say, interurban 

bus. Thus, if for a distance of 150 miles, it takes 

a passenger by bus six hours in travel time to com-

p1ete one round trip (ignoring time spent at the 

destination other than travel), and if we use the 

bus as the mode from which we are going to make com-

parisons, then the six hours of travel time would be 

equal to one unit of "elapsed time. If the travel time 

of the alternative mode between the two points were, 

\ for a round trip, 0.8 hours, then the number of , 

units of elapsed time offered would be total travel 

time by bus divided by the total travel time of the 

alternative mode. In this instance, the units of 

elapsed time would be 7.5 units. The economic in-

terpretation of such units would be that given the 

same price per unit of elapsed time the consumer 

would be willing to'purchase 7.5 units from the high 

speed system and only one unit from the low speed 



system, in this case the bus. If such a measure of 

services could be meaningfully developed, the price 

effects and income effects with respect to speed 

could be more readily assessed and the demand for 

the system's services as compared with other systems 

or modes in terms of substitution effects possibly 

constructed. 

L-9 

L-4. AGGREGATE DEMAND FOR INTERURBAN PASSENGER SERVICES 

Although estimation of the aggregate demand for pas

senger service would not give the required information 

to construct the demand for the proposed system, some 

research is required in this area. First, aggregate 

demand for passenger services places an upper bound 

on the total amount of passenger services demanded 

with respect to changing income levels and changes in 

tastes or preferences. How easy or difficult it will 

be for a new mode of transportation to be established 

will then depend on the level and the rate of growth 

of aggregate demand. Secondly, the substitution of 

other services for travel such as various types of 

communication services, etc. can be assessed. Thirdly, 

the changes in the general level of economic activity 

and its influence on the level of transport demand can 

be more directly determined. For these reasons some 

research needs to be done in this area. 
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L-5. CONCLUSIONS AND RECOMMENDATIONS 

The estimation of revenue is a problem of the estima

tion of the demand for the system. The demand for 

the system can only be constructed from what can be 

determined about the long-run, dynamic properties of 

demand on the aggregate level or for existing modes. 

To construct the demand of the system's services, a 

demand model of the present system needs to be con

structed and the parameters estimated by the appro

priate statistical methods. How detailed the analysis 

of a model could be would depend on the available data 

and resources of sufficient amount to use large-scale 

computers. 

The demand relations' should be designed for cross 

section analysis. In such analysis the effects of 

occupation, education, etc. can be used in assessing 

the long-run properties of the demand relations. 

The empirical properties of the aggregate demand for 

interurban passenger services need to be established. 

Although such an analysis would fit into the demand 

model above, the focus would be more on the inter

action of the rest of the economy with the level and 

changes of aggregate demand of transportation. 
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This invention relates to a novel means of transportation 
capable of high-speed travel from place to plll:ce with 
great economy, reliability, and safety. More particularly, 
this invention relates to a high-speed transportation sys
tem in which a self-propelled vehicle travels at high 
velocity through a tube. 

Land-traveling vehicles are generally free from the 
hazards and operational limitations of air transport, in
cluding the possibly disastrous effects caused by minor or 
human malfunction, weather conditions, traffic saturation, 
etc., and can be readily adapted with a variety of internal 
and external automatic control systems to provide any 
desired degree of safety. Unfortunately, the speed of 
land-traveling vehicles has not kept pace with the marked 
advances in air transportation over the last several dec
ades. For example, while the speed of the commercial 
jet-liner is almost tenfold that of the biplane of the 1920's, 
railroad trains operate at much the same speeds as they 
did fifty years ago. It has generally been thought that 
practical land vehicles were inherently confined to speeds 
much lower than those now possible in the field of air 
transportation. 

Among the principal limitations on the speed of land
traveling vehicles is the necessity of constraining the 
movement of a vehicle to a narrow, defined path of travel 
with resultant guidance and control problems caused by 
the large transverse forces and accelerations which are 
produced as the vehicle moves along the ground at high 
speed. In an effort to overcome the problems associated 
with high-speed land travel, experimental land vehicles 

2 
power required. For instance, at normal press.UTe and 
temperature, the frictional resistance to the motion of a 
column of air one mile long in a smooth-walled 10 ft.
diameter tube increases from a little over a ton at 50 

5 m.p.h. to the order of 15 tons at 200 m.p.h., to 80 tons 
at 500 m.p.h., and to 300 tons at 1000 m.p.h. Thu~, t~e 
power required per mile of air-column length to mamtam 
this motion increases from about 300 H.P. at 50 m.p.h. to 
about 17,500 H.P. at 200 m.p.h., to about 230,000 H.P. 

10 at 500 m.p.h., and is already in the millions of H.P. at 
speeds in the neighborhood of 1000 m.p.h. . 

It is therefore a principal objective of the present m
vention to provide a new mode of land-base.d ~ig~-speed 
transportation which overcomes the speed limitations of 

15 conventional land-traveling vehicles. 
It is another objective of the present invention to pro

vide a vehicle for a high-speed tube transportation sys
tem which requires substantially less power for propul
sion than tube transportation systems heretofore known. 

