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ABSTRACT 

Project Tubeflight is a study of a transportation 

mode in which aerodynamically supported and propelled 

vehicles travel at high speed in non-evaCllated tubes. 

This report, which covers nine months of a continuing 

study, examines the feasibility of key elements of the 

scheme. 

The feasibility of a mode of propulsion is studied 

in which thrust is generated by a continuous transfer of 

air in the tube from immediately in fronc of the venicle 

to its rear. The use of bladeless fans as thrust Renerators 

for propulsion is examined. 

A study is made of the feasibility of powering the 

vehicle by high frequency electrical energy. The problem 

of radiating, propagating through the tube, receiving and 

rectifying this energy are covered. 

The inherent stability of a vehicle supoorted by a 

ram wing or a jet-flapped wing operating in close proximity 

to ~he tube wall is studied. A theoretical analysis of 

augmented stability and control is made, particularly in 

relation to the vehicle's roll. 

A small scale test facility was constructed consisting 

of an instrumented 12 inch diameter tube 2000 feet long. 

Construction of test vehicles is in progress, and testing 

is about to start. 
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INTRODUCTION 
by J. V. Foa 

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 fee~ 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 
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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-

is tics (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 implica~ 

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 Tubeflight 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 Tubeflight 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 

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-ASCENational 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 paragrsphs. 

GUIDEWAY AND VEHICULAR SUPPORT 

3 

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 II fluid-bearing'" 

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. 

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 Rensselaer (6) have shown that in the supercritical regime, if the 

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

'ir 
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 cours@., 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 construe-

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. 



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 CQst 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. 

6 

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 ~djacent 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 J the Tubefligh t suspension requires a non-evacuated tube. In the 

second place, external propulsion becomes difficult, if not impossibh J 
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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 

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

the vehicle itself may be regarded as constituting the equivalent of the 
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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 ~ S is the specific entropy produced in the transfer flow 
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and in the adiabatic dissipation of the attendant flow disturbances in the 

adjacent air columns. The power required is then P = E vv , 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 

tE and.6 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 

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 
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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, 

and analy~ed 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). 
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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 both steady. Neglecting energy 

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

considered here, no energy is exchanged between the two flows in this frame 

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

other in the frame of reference F of an observer 0' moving at an arbitrary 

velocity V relative to Fs' As in all forms of pressure exchange, the energy 

so transferred is equal to the work done by the pressure forces which the 

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

in Fs' where the interface is stationary, but energy 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 frame F. A driving (primary) fluid is made to 

issue through slanted orifices on the periphery of a rotating member which 

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

the primary fluid which has emerged 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 bounda~ies 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 



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

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

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 

12 

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 "rotorless" 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" (i.e., 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 flow is induced by a 

cryptosteady pressure exchanger in which the fluid blades are generated by 
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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. 
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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, ~ and u 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 
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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 piston1ike 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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INTRODUCTION 

AREA 1 

THE PROPULSION OF VEHICLES IN NON-EVACUATED TUBES 
(reported by J. V. Foa) 

The objective of this study is to assess the feasibility of various 

modes of internal propulsion of fluid-supported vehicles in non-evacuated 

tubes. 

The study comprises two parts. Part A deals with the feasibility of 

internal propulsion in general. Part B deals more specifically with the 

I-I 

feasibility of cryptosteady pressure exchange as a propulsive mechanism for 

high-speed vehicles in tubular guideways. 

In both parts, the question of feasibility is treated essentially as a 

question of comparative merit in relation to competitive -- conventional or 

new -- modes of propulsion, from the standpoint of power required. In Part A 

the comparison is made between internal and external modes, whereas in Part B 

the cryptosteady pressure exchanger (bladeless fan) is compared with all 

other thrust generators for internal propulsion. 

The basic difference between external and internal propulsion in non-

evacuated tubes is that in the former the stream force loss from the front 

to the rear of the vehicle is balanced by an externally applied force, 

whereas in the latter the stream force in the near wake is restored to its 

value ahead of the vehicle. A distinguishing feature of the Tubeflight scheme 

is the utilization of "matched" modes of internal propulsion, i.e., of flow 

induction mechanisms that, in the operating condition for which they are de-

signed, leave the air in the tube substantially at rest everywhere except 

1', 
in the transfer passage and in its immediate vicinity. Accordingly, only 

the matched internal modes are considered in these feasibility studies. 

~~ These modes have sometimes been referred to as the "correct" modes of 
internal propulsion. 



PART A. INTERNAL MODES OF PROPULSION 

FEASIBILITY STUDY 

Scope of the Analysis 

IA-l 

The fact that large-clearance vehicular suspensions make it impractical 

to use any of the existing modes of external propulsion has already been 

mentioned in the discussion of the rationale of the Tubeflight concept (see 

first section of this report). This fact has so far caused little concern, 

because the analysiS of Ref.IA-1 has shown that the propulsive power demands 

are anyway far lower with the internal than with the external modes. It 

must be noted, however, that Ref. lA-1 deals only with situations involving 

choked transfer flows. The existence of internal modes which are not only 

more practical but also more economical than any conceivable external mode 

has so far been established only for these situations. 

On the other hand, it is obvious that in an incompressible fluid, all 

other conditions being equal, the minimum propulsive power required is inde

pendent of the mode of propulsion. Some doubt may arise, therefore, as to 

the superiority of internal propulsion in situations involving unchoked trans

fer flows or, more generally, compressible transfer flows with small losses. 

The use of external propulSion on vehicles having large-clearance suspensi.ons 

cannot be ruled out on the sole ground that it is difficult, or even impossible, 

in the present state of the art. New methods may still be devised for its 

practical utilization on such vehicles. It is important, therefore, that the 

relative magnitude of the power demands with internal and external propulsion 

be re-evaluated for low-loss situations. This is the object of the present 

analysiS. 

As in Ref. lA-l, the tube will be assumed to be long enough to make it 

permissible to treat the flow as steady in the vehicle-fixed frame of referertce. 
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cross-sectional area of the tube 

specific heat at constant pressure, for air .., ... , 
M (I + i; , M l ) - 2 (.,. - I) 

vehicle-fixed frame of reference 

percentage loss of stagnation pressure in transfer passage 

I'J A IJ. mass flow rate in fv 1_ t eo 

Mach number relative to fv 

M(l + (:l M2)'~(1 + r M2)-1 
'2 

static pressure 

stagnation pressure in fv 

power required 

power factor 

flow velocity relative to fv 

static temperature 

stagnation temperature in fv 

D 

ratio of specific heats for air 

'Z. 
I +tMoo 
I + r~1 M!, 

(Fa - Fe» )/(Fa - Fb) 

thrust required in external propulsion 

density of the air 

Subscripts 

0') undisturbed regions within tube 

a near flow in fv ahead of vehicle 

b near flow in fv behind vehicle 
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External Propulsion 

The action of the tube on the air within it ahead of station a, as 

observed in fv, is that of a friction pump which increases the stream force 

from F~ to Fa and produces, therefore, the stagnation temperature incre-

ment 

T: F~ - Fco 

There follows 

To.
0 

T": 
+ r (1i- - /) Faa (IA-l) 

The continuity equation in fv' from upstream 00 to a, may be written in 

the form (Ref. lA-2) 

::.. 

which, with Eq. lA-I, yields 

= I 
2 

( 

'/2 ? 
1,;/ j J (IA-2) 

Frictional forces on the surface of the vehicle do no work in fv' 

Neglecting the work done by the tube on the transfer flow between stations a 

and b, the continuity equation between these two stations in fv can, there-

fore, be written in the alternative form (Ref. IA-Z) 

(lA-3) 

= (lA-4) 

.f(r~ - F~) 

- E ~ ( l - ~:) 
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Finally, Eqs. IA-2 and IA-5 yield 

I~ -/ 

i-(~r[J+['+4(~)"rn'1 ~ I - E + € NA. 
N., (IA-6) 

Given M gO' F_ ' E , and.1. (hence Pb a /Pa 0), Eqs. lA-4 and lA-6 

can be solved for Ma and Mb' Then Fa is calculated from Eq. IA-2 and the 

thrust required is obtained as 

e :: Fa. - Fk 
= I 

E 

The power required is 

rr -= e LLoo 

.= -L F' eo u_ ( ~:. _ I) E 

:. I PI» At LL_ ( I + t Me!, ) (~ - I) 
E Foe 

Therefore, 

p :. (J + 0' M:' ) ( ~: - J) E. 

Results of these calculations are plotted in Figs. IA-I and IA-2 

two travel Mach numbers* (.5 and .7) and for two extreme values of E 

(IA-7) 

for 

The condition E = I represents a situation in which stream force perturba-

tions behind the vehicle are negligible in comparison with those ahead of 

it; whereas E = .5 represents a situation in which the two perturbations 

are of the same magnitude and of opposite signs. The exact value of E 

is still unknown (Ref. lA-I). 

* The travel Mach number is defined as the travel speed of the vehicle 
relative to the tube divided by the speed of sound in the undisturbed air. 
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Internal Propulsion 

With matched internal propulsion in the design condition,* we have 

o and T = T 0 
I;l. 00 

Furthermore, it will be recalled that the essen-

tial difference between external and internal propulsion is that, whereas 

in the former the stream force loss Fa - Fb is overcome, in the latter it 

is eliminated. Thus Fb ::; Fa(::; Fee ), hence 

::. ( 1: 0 ) '12. 
TO: 

(lA-B) 

The continuity equation gives 

P b :P" ~ ( 1:
0 

)'12 
P': )7 ... ~o 

(lA-9 ) 

Now, 
?f 

0 

( I - ) ) ( f. ) >'-1 P, 
Po.." 

(IA-IO) 

From Eqs. lA-8, IA-9 and lA-10, there follows 

(IA-ll) 

A tabulation of the function Z, for 0 ~ 1.4, is presented in Ref. (lA-I). 

o 0 Then Tb /T.... is calculated from Eq. IA- 8 and the 

power required is obtained as 

Finally, 

(IA-12) 

This relation is plotted, for Moo =.5 and .7, in Figs. IA-l and lA- 2. 

~",fI Matched'internal propulsion is that which, in the design condition, leaves 
the far flow in fv undisturbed. 
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Discussion of Results and Conclusions 

The power requirements of external propulsion, for any given travel 

Mach number, fall within a narrow band, indicating that the overall loss 

with this kind of propulsion is relatively insensitive to changes in the 

distribution of flow disturbances in the adjacent air columns. 

IA-8 

All other conditions being equal (including the stagnation pressure 

loss in the transfer passage), the power requirement of matched internal 

propulsion in the design condition is always lower than the minimum power 

requirement of external propulsion. Of course, the power requirement of 

unmatch~d internal propulsion can be as high as -- or higher than -- that 

of external propulsion. 

These results confirm that the internal modes of propulsicn are not 

only the most practical ones for tube vehicles with large-clearance aero

dynamic support but are also potentially the most attractive ones from the 

standpoint of power demands for all confisurations and operating conditions. 

ANALYSIS OF FLOW DISTURBANCES 

Previous studies (Refs. IA-l and IA-3) have shown that inconsistencies 

may arise when flow processes in the tube are treated as steady in the frame 

of reference of the vehicle, even when dealing with vehicles in steady mo

tion in long tubes. The nonsteady-flow analyses that are required to clear 

these inconsistencies have seldom been attempted in the past (Refs. IA-4 

and IA-5) because of their laboriousness, but improved computer capabilities 

have not eliminated this difficulty. A comprehensive nonsteady-flow analysis 

of the disturbances generated by the moving vehicle, with full account of 

viscous effects, has already been programmed and carried out for a special 

case by J. Burr. This analysiS is presently being continued by W. Webster. 

It covers the flow both in front and in the rear of the vehicle and treats 
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the vehicle as an actuator disc across which the two networks of character

istics are matched. The matching conditions are determined by the transfer 

losses and by the mode of propulsion. 

A parallel study by J. Skinner has examined the effects of dissipation 

and heat transfer on the manner in which the flow relative to the vehicle 

approaches steadiness in long tubes. In this study the vehicle is simula-

ted, both theoretically and experimentally, by a propagating flame. In the 

simulating process the flow disturbances are similar to those which would be 

produced by an internally-propelled vehicle in steady motion, but their 

amplitude is very much greater. The sought effects can, therefore, be more 

easily magnified and observed. The process considered by Skinner is a Chapman

Jouguet detonation. A great deal of information is already available on this 

type of process in the literature, but only for situations in which all dis

sipative effects in the burned gas are negligible. The "wake" is dominated 

in such cases by an ever-broadening expansion wave and exhibits no trend to

ward steadiness. Since it is preCisely the transition to steadiness that is 

of interest in the present study, it is clear that the simulation, to be 

meaningful, must now include full consideration of the effects that have so 

far been neglected. 

Integration of the equations of nonsteady motion of the wake is carried 

out in 'this study by the method of characteristics on the IBM systems-360 

computer. For the purpose of comparison, the integration is carried out both 

with and without consideration of friction and heat transfer effects. The 

specific situation studied is the following. A constant-area duct of infinite 

length is divided into two sections as shown in Fig. IA-3. A detonable mixture 

of hydrogen and oxygen occupies one section, and an inert gas occupies the 

other. The gases are initially at rest. Ignition at the left end of the 
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combustible region generates a 'right-facing Chapman-Jouguet detonation, a 

Inert Gas Interface Detonative Mixture 

Fig. IA-3 

left-facing "retonation" shock and, between the two, a right-facing expansion 

wave and an interface moving toward the left. When friction and heat trans

fer are considered, other waves appear and the wake flow is appreciably modi

fied, although the velocity of the detonation front, by virtue of the Chapman

Jouguet condition, remains unaffected. 

The integration, which so far has been carried out only for moderate 

time intervals, is to be continued until it becomes apparent that the entire 

flow approaches steadiness in the frame of reference fixed to the detonation 

front. The results of the analysis will then be compared with those of experi

ments which are presently being planned. 

EXPERIMENTAL STUDIES 

Purpose and Scope 

The simulation studies described in the preceding article cover only 

conditions of internal propulsion. It had been planned, at the start of this 

program, that a parallel theoretical and experimental program would be con

ducted on simulated conditions of external propulsion, for the purpose of 

comparative evaluation and also to permit verification of the theoretical 

predictions under the widest variety of conditions. A drop test technique was 

to be used in the experimental program. 

It was subsequently found that the drawbacks of a drop test facility --
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its lack ot adequate control, its inability to provide steady regimes and 

the limitat:(.ons of its "available thrust" capabilities -- would far outweigh 

its advantages of simplicity and low cost. It \17as also felt that the new 

facility should be designed to permit testing of internally as well as ex-

ternally propelled vehicles under identical operating conditions. Finally, 

as the facility was being designed, a new problem needing experimental in-

vestigation was uncovered, and it was then decided that the test setup would 

be made to meet the requirements of this additional study. The new problem 

is that of the effect of tube wall permeability on overall power demands. 

In estimating the power required to operate a high-speed ground trans· 

portation system in a non-evacuated tube, the power required for propulsion 

is only one of the elements to be considered. To this must be added the 

power required for support of the vehicle and the power required for venti-

lation of the tube if internal~combustion thrust gener_tors are used. 

Furthermore, in dealing with internal propulsion, a compromise must be 

found between the condition which maximizes the propulsive efficiency and 

that which minimizes the transfer losses. The total power required to oper-

ate each vehicle is 

where Pp is the propulsive power, Ps the power required for suspension and 

Pv the ventilation power that can be charged to each vehicle. For any given 

mode of propulsion, 

P = K 
P 

where K is a proportionality factor, ~L the power required to overcome the 

tran~fer losses, and 1p the propulsive efficiency. Now, the propulsive 
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efficiency is highest when the tube is perfectly sealed and the wake is kept 

everywhere at rest. On the other hand, a reduction of the transfer losses 

would be possible, at subsonic speeds, if the tube were allowed to "breathe", 

i.e., if the tube walls were provided with ports or slots that would permit 

some exchange of air with the surrounding atmosphere. Such openings would 

have the same effect as an increase of cross section of the transfer passage. 

Furthermore, the same openings, if appropriately located around the tube 

wall, would permit the purging of most or all of the vitiated air behind each 

vehicle by thermal convection. 

The use of ports in the tube is necessary to control the braking force 

which is produced when the transfer power is shut off. Thus, at least along 

those stretches of the guideway which are near or above the surface, the wall 

ports would serve the triple purpose of reducing the transfer losses, check

ing the braking effect, and reducing the power required for ventilation. 

Such ports should, of course, be shielded to provide full protection from the 

weather and flying objects, and should be so located as to avoid all inter

ference with the air cushions which support the vehicle. The latter require

ment is easily met if the suspension of the vehicle is provided by ram wings, 

plenum chambers, or GEM pads, because such suspension would have to be pro

vided in symmetrical pairs anyway, for reasons of lateral stability. 

The facility constructed for these experimental studies is the Rens

selear Transportation Research facility RPI T-1, which is located in the 

passageway between buildings I and J of the Institute's Peoples Avenue Complex. 

The facility was des~gned and is presently being operated by D. Cromack, with 

the assistance of Balachandran Iyer, Jeffrey Baldwin, Mohammed Zerhouni, and 

Vic Sedrick. 
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Facility T-I 

Facility T-l comprises two tracks 130 feet long, on which vehicles can 

be driven electrically under carefully controlled and accurately measurable 

conditions. One of the tracks is open, whereas the other is contained in a 

four-inch diameter tube. The tube is made up of 50 ft of cast acrylic tubing 

and 80 ft of aluminum conduit, the acrylic portions being placed where visual 

observation is considered desirable. The tracks consist of modified Aurora 

slot-car guideways, to which electric power is supplied from 12-volt cell 

batteries. Two views of the facility are shown in Figs. lA-4 and lA-5. 

Two vehicles have so far been designed and constructed for use in T-I. 

Except for the fact that one is propelled externally (Fig. IA-6) and the 

other internally (Fig. IA-7), the two vehicles are nearly identical. The 

power is provided in each vehicle by two Lenz 427 motors with various reduc

tion gear ratios. The power pickup from the tracks is through braided-wire 

contacts mounted on weighted Cox swing arms. Wheel and propeller shafts are 

ball-bearing supported. Fig. lA-8 shows the chassis of the propeller-driven 

vehicle. 

Braking is effected by reversal of the polarity over the terminal 

twenty feet of each track. An unpowered section, one foot long, separates 

the .direct-polarity from the reverse-polarity sections of each track. 

