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BACKGROUND ,'( 

Project Tubef1ight deals with a ground transportation scheme in which 

aerodynamically supported and propelled vehicles travel at high speed in 

non-evacuated tubes (Refs. 1 through 12). The main distinguishing features 

of this scheme are its fluid suspension and a method of propulsion that per-

mits great savings in operating power and, indirectly, in construction and 

maintenance costs. 

These features and advantages were first investigated by this writer 

with the collaboration of Rensselaer students from 1956 to 1960, following 

earlier studies with T. R. Goodman at Cornell Aeronautical Laboratory. 

Successful tests of the propulsion mechanism were conducted at R.P.I. by 

von Keszycki in the Summer of 1958, using electrically-driven vehicles in 

an instrumented tube 20 feet long and of adjustable grade (Ref. 2), and by 

Lopez in 1959, using gasoline-powered models in a 40 ft tube (Ref. 3). At 

the same time, and also as a part of the same internal research project, a 

study was made by Burr of the nonsteady flow processes that take place in 

the air columns adjacent to an accelerating vehicle in a non-evacuated 

tube (Ref. 4). 

The program was expanded in 1961, thanks to a three-year grant from the 

Army Research Office (Durham). Researches under this grant covered problems 

of vehicular propulsion, support, and stability. Studies were made of the 

flow disturbances that are produced by various thrust generators and of the 

drag of vehicles in enclosed guideways, of the behavior of ground-effect 

supports, and of the pressure distribution around moving vehicles in pitch or 

yaw inside tubes (Refs. 6 through 10). Upon termination of this grant (Spring 

* This paper is a reprint of the introductory chapter of the report, 
PROJECT TUBEFLIGHT - Phase I Feasibility Study, prepared for the Office of 
High Speed Ground Transportation, U.S. Department of Commerce, September 1966. 
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of 1964), the project was re-organized as an internal research activity. A 

detailed analysis of gasdynamic transients associated with the motion of a 

vehicle in a tube of finite length was carried out by the method of character-

istics (Ref. 11), and further studies were made of the stability of the flow 

in the wake of the vehicle. 

In the Spring of 1965 a Transportation Conference was held among interested 

faculty members and students of the Rensselaer Schools of Engineering, Archi-

tecture, Management, and Humanities and Social Sciences. Weekly meetings were 

held for two months, and the discussions ranged from the purely technical as-

pects of the new transportation concept to its sociologic and aesthetic imp1ica-

tions (Ref. 12). 

In the Fall of that same year, Rensselaer received a two-year grant from 

the National Science Foundation for a comparative study of fluid suspensions 

and a nine-month contract from the Office of High-Speed Ground Transportation 

of the Department of Commerce for a technological feasibility study of the 

essential elements of the Tubef1ight scheme. This report is a summary of the 

work done and of the results obtained under the latter contract. 

* THE CONCEPT 

OBJECTIVES AND RATIONALE OF PROJECT TUBEFLIGHT 

The development of the Tubef1ight scheme has been guided by the following 

specifications, which reflect objectives of safety, speed, economy, and public 

acceptance: (a) the system must be capable of operating at cruising speeds in 

excess of 300 mph and with headways of the order of a few minutes; (b) its 

safety must be comparable to, or better than, that of the safest existing 

modes; (c) its operation must be unaffected by weather conditions; (d) guideway 

* The remainder of this section is taken, for the most part, from a paper 
presented by this author at the Joint ASME-IEEE-ASCE National Transportation 
Symposium in San Francisco on May 3, 1966. 



costs (rights of way, construction, and maintenance) and power requirements 

(for propulsion, support, and environmental control) must be low enough to 

make the system economically attractive, and (e) passenger comfort must be 

assured everywhere in the guideway and at all speeds within the operating 

range of the vehicles. 

The rationale of the concept is diagrammatically shown in Fig. 1 and 

is discussed in the following paragr~phs. 