20 It is a further objective of the present invention to pro
vide a self-propelled carrier for passengers and freight 
in a land transportation system which is capable of op
eration at speeds equal to or greater than prese.nt day. ~Ir
liners with a high degree of control and dynamiC stabllit~, 

25 is highly efficient and economical in op~~ation, and IS 

characterized by that degree of dependability and safety 
normally associated with conventional railroad systems. 

The foregoing and other objects, features and ad~an
tages of the present invention relating to a n~vel hlgh-

30 speed transportation means will be mor: readIly. under
stood upon consideration of the followmg detaIled ~e
scription of various illustrative embodiments of the .m
vention, taken in conjunction with the accompanymg 
drawings. . 

35 FIG. 1 is a side elevational view, partially sectIOnal, 
showing a first illustrative embodiment of a transport ve
hicle according to the present invention. 

of massive size with low centers of gravity, designed for 
speeds up to 400 m.p.h., have been considered. How
ever, unless the travel of vehicles of this type is on a 
straight-line path over flat terrain, additional restraining 
means, such as tracks must be provided to enable the fast
moving vehicle to successfully negotiate bumps, curves, 
and other variations in the roadway. (Banked turns also 
provide some lateral restraint. but they. are useful only 45 
for travel within a narrow and fixed speed range.) Never
theless, control and guidance of vehicles traveling over 
open roadways, even when tracks and banked turns are 
provided, become extremely difficult at great speeds be
cause of the influence of wind gusts and varying environ
mental conditions (rain, snow, ice, etc.). The required 
support or restraint may be readily provided when the 
vehicle moves within a tube. 

FIG. 2 is a diagrammatic representation C?f a t.ube 
transportation system according to the present mVe?tIOn. 

40 FIG. 3 is a side elevational view, partially sectIOnal, 
showing a second illustrative embodiment of the present 
invention. . 

FIG. 3a is a cross-sectional view taken along the hne 
3a-3a of FIG. 3. 

FIG. 4 is a side elevational view, partially sectional, of 
a third embodiment of the present invention. 

FIG. 4a is a fragmentary, partially sectional view of 
the embodiment of the transport vehicle of FIG. 4. 

FIG. 4b is a fragmentary, partially sectional view ~f a 
50 modification of the embodiment of the transport vehicle 

of FIG. 4. 
FIG. 5 is a side elevational view, partially sectional, 

of a fourth embodiment of the present invention. 
In conventional tube transportation systems, the ve

hicle, in traveling within the tube, acts on the adjacent 
air masses, either as a driving piston (as in the case of a 
subway train in a tunnel) or as a driven piston (as in a 
pneumatic dispatch system), and therefore motion of 
the vehicle is accompanied by large displacements of the 
air masses within the tube. In a tube of any substantial 
length, the power required to overcome the frictional 
resistance to the motion of the air column in the tube-a 
motion which, depending upon the cross-sectional area 
of the vehicle and tube, may be of the same order of 
magnitude throughout the tube as the velocity of the ve
hicle itself-increases as the cube of the velocity. Ac
cordingly, the frictional force resisting the fluid flow 
rapidly becomes so great that the operation of such a 
transportation system, at speeds much above those now 
used (e.g. 60-70 miles per hour), is rendered impractical, 
if not impossible, by the enormous amount of propulsive 

FIG. 6 is a side elevational view, partially sectional, 
55 of a fifth embodiment of the present invention. 

FIG. 7 is a side elevational view of a sixth embodiment 
of the present invention. 

Referring now to FIG. 1, there is shown therein an 
illustrative embodiment of the present invention compris-

60 ing a self-propelled transport vehicle 10 traveling (to the 
left in the figure) within a tubular conduit 50. The nose 
of vehicle 10 is generally in the form of the nose of the 
central body of a ram-jet engine having a spike type in
take diffuser 12. Nozzles 14 are located downstream from 

65 the air intake 12 of the vehicle and supply fuel for inter
mixing with the diffused air as the vehicle 10 travels with
in the conduit 50 at high velocity. Flame holders 16 
positioned behind the fuel nozzles 14 create .the tm:bu!e.nt
wake conditions that are necessary to permit the IgmtIon 

70 of the air-fuel mixture and its combustion in region 17 
thereby providing propulsive thrust for the vehicle in a 
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3 
manner similar to that of a conventional ram-jet. The 
tail section 20 of the vehicle is provided with a gas gen
erator such as a starting rocket 25 for accelerating the 
vehicle from rest up to the speed required for ram-jet 
action to occur. In the forward portion of the vehicle 
10, and ahead of the hot combustion region 17, is a com
partment 24 (indicated schematically by dotted lines) 
for housing the crew and the useful load of the vehicle, 
such as passengers and/or freight. 