Vehicle location and speed are measured by means of photo-cells along 

the guideway. For the tubed track, visual indication of the position of the 

vehicle· is also provided by external light flashes tripped by the passing 

vehicle through micro-switches. 

Initial Experiments 

Figs. IA-9 and IA-lO show the results of initial tests that have been 

conducted in facility T-l for the purpose of obtaining a first direct 
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Fig. IA-4 
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Fig. IA-6 

Fig. IA-7 
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Fig. IA-8 
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comparison between the effects of guideway enclosure and boundary conditions 

on the performance of externally and internally propelled vehicles. It is 

interesting to note that, whereas in all cases the drag is greater in the 

enclosed guLdeway than on the open track, this loss is largely offset by an 

improvement in the efficiency of the mechanism of thrust generation when in-

ternal propulsion is used. The improvement is even greater when flow dis-

turbances are inhibited by a gate at one end of the tube. When external 

propulsion Ls used, the effects are reversed and nothing happens to alleviate 

the adverse influence of the enclosure. The exact quantitative meaning of 

these results is still uncertain, because no determination has yet been made 

of the effect that the tube has on the cycle efficiency of the propeller. 
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PART B. BLADELESS FANS AND PROPELLERS 

FEASIBILITY STUDY 

Statement of the Problem 

IB-l 

The operation of cryptosteady pressure exchangers as fans for internal 

propulsion in long tubes involves constraints which are not encountered in 

other applications of these devices. The most critical constraints are those 

which are imposed by the singular specifications of I'matched lt internal pro-

pulsion. In particular, the thrust generator is required to produce at each 

cruising speed two concurrent and rigidly prescribed effects: (a) it must in

duce the transfer flow rate that corresponds to a "free-stream" capture area 

equal to the cross-sectional area of the tube, and (b) it must restore the 

relative-flow stream force behind the vehicle to its value ahead of the vehicle. 

To make matters worse, the shape of the shroud enclosing the interaction space 

is also prescribed in this case, the enclosure being provided by the guideway. 

The problem of feasibility comprises two questions. The first one is 

whether these rigid specifications can be met at all; in other words, whether 

the controllable design parameters of a blade1ess fan can be so selected, for 

any given vehicle and operating condition, that the overall effect of pressure 

exchange, mixing, and heat transfer to the environment will be to satisfy the 

requirements of matched internal propulsion. If this can be done, then a 

second question must be answered -- whether the power demands of the bladeless 

fan are competitive with those of conventional thrust generators in this 

application. 

Analytical Model 

In this study, as in Ref. IB-l, the vehicle is stipulated to be in steady 

motion, and the tube is assumed to be long enough to make it permissible to 



treat the relative flow as steady in thl! vehicle-fi xpd frame of reference. 

Fig. IB-l identifies the main regions and stations uf this flow. 

In keeping with the definition of "matched internal propulsion, II the 

IB-2 

flow is stipulated to be undisturbed everywhere upstream of a near station a 

ahead of the vehicle and downstream of a station b at some distance behind the 

vehicle. Energy exchanges with the surroundings are neglected in the flow 

region between station a and the "merger station" i where the primary discharge 

orifices are located and the cryptosteady interaction begins. 

The deflection (or pressure exchange) phase is completed at station d. 

During this phase some diffusion and mixing occur between the two flows and 

some heat is lost to the outside. However, the energy transfer rates in these 

processes are one or more orders of magnitude slower than in pressure exchange. 

It is reasonable, therefore, to treat mixing and heat transfer to the surround

ing as taking place simultaneously in a second interaction phase -- from d to 

b -- following the completion of the deflection phase. The effect of wall 

frictional forces on the total axial momentum of the two flows in this second 

phase is neglected. 

Radial nonuniformities of the flows in the deflection pha~e are also 

neglected, and the flows are treated as two-dimensional in the annular inter

action space. In this connection, it is worth noting that in an earlier 

attempt to the solution of this feasibility problem the geometry of the bound

aries in the deflection region had been prescribed. This stipulation was 

abandoned when it was found to introduce not only an unnecessary restriction 

but also great analytical difficulties. The present analysis is both simpler 

and more general, in that it requires no information about the schedule of 

area changes in the deflection phase. This does not mean, of course, that the 

shape of the interaction space in the deflection phase can be chosen arbitrarily, 

but only that it can be determined in a separated analysiS from the calculated 
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values of the other design parameters. 

Finally, density changes of both fluids, for isentropic transformations 

in which the pressure varies between the limits Pi and p~ , are assumed to 

be negligible. This is justified only if the ratio (poo Pi)/Poo is very 

small. Its validity is verified by the results, as will be seen, in the 

situations of greatest interest for matched internal propulsion. 

Symbols 

A 

At 

AI' 

.B 

c 

c = 

./ = 

• m 

M 

p 

po 

9 j 

PI 

T 

TO 

u 

ul' 

U = 

cross sectional area of tube 

primary orifice area that would be required for isentropic discharge 
of ml to pressure p 

flow velocity in rotor-fixed frame of reference 

P o _ pO, 
09 , 

mass flow rate 

Mach number 

static pressure 

stagnation pressure 

required power input in the primary flow 

(power input factor) 

static temperature 

stagnation temperature 

axial component of flow velocity 

primary discharge velocity in isentropic expansion to pressure p~ 
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v peripheral velocity of primary discharge nozzles 

,B azimuthal flow angle 

6 ratio of specific heats 

fJ 

>. :::; o 0 / >! (P.., - Pi ) ~rc'.,u~. 

.,.u m2/m1 

~ (1 +)l)/(1 +O)J.) 

TT' :::; 

'TT' (Poe> 

,.c density 

,P" density of primary fluid isentropica11y expanded to Poe> 

'" 

Subscripts 1 and 2 refer to the primary and secondary flow, respectively, 

subscript ~ to the undisturbed flow upstream of a or downstream of b, and the 

other subscripts to the stations correspondingly identified in Fig. IB-1. 

Following Hohenemser (Ref. IB-2), the "spin ang1e~' considered in this 

analysis is the azimuthal ang1e/g" that would be required to produce the 
I ( 

rotor peripheral velocity V if the primary discharge velocity were ul ,. This 

angle will be denoted by ;9,; Normally, ;9'1 is very nearly equal to the , 
actual discharge angle fl. I ,and All is very nearly equal to the actual pri

mary discharge area A1 . 

Analysis of the Interaction 

The operating conditions of the selected analytical model are those of 

matched internal propulsion. The first question to be answered here is 

whether this model can work. More precisely, the problem is to determine the 

conditions under which the conservation equations for the selected model have 
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real solutions. 

With the stipulated assumptions and boundary conditions, the pertinent 

conservation equations can be formulated as follows: 

Continuity: 

Volumetric flow rate: 

: + )...\ 

o;r = 

+ = 

Energy conservation in deflection phase: 

Conservation of angular momentum: 

, - ~.?.B 
C~d 

A 

Conservation of axial momentum from d to b: 

+ n.A 
.2 

=0 

(IB-l) 

(IB-2) 

(IB-3) 

(IB-4 ) 

(IB-S) 

(IB-6) 

I 
These equations permit the calculation of jJ., A, and 1'r (or ~ ) for any 

set of values of Uoo ,'V and fl., . 
• 

rhe case f?;/ = 0 is of interest as a standard of comparison, as it repre-

sents the conventional steady-flow ejector. 

Answer to the First Feasibility Question 

Eqs. IE-l through IE-6 cannot be solved in closed form, but computer cal
'I~ 

culations provide numerical solutions for specific cases. Each of the 

* The computer programming for the calculations reported in this article 
was done by W. Webster. 
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situations considered so far has yielded one -- and only one set of real 

solutions for the dependent variables. Therefore the answer to the first 

feasibility question is that b1ade1ess propellers are capable of producing 

correct internal propulsion. 

Typical results of these calculations, for ;., ;::: 0.1 and ,). = 0.25, are 

plotted in Figs. IB-2(a) and IB-2(b). It will be observed thatF increases 

with~, ,as one would expect, but is quite insensitive to changes of ~ . 

Therefore, A also increases with fJ,: .. but is, for any given spin angle, in

versely proportional to q- . Finally, ~ I decreases as (3.. lis increased, and 

increases with ~ The value of 11' determines the pressure level at d, 

thereby providing a criterion for the design of the contour of the centerbody 

in the deflection region. Furthermore, the magnitude of 11' is of interest 

because the present theory stipulates that (Poo - Pi )/Pa> must be small 

enough to make it permissible to neglect the density changes that would be 

associated with an isentropic compression from Pi to p= (see Analytical Model). 

Since the flow cross section at station d (which is behind the vehicle) is at 

least equal to the total flow cross section at station i, it can be expected 

that Pd ~ Pi. Therefore, 

. J:. Pt..-, - r, P..., 
1'( 

P .. , ±!?' 
u::t 

co 

::; 2- fl.- P. 
lS Mo'! Pa> 

"'" 
If the maximum value of (PC&:) - Pi)/P"" for which density changes can be 

neglected is set at 0.02, the present theory cannot be considered applicable 

2 .0286/M= . This criterion will be used here, although it ob-

element of arbitrariness that will have to be eliminated 
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Answer to the Second Feasibility Question 

The second feasibility question calls for an evaluation of the required 

rate of energy input in the primary flow. 

Neglecting changes of specific heats, 

[iC I' (--r;, - --r:,) + 
.! 

U'~J '?= ~I -.Ii' -

.2 (IB-7) 

= ~. Ali u..., ,cp ~ [ c:>- - , ...!::..L M..? ( -,- I) ] 
' + "LA 

+ 2 c:D U'" 
"" 

P, = -L 
f +1j.J. [cr- I + !=J. Mol (_1_" -I)] ~- I :2 a; V,:; 

(IE-8) 

It is important, at this point, to distinguish between the power input? 

and the power 1r which is calculated in Part A of this section. The same dis-

tinction will, of course, have to be made between the respective power factors 

PI and P. 

ry is the "power required ll in the aeronautical sense. It is the power 

that a fully isentropic flow inducer or thrust generator (e.g., an ideal fan 

driven by a 100% efficient electric motor without transmission losses) would 

require to overc~me the drag of the vehicle under the specified conditions. 

In contrast, IS' is the rate at which energy must be fed to the primary flow 
I 

of a cryptosteady pressure exchanger, in all forms (including dissipated 

mechanical energy and heat), in order to produce the same effect. In addition, 

Eqs. IB-7 and IB-8 account for all the losses that take place in the inter-

action between the two flows. These losses are reflected, through the equa-

tions developed in the preceding article, in the value of ~ 

Plots of PI for t1~= 0.5 are plotted in Figs. IB-3(a) and IB-3(b), 

again for " = 0.1 and ~ = 0.25. Limiting lines, based on the criterion 

derived in the preceding article -- according to which, with IV\~ ~ 0.50, 

11' should not be allowed to exceed 0.114 -- are also shown on the same charts. 
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In order to compare these results with the generalized "power required" 

factors obtained in Part A, it is necessary to relate A to 1 This rela-

tion is readily obtained, from the definitions of these two parameteTs, as 

1- (IB-9) 

Thus, for M"", = 0.5, ~ = 0.1 corresponds to I;:: 0.01475, and A .. 0.25 

corresponds to I = 0.0369. From Fig. IA-l, it is seen that the power factors 

for correct internal propuls;on at M - 0 5 are for these two values of J .L ~-., , 

0.0154 and 0.0385, respectively. 

Turning now to Figs. IB-3(a) and IB-3(b), it is seen that, all other 

conditions being equa~, Pl is maximum for~, ;:: 0 (the case of the ejector) 

and decreases monotonically as t9i' is increased. The effect of an increase 

of ~ is greatest when U is small. A small value of Ua> is desirable 
~/ w 

because, as can be seen in Figs. IB-2(a) and IB-2(b), it calls for smaller 

primary orifices and for a smaller primary gas generator. On the other hand, 

for any given 0- and ~/ the power factor PI increases as ll~ is decreased. 

Therefore, the selection of the operating l100 is a matter of compromise be-

tween conflicting requirements of fuel economy and powerplant size and weight. 

The answer to the second feasibility question is given by Figs. IB-3. 

Consider first the case 0- = 1.0, i.e., the case in which all the trans-

formations to which the primary flow is subjected upstream of station i are 

isentropic. This is clearly an unattainable situation but is also the situa-

tion that comes closest to permitting direct comparison between PI and P. 

Figs. IB-3 show that there is in this case a wide range of values of ;9,; and 

~ over which Pl is very close to P. It can be concluded, therefore, that 

the bladeless propeller is economically competitive with conventional propellers 

or fans from the standpoint of power demands. 
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Figs. IB-3 actually show that with v- = 1.0, and for large values of 

u~ (hence small values of ~ ), PI can be lower than P. This result will 

at first seem absurd, because it appears logical to view the ratio P/Pl as 

the energy conversion efficiency of the thrust generator. The apparent 

paradox is resolved when it is noted that P has been calculated for situations 

in which the entire flow undergoes the transfer loss Jr: ,whereas in the 

case of the bladeless propeller this loss is suffered only by the secondary 

flow. In the latter case, the primary flow is normally charged with its own 

losses upstream of the merger station, but these losses are neglected when 0-

is taken to be 1.0. On the other hand, as will be seen below, the actual 

value of 0- is easily determined in each specific case; and it will also be 

seen that an increase of 0- does not necessarily have an adverse effect on 

the competitive position of the bladeless propeller. 

In dealing with conventional fan or propeller arrangements in which the 

power is provided by an int~rnal com~ustion engine, account must be taken of 

the effect of engine air diversion from the transfer passage: namely, the 

calculated P must be decreased in proportion to the diminished "passive" por-

tion of the transfer flow. 

The effect of losses in the generation of the primary flow is reflected 

in the value of ~ through the relation 

(IB-lO) 

where .6.4 is the overall rise of specific entropy in the gas generator. Thus, 

if the only significant primary flow losses are those which take place in an 

adiabatic compressor of small-stage efficiency '75 ,one readily obtains 

0- = 
~-I (t I) 

[Pro] T '?S -
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o where Pr is the compression ratio, For ~xample, with a compression ratio 

of :2 and a qmall-stage efficiency of 0.9, V'" is 1.022. 

Larger values of V- are produced when the primary flow is partly or 

wholly energized by heat addition. Since an increase of ~ has the effect 

of increasing PI' the question ar~ses whether, for examRle, an internal-combus-

tion engine can be used more profitably as a drive for a conventional propeller 

9r as a gas generator for a bladeless propeller. Because of the great variety 

of conceivable regenerative arrangements, this question does not seem to be 

answerable in general terms but only in relation to each sp~cific case. 

We shall examine here, as an illustration, the case of a vehicle which 

is to be designed to cruise at ~. = .50 in ambient air at 5000 R (hence at 

~~ ; 550 fps). The basic engine type to be used is a turbojet operating 

with an air/fuel ratio of 80. The heat r~leased in the combustion chamber is 

18,000 Btu per pound of fuel, ~nd the ~pecific fuel consumption of the turbo

jet, when operating as a thrust generator at Moo ; .50, is 0.88 pounds of 

fuel per pound of thrust per hour. The question is whether the exhaust flow 

shou~d be used to drive a propel leu (through a turbine and a reduction gear) 

or to form the primary flow of a bladeless propeller. 

From the stipulated fuel consumption and air/fuel ratio it follows that 

1..1." = 1..(00 + 3600 x 32.2 
\ 80 x .88 = 2200 fps. 

Consider first the utilization of a turbojet of this type as the gas-

generating component of a turb~p~opeller. Let the combined efficiency of the 

power turbine and of the reduction gear be 0.7. If enough energy is extracted 

from the exhaust to reduce its velocity 1;0 u.co (so that the entire thrust will 

be produced by the propeller), the power output of the gas-turbine engine so 

constructed is .7 ml(~~ ~~ )/2 x 550 HP (ml beipg the mass flow rate through 

the engine), whereas the fuel consumed per hour is ~lg/80 lb. Therefore, the 
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specific fuel consumption of the powerplant is S.F.C. = .5 lb/HP-hour. Let 

the efficiency of the propeller be 1p =.9. Then the rate of fuel consump

tion, fo , is 

t. = 

= 

(5. F. cJ P Pao A to u. C/I> 

5 SO)( 3600 7'P 

P Pm At u,4II) 

.3.56 )(10' 
/6/ 

7SI!.c. 

It should be noted that TI't l is negligibly small compared to the total 

mass flow rate ~At~ in this case. Indeed, fo = gIDl/80. Therefore 

ml/~ At u.., = .6P. This means that the portion of the flow that is diverted 

from the transfer passage varies from less than 1% to less than 2.3% for A 

in the range from .1 to .25. Consequently, P need not be corrected for flow 

diversion in this case. 

Turning now to the direct utili~ation of the turbojet exhaust as the 

primary flow of a bladeless propeller, the pertinent performance parameters 

are obtained from the given information as follows: 

Assuming for the specific heat at constant pressure in the engine flow 

o 
the average value cp = 0.26 Btu/lb R, the stagnation temperature rise 

Tllo - Too 0 is calculated as 18000/81 x .26 = 855 oR. The static temperature 

rise is then 

~, - T"" = TO 
I ' 

9 
- T -

QO 

where J is the mechanical equivalent of heat (778ft lb/Btu), or 

., 
T 50S R 

00 

Therefore r = Tl' /T". '!( 2. Furthermore, Vex> = 550/2200 = .25. 

With these values of 0'" and Uoo ' PI can be obtained from Figs. IB-3, 

and the rate of fuel consumption of the bladeless propeller, fl' is 
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f == 
'Fa Poo At L.l.cc 

I 7'78 ></8/000 

= P; Pgz At u.Q ) Iblc 
14,.; lOb SEc. 

Therefore, the ratio between the rate of fuel consumption of the bladeless 

propeller and that of a conventional propeller of efficiency 0.9, when both are 

driven by the same basic engine type and are utilized in otherwise identical 

vehicles in identical operating conditions is, for the case considered here, 

This relation is plotted, for A .1 and ~ .25, in Fig. IB-4. 
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Fig. IB-4 shows that, under the conditions specified for this illus-

trative example, the bladeless propeller is potentially competitive with 

the turbopropeller from the standpoint of fuel economy, except when ~~ 

is small. The turbopropeller is far superior to the bladeless propeller 
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with fi./ = 0 (i.e., to the ejector), but the margin of superiority decreases . , 
rapidly as !{./ is increased, and for large values of I"i" the bladeless 

propeller becomes more economical than the turbopropeller. 