GUIDEWAY AND VEHICULAR SUPPORT 
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The requirements of safety and of an all-weather capability call for an 

enclosed guideway. The best enclosed guideway is a tube, not only because of 

its good structural characteristics and relatively low cost of construction, 

but also for other reasons, which will become evident later in this discussion. 

The guideway is by far the most expensive component of any high-speed 

ground transportation system. Its cost depends very critically on the pre-

cision that is required in its construction and alignment in order to insure 

passenger safety and comfort, as well as the structural integrity of the 

vehicle and of the guideway itself. These tolerances are determined, in turn, 

by the manner in which the vehicle is supported. -It is likely that even the 

fastest vehicles will continue to be provided with wheel support for use dur-

ing stops or at low speeds. At very high speeds, however, prohibitively 

costly tolerances would be required in order to avoid destructive dynamic 

loads with this kind of support. Also, with wheel support, the maximum per

missible curvature in turns is severely limited. Low-clearance "fluid-bearin~' 

supports suffer from similar speed limitations, and little is yet known of the 

practical capabilities of magnetic suspensions. On the other hand, it appears 

that large-clearance fluid support devices, in their present state of develop

ment, are capable of providing a satisfactory solution to the problem of vehicular 
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suspension at high speeds. 

A simple way of obtaining large-clearance aerodynamic support inside 

tubes is through the direct utilization of body lift. This possibility was 

explored in 1949 by Goodman at Cornell Aeronautical Laboratory, in an un

published two-dimensional analysis restricted to conditions of supersonic 

travel speed. The utilization of body lift in tubes at subsonic speeds has 

recently been investigated experimentally by Knowlton at Princeton University. 
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The idea of using airfoils for the sustentation of vehicles inside tubes 

has recently been suggested by Berggren (13), Dennis (14), and others. Dennis 

has proposed an arrangement whereby dynamic lift is provided at high forward 

speeds by conical arrays of airfoil segments, peripherally arranged in the 

annular space separating the vehicle from the tube. The effectiveness of the 

airfoils in providing support, lateral guidance and stability is greatly en

hanced by the ground-proximity effect of the tube wall. 

At Rensselaer, attention has so far been focussed primarily on peripheral

jet types of G.E.M. (ground-effect machine) support. A particularly attrac

tive arrangement is one in which this kind of support is provided by a number 

of pads of large aspect ratio around the vehicle. Operation within the tube 

eliminates an important drawback of conventional G.E.M.'s, which is their 

almost total lack of lateral control: lateral guidance is now provided by 

the tube itself. The use of peripheral-jet supports appears particularly 

promising at high speeds. In supercritical operation, when the front portion 

of the air curtain is shut off and the ground-effect pad operates essentially 

like a jet-flapped ram wing, large clearances (of the order of several inches) 

can be maintained with moderate air consumption. Furthermore, experiments by 

West at Rensselapr (6) have shown that in the supercritical regime, if the 

effective aspect ratio of the ground-effect pads is large, a major portion 



of the curtain momentum can be recovered for thrust. 

A comparative evaluation of existing methods of large-clearance fluid 

support is now in progress at Rensselaer under a grant from the National 

* Science Foundation. The only common feature of the modes of support that 

are considered in this study is their containment within a tube. 

An important advantage that is derived from the use of large-clearance 

fluid suspensions inside a tube is the freedom of the vehicle to tilt itself 

to the correct angle of bank in every turn, regardless of the speed at which 

the turn is negotiated. This adds considerably to the comfort and safety of 

the passengers. It also contributes to the economy of the guideway, because 

it permits greater curvatures in turns and makes it easier, therefore, to 

avoid difficult or expensive terrain. 

The tube itself offers additional advantages. It is ideally adaptable 

to the utilization of automatic control devices that can provide almost any 

desired measure of safety. Furthermore, it can operate as a waveguide for 

communication and perhaps also for the transmission of electric power for 

propulsion. 

Aerodynamic support requires, of course, a non-evacuated tube. This 

requirement is not unwelcome. It makes for lighter and less expensive guide

way structures, and for easier maintenance and operation. It also eliminates 

a possible source of danger and the need to seal off the tube at transfer 

points. Finally, as will be pointed out later, a non-evacuated tube pro

vides an automatic braking mechanism that is fail-safe and effective. 