According to my invention, the transport vehicle 10 is 
disposed within a tube or tunnel 50 of slightly larger 
cross-section connecting two or more station points and 
is propelled along the length of the tube by the fore-to
aft transfer, through the surrounding space separating it 
from the tube wall (as shown in the embodiment of FIG. 
1) and/or through the vehicle itself by means of a central 
opening (as shown in other illustrative embodiments of 
the invention), of the air or other fluid filling the re
mainder of the tube 50. The energy required to effect 
the propulsion of the carrier vehicle by the displacement 
and transfer of air immediately in front of the vehicle 10 
to the area behind the vehicle may be supplied to the 
system by conventional means in thermal (e.g., through 
ram-jet action as shown in FIG. 1) or by mechanical 
(e.g., by means of a fan or magnetohydrodynamic body 
force) form, or by a combination of the two. 

A transportation vehicle traveling at the high speeds 
contemplated herein will necessarily be subjected to large 
transverse acceleration forces, and accordingly, provision 
must be made for support and restraint against lateral 
movement on all sides. At sufficiently high supersonic 
speeds advantage may be taken of the aerodynamic forces 
produced by the pressure field in the annular space be
tween the vehicle 10 and the tube wall 50 to provide the 
required support for the vehicle. These forces generate a 
stabilizing effect of sufficient strength to maintain an 
axially-symmetric vehicle on a substantially centered path 
as the vehicle is propelled along the axis of the tube. In 
the lower range of speeds, the transportation vehicle 10 
may be suitably kept on a centered path by a plurality 
of retractable skid members 19 spaced about the body of 
the vehicle as shown. Alternatively, lateral support and 
restrain of the vehicle might be feasibly provided by wheel 
member riding along a plurality of axially extending tracks 
spaced about the circumference of the tube (see FIG. 
3); by a number of low-clearance devices, such as the 
so-called "levapads" or air jets, suitably arranged about 
the surface of the vehicle body itself; or by ground-effect 
devices providing a floating "air curtain" suspension of 
the vehicle (see FIG. 5). A floating suspension of this 
last type is especially advantageous in that a vehicle, so 
provided can utilize the ground-effect mechanism over 
the entire speed range of the vehicle, and if the vehicle 
has an appropriately low center of gravity, it will auto
matically tilt itself to the correct angle of bank in every 
turn, independently of the speed at which the turn is 
negotiated. Other suspension systems, involving, for ex
ample forces of a magnetic character, may also be adapted 
for use with the transportation system proposed herein. 

A principal feature of the transportation system of the 
present invention is that, the transfer of air in the tube 
from the front to the rear of the vehicle is not just a 
consequence of the motion of the vehicle but rather the 
very mechanism by which this motion is produced and 
maintained. With one or both ends of the tube closed, 
the air in the tube remains substantially at rest everywhere 
except in the neighborhood of the vehicle as the carrier 
advances along the tube to occupy the space immediately 
in front of it, out of which the air is removed, while 
making room in the rear for the transferred air mass. 
Such a propulsion system is to be distinguished from that 
of conventionally-driven vehicles described previously 
which, in moving through a tube, cause large displace
ments of all the air within the tube. 

4 
The fluid flow velocities generated during the accelera

tion and deceleration of the propulsion vehicle in a trans
portation system according to the present invention are 
very low (although not zero because of the compressibility 

5 of the air filling the tube). Quantitative analyses have 
shown, for example, that the maximum flow velocities 
associated with normal accelerations (up to 0.3g) of a 
50-ton vehicle from rest to a steady-state speed of 500 
f.p.s. in a 15-ft. diameter tube can be between one and 

10 two orders of magnitude lower for the propulsion scheme 
proposed herein than they would be under similar condi
tions with conventional propulsion means. An indication 
of the substantial power saving effected with the proposed 
method of transportation is afforded by noting that, where 

15 the velocity of fluid motion has been reduced by one 
order of magnitude, the power required to maintain such 
motion is reduced by three orders of magnitude. 

Furthermore, in the present system, the maximum flow 
velocities occur only as brief, localized transients dur-

20 ing the acceleration and deceleration phases of the ve
hicle; when steady-state speed is reached, the fluid flow 
velocity becomes effectively negligible throughout the 
length of the tube. In other words, any motion of the 
fluid is essentially limited (as opposed to conventional 

25 drive systems wherein no such limitations apply) to cer
tain portions of the tube and to certain phases of the 
vehicle's trip. 