Discussion of Results and Conclusions 

The bladeless propeller is capable of satisfying the requirements of 

correct internal propulsion as well as, or better than, any of the existing 

thrust generators. The main design criteria for this type of operation are 

provided by Figs. IB-2 and IB-3. 

When an internal combustion engine or gas generator is used for propul-

sion, the bladeless propeller is not only simpler and lighter but also po-

tentially more economical to operate than a conventional propeller or fan 

arrangement, at least at moderate and large spin angles. An effort must be 

made to develop blade less propellers capable of operating satisfactorily with 

spin angles in excess of 20 0 and large area ratios. 

When an electric drive is used, the favorable competitive position of 

the bladeless propeller extends to somewhat lower spin angles. The ejector 

is not competitive with the conventional propeller drive, except when the 

primary flow is a very large portion of the total flow. In general, the 

smaller spin angles call for larger primary mass flow rates, hence for bulkier 

and heavier machinery. 

These results show that the operation of bladeless propellers or fans as 

thr\,1stgenerators for correct internal propulsion is feasible, and that the 

power demands of bladeless propellers or fans are competitive with those of 
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conventional thrust generators in this application, 

FLOW VISUALIZATION EXPERIMENTS 

The results of the study reported in the preceding pages indicate that 

in the design of bladeless propellers for internal propulsion preference 

should be given to arrangements having large secondary-to-primary area ratios. 

The preference is dictated by obvious considerations of hardware size and 

weigh t, as well as by reasons of fuel economy. However, a large area ratio 

can be utilized effectively only if the fluid blades are capable of penetra

ting the secondary flow to the appropriate distance, Although the required 

penetration distance, for any given area ratio and spin angle, can be decreased 

through the use of annular rotors or other artifices l the generation of lon

gevous fluid blades remains one of the most critical problems in the design of 

these devices. 

Two experimental setups have been constructed at Rensselaer for the 

purpose of acquiring, through visual observation, an understanding of the 

conditions that are necessary to delay the disintegration of the fluid blades. 

The first setup was designed by S. C. Johnston for a series of flow 

visualization tests which he conducted on a complete model of a fluid~b1aded 

propeller in a glass tube (Fig, IB-5). To reduce asynnnetries, the rotor 

was mounted with its axis vertical, and pointing downward. 

In the initial tests of this series, the primary flow was made visible 

by colored smoke from Army regulation grenades. High-speed motion picture 

records of the interaction revealed that the fluid blades were capable of 

spanning the interaction space. However, these tests were inconclusive l because 
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the penetration of the fluid blades was aided in this case by buoyancy effects 

resulting from the hot smoke. The records also revealed an undesirable re

versal of the primary flow in the boundary layer, attributable perhaps to the 

same effect. Excessive clogging of the primary flow passages forced the 

abandonment of this technique. Other smoke-generating methods were attempted 

but none was found to produce smoke at a rate adequate for the intended 

visualization. 

Fig. IB-S. 
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The use of shadowgraphic techniques was also attempted by Johnston, 

but without success. The problem here was that of taking shadowgraphic 

records of the interaction through a glass tube. Tests were made using a 

micro-flash unit and a small supersonic jet in tubes of such materials as 

extruded pyrex glass, extruded lucite, cast lucite, rolled acetate, and ex

tremely pure silicon with and without a coating of oil. Regardless of the 

material used, and even when the primary air was heated somewhat, no shadow

graphic detection of the primary jet was achieved. In all cases, the effects 

of density gradients in the gas were found to be overshadowed (no pun in

tended) by the effects of nonhomogeneities in the tube walls. Other techniques 

are presently being contemplated. 

The second experimental setup is a smoke tunnel arrangement designed by 

F. L. Palmieri, for a study which he has recently started, aimed at an under

standing of the mechanisms of generation, interaction, and disintegration of 

the fluid blades. 

A search of the literature on the topic of the interaction of jets with 

oblique streams indicated that an analytical approach would not hold much 

immediate promise, since even the most restricted mathematical models pre

viously investigated, under the assumptions of incompressible, inviscid, 

adiabatic flow, required analytical solutions of extreme complexity. It was 

therefore decided that, for the present purposes, an experimental approach 

would be most desirable. 

The investigation is to shed light on the question of how the following 

influences affect the longevity of the fluid blades and the operation of the 

cryptosteady pressure exchanger: 

1) Length and convolutions of the ducts leading primary fluid to the 

jets, and shape of the exit nozzle; 
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2) Temperature, velocity, and density differences between primary and 

secondary flows; 

3) Shape of the rotor afterbody; 

4) Spin angle Cllld rotor bearing or surface ;friction, and 

5) The proximity of walls. 

To simplify the experimental situation, a two-dimensional simulation of 

the interaction space was decided on. The flow visualization facility chosen 

was a low-speed wind tunnel of RPI's Aeronautical Engineering Department, 

-1 which provides an 18" square test section and speeds to 80 ft sec 

Visualization of the primary flow is obtained by Palmieri by means of 

clean white smoke from a generator of his own design. The device uses the 

combustion of tobacco to produce the smoke, whiah is then washed to remove 

gum and tars, and finally passed through a water-cooled condenser to remove 

water vapor. This method has been found to produce ~dequate visualization of 

the primary flow (see, e.g., Fig. IB-6). 

This facility is presently being instrumented for shadowgraphic and in-

frared observations of the interaction and for a detailed mapping of the flow 

field. 
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AREA II 

THE SUPPLY OF HIGH FREQUENCY 
roWER TO A TUBE GUIDED VEHICLE 

(reported by D. Arden, J. Bradshaw, K. E. Mortenson) 

INTRODUCTION 

The work on a high frequency power supply for a tube-guided vehicle has 

been divided into the four areas listed below. 

A. The radiating system 

B. The transmission of power through the tube 

c. The reception of power by the vehicle 

D. Rectification 

Some details of the work done in these areas are included in Appendices 

II-Al through II-D, while a brief description of the results in these four 

areas is given in this summary. 

The division of effort between radiation and receiving systems is 

dictated primarily by the difference in the geometrical constraints implicit 

in the requirement that the vehicle pass through the radiating system and 

that the receiving system be confined to the vehicle. However, many of 

these results are interchangable. For example, the principle of a phased 

array may be equally applicable to both the radiating and receiving systems. 

PART A. THE RADIATING SYSTEM 

A simple radiating system consisting of four sections of coaxial cable 

with projecting center conductors bent so as to lie along a circle concentric 

with the-nube has been constructed and a photograph appears in Figure II-A-l. 

The four segments of coaxial cable are coplanar and project into the tube 

perpendicular to the walls and enter the tube at points 900 apart. A 
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reflecting plate was placed five quarter wavelengths behind the radiators. 

This simple system gave 70% efficiency with a similar array as a receiver, 

and some further details of the experiment appear in Appendix II-AI. 

The efficiency of transmission varied considerably when the receiving 

array was rotated around the tube axis, indicating much of the power was 

being transmitted in modes other than the circularly symmetric modes. This 

was not too surprising as the array was symmetric under a 900 rotation and, 

at the operating frequency used, symmetry under a 300 rotation would be 

required to propagate only circularly symmetric modes. The choice of 900 

symmetry was made to avoid a large expenditure initially on a system which 

had the undesirable property of extending into the tube. No attempt was made 

to suppress the TE02 or TE03 modes which have~ in common with the non-circularly 

symmetric modes, a loss which is much higher than that of the TEOI mode. The 

TE02 and TE03 modes can be suppressed by the use of a phased array as described 

in Appendix II-Al and the remaining modes can be suppressed by the use of a 

higher symmetry. 

Conventional directional couplers which would not extend into the tube 

were not tested because it was apparent that the length required for complete 

power transfer wOuld be prohibitive. However, a somewhat unconventional 

hybrid junction directional coupler described by Marcatili* and Oguchi is 

much shorter. An analysis of the pertinent scattering matrices is made, and 

the coupler is evaluated in Appendix II-A3. Conclusions are sufficiently 

favorable so that further study and experimentation with such a cou~ler seems 

desirable, since it need not project into the tube. 

* References are given in the Appendices. 
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Two theoretical results on the scattering ~roperties have been obtained 

which will enable a more systematic ap~roach to be used in the design of 

multi~le loop arrays. The solution for the field generated by a filamentary 

loop current source has been found. This solution leads to an integral 

eguation for the current density on a loo~ of finite surface area, in the 

presence of an incident E field ~arallel to loop (a TE field), and finally on 

to a variational expression for the scattering from such a loop. These 

results are given in Appendix II-A4. The properties of loop antennas of large 

radius can be approximated by combining these results. Good approximations 

should be obtained for mutual inductance effects in phased arrays and arrays 

of concentric loops which may be useful in receiver designs. It is clear that 

a concentric loop scatters very little power if its radius is small com~ared 

to a wavelength. 

PART B. TBANSMISSION OF POWER THRU THE TUBE 

CHOICE OF WAVEGUIDE MODE 

Early in the study it was decided to concentrate efforts on the TEOl mode 

propagating at a freguency of 230 mcps in a round steel tube 18 feet in dia-

meter. Reasons for this choice were the low attenuation experienced by this 

mode in ideal guide when propagating well above cut-off, and the circular 

symmetry which made reception independent of the tilt of the vehicle. The 

mode fields are sketched in Figure II-B-I, and the attenuation as a function 

of frequencies is given for several modes in Figure II-B-2. 

MODE LOSSES 

The .choice of this mode made an extensive series of studies by workers 

at the Bell Telephone Laboratories relevant to our design, and these are noted 

in context below. It led us to a stuay of losses in non-ideal guide, due to 

surface roughness, and of energy conversion to other propagating modes from 
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the TE
01

' due to bends, ellipticity of the guide walls and discontinuities. 

The purity of the mode launched or scattered by antennas and other coupling 

structures is also a serious consideration in multimode guide. In Table II-Bl 

are listed the propagating modes in our choice of guide and frequency, and in 

Table II-B2 the propagating modes in the coaxial region between vehicle and 

guide wall. 

One notes in Table II-Bl that the TEOl and TMll modes have the same cut 

off frequency, and therefore the same guide wavelength at frequencies above 

cut off. Energy leakage from TEOl to TMll therefore accumulates, and in bends 

one can get complete conversion from TEOl to TMll. This degeneracy can be 

lifted by a dielectric coating on the guide wall, or by a s:l.mple filter con-

sisting of a uniform gap all the way around the guide wall. This filter will 

remove all modes except TE modes, because it interrupts the flow of currentc: on 

along the walls in the axial direction. Further studies of its properties 

will be required but at present the problem of mode conversion in bends (on 

which considerable literature exists) does not appear to be crucial. Some of 

the recent literature on guide tolerances for a given level of loss is reviewed 

in Appendix II-B and results of a series of Q measurements are given there. 

These indicate that high Q and low loss can be obtained in guide with a rather 

heavy coating of rust and scale. The Q data will be extended and refined in 

work now planned. 

PART C. RECEPrION OF roWER BY THE VEHICLE 

Electromagnetic power, as indicated by the z component of the Poynting 

vector, is carried in the TEOl mode in a broad ring around the guide axis with 

maximum intensity at about half the guide radiuB a. The vehicle Will lie inside 

II-
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~1 42 

~ 66 

TM21 89 

~1110 

'rl\1 130 

~1 152 

~1 173 

~ 193 

TMa1 212 

TM02 95 

_.~122 

'IM22 150 

~2 165 

TM42 193 

~2 212 

TE03 175 

TE33 200 

TE43 221 

H 
H 
f 



TABLE II-a 2.. 

MODES EROPAGATING AT 230 MCPS IN COAXIAL REGION BETWEEN 
TUBES OF 9 l AND 18 I DW,:1ETER, AND THEIR CUTOFF FREQUENCIES 

TM02 216.0 
# 

'!'MOII07.7 'rEM TEll 23.4 TE02 110.2 
(0) 

~1 llO.2 '1l\2 217. 5 TE21 46.3 TE12 113.2 

TM21 117.5 TM22 22l.7 68.3 TE22 120.6 

~1129.5 'IM32 228.0 TE41 89.4 TE32 9 

TM41 142.5 TE51 109· 7 TE42 151.0 

~1 152.2 TE61 129.4 TE52 170.0 

~1 176.0 TE71147.5 TE62 191.0 

~l 194.6 TE8l 165.5 TE72 2l3.0 

TMsl 214.5 TE91 182.4 

TEIO 1198. 0 , 
TEll 12l3. O 

;I 

TE03 217·5 

TE13 219.0 

TE23 223.0 

TE33 230.0 

* This rotation is due to N. Marcuwitz, "Waveguide HandboOk"., (McGraw Hill 1950L 
section 2.4; elsewhere in this report the same mode is called TE@ • 

01 

H 
H 
I 

\0 



the radius a/2 except for fins and pods and propellor, and its cross-section 

o will intercept about a ~uarter of the power carried by a TEOI field. The 

other three quarters will convert to a coaxial TEOI mode and pass down the 

vehicle. Thus, it may be absorbed by antennas along the vehicle skin, or the 

o TEOI mode may be reconstituted beyond the vehicle, if one wants to power more 

than one vehicle from a single source. Figure II-C-l shows the power flow 

per unit radius (in arbitrary units) in the TEOI mode, and others. 

A meaningful way to evaluate antennas is to build two identical ones and 

use one to receive the signal sent out by the other. Two mOdels of the vehicle 

were built to test the efficiency and mode purity obtained from wire loop 

antennas; the deSign and results are given in detail in Appendix II-C. Wire 

loops, in spite of their aerodynamic drag, were used because the theory of 

their fields was well understood. Figure II-C-2 shows the excitation of E¢ 

for a given TEo mode and given loop current I, as a function of a loop on 

radius,~. Clearly antennas close to the wall (or to the vehicle skin) do 

not couple as well as those further out, and the experiment confirmed this 

figure. o The mode, as probed by a lossy bead, appeared to be fairly pure TEOl 

between vehicles, and an efficiency of about 50% was obtained for one vehicle 

system. Many refinements to improve this figure are under consideration. 

PART D. RECTIFICATION 

DEFINITION OF EFFICIENCY 

In order to utilize microwave energy to propel the tube-contained vehicle, 

it is desirable to convert this power to the direct current form so that it be 

suitable to operate motors, lights, control servos and other such devices on 

the vehicle. In achieving this conversion it is desirable that the highest 
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power efficiency be achieved and that, as will be discussed shortly, the 

resulting direct current be well filtered. 

Many definitions of efficiency are used in the area of electrical recti-

fication; with some it can exceed 100%. For this reason it is appropriate 

to define this term here. Since the source is power limited, as is implied 

by the e~uivalent circuit to be used (wherein the generator has a finite 

internal impedance) the efficiency is defined as the percentage of incident 

power made available at the DC load terminals. This definition is a stringent 

but practical one. An efficiency of less than 100% can result, even with non-

dissipative diodes and circuit elements, if, for example, the generator or the 

DC load is not suitably matched to the rectifier circuit. 

EFFICIENCY TESTS 

A block diagram of the anticipated vehicle power system and the equivalent 
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microwave rectifier circuit are shown in Figures II-D-l and 2. RF power supplied 

from the vehicle I s antenna (point @ in the e~uivalent circuit) passes thru the 

filter shown and impinges upon the diodes, where part is rectified, filtered 

and supplied to the load circuit, denoted as the resistors RL• Full recti

fication does not generally occur because the DC filters, consisting of Cl 2 , 
and Ll maintain some residual energy storage. 2.'J:le unconverted part is reflected 

at ® then ro-reflected by the filter at ® since it is rich in harmonics, and 

it impinges again upon the rectifier. 

The reflection problem brought about by the need for DC filtering :Ls not. 

a severe one, as will be shown in the discussion of practical measurements. 

The filtering is necessary in order that a simple pure resistance be used to 

represent the load, consisting of a practical motor or other vehicular appliance. 
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In an actual vehicular imFlementation, the inductance and capacity particularly 

inherent in such apparatus as motors might form part or all of such filtering. 

Moreover, its use in an experimental circuit insures that the measurements of 

efficiency made are meaningful. 

Conceptually, the evaluation of this network is straightforward. However, 

due to its non-linear nature, accurate manual calculations are very laborious. 

In future investigations a comFuter analysis of the structure would be helFful. 

Fortunately, the experimental circuit that was emFloyed was found to yield a 

near optimum set of element values with only a moderate number of emFirical 

adjustments. 

The eXFerimental circuit which was found to be very satisfactory is shown 

in Figure II-D-3. Some additional details of its construction and use can be 

found in Appendix II-D. Adjustment of the variable length line, ~, and the 

value of the DC load resistors, @and @ ~rmitted 0Ftimization of the 

efficiency of the diodes to be tested. A summary of ·the results determined. 

so far is shown below in Table II-D. The figures given represent the best 

Ferformance for a pair of the designated diodes. Tests were made at 220 me 

and with 0.1 to 5.0 watts incident FOwer due to limited heat dissiFating 

capacity of the present testing circuit. 

* Numbers refer to the details in Figure II-D-3. 
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TABLE II-D 

EFFICIENCIES MEASURED ON SIX DIODE TYPES 

Diode Type Efficiency 

Computer diode, silicon, recovery time of 4 nsec. 25% 

Computer diode, silicon, recovery time of 2 nsec. 32% 

PIN(thin base), silicon, 300 volt breakdown 2% 

Varactor diode, Silicon, 30 volt breakdown 6% 

Special Heterojunction (Ga on GaAs), 40 volt breakdown 70% 

Shottky Barrier, silicon, .10 volt breakdown 80% 

Three diode types are believed to offer the best promise. The heterojunction 

and Shottky barrier diodes yielded high efficiency as was expected. The thin-

base PIN has promise also, but it is more likely that a gallium arsenide 

version with about a 200 volt breakdown voltage would be needed in order to 

achieve the higher response time re~uired for efficient rectification. 

Further discussion of the diodes tested is included in Appendix II-D. 

CONCLUSIONS FOR FURTHER WORK 

A diode design which permits an overall rectification efficiency of well 

over 80% seems assured. Even at S-band fre~uencies this efficiency has been 

observed for diode rectifiers(l). The object of the design development initially 

would be to determine the diode type yielding the optimum combination of fast 

response time or switching speed with high breakdown voltage. Rapid switching 

is the principal element needed for high efficiency. High power capacity is 

proportional essentially to the reverse breakdown voltage. The other parameters 

re~uired here, such as low resistance and ade~uate heat dissipating ca~acity 

are within the reach of a good fabrication design. 