In short, it appears that large-clearance fluid support in a tube is 

the suspension least demanding of precision and attention in the construc

tion, alignment and maintenance of the guideway and least likely to cause 

trouble in the presence of minor deformations or shifts. It also permits 

*. National Science Foundation Grant GK-618. 
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greater curvatures in turns than any other suspension-guideway combination. 

This arrangement offers the best promise of passenger comfort and safety, 

in addition to an enormous saving in the cost of the guideway and therefore 

of the entire system. 

PROPULSION 

The use of a non-evacuated tube as the guideway raises a problem of 

power. 

Existing tube transport systems utilize what may be called an "external" 

mode of 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, linear induction motor drives, 

and pneumatic dispatch. When external propulsion is used, the vehicle acts 

in relation to the adjacent air masses in the manner of a driving or driven 

piston, and therefore its motion is accompanied by large displacements of 

the air masses in the tube. At high speeds, a large portion of the available 

propulsive power has to be expended in overcoming the inertial and frictional 

resistance to the motion of these masses. Of course, except in pneumatic dis

patch, the vehicle is a very leaky piston. As it moves, a great deal of air 

flows from the front to the rear of the vehicle through the space that 

separates it from the tube. The velocity of the air columns is consequently 

lower than that of the vehicle, but normally the power required for propul

sion is still found to become prohibitive at very high speeds. 

To alleviate this difficulty, schemes have been proposed for the 

operation of externally-propelled vehicles in evacuated tubes. This 

solution must, however, be ruled out in our scheme because of the se

lected mode of vehicular suspension. In the first place, as has been noted 

above, the Tubeflight suspension requires a non-evacuated tube. In the 

second place, external propulsion becomes difficult, if not impossible, 
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when very large clearances are used in the support of the vehicle. 

The speed limitations of conventional tube transport systems are over

come in our scheme without evacuation of the tube, through the use of 

"internal" propulsion. In this form of propulsion, thrust is generated by 

continuously transferring the air immediately in front of the vehicle in the 

tube to its rear. As has been noted, 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 internal propulsion the transfer is the very process through 

which the thrust is generated. For maximum power economy, the transfer must 

be carried out in such a manner and at such a rate 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 the maintenance of the pre

scribed motion of the vehicle. This makes possible a great saving of power. 

A further reduction of the power required is obtained by inhibiting residual 

flow disturbances by means of gates, ports, or other flow control devices at 

fixed locations along the route. 

Since the slipstream of the propulsion system is here substantially at 

rest, the "propulsive efficiency" of the system is close to unity. Further

more, the wake associated with the drag of the vehicle is also substantially 

at rest in a stationary frame of reference. Thus the losses associated with 

the dissipation of residual kinetic energies in both the slipstream and the 

wake are almost entirely eliminated. Ideally, the power required for pro

pulsion of the vehicle at steady speed is reduced to that necessary to make 

up for flow losses in the transfer passage. 

POWER REQUIRED 

8 

In estimating the power required for internal propulsion at steady speed, 

the vehicle itself may be regarded as constituting the equivalent of the 



central body of a jet engine, the outer shroud of which is represented by the 

wall of the tube. The tube-vehicle system may then be viewed as operating, in 

the steady-speed condition, like a jet engine without external drag. The 

analogy, although generally valid, is best seen in supersonic situations. 

Fig. 2 illustrates it for a supersonic system in which the transfer flow is 

sustained by the addition of heat alone. The upper portion of the figure 

shows a ramjet with a spike-type intake diffuser, operating at zero angle of 

attack at its design Mach number, with the leading conical shock touching the 

lip of the cowl. Ahead of this shock, the air is everywhere undisturbed. 