During the acceleration and deceleration phases of op
eration it may be preferable to provide one or more 

30 gates as barriers across the tube section to inhibit any 
general motion of the fluid column throughout the tube. 
Such barrier gates would prevent any possible interac
tions with other vehicles traveling within the same tube 
and would also minimize the effects of the transient flow 

35 velocity occurring during these phases. These gates could 
then be opened after the vehicle had attained a substan
tially steady-state velocity. Such an arrangement of bar
rier gates is shown in the schematic diagram of FIG. 2. 
This diagram is a representation of an exemplary tube 

40 transportation system according to the present invention 
linking at its terminals a pair of remote cities, New 
York and Washington, with a way-station, Philadelphia, 
inbetween. The tubular conduit system 50 comprises an 
elongated oval with stub terminations 51, 52, 53 and 54 

45 for permitting transport vehicles 10 to De "removed from 
or added to the system as desired. As shown, several 
vehicles lOa ... 10d of the type embraced by the pres
ent invention for carrying passengers and/or freight are 
provided for travel between the various cities within the 

50 tube transportation system. A plurality of barrier gates 
60, operated by respective automatic gate controllers 
65, are located throughout the tube system to isolate the 
individual vehicles from each other during their respec
tive acceleration and deceleration phases, in order to pre-

55 vent interaction of the fluid air masses throughout the 
tube or any substantial build-up in the transient disturb
ances created when a particular vehicle undergoes a 
change in its velocity. 

The accelerating vehicle acts as a source of transient 
60 pressure disturbances which are propagated away Doth 

fore and aft from the vehicle. When such a disturbance 
reaches an opening in the tube, it is reflected back as a 
pressure disturbance of the opposite kind-a compres
sion wave is reflected back from an opening as an ex-

65 pansion wave, and vice versa. Such pressure disturbances 
of opposite kinds traveling in opposite directions, have a 
cumulative effect on the velocities of the fluid flow in the 
tube. The returning wave is again reflected Dack after it 

70 reaches the vehicle, and so forth. If such repeated re
flections are permitted to continue unchecked, the ve
locity of air within the tube rapidly Duilds up to a very 
high level, and the associated energy losses Decome very 
high with a concomitant increase in the energy required 

75 to accelerate the vehicle to high speed. 
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5 
it is therefore desirable that the consequences on fluid 

flow velocities, associated with the repeated reflection of 
the transient disturbances created during starting, be 
eliminated by actually or effectively closing off openings 
in the tube during the acceleration phase of the vehicle. 5 
This objective may be accomplished by either temporarily 
placing a barrier gate 60 over the opening (as is shown 

tion in both cases. Therefore, it may be shown that the 
power required to propel the transport vehicle 10 can 
be calculated to a good approximation, by analogy with 
that of a jet engine in the condition of zero thrust, ac
cording to the following formula: 

p=PoAVl 
550 

(Equation 1) 
in FIG. 2), or, as an alternative to actually closing off 
the opening, the acceleration phase of the vehicle may 
be completed in a satisfactory manner by locating the 
vehicle at sufficient distance from any opening in the tube 
such that reflections of the transient disturbances are not 
able to build up cumulatively to any significant degree be
fore the acceleration phase is completed. This latter ex
pedient serves to effectively seal off any opening in the 
tube insofar as the build-up of wave reflections are con
cerned because of the extended time required for wave 
reflections to travel back and forth between the opening 
and the accelerating vehicle, and further because of the 
resultant attenuation in amplitude of the wave resulting 
from travel down the length of the tube. 

Significant advantages of the present invention be
come readily apparent when the operation of the trans
port vehicle is compared with more conventional con
veyances operating within a tube or out in the open, in 
air or in water. Since the slipstream of the transport 
vehicle means remains substantially at rest, its "propul
sive efficiency" [the ratio of useful mechanical work done 
in propelling the vehicle to total mechanical work done] 
may be regarded as being quite close to unity and there
fore higher than that of any other known propulsion 
means using a fluid as the momentum medium. Further
more-and this is a particularly distinctive feature of the 
present system-the wake associated with the drag of 

where P is the power required in horsepower; Po, the static 
pressure of the undisturbed air in the tube in pounds per 

10 square foot; A, the cross-sectional area of the tube in 
square feet; V, the velocity of the vehicle in feet per sec
ond; and I, the percentage loss of relative total pressure 
that is associated with all of the iso-energetic processes 
in the air-stream transfer passages. 

15 It is to be observed here that any estimate of the 
propulsion power requirement based on conventional 
jet-engine air intake design would be conservatively high, 
if the fluid transfer occurs entirely through the annular 

20 passage surrounding the vehicle within the tube, due to 
the favorable scale effects and the absence of any flow 
distortions resulting from changes in angle of attack or 
yaw of the vehicle. These factors make it possible to at
tain lower values for I in the present system than have 

25 been attained in conventional air intakes. (Representa
tive experimental values of I for conventional jet-engine 
air intakes vary from 0.02 at moderate subsonic speed, 
to 0.04 at high subsonic speeds, to 0.05 at Mach number 
1.5, and to 0.07 at Mach number 1.85.) Furthermore, 

30 in the present case the outer boundary of the airstream 
passage (the internal surface of the tube wall) is not 
stationary in the frame of reference of the vehicle as is 
so for a conventional jet intake; instead, this boundary 
moves at the velocity V in this frame of reference in the 

35 direction of the relative air flow. As the tube wall moves 
relative to the vehicle, and is stationary relative to the 
undisturbed air upstream, energy losses due to viscous 
forces are substantially reduced, and the propulsion 

the vehicle is also at rest in a stationary frame of refer
ence. Thus the kinetic energy losses associated with 
fluid motions in both the slipstream and the wake are 
almost entirely eliminated. The power required for 
propulsion of the vehicle at any given speed will, ac
cordingly, be less than that for existing vehicles of the 40 
same size and shape and, in fact, at steady speed can be 
reduced in amount to only that necessary to overcome 

power requirement is lowered accordingly. 
There are important safety features attendant to the 

operation of a high-speed vehicle within a tube in ac
cordance with the transpotration scheme of the present 
invention-in particular, the protection from gusts (which 
would otherwise be of serious consequence at high 

the flow losses inside the vehicle and in the surrounding 
annular space between the vehicle and the tube wall. 