1. Private communications with C. Howell, Microwave Associates, Inc.; 
Burlington, Massachusetts. 
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Shottky barrier units typically yield only about 30 volts breakdown 

voltage, but some have been constructed with 50. Presently, heterojunctions 

can be made with about twice this breakdown voltage, such that a 100 volt unit 

seems feasible. The PIN is attractive because breakdown values of a few hundred 

volts per junction are readily obtained. Suitable development might make a 

PIN with perhaps 200 volts breakdown capacity capable of rectifying efficiently. 

THE RECTIFICATION SYSTEM 

Having chosen the basic diode junction, it can be used as a building block. 

Wafers containing four or more of them in parallel to realize the desired current 

carrying capacity can be stacked in layers of ten to twenty*. When the resulting 

composite diode is packaged, it could feasibly provide a breakdown voltage of 

1000 volts and an RF resistance of about 0.5 ohms**, permitting a rectified RF 

current of 20 amperes when used with a load resistance of 25 ohms. This current 

is carried by a pair of diodes, each passing alternate half cycles of the RF 

wave. The dissipation would be 200 watts per diode pair which represents 2% 

of the 10 kilowatts of useful :oc power that each pair would yield. The actual 

overall efficiency might be 80% or 90% for the rectifier, since appreciable 

losses are incurred in the circuit elements--notablY the filter preceeding the 

diodes--due to the presence of standing waves that are established by the 

limi ted conduction angle of the diodes. However, it is appropriate to note 

that only about 2% of the incident power is dissipated in the diodes, and 

hence that the diode cooling requ.irements are not exorbitant. 

* Such stacking of diodes was su.ccessfully demonstrated by K. E. Mortenson in 1960. 
The Quarterly Progress Reports, Navy Bureau of Ships, Contract NObsr-8l1,·70 have 
descriptions of 1200 volt varactor diodes and 8000 volt PIN diodes. 

** This is an effective value for the conditions described, and includes the voltage 
drop in the diode due to both resistance of the bulk material and the forward 
conduction junction potential drop. 



Finally, if motors having an efficiency of 95% are used, 800 diode pairs 

would deliver 10,000 horsepower. Each diode would have an active volume of 

about 1/2 inch in diameter and 1/2 inch in height. Associated with this must 

be provision for cooling. This apparatus plus the RF and DC filtering and 

other circuitry could be contained in about 150 cubic inches per diode pair. 

Thus, the complete 10,000 horsepower rectifier module might be contained in 

a space 6 feet by 6 feet by 2 feet. Contouring of the package to virtually 

any shape configuration is, of course, possible. 

11-18 



APPENDIX II-Al 

EXPERIMENTAL RESULTS FOR A SIMPLE RADIATOR 

As noted in the main text of this report, for the experimental study a 

model system of four half-wave dipoles, with 900 rotational symmetry about 

the tube axis, was excited in phase. This systenl presumably excited the four 

modes TE41, TE4.2, TE43, and TES1' in addition to TE01' TE02' and TE03 - The 

tube radius, 2 3/4 meters, was scaled down to 6 1/4 inches in the model, and 

the operating frequency, 230 megacycles, was raised to 3.94 gigacycles, giving 

a free-space wavelength of three inches. The four dipoles gave an approximation 

to a current loop around the tube axis. The radius of this simulated loop,"'; , 

could be increased by withdrawing the coaxial dipole leads through plugs in 

the tube wall. A photograph of one array appeared as Figure II-A-l. 

One system of dip:>les was mounted in each of two foot-long sect,ions of 

tube, about five quarter-wavelengths from one end, and a brass plate was placed 

over this end. It served to reflect TEOl waves in phase to reinforce the TEOl 
I 

waves propagating from the system toward the open end of the section. Rein-

forcement of the six other modes, mentioned above, also occurred to some extent. 

When these two sections were butted together at their open ends, or attached to 

ends of another length of tube, they formed a large cavity. As a control on 

the cavity effect, the brass plate on the receiving array could be replaced by 

an absorbing plate. This "load" was made of polyiron, machined to the shape of' 

a stepped cone. 

The other eqUipment used included a Hewlett-Pecl{ard 692D Sweep Oscillator 

in its CW mode, an H-P S05C slotted line for monitoring reflections from the 

antenna system, an H-P SWR meter L'.15B and a variable attenuator, Alfred E103. 

To this list should be added a required assortment of stubs, line (rtrctchers, 

cable, connectors and T's. 

11-19 



The results so far obtained are indicated in Figure II-la. In each section, 

a) through d) of this figure, the efficiency of transmission of the system, 

consisting of identical transmitting and receiving antennas in tube sections 

described above, is plotted against ~. o In sections a) and b) the, antenna wires 

were 3/4 A long, while in c) and d) they were cut back to 1/2)l • 
, 0 0 

The 

longer wires clearly are more efficient. In section a) one may compare direct 

tranSmission between butted one foot sections with transmission through a four 

foot section of tube separating the arrays. The observed decrease may be due 

to slight misalignment ox ellipticity of the center section, as well as to 

losses expected with the increased separation of the arrays. 

Each "cavity" measurement recorded in section a) and c) was repeated with 

an absorbing termination behind the receiving array. In calculating efficiency 

two thirds of the total loss in db was assigned to the receiving array in this 

case, and one third to the transmitting one. The results appear in sections 

b) and d). Increasing the gap between one foot sections produced a periodic 

variation of about seven db in transmission using the 11 cavity", but only a 

monotonic decrease when one end had the absorbing cone. 

One is tempted to compare the peaks seen in Figure II-la with those 

computed for Figure II-C-2 of the main report, in particular that of TE02 

which occurs at .76a, since 4 3/4/6 1/4 ,.. .76. The possible presence of 

non-symmetric modes makes this premature, but the decrease in excitation 

efficiency as the antennas approach the wall at 6 1/4 inches is clear. In 

several cases, attempts were made .to detel'llline the regions of greatest field 

intensity by running a lossy bead on a string through the guide. The resUlts 

were not clear enough to determine which modes were being eXCited, and will 

have to be refined. 
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APPENDIX II-A2 

MODE SELECTION BY A PHASED ARRAY 

In attube 18 feet in diameter at a frequency of 230 mcps, there are forty 

eight propagating modes; of these the one with the highest angular dependence 

is TEll,l' and there are twenty one TM modes. A loop of uniform current centered 

on the guide axis in a plane perpendicular to this axis will not excite any TM 

mode, or any TE mode except the symmetric ones, TEOl' TE02' and TE03" This will 

be true also if the loop is made up of twelve or more symmetric segments, and 

this form of excitation is assumed here. This appendix will present methods, 

using ideal current loops, to excite a single forward TEOl wave, in the presence 

of propagation by TE02 and TE03 as well as TE01-

To dispose N equal loops of current equally spaced along the tube axis so 

as to excite a forward TEOl wave, while avoiding the excitation of any TE02 or 

TE03 waves or a backward TEOl wave, one may consider the formula familiar from 

antenna array work(l) 

sin NXi ~i 1 cos Q.+ 0( 

f ;::: , where x - , 
i = 1, 2 or 3. i N sin Xi i - 2 

Here III( is the phase shift from one loop to the next, i is the interloop dis-

tance; ~ in free space would be ro/c, and Q the angle from array axis to 

observer, but in waveguide ~i = 2'1t/ A ,and Q can take the values 0 or 1800
" 

gi 
Here finally A is the guide wavelength. 

gi 
The length of coaxial feed lines can be adjusted to give any value of ~ 

desired at the antennas_ The function fl has a peak value of i at Xl ;::: 0; 

this we can obtain in the forward direction (Q ;::: 0), if ~:=l-~lR To get 

canoelation in the backward direction 

or"131 ! = Ii 'IC/N, which one may take 

N is even. 

in TE01' let NXi = N,13l .i +II();::: n 1t 

conveniently as ~lJ = 1t/2; and assume 

(1) Stratton, J. A., Electromagnetic Theo~, McGraw Hill, 1941, page 451. 



To avoid exciting the TE02 mode will require sin[~2 l + 0( ),121= 0 = sin 

[N(~21 - c( )/ij .. For our choice of guide and frequency, ~l :::;: 4.605, '2 :::;: 4.070 

and ~3 = 3. UO, and one re'luires here ~N( ~22 - ~l )IJ = "n, ~N( ~2 : ~l) 1] ~ "'". 
Clearly, if ~l t :::;: ~/2, m-n =~, so m and n can both be integers. One may 

eliminate J by the ratio, 

N(~2 - ~l)! r;:, ~ n r-:-. r~2 - ~ll 4_ 
'.2 :J'fi!-w:.~ ~/2, t t3

2 
J = N - .1163, or N :::;: 34.3, if n = 1. The 

nearest even integer for N is 34 elements, and If21then takes the value .0114. 

Similarly, to avoid exciting TE03 will require ~(~3 ~ ~l) lJ =" m, leading 

one to r3 :l~lJ = -N4 = • 325, N 12 3 dd ulti 1 f 12 I"" = .; or one may use some 0 m pea • 

If one chosses N = 36 then !f2 (increases to .016 while If 3 I is .019. Such 

an array then is capable of putting 99.94~ of the power into a forward TEOl 

wave, if these ideal conditions can be realized; and the 36 elements in the 

array will be disposed over 11 3/4 meters along the tube. 

However, this result can be improved in two ways. It was assumed above 

that each loop excited the three modes equally. Actually the excitation depends 

on loop radial position: one can place the exciting loops at a radius d such 

that dla = 7.016/10.174 = .69, wher,e the 'I'E03 mode has a null of E¢ and is not 

excited, or alternatively at dla = 3.832 ~7.016 = .547, where TE02 has a null. 

The array can then be arranged to minimize the excitation of the remaining 

undesired mode, using 34, or 12 elements as desired. (For mode excitation, 

refer again to Figure II-C-2.) 

A second economy can be achieved starting with a 36 element array, and 

dropping all elements except the ones numbered 1, 2, 19 and 20. The array then 

extends over only 6 meters, and if fl = 1, = .138. 
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Here f. is still a normalized excitation, but no longer is given by the 
l 

formula quoted above for a uniform array. If we set d/a = .69 we can ignore 

TE03 and f 3' and improve If 21 to. 038 by using elements 1, 2, 18 and 19. 

Further slight improvements with only four loops are possible, leading to 

Ivory Soap purity of TEOl' again. 

The formulas leading to the above results for a four element array may 

be stated in this way: Let the elements be numbered 1 thru 4, let the pairs 

(1,2) and (3,4) be separated a distance ~ and shifted in phase bY!1 and let 

the distance between 1 and 2 or 3 and 4 be .£ , with phase shift po( • Given 

[31 and [32' one solves the following four equations for ,Q ,h, 0( and S; : 
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a. 

b. 

TEOI forward wave (e jr
\; + e

jlX 
) (e jf31

h 
+ e

jb 
) = LI.; ~ -13r.~ = 2m1!, f31h-~:::: 21\:11" 

TEOI backward wave (1 + e j (r\ h +~)) (1 + e j (13~+ -4'()) :::: OJ 0( + 131~ =(2n+1)11
j 

c. 

d. 

TE02 forward wave (ejf32~ + ejo() (e j132h + e
jS 

)=0; [32h- S :::: (2s-1)1!~ 
TE02 backward wave (1 + e j (f32

h +S») (1 + ej132~ +0<) :::: 0; 132h + b :::: (2r+l)1!« 

Then for simplicity one takes 0<= 13
1

; , S:::: 131 h, eX + 13
1 
~ :::: 1! so 

~:::: ~ = f31~ , and by substitution obtains (f32 -131 )h = (28-1)11", and (f32+f31 )h =(2r+l)1!. 

These last two equations require f31h :::: 2q11", f32h :::: (2p+l)rc. (flere the letters k 

through 8 represent integers.) Solving (132+132 )/13 -[3 :::: - (2r+l) :::: -16.22, one 
2 1 

finds r = 7.61, and has to take r :::: 7 or 8, leadiP,8 to h = 5. 11.3 or 6.16 meters. 



APPENDIX II-A3 

GUIDE EXCI~TION BY HYBRID JUNCTION COUPLER 

Transfer of power into the TEOl mode by an array of current loops re

Cluires a structure that, '.must be pulled out of the tube whenever a vehicle 

passes. Excitation through ports in the guide walls is effective for modes, 

such as TEll' which have strong electric fields near the wall, but is diffi

cult for TE01" However, if the coupling port is enlarged to form a gap in 

the guide, closed aerodynamically with a transparent dielectric if desired, 

then the continuity of the electromagnetic field through the gap enables one 

to channel the flow of power in TEon modes, in spite of their detachment from 

. the walls. Marcatili and Oguchi, in almost simultaneous publications (1,2) 

described this four arm hybxid Junction, or Riblet coupler, modified for TEOl 

modes. 

The coupler consists of two concentric circular guides, with a gap of 

length J in their common wall. To explain its operation, one may consider 

first the discontinuity on the left at Q) in Figure II .. 2a • .' Port lITo~ 1 is 

assumed to support a ~~l mode and Port No.2, the coaxial port, supports a 

TE~ mode, while the large guide to the right of cP supports both TEo~ and 
o 

TE02 modes. One may define the scattering matrix for this discontinuity in 
in out the usual way, with E¢ ,E¢ column matrices of amplitudes for the four 

modes mentioned above. Choosing the ratio of tube radii a!b Q 3.8~2/7.014 = 

1I-25 

,;47 makes three matrix te~s zerol and the others can be found if the transition 
o 

is lossl@ssl and the division of power between the two radial peaks of ~02 

1. Ma.X'Cl3til1" Jlj. AI J I, "01rc:mlar H;y'brid J'Unotion" I Bell System Technical 
Jeurn.e.ll !t2, 1.961, p. 185 ... 92. 

O/iUch1 .. :B ... "O:1roular Eleotrio Mo~ liLrect:l.onal CQupler" I Transactions 
o:t' the :!lm" M1CJrQwve 'l'heory~ Nov. 1960, ];). 660 .. 666. 



is known: 

in 1 2 3 4 

E¢out = 8(4) E¢inj 8(4) = .24 .26 .58 .73 lout 

CD 
.26 .28 .61 -.68 2 

b #2 M3 .58 .61 .52 0 3 

CI> 
TEo, TEo. .73 -.68 0 0 4 

'*t #4 
0-

TE~, I TEo2 -+- -~ 
Figure II-2a Riblet Discontinuity, Four Ports 

o If, however, TE03 also propagates in the large guide, the discontinuity 

requires a five port description. The backscattering is much reduced there: 

.24 to .06 for TE~l' for instance. Marcatili measured 811 of .05, and thought 

8(4) appliedj if the calculation presented here is correct, TE~3 also contri

buted in his experiment. 

Q) 

.... 4 TEo2 

*5 TEo3 ._-+ 

S(5) = 

in 1 

.06 

.06 

.58 

.73 

.35 

2 3 4 
.06 .58 .73 

.07 .62 - .68 

.62 .16 o -.50 

-.68 o o o 

.38 -.50 o .70 

Figure II-3a Riblet Discontinuity, Five Ports 

The hybrid junction consists of the discontinuity described above plus 

its mirror image a distance i down the guide. The scattering matrix of the 

whole junction can be found from the matrices for the two discontinuities and 
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the phase shifts experienced by the various modes propagating a distance .~ 

in the large guide. For instance from S(5) one finds S ,the scattering of a ae 
o 0 

TEOl mode in port ~ into a TEOl mode in port c: 

in If the incident fields are E a fro~ a generating station near the junction 

and Ei~ down the main tube from statio~ back Ull the line, then ~ out = 

E!n Sab + E~n Sbd. For the case of negligible backscatter (S(~.) using his 

) 
out own value Marcatili found that ~ could be made zero for any combination 

of Eain, Edin• He adjusted the gap length J according to the approximate 

formulas Ea = A Ed' A = tan ~I A' A =.ft 1!.:rE0-
01 

jfg 0 

TE02 

For the tube dimensions, A = ~·8 meters, so one needs a gall .~ adjustible from 

II-2 

zero to twelve meters, in order to channel all the power flowing into the junction 

from the left so that it leaves on the right out port~. Then a dummy load on 

port ~ need not absorb any power. 

I 
~ 

I 6 a ~ I~ Q I+- .~ 

I tu. be d I.L- R .--+1 
I 

A I c·--+- . 
d I I C ~ b Q, 

--L. 
I ,- ---

([) ® 
Figure 1I-4a Riblet Junction, Four Ports 



The application of the design just described to the multimode guide is 

complicated by the higher TE modes, however. An 8(13) scattering matrix on 

is required to describe either discontinuity, and its elements must be esti-

mated. Below in Figure II-5a is given the forward scattering submatrix, 

calculated from projections of modes to the left of @ on modes to the right 

of 0 

Here 8(13) = 

~Ol 02 03 01 02 03 

• 58 • 24 • ;L8 • 62 .21. .13 

.73 o o "".68 o o 

.34 .57 -.21 -.38 -.48 -.20 

.04 .74 .08 .03 -.55 .04 

-.08 -.31 -.61 -.09 

-.03 -.08 -.69 +.03 

.48 .36 

.11 -.65 

+.03 +.08 .23 .03 +.11 +.70 
..... 

modes· in d 

aa,d 
~back 

"--.... _--"Y" i-
modes in a 

I 8forward 
I transpose , 

Sf'orward : ~aCk 

in 

TEO;L 

02 

03 modes in A 

04 

05 

06 

07 

CD 
1 I 1 
2 2 a 
3 3 A 

l~ 

1. 5 
d 2 I 6 

3 ,_ .-.L 7 .-t-
Figure II-5a Riblet Discontinuity, Thirteen Ports 

One can see from this scattering matrix that TEOl incident on the dis

o continuity from ports a or d couples mainly to the first three T.E modes in 
- - on 

region A. The chief difference between Marcatili's hybrid junction and a 

multimode one will be the coupling of T.E~3 in ~ to the higher modes in ports 

abc and d. Correct placement of tuning elements, perhaps floating loops 
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concentric with the whole system, may reduce the unwanted excitation of TE~2 

o and TE03 out port~. The desirable features of the junction, the variable 

gap.1 controlling the power division between ports ~ and~, and the absence 

of projection into the vehicle's path, make further experimental and theoretical 

studies of the design imperative. 