Therefore, no change will result from substitution of a solid boundary for 

the cylindrical surface enclosing the air that is to be captured. Now let 

the whole wall enclosing the "catpure streamtube" both upstream and downstream 

of the leading shock be made to be stationary relative to the undisturbed air 

ahead, without, however, changing the velocity of the centerbody. This new 

situation, shown in the lower portion of the figure, is that of the internally 

propelled vehicle in the tube. The two internal flows differ only in their 

velocities relative to the outer boundary behind the leading shock, and in the 

associated viscous effects. Except for this relatively minor difference, the 

passages could be so designed that the air would undergo the same transforma

tion in both cases. The power required for steady level motion of this in

ternally propelled vehicle could, accordingly, be calculated as that of a 

ramjet in the condition of zero thrust. 

More generally, if the tube is long enough that the flow within it may 

be treated as quasi-steady in a coordinate system fixed to the vehicle, the 

required energy input per unit weight of air in the transfer flow is approxi

mately E = To ~ oS , where 1: is the static temperature of the undisturbed 

air in the tube and ~ 5 is the specific entropy produced in the transfer flow 
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Fig. 2. ILLUSTRATION OF THERMAL PROPULSION IN TUBE 



and in the adiabatic dissipation of the attendant flow disturbances in the 

adjacent air columns. The power required is then P = E 0V , where w is the 

weight flow rate in the vehicle-fixed frame of reference. Consistency is 

required, of course, in the bookkeeping that is involved in these computa

tions. If, for example, the thrust generator is a propeller driven by an 

internal combustion engine, the heat rejected by the engine in the exhaust 

and in the cooling system should be accounted for in the computation of both 

€ and ~s The net effect of the dumping of this heat in the main flow 

may be found to be an increase or a decrease of the shaft power required for 

propulsion, depending on the temperature of the air in the region of the 

transfer flow where the dumping takes place. 

Mention should also be made of the fact that further economies of power 

may be achieved by giving the guideway some permeability, at least where it 

is above ground or near the surface. This possibility is presently under 

study. 

ELECTRIC POWER SUPPLY 
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It would, of course, be most desirable to power the vehicle electrically 

from external sources, in order to do away with fuel loads and with air con

tamination problems. On the other hand, the problem of supplying electrical 

energy from an external source to the vehicle is a difficult one in the pre

sent case. At the contemplated cruising speeds, any kind of sliding contact 

is almost certainly to be ruled out. The problem is further complicated by 

the freedom of transverse and rolling motion that the vehicle is allowed by 

its large-clearance suspension. 

Profs. K. E. Mortenson and D. N. Arden of the Rensselaer E.E. department 

have suggested that a possible solution is to supply electrical energy to the 

vehicle at microwave frequency using the tube as a waveguide. Microwave 



power transmission has the advantage of requiring no extra rails or other 

structures. Most of the required equipment is electronic and can be placed 

outside of the tube. The use of a circularly symmetric mode eliminates the 

effect of rolling motions of the vehicle on the operation of the energy supply 

system. 

MODES OF INTERNAL PROPULSION 

The fore-to-aft transfer flow of internal propulsion can be produced by 

a tractor or pusher propeller or fan, by a turbojet or bypass engine, by an 

ejector pump, a pressure exchanger, or other suitable mechanisms of flow in

duction. It should be noted that, because of the freedom of transverse 

motion that the vehicle is allowed by its suspension, large clearances must 

be provided between the wall of the tube and all mechanical parts of the 

thrust generator. If a conventional propeller or fan is used, its diameter 

must be considerably smaller than the internal diameter of the tube. Under 

these conditions, the propeller or fan should be shrouded, in order to avoid 

large tip losses. Fig. 3 shows a vehicle in which the main driving mechanism 

is a fan in the front portion of the transfer flow. An independently driven 

compressor in the rear of the vehicle provides boundary layer suction and a 

stand-by supply of air for support and propulsion. 