In determining the amount of power required for 
--'propuTSioil!lf"Steady-superwnicspeeo,fIfe"vehicle"itself 

may be considered, as shown in FIG. 1, as the equivalent' 
of the central body of a conventional jet engine, with 
the wall of the conduit tube 50 representing the outer 
shroud of the jet. The propulsion system thus may be 
viewed as operating, in the steady-speed condition, in a 
manner similar to that of a jet engine without external 
drag. For example, consider the case of a supersonic 
ram-jet or" conventional configuration having a similar 
spike-type intake diffuser 12 and operating at zero angle 
of attack at its design Mach number, with the leading 
edge of the conical shock wave 15 just touching the cowl 
of the engine. Ahead of this shock wave the air upstream 
is everywhere undisturbed, and no change in conditions 
would result from the substitution of a solid tubular 
boundary for the imaginary container enclosing the cy
lindrical volume of air that will be captured as the ram-
jet advances through the fluid medium. If now the whole 
wall enclosing the captured streamtube both upstream 
and downstream of the leading shock wave be made sta
tionary relative to the undisturbed air ahead, without 
however changing the velocity of the centerbody (a situa
tion which represents that shown in FIG. 1 of the self
propelling vehicle 10 in the tube 50), the internal air 
flows in the two cases will differ only in their velocities 
relative to the stationary wall behind the leading shock 
wave and in the associated viscous effects. Except for 
these differences, which are of minor concern for the 
purpose of determining the propulsion power require
ments, the fluid air flow undergoes the same transforma-

45 speeds), and the braking and cushioning action provided 
by the air "columns -adjacent "to-the-rransportation ve

; hicle· in the event of emergency stops or power failure. 
In this last regard, an important feature of my trans
portation system is the unique manner in which the ve-

50 hicle 10 traveling in the conduit tube 50 can be brought 
quickly to rest from high speeds. At the high speeds 
contemplated herein it would not be practicable to dis
sipate all of the kinetic energy stored in the moving ve
hicle through conventional braking means, i.e., that pro-

u;) vided by sliding friction between solid surfaces. 
In contradistinction to other types of vehicles, wherein 

thrust and drag are generated and controlled separately, 
in the present conveyance these two forces are closely in
terdependent. As soon as the propulsive power input is 

GO shut off, the retarding force due to the drag assumes 
the character and magnitude associated with conven
tionally driven vehicles. Accordingly, large disturbances 
are set up in the adjacent fluid masses, and a flow in the 
airstream transfer passages is then maintained only by 

G5 virtue of the pressure differential built up through and 
around the vehicle by these very same disturbances. In 
fact, the action of the vehicle on the fluid in the tube in 
this situation becomes similar to that of a piston of some 
permeability, and the result of such action is a drag or 

70 retarding force exerted on the vehicle very much greater 
than that produced in the power-on condition. 

The effective permeability of the vehicle, and hence the 
airstream braking action, may be readily controllable over 
wide limits by any of a variety of suitable means. The 

75 permeability of the vehicle to the airstream carl be in-
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creased, for example, by the opening of appropriate vents, 
or alternatively it can be decreased, for example, through 
the insertion of spoilers in the airstream transfer pas
sages or through windmill operation of the fan or com
pressor used for inducing the transfer of the fluid mass 
past the vehicle. 

Following the shut-off of propulsive power, the air
stream braking forces described above build up at first, 
as the pressure waves propagate away from the vehicle 
and increasingly larger masses of air are induced to flow 
within the tube with their attendant frictional losses, and 
then decrease, as the vehicle slows down. The velocity 
of the vehicle will eventually become low enough such 
that it can then be easily brought to a full stop by con
ventional sliding-friction means. In this manner the 
kinetic energy initially stored in the moving vehicle is 
distributed by this airstream braking process over such 
a relatively enormous fluid mass within the tube that its 
dissipation, as the vehicle is slowed down, does not pro
duce any difficulties with localized heating or wear of the 
braking mechanism. 