APPENDIX II-A4 

THEORETICAL RESULTS FOR A SINGLE LOOP ANTENNA 

As noted in the report text and in Appendix II-A2, for the frequency and 

tube radius assumed, antennas disposed to approximate a current loop in a plane 

perpendicular to the tube axis, if the system is symmetric under a rotation of 

30
0 

or less, will excite only the three modes TE01' TE02' and TE03 ' The results 

on excitation and scattering given below, for an ideal metal ring carrying 

current, will then apply directly to practical systems. 

The field due to a current loop 1 concentric with the axis in round 

waveguide (derived in the June 1966 quarterly progress report) is given by: 

where Un 

jilll-lIb 
2 a 

1 = n 

, l 
(E.)2 = 2 Here a is "the 

2 2 ,.~ 2 
guide radiUS, £ the loop radius and k = ~ --~2 = - h ,with ~ solutions n on n on c 

of J l (~ a) = 0, and ill the angular frequency of excitation. Now, if one on 

wants to find the scattering properties of a metal loop, one must relate the 

current I to the strength of an incident field. -
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For a perfectly conducting straight wire and an incident plane wave, the 

scattering solution is known: 

J o (kd) HI (kd) 

H (kd) o 

where d is the wire diameter, E the amplitude of the incident wave (with 
- 0 

electric field assumed parallel to the wire), k = ru/c, and J l , J o' HI' Ho the 

usual Bessel and Hankel functions. For a loop of wire. in round waveguide, if 

the loop radius of curvature is large compared to the guide wavelength and 

the wire diameter, this solution may be suggestive, and if kd <~ 1, simple 

. approximations to the Bessel functions apply. 

An alternative procedure is to find the scattering from a perfectly 

conducting disc section of inner radius b-d and outer radius b+d. If the 
I 

disc carries a current density J ¢ (S ) then at the point (S' z) in the guide 

it will excite a field: 

1 = n 

One may assume that the current density J¢ is due to excitation by an incident 

TE mode field of the form: om 

Ei = E U (~) j (rot-h z) 
o m v e m 
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Since the total tange~tial E ~ield on the disc must vanis~one obtains the 

following integral equation for J¢.* 

E U a m J 
s 

c;: ..c: L The equation is valid in the range of c> given by (b-d) - r _ (b+d). 

Multiplying the expression by J¢ (S) d S ' and integrating again over S, the 

surface of the disc, one obtains: 

mf n, ~ km [ f u ( ~ ) J¢ ( S) dS 
J2 

1 + R kn S n 

2R = 
2 [! lim (3 ) J¢ (5 ) d~ ]Z 

This is a variational expression for R, the reflection coefficient of the disc 

with the ~ mode incident. For. kmd ~ 1, this result will apply also to a 

loop of round wire, and the expression is insensitive to the exact form of 

APPENDIX II-B 

TOLERANCES ON WAVE GUIDE CARRYING TEal FIELDS 

Albersheim(l) has analyzed the coupling between TEal and ~l fj.elds in 

round waveguide in long bends. The coupling leads, if the bend is long enough, 

to complete conversion of energy from TEOl to ~l if the radius of curvature 

* Pages 360-363, of R. E. Collin, "Field Theory of Guided Waves", McGraw 
Hill, 1960, carry out a similar development for rectangular guide. 

(1) Albersheim, J., "Propagation of TEal Waves in Curved Waveguide", Bell System. 
Technical Journal, 28, 1949, p. 1. 

II-31 



11-32 

of the bend is less than R 1.366 x 10
5 

a
2 

i t 350 'I f = n me ers, or ml es or our 
cr (r (1 - r2 )Jl 

tube, where a = 2.74 meters, A = 1.3 meters, fr = .[ifor steel, and r = .61A/a, 

= .29. If the bending radius is less than R ,S. E. Miller(2) has shown that cr 

the TEal and ~l amplitudes behave as coso( and SiruK respectively, for a pure 

TEal mode starting at 01.:= O. Here 0( = 1(/2 [ Q/Q c] ,where Q is the central 

1C ~ .-,0 bend angle, and Qc = 2.32· -a- = 3r in our tube. Clearly this conversion 

will be intolerable, but fortunately it can be avoided by filter gaps, or 

other mode purifiers. 

Rowe and Warters(3) and Loewenstern and Dunn(4) have analyzed the con-

version of TEal energy into other modes by discrete and distributed imper

fections, such as tilt (a small sharp bend), offset, and diameter changes. 

Using their formulas and allowing 1 db per mile conversion loss, one finds an 

allowable peak to peak (n-l) deviation from the tube axis of about 100 mils in 

any 100 foot long section of 18 foot diameter tube, a peak to peak variation 

in tube diameter of 300 mils in the same 100 foot (n=O case), and peak to 

peak deviation from round (ellipticity) of 120 mils (n=2). These again are 

stringent re~uirements, but again filter gaps can be used to keep down the 

level of some competing modes, TElm for n=l, and TE2m for n=2. The TE am 

modes, for n=O, present a problem which this filter does not solve. It should 

be possible to show by experiment that the gap filter will prevent the build up 

of non-symmetric fields to a serious impedance level. 

(4) 

Miller, S. E., "Notes on Methods of Transmitting the Circular Electric Wave 
Around Bends", Proceedings of IRE, 40" Sept. 1952, p. 1104. 

Rowe, H. E., and Warters, W. D., "Transmission in Multimode Waveguide with 
Random Imperfections", Bell System Technical Journal, !!i, May 1962, p. 1031-

Loewenstern, W. Jr. and Dunn, K., "Cylindrical Waveguide as a Power Trans
mission Medium - Limitations Due to Mode Conversion", Proceedings IEEE, 2t, 
July 1966, p. 955-968. 
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LOSSES DUE TO ATTENUATION IN THE WAVEGUIDE SURFACE 

In order to find experimentally the losses associated with pure modes in 

the steel tube, a one foot section of tube was terminated at each end with a 

flat brass plate to form a microwave cavity. Power was fed into one end by a 

loosely coupled loop terminating a coaxial line and the field intensity was 

sampled by an identical loop fitted into a hole through the other plate. The 

Q of the cavity was found by the transmission method, measuring the power 

picked up by the second loop as the input power, held fixed in amplitude, was 

changed in frequency near resonance. For the high Q mode, a pulsed measurement 

of Q was also made, determining the time constant for decay of cavity fields 

after excitation by a pulse at the resonance frequency(5). 

For the transmisSion measurement, the equipment included the Hewlett~ 

Packard Sweep Generator 692D, the Alfred precision variable attenuator El03, 

a tunable crystal detector and a Hewlett-Packard oscilloscope. With the 

generator sweeping across a band from 2 to 4 gigacycles, the cavity modes 

could be correlated with calculated frequencies of resonance, and certain 

ones selected for examination. The identification of these modes was con-

firmed by passing a small lossy bead through the cavity to identify the pos-

itions of maximum electric field. The sweep was in each case reduced to one 

megacycle centered on the mode of interest, and the bandwidth 11 f between 3 db 

points determined on the mode display curve. The cavity Q was then ~; 

this was the unloaded Q, because the coupling loops had been withdrawn till 

they had no effect on Q. 

(5) Ginzton, E. L. Microwave Measurements, McGraw Hill, 1957, Chapter IX. 
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For the decay measurement of Q, the equipment included a Hewlett-Backard 

signal generator 616A with pulsed output between 2 and 4 gigacycles, the 692D 

acting as local oscillator, a crystal mixer and IF strip amplifier at 30 

megacycles with 10 megacycle bandwidth, a second detector and an oscilloscope 

to display the output. The 616A pulse was 2 ~seconds, and the rise time of 

the oscilloscope 0.1 ~seconds. These values are marginal for measuring Q 

values less than 25,000 because lower Q's imply a rapid decay. The tuning of 

the 616A must be exactly on cavity resonance to obtain a clean decay curve. 

The time for decay of 3 db, L1 t, was obtained from the scope display, after 

allowing one ~second to be sure the trailing edge of the exciting pulse was 

past. Q was then given by 9.1 fr ~'A tJ 

in microseconds. (5) 

., for f in megacycles, and~ t 

The behavior of Q for three cavity modes was studied as a function of 

the cavity surface and the gap between end plates and steel sides. The modes 

were TEl17, TE127 and TE01?" TE017 was unavoida:bly mixed wi th ~l 7 when the 

gap was closed; but with a 1/16 inch gap, TE017 showed much higher Q and pre

sumably all trace of ~17 was removed. The first surface represented the 

steel tube in its original state, rough with rust and scale. The second 

surface was tested after cleaning the steel sides with a wire brush moved 

axially. The third surface followed cleaning with a wire wheel on an electric 

drill chuck, held so the wires brushed in the 9 direction. During all these 

treatments the brass end plates were not touched, but a final measurement was 

. made after polishing them with fine emergy cloth. For this polishing, they 

were spun in a lathe so the scratches followed current lines for the TE on 

modes. The results are given in Table II-la. 
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TABLE II-la 

CAVITY Q FOR THREE MODES AND FOUR SURFACES 

1. Cavity without gaps; bandwidth measurement of Q. 

1st Surface 2nd Surface 3rd Surface 

Mode 

TEl11 6i 727 11,800 10,500 

TE121 8,900 12,800 11,000 

TE011 12,300 18,200 9,500 

(and ~11) 

2. Cavity with adjustable gaQ, Mode TE011' Q measurements. 

Measurement type 1st Surface 2nd Surface 3rd Surface 4th Surface 

1/16' 
{Bandwidth 

gap Decay Time 
22,300 

23,000 

1/8' (Bandwidth 26,500 gap 
Decay Time 28;000 

25,800 

27,000 

21,500 

28,000 

28,900 

26,000 

30,000 

27,900 

28,000 

30,000 

Two major conclusions drawn from Table II-la are the importance of the 

gap filter for high Q TE011 modes excitation, and the relative insensitivity 

of this high Q mode to surface conditions. The second conclusion may be open 

to some question, since the high Q's are in a region where bandwidth measurements 

are beginning to fail, and decay measurements are just possible. The direction 

of cleaning has a filtering effect, too, since the third surface was optically 

much cleaner than the second, but less favorable to axial currents required by 

TEll l' TE121 and 'I'Mu T 



To calculate the cavity Q, one starts with the usual def'inition(the f'actor 

of' 2~ in some texts is omitted): Q == 2~f' times the energy stored, over energy 

lost per second. From this def'inition, knowing the mode f'ields and the surf'ace 

impedance of' the walls, one can calculate the f'ollowing: 

0( a (W/ck)2 0.1 a 

~on 
s 

~Jn 
s 

== 

1+~ iJf 
., = , 

1 + 2aJ~ 
L k2 ~ L 0;; 

0( a (W/Ck)2 £ [~J 2 / 

s ) where P = 1 ~ =,. + 2 

1- [taY In p + 2a ijs' k • 
L k2 Ob 

In these f'ormulas, r ~crS el S = 2 ,where crs is the conductivity of' the 

steel tube walls, ~ is the tube radius, L the length, k the radial eigenvalue 

and /3 == ~ the axial one, such that ~2 + k
2 = lj7", c, w, I-l. have 

their usual meanings, and ~b is the conductivity of' the end plates of brass. 

Using the f'ollowing values; ~ == .15 m, .& = .30 m, ots :: .75 x 107 mb.o/m, 

orb = 1.6 X 107 mho/m, W = 2~ x 4 x 109 radians/sec, one f'inds Q in the TE017 

mode approaches 72,000 with k == 25.5, ~ = 80.5 m-l • 

In the denominator of' the TE
tn 

expression f'or Q, the ratio of P to the 

term on the right is the ratio of' side to end losses; f'or the TE modes (P=l), am 

the end losses are almost seven times the side wall losses. This fact accounts 

perhaps for the insensitivity of' the measured Q to side surf'ace treatment. For 

TMi17' the theoretical Q approaches 30,000, for TEl17 31,000, and for TE127 

44,500; in the f'irst of' these the end losses are 70% of' the side losses, in 

the second, they are 150% and in the third 270%. Due to uncertainty of the 

true values of' ~b and OS, these comments must be only qualitative. 
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The measured Q's after cleaning tend to be about a third of the theoretical 

values. One might expect the attenuation constant 0( for a long section of 

guide to be pushed below three times the value indicated in Figure 11-B2 of the 

main report. Depending on how one assigns losses between the end plates and 

side walls, one can deduce from Q measurements an ~ e~ual to twice the 

theoretical value or up to ten times this value. Defining ~ in the usual way 

as half the power lost per unit length, over the power carried by a traveling 

wave, one finds: 

0{ 
TE 

p 
= -2 fj 

s 
0{ -1 

TM - 2 

for the modes of interest, with P=l for TEon again, and the other symbols 

8 -4 defined above. From this, bI'" calculated to be 0.7 x 10 nepers per 
TEOl 

meter. Further work will be reqUired to separate end losses from side 

losses in our Q measurements. 

APPENDIX 1I-O 

EXPERIMENTS WITH A VEHICLE ANTENNA ARRAY 

Two identical vehicle models were fitted with antenna arrays designed 

to couple to the TEOl mode in round waveguide. The models were made of 

aluminum tubing, 36 inches long and 6 1/2 inches in outer diameter. These, 

in the scale of the model tube, represented vehicles 9.4 feet in diameter. 

The antenna arrays had two parts: a horn design in the vehicle nose or end, 

which would be covered by a plastic airfoil in a flying model, and two twelve-

element simulated constant current loops circling the vehicle skin. The horn 
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follows a design given by southworth(l): a coaxial line terminates in 4 branches 

above a reflecting back plate, and these coaxial branches have extended center 

conductors lying on a circle around the horn axis, so as to couple to the E¢ 

field of a TEal mode in the horn. The twelve element simulated loops around 

the vehicle skin work on the same principle, and are spaced 5/4) apart along 

the vehicle axis so as to excite waves toward the horn end, but not in the 

reverse direction. They are excited by a rigid coaxial line centered in the 

vehicle. The twelve elements in each loop are in parallel and excited in phase. 

The coaxial line was tapered to give an impedance match to ~ifty ohm cable; a 

standing wave ratio of 1.2 was obtained. The horn design match was much worse, 

SWE being over 4.5. This design since has been modified to include a tuning 

stub, and will be tested soon. The sketches in Figure 1I-6a will supplement 

these descriptions. 

The two vehicles were suspended by twine in the center of sections of 

the 12.4 inch diameter steel tube. One vehicle antenna system was excited 

by a signal at 3.94 gigacycles and the other system received the signal, which 

was fed to a crystal followed by Hewlett-Packard 4l5B meter. The relative 

phases of horn and skin antenna groups were adjusted to give the best field 

pattern in the guide between vehicles; one rather close to the theoretical 

TEal pattern was observed by the standard perturbation technique. The overall 

loss in transmission through the tuned system was about 9 1/2 db. Much of the 

loss apparently occurred in one commercial fitting, since the two vehicles were 

1. Southworth, George C., Principles and Applications of Waveguide Trans
miSSion, Van Nostrand, 1950. 
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. ident:1..cal except for this element, yet one was twice as effic:1.ent as the 

other. We plan to replace this fitting, tune the horn antennas directly, and 

repeat these measurements. Two different effective radii for the current loop 

around the vehicle skin were tried, and the loo~ close to the skin was half 

as efficient as the loop poSitioned midway between vehicle and guide wall. 

Power transfer between yehicles was not sensitive to the vehicle's 

position in the tube; an inch or so off' axis cost about 1 db. Bower trans-

fer was sensitive to alignment of tube sections; however, it was not sens1t1vt~ 

to slight skewing of the axes of successive sections. The directional aspect 

of the antenna design was realized; as an indication of this, a metal plate 

moved across the open end of the tube behind the vehicle ha.d little e:f'fec'b on 

the transmission. 

APPENDIX 11-D 

RECTIFICATION EFFICIENCY MEASUREMENTS 

DETAILS OF THE EXPERIMENTAL FACILITY 

The block diagram of the experimental circuit used to evaluate diode 

pairs was shown in Figure 1I-D-3. The rectifier assembly, itself, was shown 

in Figure II-Dw2. The capacitors) Cl ,2 were all made equal to 1000 piCOfarads 

and the inductors Ll were 0.6 microhenries. The attenuatol', ®, was used 'bo 

eliminate changes in the incident power from the 220 mc RF continuous wave 

source with reflections from the circuit. However the reflected power, as 

observed USing power meter, ®, was ~ssentiallY 'liminated when the varia.ble 

length line,,@, and the 00 load reSistors, @ and@, were adjusted to 

maximiZe the load power. 
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The low pass filter, (I), had a nominal cutoff point at 300 mc, above 

which the attenuation increased sharply. Initially, a double stub tuner 

was included in the circuit between components @ and@ However this was 

removed when it was found that the variable line length, ~J and the DC load 

resistors were adequate to maximize the rectification efficiency for any of 

the diode pairs examined. 

To facilitate the changing of circuit elements a breadboard version of 

the rectifier circuit was first constructed. ~1e diodes, which came encased 

in various package styles, were tested by mounting them with spring metal type 

clips or short wire lengths. With such mounting l:i.ttle heat could be removed 

from the diodes during the tests, so the data obtained is a measure of 

efficiency of rectification but not of the power capacity of' the diodes. 

The sampling oscilloscope, @) provided an inu.:Lcation of the waveform at the 

input to the diodes. (A sIlecial sampl.ing coupler to measure incident and 

reflected waves separately was ordered but not received at the time of these 

measurements.) It was found that the diodeB which yielded high efficiency 

produced a clil)ped RF waveform at point ® while the low efficiency models 

tended to produce a waveform showing distortion characterized by the gener-

ation of only the first few harmonics of the RF wave. IJ.b:Ls would be expec'ced 

from the latter if their turn-on and recovery times were not sufficiently 

rapid to yield efficient rectification. Further experiments us:i.ng the 

sampling oscilloscope should proye helpful in testing the diodes' response 

times. 

A detailed evaluation of the accuracy of the efficiency measurements has 

not yet been performed. The microwave power tncident on the rectifier is 

measured with two attendant inaccurac:les, that of the cou:pler @ and tho powel:' 
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meter@ + . The coupling accuracy is about - 0.2 declbels, which implies an 

+ error of about - 5%. An equal error can be associated with the power meter. 

Thus the measurements of efficiency values which are high, say 80%, might be 

+ in error by - 8% even if no other sources of error were encountered. Nonet.he-

less, the 80% rectification efficiency has been reported independently(l) and 

so it is possible that errors in the measurements may have caused a lower 

efficiency rating than the true value. 