A more attractive arrangement is one in which the transfer flow is 

energized by "cryptosteady pressure exchange" (15 through 20). Cryptosteady 

processes are processes which are nonsteady but admit a frame of reference 

in which they are steady. Cryptosteady flows can be generated, controlled, 
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and analyzed as steady flows in this unique frame of reference, while retain

ing the potential advantages of nonsteady flow in the frame of reference in 

which they are utilized. Of these advantages, the most relevant to the present 

application is the ability to exchange mechanical energy nondissipatively (21). 



Fig. 3. VEHICLE WITH FAN~ENERGIZED TRANSFER FLOW 



A pressure exchange takes place in cryptosteady situations involving 

two or more flows. This situation is illustrated by the glancing collision 

shown in Fig. 4, where two flows deflect each other to a common orientation 

in a frame of reference Fs in which they are bn~h steady. Neglecting energy 

exchanges by transport processes, which are slow compared to the processes 

considered here. no energy i~, exchanged bptween the two flows in this frame 

of reference. Energy will, however, be transferred from one flow to the 

other in the frame of refe.rence F of an observer 0' moving at an arbitrary 

velocity V relati'lp. to F· As in all forms of pressure exchange, the energy s 

so transfer.red is ~qllal to the work done by the pn~ssure forces which the 

interacting flows exert on one anrother at their interface. This work is zero 

in Fs ' whi"re the intf'rface iF stationary, but ener.gy is exchanged in F, where 

the interface moves. 

In a simple embodiment of this concept, frame Fs rotates at a constant 

angular velocity relative to frilme F. A driving (primary) fluid is made to 

issue through slanted orifices on the periph€t'v of a rotating member which 

is driven by the reaction of the issuing jets themselves. At every instant, 

the primary fluid which has emer~ed during a brief and immediately preceding 

time interval from each rotating orifice occupies a spiral or helical region 

in space, which rotates about the same axis and at the same angular velocity 

as the rotor (Fig. 5). Although the fluid particles within this region do 

not follow the same motion, its boundaries are the interfaces separating the 

primary from the surrounding (secondary) fluid. Energy is transferred from 

the primary to the secondary flow through the work of the pressure forces 

which act on these moving interfaces. Thus, the interacting flows exchange 

energy in frame F by a mechanism which is essentially similar to that of 

turbopumps or turbopropellers, although the "blades" are now patterns rather 

than bodies of abiding material. Fig., 6 is a flash photograph of these 
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Fig. 5. AXIAL-FLOW CRYPTOSTEADY PRESSURE EXCHANGER. Uld AND U2d ARE 
PRLMARY AND SECONDARY PARTICLE VELOCITIES, RESPECTIVELY, IN 
F AFTER DEFLECTION TO COMMON ORIENTATION IN Fs 



Fig. 6. WATER PSEUDOBLADES IN AIR. STREAKS ARE PARTICLE PATH LINES 



pseudob1ades. Here water was used as the primary fluid, for the purpose of 

visualization. The flow of water is parallel to the interfaces in Fs but 

not in F, as shown by the streaks, which are primary particle path lines in 

the latter frame of reference. 

Cryptosteady energy exchanges are essentially reversible, because no 
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dissipation is inherent in a change of the frame of reference. In practice, 

the relative motion of F and Fs may involve some dissipation through bearing 

friction and the like, but these losses can be made negligible by proper 

design. 

Analyses of cryptosteady pressure exchange, with or without subsequent 

mixing, have been developed for special cases (15 through 20), and their 

predictions, for small or moderate secondary-to-primary area ratios at merger, 

have been confirmed by experiments. For large area ratios, the only valid 

analysis to date is one developed by Hohenemser (18) following an approach 

similar to the strip method of propeller theory. Some work is now in progress 

on the "rotor1ess" generation of rotary "fluid blade" patterns, through con-

trolled forms of rotating stall in stationary cascades. 

Cryptosteady pressure exchangers are particularly well suited for 

application to internal propulsion. In particular, their blades are free 

from structural limitations and are always in sealing contact with the 

"casing" (Le., with the boundaries of the transfer passage), despite the 

freedom of transverse motion of the vehicle relative to the tube. These 

devices promise to provide the simplest, safest, and most economical solu-

tion to the problem of propelling a fluid-supported high-speed vehicle in a 

tube. 