FIG. 3 shows a second illustrative embodiment of the 
present invention wherein the displacement and transfer 
of the fluid airstream is effected completely external to the 
vehicle by a propeller means. The streamlined body of 
the vehicle 100 has a compartment 124 for housing the 
crew and the useful load of the vehicle. The vehicle is 
guided along within the tubular conduit 50 by a spaced 
plurality of wheels 119 disposed about the body of the ve
hicle and contacting respective tracks 121 extending axial
ly along the length of the tube. The propulsion means for 
driving the vehicle within the conduit 50 is located at the 
tail portion of the vehicle 100 and comprises a prime 
mover 125 (an electric motor or a gasoline engine) for ro
tating air propeller blades 130 which are supported with
in a shroud 132. In this embodiment, as is true in the 
embodiment of the invention shown in FIG. 1, the fore-to-

8 
bines 245 and 246 which drive compressors 242 and 241 
respectively. 

FIG. 5 shows a fourth illustrative embodiment of the 
present invention, wherein a compressor is utilized to 

5 energize airstream flow internally of the vehicle for both 
propulsion and ground-effect support of the vehicle. In 
this embodiment, the vehicle 300 carries its controls, crew, 
and useful load in compartment 324 while traveling along 
inside tube conduit 50. In the nose of the vehicle 300 is 

10 an air intake 330 which captures a portion of the fluid 
mass directly in front of the vehicle. This captured air 
is compressed by blades 332 operating between stator 
vanes 334 and fed to a collector or spiral volute 335, 
which then directs a portion of the now-compressed air 

15 through a plurality of slots 320 disposed along the exterior 
of the vehicle 300. 

The highly-pressurized air escaping out of the slots 320 
forms "air curtains" 319 to provide ground-effect restraint 
and suspension of the vehicle as it travels at high speed 

20 within the conduit 50. The front portion of the air curtain 
in each pad can be turned off when the forward speed of 
the vehicle 300 is high enough to provide a ram pressure 
equal to-or higher than-the required ground-effect pres
sure. Under these conditions, the rearward momentum of 

25 the deflected curtains contributes to the thrust, and the 
separate expenditure of power to support the vehicle is 
thereby largely or even totally eliminated. 

The remainder of the compressed air (the portion not 
used for ground-effect support) is carried along inside the 

30 length of the vehicle 300 within a transfer passage 325, and 
it is then intermixed with fuel supplied from nozzle 340 
just prior to combustion of the fuel-air mixture in the 
vicinity of the flame holder 341. The combusted gases 
drive the turbine 345 located in the rear of the vehicle 300 

35 before escaping out of the tail exhaust 349. The power 
output of the turbine 345 is then utilized to drive the for
ward-located compressor either directly as shown by a 
shaft linkage 347, or alternatively by a generator-motor 
arrangement. 

aft displacement and transfer of the fluid airstream is ac
complished wholly outside the vehicle in the annular 
space between the exterior of the vehicle 10 and the walls 40 
of the conduit 50. 

FIG. 6 shows a fifth illustrative embodiment of a self-
propelled vehi~le suitable for use in a tube transportation 
system accordIng to the present invention, wherein air 
from a compressor is utilized as the propulsion means in 
a manner. si~ilar to an ejector pump, to effect tran~fer 
of the flUId aIrstream externally of the vehicle. The ve-

FIG. 4 shows a third embodiment of a self-propelled 
vehicle suitable for use in a tube transportation system 
according to the present invention, wherein transfer of the 
fluid airstream is effected both internally and externally 
of the vehicle. In this embodiment the vehicle 200 simi
larly contains a compartment 224 and is guided along 
within the conduit 50 by a plurality of wheel members 
219 riding along axially-extending tracks 221. A portion 
of the fluid mass directly in front of the vehicle is cap
tured by scoops 220 in the nose of the vehicle and trans
ferred within a duct 225, internally of the vehicle, to pro
pulsion means 230 carried in the tail 215 of the vehicle. 
The remainder of the fluid air mass in front of the travel-
ing vehicle passes to the rear in the open space between 
the exterior of the vehicle and the walls of the tube. A 
plurality of fresh air intakes 223, arranged on the surface 
of the vehicle near its mid-portion, capture boundary layer 
air which is similarly transferred to the rear propulsion 
means 230 via the transfer duct 225. In the embodiment 
shown in FIG. 4a air is impelled internally through the 
moving vehicle by a fan 230 whose blades 232 are rotated 
adjacent to stator vanes 234 by a prime mover 233. 

A variation of this embodiment is shown in FIG. 4b 
wherein the propulsion means 230a in the tail 215 of the 
vehicle comprises a turbofan. The air mass captured by 
the scoops 220 and by the fresh air intakes 223 is chan
neled internally of the vehicle via transfer duct 225 to the 
low pressure fan 241, a portion of the air mass being 
subsequently diverted into the high pressure fan 242 and 
then into the combustion chamber 244. Fuel supplied 
from nozzle 240 is intermixed with the compressed air 
prior to combustion of the mixture in the chamber 244 
the expanding, combusted gases serving to energize tur~ 

45 hicle 400 with its compartment 424 travels within the tube 
conduit 50 at high speed by the continuous displacement 
and. transfer o~ the fl.uid air mass directly in front of the 
vehIcle t~ the ImmedIa~e rear of the vehicle while leaving 
the !"emaInder of the aIr mass in the conduit substantially 