The losses of the low pass filter were about 0.4 db. These were subtractc!d 

from the measured j.ncident power levels, because, even though a low l:JaSS f11ter 

probably would be used in the final rectifier design, one could with more pa:Ln:.~ 

construct a model having negligible loss, less than 0.1 db. 

PROPERTIES OF T}ffi DIODES TESTED 

Descriptions of the distinguishing characteristics of' tho diodes teot('11 

are given below. None was des:i.gned specially for UfW as a. rectifier :l.n tlw 

220 mc range, where the tests were performed. The computer diodes were m01mted 

in glass packages with wire leads while the others were mounted in var:Lous 

microwave packages designed primarily to reduce series inductance. The heat 

dissipating capabilities of the package were about 1/10 watt for the glass 

package and a few watts for the microwave packages, whereas I'l well-designed 

recttfier package might dissipate tens to hundreds of watts. For this reason, 

as mentioned earlier in this report, the tests were limited principally to 

providing data on the efficiency of the diodes as rectifiers. 

(1) Computer diodes: Those tested were a variety of commerically 

available silicon pn junctions. In these} forward conduction is proQuced by 

injection of minority carriers. When a reverse bias j.s then B'Luldenl.y applied 

(1) Private communications with C. Howell, Microwave A~H::oe:Llrt;eL;, Ine., 
Burlington, Massachusetts. 
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to the junction--as occurs in the rectifier for the alternate halves of the 

applied RF wave--some partial conduction continues until the injected minority 

carriers are retrieved or recombine and are lost. This Hreverse recovery time lf 

is reduced by using material of "low lifetime", for which the recombination 

takes place rapidly. Where the natural decay of such carriers is not suffi

ciently rapid, especially in silicon diodes, impurities are added to the 

semiconductor. Gold doping is used to increase recombination in most computer 

diodes. The disadvantage of this is that it increases the RF resistance of 

the diode under forward conduction. Two types of computer diodes were tested, 

as shown in Table II-D. The greater efficiency, 32% versus 25%, was obtained 

with diodes having the more rapid reverse recovery time, 2 nanoseconds versus 

4 nanoseconds. 

(2) Varactor diodes: Varactors are pn junctions designed for use as 

variable capacitors. No lifetime killing is added and their depletion layer 

widths vary markedly with the applied bias, being widest at reverse breakdown. 

Those tested here were made with silicon. Apparently, their recovery time 

was too long to permit efficient rectification at the 220 mc test frequency. 

(3) PIN diodes: These diodes are similar in construct:lon to the var

actors except that an intrinsic or lightly doped region is employed between 

p and n regions. ~1e advantages gained are a low capacity per unit area, and 

high breakdown voltage (for greater peak power) in comparison to other diode 

types. They are used principally for microwave switching, where their impedance 

state is controlled by a low frequency bias signal. Those tested here 

possessed thin base widths (thin I region) compared to the usual switching 

PIN I s. Typically they are used to perform microwave limiting. The silicon 

versions tested would appear to have much too high a lifetime or baSfl! thickness, 

or both. Hence further rectification tests on d.:lodes of this type ohould be 

made on specially fabricated very thin-base gallium-arsEml.cle units, which would 
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AREA III 

INHERENT STABILITY AND CONTROL OF HIGH-SPEED 
FLUID-SUPPORTED VEHICLES MOVING WITHIN NON-EVACUATED TUBES 

INTRODUCTION 

PART A. INHERENT STABILITY 
(reported by R. E. Duffy) 

The purpose of this study is to develop theoretical and experimental 

methods for the evaluation of the inherent stability and control of fluid-

supported vehi~les in tubes. 

IIIA-l 

The first problem that is encountered in such a study is that of finding 

appropriate support devices. As suggested in the introduction (p. 3), a most 

promising system is an aerodynamic support device (to be carried by the 

vehicle) rather than a direct mechanical means of support. Many arguments, 

both pro and con, have been advanced for "mechanical" as well as "aerodynamic" 

support systems. When a supporting device, however, is analyzed from the 

following points of view: 1) low footprint pressure, 2) soft suspension 

characteristics, 3) low drag, and 4) simplicity of construction, all the 

evidence available, taken in the large, favors an aerodynamic support system. 

For aerodynamically supported flight vehicles, the methods of analysis 

for determining the degree of inherent stability, as well as their response 

to a control actuation are well known (Ref. 1). Such analyses are normally 

based on the linearization of the dynamical equations of motion which des-

cribe the response of a vehicle to a disturbance from equilibrium flight 

conditions. Linearization implies, of course, that all disturbances are 

small. This restriction is acceptable in a first exploratory study and may 

be eliminated later in a more refined approach. 

In a linearized analysis, the flight vehicle is represented by a number 
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of inertial and aerodynamic coefficients whose absolute magnitude may depend 

on the initial equilibrium flight condition. These coefficients are con

sidered to be constant for small disturbances of the vehicle from equilibrium. 

The vehicle's inertial and aerodynamic characteristics can be calculated 

independently, since the former are determined by the mass distribution 

whereas the latter are determined by the external shape of the vehicle and 

in some instances also by the influence of the boundaries. 

For the flight of a vehicle far removed from the influence of a boundary 

the determination of the vehicle aerodynamic characteristics is a relatively 

simple problem, since many analytical methods, which have been well sub

stantiated by experimental measurements, are available for this purpose. 

The case under study, however, is one in which boundary influences are im

portant. An extensive literature search has failed to produce any source of 

theoretical or experimental information which can be considered adequate 

(even from a preliminary point of view) to describe this situation. 

This 'report is divided into four sections. First, the theoretical 

methods that have been developed for determining the aerodynamic character

istics of the support system of a tubeflight vehicle is outlined. Next the 

description of a facility which has been set up at Rensselaer for the ex

perimental study of fluid-support systems for high-speed vehicles in tubes 

is described. The third part is a summary of work done by T. R. Goodman of 

Oceanics, Inc. on the aerodynamic stability derivatives of the fuselage of 

a tube flight vehicle. Finally, using the limited information which is pres

ently available on the aerodynamic characteristics of a ram wing in ground 

proximity, an evaluation of the inherent stability of a vehicle utilizing 

this kind of support is conducted. 
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AERODYNAMIC CHARACTERISTICS OF A VEHICLE TRAVELING IN A TUBE 

In determining the aerodynamic characteristics of a flight vehicle it 

is convenient to classify the basic geometric components of the vehicle 

into two groups: the first contains the primary lift-producing components 

(support systems, etc.) and the second contains the non-lifting components 

(fuselage, etc.). In many flight vehicles, the aerodynamic coupling between 

the vehicular components is weak. In such cases it is permissible to con

sider these components independently of one another in the determination of 

the overall aerodynamic characteristics of the vehicle. This is the approach 

which will be used here. The error in such an approximation is not known, 

but when the flow in the transfer passage becomes sonic it can be expected 

to be large. At lower flight speeds it is expected to be small but the 

justification of such an approximation awaits experimental evidence. 

Support System Aerodynamic Characteristics - Analytical Studies 

An aerodynamic support system which holds promise of being readily 

adaptable for operation over the entire flight-spectrum of a tubeflight 

vehicle is shown in Figure IIIA-l. This support system is basically a wing 

with leading-and trailing-edge jet curtains. At low speeds and during docking 

maneuvers of the vehicle both the leading and trailing edge jet-curtains will 

be operative, Fig. IIIA-la. At moderate flight speeds the leading edge jet

curtain would be shut down while the rear curtain remains operative, 

Fig. IlIA-lb. At high forward speeds, the rear curtain may operate on ram 

air alone or, alternately, this jet-curtain may also be shut-off, Fig. IlIA-lc, 

thereby reducing the support device to a simple ram wing. 

In an equilibrium condition of flight, each support pad may be assumed 

to be at a uniform distance from the tube wall. However, when the vehicle 

undergoes a disturbance this uniformity is destroyed. In the present analysis, 
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the interaction that the nonuniformity of distance to the tube wall will pro-

duce between adjacent spanwise elements of the support pad will be neglected. 

The flow about each spanwise element is treated as two dimensional. 

Due to difficulties in formulating a mathematical model which properly 

represents the physical flow characteristics of the ground support device 

shown in Fig. IlIA-la, it has not been possible, up to this time, to develop 

analytical methods which could be used to determine the aerodynamic character-

istics of a ground support system shown in Figure IlIA-lover the entire 

flight spectrum expected of the tubeflight vehicle. However for vehicle 

flights in the speed range, where a support system of the type shown in 

Figure IIIA-lb or-lc may be used, one can define a meaningful mathematical 

model that represents the physical flow pattern. Using a defined mathemati-

cal model, an analytical method has been developed which can be used to cal-

culate the two-dimensional subsonic flow patterns and aerodynamic character-

istics of support systems (IIIA-lb) and (IIIA-lc). This analysis is herein 

briefly outlined. All details of the method are given in Reference 2. 

The problem of finding the two-dimensional aerodynamic characteristics 

of a support system IIIA-lb or IIIA-lc is specified mathematically as follows. 

First, we choose a coordinate system as shown in the following sketch. 

>~ ~J(xJ 
h T.I.H J'ICT- F~Al' ==- ;:::::::Q-.=-r,.::=c. === 

! G"ou .. o L,N&: 
; , ; , ; ; , ) 7 7 7 7 7 7 7 7 7 I 7 7 7 7· 7 7 

Fig. IIIA-2. Support system coordinate system. 
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The ground line is simulated by using an image airfoil and image jet-flap. 

One could calculate the flow field about an arbitrary shaped airfoil 

having a thin trailing-edge jet flap by using "exact" methods such as a 

conformal transformation. In practice, however, the transformation approach 

is inconvenient to use when the airfoil shape is anything but a straight line. 

Even for this simple airfoil the mathematical analysis is extremely complex. 

Conformal transformation solutions of two specific problems can be found in 

the literature. Tomotika, Nagamiya, and Takenouti (Reference 3) present an 

analysis for an unflapped flat plate airfoil operating in ground proximity. 

Prosnak and Kucharczyk (Reference 4) have studied the related problem of a 

flat plate airfoil having a 900 trailing edge jet-flap also operating in 

ground proximity. 

For an arbitrary shaped airfoil having a trailing edge jet-flap it is 

more rewarding in a computational sense to replace the airfoil and its jet 

flap by a number of singularity distributions. The problem solution is then 

simply concerned with a determination of the strength of the singularity dis

tributions such that all boundary conditions are satisfied. The analysis, as 

developed herein, uses the same lines of reasoning that have been found useful 

in determining the aerodynamic characteristics of thin airfoils operating out 

of ground effect (References 5 and 6). 

The flow field is considered to be constructab1e from a number of 

singularity distributions which are located on a line parallel to the free 

stream and passing through the trailing edge of the a.irfoil. The accuracy 

of this mathematical model is discussed in Reference 2. The airfoil proper 

is replaced by a source distribution and a vortex distribution of strengths 

q(x) and ¥ (x) respectively. The trailing edge jet-flap, which is considerp.d 

to be thin, is replaced by a vortex distribution Yj(X). Spence (Reference 5) 

has shown that the circulation distribution in a thin jet flap is related to 



the jet momentum coefficient and the radius of curvature of the jet as 

'to {X) = 
J 

Uc c· 
2 R(~) .Q.£.. C· L{ ~ (,X ) 

2. J d J 

where C j = momentum flux of the jet/\r U 2c. 
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(1) 

Image singularity distributions are used to represent the ground line 

(Figure IIIA-3). 

Physical Mathematical 

Fig. IIIA-3. Physical and mathematical models of jet-flapped airfoil in 
ground proximity. 

The disturbance velocities (u,v) induced by source and vortex distri-

but ions can be written as 

U-LV 

L 

= _,_ ( {<}(..4) + , t(..6) } L~ 
Z 11 J ') - Z (.4) 

(2) 

o 

where ) = x + iy. 
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Z(~) curve in) plane on which the singularity distribution is 

located. 

~, L = element of and total curve length, respectively. 

For the above mathematical model, the disturbance velocities are 

(3) 

Separating real and imaginary parts yields, 

c. 
u (x , y ) = -' J { 1,( x)[ )( - ~ ] ... '6 ( ;()~ + 

21T [_]a. yZ x-x + /I • 
00 

+ -' J { ~j(i)l 
z:rr [x - x] + 'j~ 

c 
(4) 

(5) 

The physical boundary condition of no flow through the surface of the 

airfoil and the jet flap relates the disturbance velocities to the airfoil 

and jet flap geometry. This relation is 
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(6) 

Vq~ere Ym(x) is the mean line position of the airfoil and the jet flap and 

t (x) is the airfoil thickness distribution. For an airfoil which has small 

camber and thickness and is operating at a small angle of attack the right 

~and side of the above equation can be expanded in a Taylor series about the 

POint (x,O) as 

u + u(X, 'j".1:t) U + U (X,o) + .-L{ V-(Je'J\1) }\[~.,./~)tt('X~+ .. 
d'j U ... u. (1() i ) 

()(,o ) 

u + (...( (1(~ 0) 

(7) 

A further linearization gives finally 

~:., (11') + t (X) ~ V(K,o) [ /- U.~,O) + ... ] C=:. - U 
(8) 

In the range 0 ( x < c, 
I 

Ym(x) can be expressed as 

I tt c (X ) - 0( (9) 

~~ere Yc(x) is the standard airfoil camber function and 0( is the angle of 

a. ttack. For values of x > c, 

(10) 

tc'X)::: 0 
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Combining the above relations, it can be shown (Reference 2) that 

/ 
.' (11) 

(12) 

for 0 < x ( c, and 

yj (xl 

(13) 

for x > c. 

In principle, the above system of equations can be solved simultaneously 

for i (x) and Yj(x){or k j(x))once the airfoil geometry, its angle of attack 

and the initial deflection of the trailing edge jet-flap 

is specified. 

Solution of the Circulation Distribution Equations 

When an airfoil with a jet-flap is operating out of ground effect 

(h~ CD ) the governing equations which determine the circulation distri-

but ions along the airfoil and jet flap (12,13) are greatly simplified and 
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it is possible to explicitly solve this system of equations for ~ (x) and 

~ j(x) (References 5 and 6). However, as the airfoil approaches the 

ground additional mathematical complications arise due to the image system 

which must be considered. To date, no exact solutions to equations (12) and 

(13) have been obtained. Fortunately one can develop approximate methods for 

solving the circulation distribution equations which predict results that are 

sufficiently accurate from a preliminary design viewpoint. 

T\"o examples will serve to illustrate how an approximate solution of 

equations (12) and (13) may be obtained. For the first example we will con-

sider the airfoil shape to be a simple thin flat plate. The airfoil shape 

for the second example is constructed from a circular arc mean line having a 

57. maximum camber and an elliptical thickness distribution with a maximum 

thickness of 15%. The first airfoil ylaS chosen, not from a practical app1ica-

tion point of view, but because this airfoil is one for which exact results 

can be obtained by conformal transformation methods (Reference 3). By a com-

parison of the results obtained from an approximate solution vlith the exact 

solution an estimation of the overall accuracy of the approximate method may 

be obtained. The geometry of the second airfoil chosen is representative of 

a typical ground support device (Figure InA-1c and Reference 7). 

For the example airfoils chosen '6 j (x) is zero and equation (12) re-

duces to 

0( - :fe'(IC) --

(14 ) 

The second integral in equation (14) accounts for the influence of the groulLd. 

Since the disturbance caused by the image vortex system is always less than 

that generated by the vortex system attached to the airfoil, a solution of 
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equation (14) can be found by an iterative procedure which is defined as 

a (x) 
C

J 
\' .... +1 

Jx 

o 

[x-i] ¥-"(X) 

[x - X]2 + 4h z 

(15) 

For the initial circulation distribution, ~ 0 (x), one can take the free 

from ground effect solution, namely the function ~. (x) which satisfies 

(16) 

The results of a series of calculations for the flat plate airfoil is 

shown in Figure IIIA-4. In obtaining these results only one iteration has 

been performed. A few sample calculations in which a second iteration was 

carried through, indicated that there was no significant change in the results. 

From a design point of view, the agreement between the results obtained from 

an exact and an appropriate solution appear satisfactory. 

A similar series of calculations for the second example airfoil chosen 

is shown in Figure IIIA-5. The important influence of airfoil thickness on 

controlling the aerodynamic properties of an airfoil operating in ground proxi-

mity is quite evident. The effect of airfoil thickness always decreases the 

lift augmentation of an airfoil as it approaches the ground. At low angles of 

attack, the geometry of the example airfoil is such that the lift augmentation 

due to camber is cancelled out by the attraction of the airfoil to the ground 

due to its thickness. This counterplay between airfoil camber and thicknes~ 

is fairly independent of the height of the airfoil above the ground. To 
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obtain an appreciable lift augmentation this airfoil must operate at a 

moderately high angle of attack. 
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Similar calculations are presently being carried out for jet flapped 

airfoils operating in ground proximity. These results will be reported in 

Reference 2. 

Support System Aerodynamic C~aracteristics - Experimental Studies 

In the analytical determination of the aerodynamic characteristics of 

ground support systems shown in Figure IIIA-lb and lc, simplifying approxi

mations were introduced so as to make the mathematical analysis more tract

able. In particular, the assumption that the singularity distributions can 

be located on the x-axis rather than on the mean line of the airfoil and 

trailing edge jet-flap becomes increasingly in error as the ground is 

approached. The significance of this error as well as any effects due to 

fluid viscosity is very difficult to access analytically. Thus an evaluation 

of the accuracy of the analytical methods developed in the previous section 

is being conducted by comparing the theoretical results with a set of experi-

ments. 

There is sufficient evidence available (References 7 and 8) which 

indicates that the proper simulation of all boundary conditions is i~portant 

when testing bodies in the close proximity of boundaries. In the frame of 

reference of a support system attached to a vehicle traveling through a tube 

the tube wall is moving relative to the support. Now when one wishes to 

conduct a series of test experiments and chooses to conduct this test in a 

wind tunnel, where the support device is stationary, then the walls of the 

tunnel must be moved at the same velocity as the oncoming airstream for a 

proper wall boundary condition simulation. With this necessary condition in 

mind a series of test experiments are being conducted in the Rensselaer 
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4' x 6' subsonic wind tunnel. 

The proper wall boundary condition is being simulated by replacing 

one wall of the wind tunnel with a platen-type belt sander. The test

section of the tunnel has been modified to form a channel of width slightly 

less than the width of the sander belt. 