In the vehicle shown in Fig. 7, the transfer ~low is induced by a 

cryptosteady pressure exchanger in which the fluid blades are generated by 



Fig. 7. VEHICLE !,\fITH TRANSFER FLOW ENERGIZED BY CRYPTOSTEADY PRESSURE 
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an electrically-driven compressor or by an internal-combustion gas generator. 

BRAKING 

The presence of large and confined masses of air within the tube pro-

vides a safe and simple solution to the problem of bringing the vehicle to 

rest from speeds at which it would not be practicable to dissipate all the 

stored kinetic energy through sliding friction between solid surfaces. As 

soon as the input of power to the transfer flow is shut off, the vehicle 

acquires, in relation to the adjacent air masses, the pistonlike behavior 

of externally propelled vehicles. Large disturbances are then set up in 

the adjacent air columns, and the result is a retarding force which can be 

very much greater than the drag in the power-on condition. This force is in-

creased in consequence of the cessation of boundary layer suction and may be 

increased further through the insertion of rigid spoilers or air curtains in 

the transfer passage, or it may be decreased through the opening of appropri-

ate vents. At high forward speeds, this mechanism is capable of producing 

any braking action that may be desired or required even under severe circum-

stances. Following the power shut off, the braking force increases at first, 

as pressure waves propagate away from the vehicle and larger and larger masses 

of air are induced to flow in the tube; 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. 

CONTROL OF THE ENVIRONMENT 
<.) 

Cabin pressure control can be obtained by venting of the cabin to the 

transfer passage through a duct leading to automatically controlled valves 



at widely spaced ports on the surface of the vehicle. 

An "energy separator", which is currently under development at Rens

selaer (22), provides a simple and efficient means of temperature control. 

21 

The underlying concept is that of a nondissipative mechanism whereby an 

initially homogeneous stream is divided into separate streams at different 

energy levels. This mechanism can be viewed as the reverse of the crypto

steady pressure exchange process discussed under MODES OF INTERNAL PROPULSION. 

Its only steady-flow counterpart is the highly dissipative mechanism of the 

Ranque tube (23). 

Basically, what is done here is to capture a stream of ram air and 

divide it into two streams with different orientations. 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 orientations. In Fig. 8, subscript i denotes 

the initial stream and subscripts a and b denote the two deflected flows. S 

is the contact surface, c and; denote flow velocities in Fs and F, respec

tively, and V is the velocity of F relative to Fs. In practice, this rela

tive motion is a rotation, Fs being fixed to a free-spinning rotor and F to 

a casing (the counterpart of stationary wall W of Fig. 8). If, as in the 

case shown in Fig. 8, the only deflecting forces are the mutually exerted 

pressure forces at S, then the energy exchanged is equal to the work done by 

these forces as S is displaced in F. In any case, energy is transferred from 

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

and flow b as a stream of hot air. If cooling is desired, a small portion of 

the flow may be dumped overboard as very hot air, and the remainder can then 

be fed as cooling air to the cabin. In more sophisticated arrangements that 

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



Fig. 8. SCHEMATIC OF CRYPTOSTEADY ENERGY SEPARATION N 
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of the energy of the hot flow is recovered in a variety of ways. 

Tube ventilation is, of course, an important requirement when combus-

tion engines are used inside the tube for any purpose. It has already been 

noted that some permeability of the tube wall (such as might be provided by 

an appropriate distribution of shielded ports) may be desirable from the 

standpoint of propulsive power economy. Since the generation of the con-

taminants is accompanied by a temperature rise, such ports may also serve 

the purpose of providing ventilation by thermal convection, at least where the 

guideway is above ground. Where the tube is underground, forced ventilation 

is required as with any other underground system. A potentially important 

saving of ventilating power is provided by the pumping effect which can be de-

rived from the pistonlike action of the vehicle in the braking phase. 

Obviously, the most promising solution of the air contamination problem 

lies in the successful development of electric propulsion. 
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