50 undIsturbed. A c~mpressor 412, driven by prime mover 
415, transfers the aIr mass externally of the vehicle through 
the an~ular space separating it from the walls of the tube 
5~. AIr <:apture~ at the intake 411 in the nose of the ve
hIcle 400 IS energIzed by the rotating impeller vanes of the 

55 co~pressor 412 and sent through diffuser vanes 413. after 
whIch the compressed air ·is discharged into the a~nular 
space surrounding the vehicle, in the form of a "driving 
stream," out of vents located on the sides of the vehicle 
400. This discharged, highly-pressurized air constitutes 

60 !he driving flow which effects the transfer of the fluid mass 
I~ the tube from the front to the rear of the traveling ve
hIcle. Controls, crew and useful load are carried in com
partmen.t 424. Support and restraint of the vehicle may 

65 ~ proVIded by ground-effect pads or the suspension de
vIces of any of the types previously described. For the 
sa~ of clarity, suspension devices have been omitted from 
thIS figure. 
. FI~. 7 is a si~th illustrative embodiment of the present 

70 InventIOn whereIn the ?:opulsion means is a crypto-steady 
pressure exchanger utIlIzed to energize and to effect the 
transfer of .the fluid airstream externally of the vehicle. 
As shown In the figure, the vehicle 500 with a crew 
controls, and freight in compartment 524 'in its fuselage' 

75 moves to the left within the tubular conduit 50. Pro: 
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pulsion of the vehicle 500 is provided by a crypto-steady 
pressure exchanger located in the rear of the vehicle. 
The principles of operation of such a propulsion means 
are fully described in my co-pending U.S. patent applica
tion Serial No. 592,642, filed June 20, 1956, and issued 5 
on July 31, 1962, as U.S. Patent No. 3,046,732. Adapt-
ing the terminology employed in the aforementioned pat
ent, in the embodiment of the present invention shown in 
FIG. 7, scoops 511 are provided on the body of the ve
hicle for the capture of the "primary" air to be energized 10 
and later discharged to form pseudo-blades. The cap
tured primary air is intermixed within the vehicle with 
fuel supplied by nozzle 515 and the mixture then com
busted behind flame holder 512. The combusted gases 
energize a rotor 519 which is of the type shown in FIG. 15 
6 of my aforementioned patent. The primary air is then 
discharged from the vehicle in the form of pseudo-blades 
525 of a crypto-steady pressure exchanger which act upon 
the surface of the tail 520 to provide propulsion of the 
vehicle. As is more fully brought out in Patent No. 20 
3,046,732 and on pages 234-237 of Elements of Flight 
Propulsion-Joseph V. Foa-John Wiley & Sons, Inc., 
1960, the primary or driving flow discharged from the 
vehicle forms a pattern designated as a pseudo-blade 
which functions in some respects in a manner similar to 25 
that of a blade formed of solid, abiding material. The 
discharge of the primary flow to form the pseudo-blades 
develops thrust as a result of the conventional jet effect 
and there is an additional increment of thrust developed 
characteristic of the process described in said patent re- 30 
suIting from an essentially non-dissipative transfer of en
ergy to the secondary or driven flow from the primary 
flow forming the pseudo-blades across the interface be
tween the pseudo-blades and the driven flow [conven
tional means for providing the necessary support and re- 35 
straint of the vehicle at rest and at slow-speed operation 
have been omitted from the figure for purposes of 
clarity.] 

While, in the various illustrative embodiment of the in
vention, a particular type of lateral support and restrain- 40 
ing means has been shown with a specific vehicle embodi
ment, it will be appreciated that other kinds of vehicle 
support and restraining means can be readily adapted for 
use with each such embodiment. 

The terms and expressions which have been employed 45 
here are'used as"terms of-description-aro:r-not"of Iimita-' 
tion, and there is no intention, in the use of such terms 
and expressions, of excluding equivalents of the features 
shown and described, or portions thereof, it being recog
nized that various modifications are possible within the 50 
scope of the invention claimed. 

What is claimed is: 
1. A high-speed transportation system compnsmg, a 

fluid-filled conduit linking a plurality of station points, 
the fluid in said conduit being substantially at atmos- 55 
pheric pressure, a vehicle movable within and guided by 
said conduit, means for propelling said vehicle at high 
velocity along portions of said conduit including means 
for continuously effecting the displacement and transfer 
of the fluid from substantially directly in front of said 60 
vehicle to substantially directly behind the same while 
maintaining the remainder of the fluid in the portion of 
said conduit occupied by said vehicle substantially at rest, 
said vehicle having a maximum cross-section less than 
that of said conduit with the vehicle and the conduit 65 
forming a space therebetween through which passes a 
substantial portion of the fluid transferred from in front 
of to behind said vehicle. 