The sander is a Peerless Surface Sander, Model 20. The bearing system 

of this unit has been adapted to incorporate high-speed precision bearings. 

In addition, the drive and driven pulleys have been dynamically balanced to 

speeds of 3600 rpm. The speed of the belt sander is controlled through an 

electric motor driving a Lovejoy variable-speed pulley system. A non-abrasive 

fabric belt, specially treated for high-speed continuous operation has been 

obtained from the Behr-Manning Division of Norton Co. 

The movement of this belt over the sander platen produces a moving 

ground plane. A photograph of the sander unit, mounted in position on the 

ceiling of the wind tunnel is shown in Figure IIIA-6. 

Fig. IIIA-6. Moving ground plane unit attached to wind tunnel. 



Some nominal dimensions of the moving ground plane are 

Width--------- 20 inches 
Length----~--- 50 inches 
Beltspeed---- continuously variable from 15 to 

200 surtace feet per second. 
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Various calibration tests have been conducted to determine the effective-

.ness of the moving belt system. Boundary layer profiles on the moving ground 

plane have been measured at different belt speeds. The results of one, such 

series of boundary layer profile measurements, taken 20 inches back from the 

leading-edge of the belt, is shown in FigureIIIA-7. With the belt station-

ary the boundary layer profile is typically turbulent. Due to the large 

boundary layer thickness on the tunnel walls ahead of the belt, satisfactory 

boundary-layer velocity profiles could not be obtained through the use of belt 

speed control alone. However, removal of the tunnel wall boundary layer 

through a series of suction slots in the tunnel wall, ahead of the moving 

ground plane, did produce very satisfactory velocity profiles, 

Both point- and line-source jets of high pressure (100 psig) air have 

been directed against the moving ground plane at various angles to the belt 

platen. No distortion of the belt could optically be detected. 

As a result of these tests it is determined that this moving ground 

plane unit provides for a satisfactory simulation of the wall boundary con-

ditions. Experiments are now being conducted on a ground support system 

typ ical to that shown in Figure IIIA-l. 
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Aerodynamic Characteristics ofAxis~etrical Bodies of Revolution Traveling 
Within Tubes 

In a stability and control study of the flight of a vehicle in a tube one 

must include the contribution of the fuselage to the aerodynamics of the 

vehicle proper. This is particularly true insofar as it is expected that the 

influence of the tube wall on the vehicle body can contribute large unstable 

forces and moments. 

The inviscid aerodynamic characteristics of axis ymmetrica 1 bodies of revo-

lution operating in a flow field of infinite extent can be determined by using 

anyone of a number of analytical techniques which have been developed over the 

past few decades (Reference 10). It is only very recently that similar ana-

lytica1 methods have been developed for axisymmetric bodies traveling within 

tubes. 

Goodman (Reference 11) has shown that, for an axisymmetric body of revo-

1ution moving within a tube, the aerodynamic characteristics of the body may be 

determined from a superposition of axial-flow and cross-flow potential solutions 

which satisfy the governing equation of motion and the boundary conditions both 

on the body surface and the tube wall, provided the body is slender. In 

Goodman's analysis, a slender body requires that both the ratios of the body 

radius to body length ( n. .... /L) and the tube radius to body length ( It /L) must 
... . T 

be small. The analysis however is restricted to bodies whose radius is small 

compared to the tube radius. This restriction is required since Goodman in 

obtaining the equivalent slender-body axial-flow potential of Eqn. 19 approxi

mated the body slope as d 1\. .. == jt", rather than using the exact relation c! n_ = ~ .. 
d')l '\.1 d~ U+\J.. 

His analysis and the results obtained is here briefly outlined. 

Consider a slender body shown in Figure IIIA-8 performing both small 

amplitude harmonic oscillations in heave (h) and in pitch (S) about the pivot 

point, x = a. 

Following the approach used in Reference 12, a potential function 
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Fig. IlIA-B. Coordinate system for axisynunetric body of revolution. 

11 (x,r, 6 , h, t) can be written in the form 

(17) 

whereq, (x, r, 6 , h, t) is a perturbation potential. 

For low frequencies of oscillation the perturbation potential can be 

expressed as the sum of the potentials 

(18) 

+ h w (;I<') A ) + ~ (' ('X) -? ~ COS e 

The. boundary conditions to be satisfied are those of flow tangency at the 

body surface and at the tube wall. The potential 1> (x, r) is the axial flow 

contribution while the potentials Y' (x, r), A (x, r), GtJ (x, r) and '7 (x, r) 
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are the cross flow contributions to the perturbation potential, ~ . 

The solution for the axial-flow perturbation potential, for an incom-

pressible flow, can be obtained by an extension of the analysis reported by 

Levine (Reference 13). This potential is given as 

• ±1 m(/*l(X*- !W] eli· P (X·, jlft ) - 21l'/I'j 
0 

,. 

1- '"" (i-) 
-k~ I x·-/I 

- o~, e Jo (k ... /?") J.t-(19) 
21'r ~~ k 1

0
"( k .. ) 

where 
) 

7.W (Jr)= density of a source distribution per unit length located on 
the axis of symmetry of the body 

Although the axial flow perturbation potential does influence the pressure 

distribution over the body, its effect is symmetric about the body axis, and 

thus this potential cannot contribute to the forces and moments acting on 

the body due to disturbances in heave and pitch. These forces and mo~ents 

are obtained from the cross-flow potentials f' (x, r» it (x, r), W (x, r), 

and '7 (x,r). 

Goodman has succeeded in obtaining solutions for the cross-flow potentials 

from which he determined the forces and moments on the body due to heave and 

pitch oscillations. 

The forces and moments acting on the body, for small disturbances from 

equilibrium can be written as 

L= 

M ';'M S 
-~ 

;)L h 
+~ 

~M I: 
+ 4~ n 

(2.0) 
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where ~ , cL ,etc. are called the stability derivatives of the body. 
elf> d h 

These derivatives are (Reference 11), 

Pitch angle ( (, ) 

(21) 

- 2 Sy. [?c- ciJk(l-«)] 
'BA.SE Or 

"BO"b Y 

- z .srlt,(/ -0<) J-x] 
. 

Pitch angle rate ( $ ) 

_ {2~[X-aJ[~ _30< _ 3£,(,_0C')1} 
U [1- 0( 'j BA5EOF 

~o'Dy 

+ 2%[31,~~ +1 (0<- 3) Jx + .3\4. (/- "') Jx J 
(22) 
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Displacement or heave (h) 

a(Yt) 
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Li s' 2 2. B 
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() 

~ == local body cross-sectional area 

~ == tube cross-sectional area 

I == ~x 
a. == body pivot point in pitch 

)( == longitudinal body coordinate 

g. ;:: dynamic pressure 
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(23) 

(24) 

Goodman has calculated the non-dimensional stability derivations for 

an ellipsoid of revolution pivoting about the point, a == L/2. The results 

of these calculations are 
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51 N ..yo<,.,' _. ] 

Sloi' -r;J 
(25) 

These results are shown in Figures IIIA-9 and IIIA-lO. Although these 

results are restricted to small values of 0<.. m two general effects are evident: 

first there is an amplification of a destablizing moment in pitch, an'd second 

there is an attractive force between the body and the tube wall when the body 

is operating off-axis. Both effects can be expected to increase the dif-

ficulties in designing a dynamically stable vehicle. Further it is antici-

pated that the magnitude of all the stability derivatives will increase if the 

proper boundary condition, d r\.'\):;: ...Y..-, is incorporated into the analysis . 
dx ·U+l).. 
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PRELIMINARY ANALYSIS OF VEHICLE INHERENT STABILITY 

The present state of the art, relative to the determination of the aero-

dynamic characteristics of tubed vehicles, is not sufficiently advanced to 

allow an evaluation of the inherent stability characteristics of a typical 

vehicle, such as shown in Figures 3 and 7 of the Introduction, over the entire 

flight spectrum. Only in a velocity range in which a ram wing type of support 

system (Figure IIIA-1c) can be used does there exist sufficient information 

for this purpose. 

To illustrate some of the problems associated with the design of a tube-

flight vehicle, a vehicle with the following geometric properties has been 

analyzed to determine its inherent stability in heave and pitch. 

vehicle Body 

a) Ellipsoid of revolution 
b) Length = 100 feet 
c) Diameter = 9 feet 
d) Weight = 100,000 pounds (ellipsoid is considered to have a 

uniform weight density) 

Support Pads 

a) Airfoil shaped (two dimensional aerodynamic lift character
istics are shown in Figure IIIA-5) 

b) Number of pads = 4 (two fore and two aft of vehicle center 
of gravity) 

d) Pad-to-tube wall clearance = 9 inches (at a design cruise 
speed of 375 mph) 

d) Pad circumferential arc = 120 degrees 

a) Tube diameter = 15 feet 

The equations of motion, referred to a frame of reference (x,y,z) fixed 

at the mass center of the vehicle, are (Reference 1), 

Fy =- -YrJ[V +RU -PW] 

~ = m(w+pV-Qg N= h ... Ph - Rh 
~ y X 

hK - AP-FQ - E"R 

h --FP+BQ-1YR y -

(26) 



IIIA-28 

where F')t / F" , F. = scalar components of force acting on vehicle 
U V J W = " " " vehicle velocity 
'P G?/R= 11 II " vehicle angular rotation 
L M I N = " ) 

11 " moment acting on vehicle 
A I "B I 

c:.,= moments of inertia about (x,y, z) axes 

" E If' = products of inertia ) 

If it is assumed that 

1) the vehicle body axis and tube axis are initially coincident, 
2) the X,z axes form a plane of symmetry in the vehicle, 
3) there is no aerodynamic or inertial cross-coupling, 
4) rotor effects are negligible, 
5) the x axis in equilibrium flight is parallel to the tube axis, and 
6) the vehicle undergoes small disturbances from equilibrium, 

then the governing equations of motion are separable into two independent 

groups. One group describes the vehicular motions in the plane of symmetry; 

the other group accounts for motions out of this plane. Restricting the 

analysis to motion only in the plane of symmetry the equations of motion become 

where 4 

L\) 'V 

1-
0 

F:: = 0 Xo 

~o := 0 

M = 0 o 

~~ = mu 

Steady State Equations 

AF~ = ")r7[~ - Uo~] (27) 

AM = Bi 
Non-Steady State Equations 

= 
== 
= 
= 

aerodynamic force and moment perturbations 
perturbations of D,W 
perturbation of Q 
equilibrium steady-state value 

For a tube-flight vehicle, the short time response to a disturbance is 

of great interest due to the limited clearance between the vehicle support 

pad and the tube wall. For the short time response one can set ~ = O. Writ-

ing the aerodynamic disturbance forces and moments as linear functions of 

the instantaneous disturbances in vehicle position and velocity, one has 

1Ii~ ~Fi dF, b ~F, 
.. 

h 
. h + + + a - .,." 

.)h ~h d~ ~~ 
.. (28) 

.)M h + .lli. h + 111 ~ + lJ:1 · - Bb d' b ~h c\h ~S 

Assuming solutions of the form h "" 
).t , "" S tit the above system hle , I 

of equations has a solution if the characteristic equation 
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8' ).,3 + + £' = 0 (29) 

AI, BI --- etc are, in general, functions of the vehicle inertial properties 

(m,B) and the vehicular stability derivatives l ••• , ... etc. The 

solution of the characteristic equation provides the condition for finding 

the admissible values of 1\ from v'hich the damping and period of the disturb-

ances may be evaluated. 

For a ram wing supported vehicle having properties outlined previously it 

has been determined that 

1) if the vehicle pad size is chosen such that the pads operate at a zero 

angle of attack at a cruise speed of 375 mph, then the vehicle is dynamically 

unstable. This instability is independent of the location of the pads along the 

body. 

2) to produce a dynamically stable vehicle at this speed it is necessary 

to operate the support pads at an angle of attack of approximately 10 degrees. 

3) from a stability viewpoint it is more desirable to have many small 

chord pads operating at a high angle of attack rather than a few large chord 

pads operating at a low angle of attack. 

Whether or not a peripheral-jet (Figure IIIA-la) or a jet-flapped wing 

(Figure IIIA-lb) support system will alter the above conclusions is not known 

at this time. There is limited evidence available (Reference 7) which in-

dicates that even these support devices, when operating in the supercritical 

regime at low angles of attack, have an aerodynamic lift behavior similar to 

those of the ram wing. If future theoretical analyses and experimental test-

ing of these support configurations indicate that their aerodynamic behavior 

is similar to a ram wing, then indeed it appears that the design of the vehicle 

support system will be subjected to severe restrictions. 
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ARE.A III. INHERENT STABILlr;[IY AND CONTROL OF HIGH -SPEED 

FLUID-SUPPORTED VEHICLES MOVING WITHIN NON-BVACUATED TUBES 

PART B. STABILITY AUGMENTATION AND AUTOMATIC CONTROL 

(Reported by I· Lee and D. K. Frederick) 

INTRODUCTION 

III B-1 

The objective of this work is to identify the critical problems in 

providing stable flight of fluid-supported vehicles in non-evacuated tubes 

in the normally expected flight enVironment, and to investigate the 

feasibility of resolving any problems with currently available technology. 

The maintenance of stable flight is extremely critical in the case 

of a high-speed, fluid-supported vehicle moving in a confined guidew~y. 

Velocities of approximately 550 feet per second will be attained by the 

vehicle While it is cruising with a nomtnal clearance of one foot from 

the wall. Any large variation in the flight path of the vehicle is thus 

clearly intolerable, since physical contact with the tube wall must be 

avoided. Also, for reasons of passenger comfort, the vehicle must have 

proper speed of response and settling characteristics when it is displaced 

from the e~uilibrium by a disturbance. 

The specific· objective of this part of the work is to study the roll 

motion of the vehicle and to provide a roll control system that will vary 

the vehicle's banking angle in a specified manner during a turn and keep 

the roll angle error within acceptable limits throughout the entire flight 

of the vehicle. In the subse~uen'c analysis, stability of the vehicle motion 

under small perturbations about the e~uilib~ium is studied, at first, for 

a straight~tube flight. Postulating certain force characteristics for the 

vehicle's sup~ort pad, it is ~hown that the motion of the vehicle model 

may become unstable under small perturbations due to a de-stabilizing 

coupling between the roll angle error and the transverse motion. Next it 
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is shown that such instability can be removed by an appropriately chosen 

linear feedback controller. 

It is also shown that a properly selected roll control system can 

maintain the vehicle model very close to the specified banking angle while 

it is negotiating a curve. The roll control system incorporates the linear 

feedback controller which augments the stability of the vehicle model and 

uses a gyro-compensated pendulum as a roll angle sensor. 

VEHICLE MOTION DURING STRAIGHT-TUBE FLIGHT 

The Basic Vehicle Model 

The vehicle is represented by a rigid circular cylinder with support 

pads as shown in Figure III B-1. 

Vehicle Geometry. Referring to Figure III B-1} the vehicle has a 

fuselage diameter of 9 ft. and is 80 ft. long. Each end is supported by a 

set of three Ifpads lf in the configuration shown. The distributed nature of 

the individual pad forces has been neglected, and they have been treated as 

point forces. It is assumed that the support structure, when the vehicle 

is at its nominal position in the tube} will have a uniform clearance of 

d
i 

= 1.0 ft. from the tube wall. Further} it is assumed that the pad 

forces are directed through the vehicle's geometric centerline. Any moments 

exerted about the centerline by the pad forces are neglected in this 

analysis. 

The mass center is located equi-distant from both ends and .6336 ft. 

below the geometric centerline. This is the result of assuming a mass 

distribution of 1/3 above and 2/3 below the horizontal centerline in order 

to make the uncoupled roll motion look like a,stable pendulum. 



Vehicle mass 

Support structure radius 

Tube inside radius 

Fuselage length 

M 6.211 x 103 sl. 

R 8.0 f't. 
v 

Rw 9·0 ft. 
Pad 3 ~ctionOf 2L 80.0 ft. 

p ~ Motion 
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Moments and products 
of' inertia 

FIGURE III B-1.. VEHICIE GEC'MEI'RY 
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Transverse aerodynamic forces on the fuselage are ignored, and the 

thrust of the propulsion system is considered to exactly cancel the axial 

drag and to exert no moment about the mass center. 

The nominal vehicle parameters which will be used throughout this 

report are also listed in Fig. III B-1. 

SUPP2rt Pad Characteristics. The force-distance relations used to 

model the pad forces are of the form 

. 
F '" F. (d. ) + k. d. 

J. J. J. ]. 

where the assumed Fi(d
i

) are shown in Fig. III B-2. The parameters are 

chosen such that at the nominal vehicle poai tion the top pads exert no 

force and the bottom pads exactly support the vehicle's weight. The damptne; 

constants ,ki are chosen so that the linearized, uncoupled motions in x, 

y and ¢ have damping ratios of 0.5. These are certainly simplified modele 

of the support pads and they should be modified and improved as quanti taM-va 

information on the actual support pad characteristics becomes available 

later. 

Stability of Coupled Roll-Lateral Motion Under Small Perturbations 

In order to study the motion of the vehicle model following a 8100:1.1 

displacement in the roll angle from the equilibrium position, the vehicl~~ 

is represented by the two-dimensional vehicle model as shown in Figuxe III B-3. 

The response of the two-dimensional vehicle model following an initial 

. roll angle of .02 radians is shown in Figure III B-4. The presence of an 

unstable coupling between roll and transverse motions is indicated 

by Figures III B-4, (a) and (b). It is important to observe in part (a) 

how the initial roll angle results in growing oscillations of both the roll 
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angle and the y coordinate of the vehicle's mass center. Likewise, an 

initial error in the horizontal position of the vehicle along the y axis 

produces grow~ng oscillations in the vehicle's motion as indicated by 

part (b). It is shown in reference 1 that the instability of the two-

dimensional vehicle model cannot be removed by merely changing the damping 

constants of the support pad. 

One should be cautious" however I in interpreting this conclusion. 

It is based on the hypothetical l though reasonable, support pad character

istics'shown in Figure III B-2 and what is probably an oversimplified 

model of the support pads. Furthermore, the effects of any aerodynamic 

forces that may act on the vehicle's fuselage and support pads in the 

actual flight are ignored completely in the above analysis, since no 

~uantitative information on the aerodynamic forces was available at the 

time the analysis was made. The local instability of the two-dimensional 

vehicle modell however I indicates the possible presence of a de-stabilizing 

coupling between the roll and transverse motions in the actual vehicle. 