2. A high-speed transportation system comprising, a 
fluid-filled conduit linking a plurality of station points, 70 
the fluid in said conduit being substantially at atmos
pheric pressure, a vehicle movable within and guided 
along by said conduit, and means for accelerating and 
propelling said vehicle at substantially constant velocity 
by continuously effecting the displacement and transfer 75 

10 
of the fluid directly in front of said vehicle to directly in 
the rear thereof, while maintaining the remainder of the 
fluid in said conduit substantially at rest, said vehicle hav
ing a maximum cross-section less than that of said con
duit with the vehicle and the conduit forming a space 
therebetween through which passes a substantial portion 
of the fluid transferred from in front of to behind said 
vehicle. 

3. A high-speed transportation system comprising, a 
fluid-filled conduit of substantially uniform cross-section 
linking a plurality of station points, the fluid in said con
duit being substantially at atmospheric pressure, and a 
self-propelled vehicle movable within and guided along 
by said conduit, said vehicle being of lesser cross-section 
than said conduit thereby forming a space therebetween, 
said vehicle including means for propelling it along said 
conduit at substantially constant velocity by continuously 
effecting the fore-to-aft displacement and transfer of the 
fluid from in front of said vehicle to the rear thereof 
through the space separating said vehicle from said con
duit at a rate such that the remainder of the fluid in said 
conduit remains substantially at rest. 

4. A high-speed transportation system comprising, a 
fluid-filled conduit linking a plurality of station points, 
the fluid in said conduit being substantially at atmos
pheric pressure, said conduit having at least one opening 
capable of reflecting pressure wave disturbances in said 
fluid, a vehicle movable within and guided along by said 
conduit, means for propelling said vehicle along said 
conduit at high velocity by continuously effecting the 
fore-to-aft transfer of the fluid directly in front of said 
vehicle to the rear thereof, and barrier means in said 
conduit for temporarily closing off said opening during 
acceleration of said vehicle near said opening, said ve
hicle having a maximum cross-section less than that of 
said conduit with the vehicle and the conduit fonning a 
space therebetween through which passes a substantial 
portion of the fluid transferred from in front of to behind 
said vehicle. 

5. A high-speed transportation system comprising, a 
fluid-filled conduit linking a plurality of station points, 
the fluid in said conduit being substantially at atmos
pheric pressure, said conduit having at least one opening 
capable of reflecting pressure wave disturbances in said 
fluid, a self-propelled vehicle movable within and guided 
along-by-said-conduit;-said 'vehicle" including' means' for 
accelerating and propelling it along said conduit at sub
stantially constant velocity by continuously effecting the 
fore-to-aft transfer of the fluid from in front of said 
vehicle to the rear thereof, said fore-to-aft fluid transfer 
when said vehicle is moving at substantially constant 
velocity being effected at a rate such that the remainder 
of the fluid in said conduit remains substantially at rest, 
and barrier means in said conduit for temporarily closing 
off said opening during acceleration of said vehicle near 
said opening, said vehicle having a maximum cross-sec
tion less than that of said conduit with the vehicle and 
the conduit forming a space therebetween through which 
passes a substantial portion of the fluid transferred from 
in front of to behind said vehicle. 

6. A high-speed transportation system comprising, a 
fluid-filled conduit of substantially uniform circular cross
section linking a plurality of station points, the fluid in 
said conduit being substantially at atmospheric pressure, 
and a self-propelled axially-symmetric vehicle movable 
within and guided along by said conduit, said vehicle 
including means for propelling said vehicle at high veloc
ity by continuously effecting the displacement and trans
fer of the fluid directly in front of said vehicle to the rear 
thereof at a rate such that the remainder of the fluid in 
said conduit remains substantially at rest, wherein suspen
sion and self-centering of said vehicle within said conduit 
at high speed is provided by aerodynamic fluid pressures 
exerted on said vehicle, said vehicle having a maximum 
cross-section less than that of said conduit with the ve-
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hicle and the conduit forming a space therebetween 
through which passes a substantial portion of the fluid 
transferred from in front of to behind said vehicle. 

7. The method of propelling a vehicle through a con
duit containing a fluid substantially at atmospheric pres- 5 
sure which comprises transferring the fluid directly in 
front of the vehicle to directly behind the vehicle at a 
rate substantially equal to VA where V equals the speed 
of said vehicle relative to said conduit and A equals the 
cross-sectional area of the conduit, a substantial portion 10 
of the thus transferred fluid being transferred through a 
space extending about the vehicle between the vehicle and 
the interior wall of said conduit. 

S. A transportation system comprising a fluid-filled 
conduit linking a plurality of station points, a self-pro- 15 
pelled vehicle movable within and guided along by said 
conduit, the fluid in said conduit being substantially at 
atmospheric pressure except where disturbed by said mov-
ing vehicle, said vehicle including means for propelling 
it along said conduit by continuously effecting the fore- 20 
to-aft transfer of fluid directly in front of said vehicle to 

12 
equal to VA, where V is the speed of said vehicle relative 
to said conduit and A the cross-sectional area of said 
conduit. 

9. A transportation system as set forth in claim S 
wherein said vehicle comprises air curtain-forming means 
for supporting and centering said vehicle in said tube. 
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