Feedback Compensation for Coupled Roll and Transverse Motions 

Fortunately, it is possible to augment the stability of the two-dimenSional 

vehicle model through the introduction of a feedback tor~ue proportional 

to the derivative of the roll angle error. If the feedback gain is chosen 

to be 75,000 ft.-lb./rad.jsec o 1 then the vehicle model is restored to its 

e~uilibrium position within about 5 seconds following the introduction of a 

roll angle error I as shown in Figure III B-4 (d). The peak feedback torque2 

required during this response was observed to be 1800 ft. lb. This is a 

J very reasonable magnitude; two OPPOSing thrusters placed 10 feet apart need 

to produce only 180 lb. of thrust each. The analog simulation indicated 

that the maximum re~uired control tor~ue is 1400 ft. lb. for a step change 
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of 1 degree in the roll angle error. Since the roll angle errors produced 

by physical disturbances do not vary so abruptly as a step function, the 

actually required peak may be substantially less than that reqUired for 

the step disturbance. It may thus be concluded that it is feasible to 

provide the required control torque to stabilize the roll motion of ·the 

two dimensional vehicle model. 

This conclusion is also validated for the nonlinear three dimensional 

vehicle model. l It is found that there is only a weak coupling between 

the heave-pitch motion and the roll-lateral motion. It is fairly obvious 

from the vehicle configuration shown in Figures III B-3 and III B-5 that 

the vehicle model may undergo the heave motion (in the z direction) with

out coupling into the roll-lateral motion. It is shown in l?igure III B-G(a) 

that the roll motion of the augmented vehicle model does not couple into 

the yaw motion. If the roll and yaw angles are perturbed Simultaneously, 

the yaw angle error de cays wi thin a fraction of a se cond as shown in T!'ig

ure III B-6(b). The pitch and heave motions are also found to be well 

damped for the augmenteri vehicle model. 

VEHICLE MOTION DURING CURVES 

The vehicle must be rolled to the correct banking 8rlgle durj.ng ll8.ssage 

tlU'ough a curve in order for the passenger to experience no sideways forces 

due to the centripedal acceleration of the vehicle. If the parameters of 

the vehicle and its velocity are known precisely and no disturbances eXist, 

then it is possible to determine the control torque required to maintain 

the vehicle at the correct roll angle throughout the curve. Such a programmed 

roll torQue, however, should be supplemented by a feedback torque due to 

the presence of disturbances in actual flight conditions and uncertainties 
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in vehicle speed and vehicle parameters affecting its roll motion. 

Selection of Curve Geometry and Roll Torgue Program 

In order to keep the required peak torque to a reasonable magnitude 

while the vehicle is negotiating a curve and to produce the required torque 

with simple on-off thrusters, a bang-bang torque program was previously 

proposed. 3 It is then possible to determine the curve geometry for which 

the proposed bang-bang torque program will maintain the vehicle at the 

correct banking angle during the curve, provided that the roll dynamics 

of the vehicle are determined solely by its moment of inertia I • xx 

Assuming that the vehicle negotiates a curve with a constant, nominal speed V 

and the vehicle's roll dynamics can be approximated by the differential 

equation 

d
2¢* I· = N (t): specified control torque 

xx dt2 c 

the curve geometry obeys the following relationship to an excellent 

approximation: 

d2y * ax2 = ~ tan ¢ (t) 

ax 
dt = V: constant 

From these three equations, one can determine the curve characteristics 

Y(X) by numerical integration and the programmed roll angle for the 

vehicle -¢*(t) or ¢*(x) can be found analytically. It is shown in 

table III B-1 and in Figures III B-7 and III B-8 that the bang-bang torque 

program requires a smaller peak torque than the torque program correspond-

ing to a curve where Y is a quartiC function of X. 



TABIE III B-l. COMPARISON OF CURVE PARAMErERS FOR QUARTIC VERSUS BANG-BANG CASES 

ex = 0.2 a= 0.'5 a= 0.8 

Quartic Bang-Bang Quartic Bang-Bang Quartic Bang-Bang 
! Peak acceleration 

gls 1.08 1.08 1.414 1.414 1.89 1.89 

'* ¢max' deg. 21.8 21.8 45 45 58 58 

.* ¢ ,rad/sec .192 .190 .400 ·392 ·510 -506 max 

Maximum torgue 6,700 57750 21,700 11,870 37,800 15,300 ft Ibs 

Angle turned in 
2-95 2·90 7·35 6·73 11.67 9·87 2000 ft, deg. 

Y(500), it 0-13 0.13 (J·34 0.26 0·54 0·34 

Y(lOOO), ft 2.15 2.05 5·37 4.26 8.60 5·53 

Y(1500), it 10.60 10.19 26·5 21.88 42.4 29-31 

Y(2000), it 30.00 29·20 75·10 65.29 }20.20 91·71 

Switch length*, ft 1794 1800 1394 1470 1232 1370 
.. 

Parameter values used in calculations: L = 1000 ft., V;: 500 ft./sec., 
4 2 

Ixx = 6.04 x 10 slug ft 

* defined as the length of tube required to obtain Y(X) = 20 ft. 

Note: a = 0.5 tan ¢:u. A complete curve would consist of two similar 2000 ft sections with perhaps a third 
section of constant curvature located in between. The total angle turned would thus be at least twice 
the above figures and would depend on the amount of the constant curvature section used. 
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Roll Control System for Two-Dimensional Vehicle Motion 

Since the roll torque program N (t) 
c and the nominal roll angle 

¢ * (t) are determined on the baSis of the simplified roll dynami cs of 

the vehicle in the absence of disturbances, the actual roll angle of the 

vehicle ¢(t) is normally different from the nominal angle. Consequently, 

when the vehicle comes out of a curve, it can be expected to have some 

non-zero roll angle error. If there is no feedback control, this roll 

angle error oscillates with growing amplitude as shown in Figure III B-9. 

The influence of the feedback torque is not very significant while the 

vehicle is negotiating a curve which requires a maximum banking angle of 

450
• The feedback torque is essentially providing small, continuous 

corrections to the programmed torque which was determined by neglecting 

the coupling between the roll and transverse dynamics. The need for the 

feedback control torque after the curve seema decisive for the purpose of 

eliminating any errors incurred during the curve. 

The programmed roll torque required to roll the vehicle up to 450 is 

approximately 12,000 ft. lb. A torque of this magnitude may be produced 

by two sets of thrusters placed 12 ft. apart, each set producing a thrust 

of 1000 lb. This would seem to 'be a reasonable enough requirement such 

that it could be met within the lind.ts of current technology. 

The adequacy of the proposed roll control system for the nonlinear, 

three-dimensional vehicle model has not yet been established by digital 

simulation, but, based on experiences to date, there is no reason to suspect 

any significant differences from the above results. 

EFFECTS OF SENSOR DYNAMICS 

In the foregoing discussion, the feedback control torque was based on 

an exact measurement of the roll angle error. In practice, however, such a 
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FIGURE III B-9. SIMULATION OF A TYPICAL CURVE 
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measurement is not available and a physical sensor must be used to measure 

the angular difference between the vehicle vertical and the resultant of 

the gravitational and centrifugal forces. This sensor will in general have 

dynamics of its own which will provide an additional source of error in the 

vehicle's response. Intuitively, a viscous-damped pendulum which rotates 

in a plane normal to the direction of travel should give a true indication 

of the angular difference after the transient due to its own dynamics had 

decayed. But the vehicle's transverse acc~lerations and angular motions will 

introduce errors in the measurements. 

A tuned pendulum shown in Figure III B-IO may be used as a roll ang~e 

sensor. Its step and ramp responses are shown in Figure III B-II for various 

parameter values. In order to reduce the measurement errors in the pendulum 

sensor, it is compensated by means of a rate gyro and a filter network as 

shown schematically in Figure III B-12. The step and ramp responses of the 

compensated pendulum are shown in Figure III B-13. The compensated pendulum 

was used as the roll angle sensor in the roll control system for the two

dimensional vehicle model. The e~uations of motion for the sensor may be 

found in reference 4 along with the nominal parameter values. Responses 

of the two-dimensional vehicle model augmented with the feedback control 

system including the sensor are shown in Figure III B-14. As shown by these 

responses, the pendulum type sensor with the particular set of parameter 

values chosen for these simulations tends to make the vehicle motion follow

ing an initial roll error somewhat oscillatory. Also it takes longer for 

this vehicle model to be restored to the e~uilibrium than the previous 

vehicle model with ideal roll sensor, whose response is shown in Figure III B-9. 

The augmented vehicle model with the pendulum sensor is, however, stable 

and it is thought that its response characteristics could be improved by 

a better choice of the pendulum parameter values. 
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CONC WS IONS 

The foregoing analysis and discussion bring out the following points: 

1. Curves can be designed to yield bang-bang roll torQue programs 

that can be easily implemented in practice. 

2. A strong coupling exists between the roll and lateral motions 

while there is only a weak coupling between the heave and roll-lateral 

motions. 

3. The simplified vehicle model used in the analysis has been shown 

to be unstable due to the coupling between the roll and lateral motions. 

This instability has not yet been examined in terms of a more exact model. 

4. The simplified vehicle model, however, can be stabilized readily 

be means of a roll rate feedback control. 

5. The roll angle error can be measured, for the purpose of feedback 

control, by means of a tuned pendulum with rate gyro compensation. 

6. The yaw motion is found to be much more heavily damped than the 

roll-lateral motion. This implies that the vehicle will tend to remain 

aligned in the tube although it may be undergoing roll-lateral oscillations. 

The results of this study are obviously dependent to a great degree 

upon the particular vehicle geometry which was assumed and the simplifying 

assumptions made. Since very little preliminary information on the aero

dynamic characteristics of either the support devices or the fuselage itself 

was available at the time when this analysis was made, the assumed mathematical 

model is probably Quite incomplete and oversimplified. For example, the 

linear damping forces used in the support pad characteristics are not 

introduced on the basis of concrete physical eVidence, but are chosen to 

make the linearized, uncoupled vehicle motion ade~uately damped. Physically 
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a desired damping may be produced by mounting the supported pad on the fuselage 

with appropriately designed spring and dashpot. It is anticipated that physical 

means of producing the desired damping forces will be investigated in the 

future. A preliminary estimate of the desired damping indicates a requirement 

for energy dissipation at a rate between 10 to 20 H.P. and this seems to pose 

no difficulty. In light of these factors, therefore, a literal interpretation 

of the results presented in this report is inappropriate. 

However, certain conclusions obtained from this study should be significant 

even if there is not a close correspondence between the actual vehicle dynamics 

and the mathematical model used. For instance, there will probably be a 

strong coupling between the roll and transverse motions even if the support 

forces do not act in the same way as postulated here and even if the aero

dynamic effects on the vehicle's body are not negligible. For this reason, 

the study presented here could be of considerable uti~ity in designing the 

instrumentation to be carried by the test vehicles employed in the experimental 

phases of the project. As improved mathematical models are developed in the 

future, their validity may be assessed by using the experimental data obtained 

from properly instrumented test vehicles in the tube facility. 
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INTRODUCTION 

AREA IV 

SMALL-SCALE EXPERIMENTAL STUDY 
(reported by W. B. Brower, Jr.) 

IV-l 

This area has for its objective the demonstration of feasibility of the 

Foa tube-transportation concept which involves a novel form of propulsion 

(internal propulsion) in which there is a transfer of air from in front of 

the vehicle to behirid. The features of internal propulsion are described 

in the first two sections of this report. 

There are a number of possibilities in devising a practical scheme to 

exploit this form of propulsion. Some of the principal ones are: propellers 

driven by gasoline-powered engines, by electric motors, or by flywheels; 

turboprop or turbojet engines; fluid-bladed propulsive devices. In order to 

fix the specifications for a tube in which to demonstrate feasibility, the 

propulsion system must first be specified. 

Preliminary computations showed that the IIsimplest" and most promising 

approach is a propeller-driven vehicle with a propeller diameter of the order 

of 12 inches. To attain speeds in excess of 200 feet per second (about 136 mph) 

a tube length of about 2000 feet is required. Details of the facility, and of 

the vehicle design and construction are given in the following paragraphs. Un-

fortunately, unforeseen problems connected with the tube installation and de-

lays due to failure of some of our major suppliers to meet delivery deadlines 

have so far prohibited initiation of the test program. 

l1lE:TUBE TRANSPORTATION FACILITY (T2) 

The site for the tube-transportation facility (hereafter referred to as 

T2) is located in the city of Rensselaer, N. Y ., eight miles south of '1:roy, in 
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the former car repair yards of the Boston & Maine RR, which is a subsidiary 

of the New York Central System. The site is west of Broadway about 1/4 mile 

east of the Hudson River and is excellent for our purpose. The ground is al

most flat, is not near dwellings or other buildings, and has excellent drain-

age (gravel fill). * The working area is 100 x 2200 feet, and has been leased 

to the Institute for $l.OO/year. The site is shown in Figure IV-I. It is 

bounded on the north, east, and south by New York Central tracks which lead 

from the main line to a pair of bridges over the Hudson. 

Tube Construction 

The tube is constructed from nominal 12" D pipe where actual dimensions 

are 12.75" OD with a 0.203" wall giving an ID of 12.34". The pipe comes in 

60-foot lengths and is welded up into three continuous pieces, which couple 

together by means of removable 8-foot sections at stations located 500 feet 

and 1000 feet from the north end of the tube. Pressure tightness is achieved 

by means of Dresser couplings. Figures IV-2 and IV-3 show two views of the 

installation. 

The pipe rests in saddles ·(Figure IV-3) supported by welded stanchions 

from RR ties embedded in the ground. The saddles were made from a heavy 

angle iron cut out to take a piece of I-inch bar rolled (ostensibly) to the 

pipe OD. As it turned out fabrication of the saddles was not satisfactory 

for our purpose since the actual saddle diameter was, in almost every case, 

less than 12.75". This resulted in a pinching of the pipe, preventing it from 

sliding freely in the saddles and also distorting it locally. Although each 

saddle was returned to the fabricator (at considerable effort and delay) for 

grinding, it was finally necessary for the job to be entirely redone in our 

* Construction was donated by the Poole,Construction Co., Mr. Arthur E. Poole, 
RPI, '35, president. 
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Fig. IV-2. View of T2 facility looking north. 
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own shop to obtain a satisfactory fit • 

. With the pipe finally in place the tedious and frustrating operation of 

leveling and aligning the tube was begun. Initially, an effort was made to 

achieve a "line-of-sight" horizontal line as fixed by a surveyor's level 

located at the center station of the tube. However, the desired accuracy 

(± 1/32") was not atta:lnab1e over the entire length of the tube. Finally the 

method employed was to align the tube over a number of 200-foot long incre

ments, moving the level for each increment. The adjustment was made by jack

ing up the tube and shimming the saddle with metal or masonite shims. This 

process has been completed. 

For the alignment procedure in the vertical plane a steel wire is 

stretched between two stations 300 feet apart and the tube displacement mea

sured from the line by a special jig. By moving the wire longitudinally in 

steps of 200 feet with a 100-foot overlap the reference line is extended over 

the entire length of the tube. It was found that deviations from the mean 

line of almost ± 2" occurred in some sections. The alignment procedure employs 

a special screw jack to push the pipe and saddle at each station onto the mean 

line. Although the procedure seems to work quite satisfactorily, the movement 

required of the saddle at many stations is greater than the original built-in 

adjustment so that the saddle flange has to be drilled and slotted. This is a 

rather slow process when working in the field, and the alignment has not yet 

been completed (Sept. 14, 1966) • 

. ~r?Ject Tubeflight Control 

Serving as facility office, laboratory and control center is a lOx40 foot 

. construction-site trailer. It is furnished with heat, hot and cold water and 

the customary sanitary facilities. Working space involves two rooms, one 
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10x11 feet and one 10x21 feet. The larger room will house the recording in-

strumentation described below. The trailer is enclosed by an eight-foot chain-

link fence topped by barbed wire; the overall enclosure dimensions are on 

Figure IV-1. A small utility shed 6x9x6' high is also within the enclosure to 

accommodate a variety of miscellaneous gear and supplies. 

Instrumentation 

A primary requirement in the feasibility study is the ability to measure 

vehicle performance along its flight path, i.e., to determine its position, 

speed and acceleration as a function of time and position. To accomplish this, 

provision is made to measure the time of passage of the vehicle at each of 201 

transducer stations located at 10-foot intervals along the top of the tube. 

* The system consists of two basic units: (1) the transducer chain, and 

(2) the signal processing and recording equipment. 

The transducer chain. The transducer chain is a photo-electric system. 

The vehicle carries a light source whose beam angle and intensity can be set 

for the required conditions. In the tube itself there are periodically spaced 

measuring stations, each station consisting of a photocell and associated cir-

cuitry. 

The photocells (Polaris Electronics Corp. Mod. LDR-C1) face the interior 

of the tube so that, as the vehicle passes, the light will excite the photo-

cell causing a change in its resistance. The associated circuitry is designed 

to operate at either cutoff or saturation, and the change in photocell resis-

tance will switch the circuit to its oppo~te state. Thus, we obtain a pulse 

as the 'Vehicle passes, whose duration is very short compared to the travel 

* The instrumentation system was designed by Mr. Raymond Vi1larroe1 under 
the supervision of Prof. Bruce A. Carlson, Dept. of Electrical Eng. 
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time between adjacent transducer stations. 

Two types of transducer circuits have been used) as shown in Fig. IV-4a 

and IV-4b. One is normally in saturation) the other normally in cut-off, in 

absence of photo-excitation. The circuits are interlaced in a cascade con

figuration) Fig. IV-4c. By so doing, we avoid the problems of paralleling 

201 units, and reduce the supply-current demands. Moreover, with the series 

connection, the transducer pulses are amplified and shaped by the successive 

stages) giving a high total gain and facilitating failure detection. 

The output of the last unit in the chain is the data output. Generally 

speaking) this signal is a sequence of pulses whose time-spacing gives the 

vehicle transit-time between stations. 

Figure IV-5a is a photograph of an exploded view of the photo-electric 

cell, the plug in which it is mounted, a typical printed circuit and connector) 

and the modified Threadolet fitting into which the instrumentation plug is 

screwed. Figure IV-5b shows the Threadolet mounted on the tube and the flexible 

hose through which the wiring is led to a standard electrical conduit. 

Signal processing and recording. The signal is led through the conduit 

to recording equipment located in the trailer. This equipment takes the elec

trical output of the transducer chain, and converts it to time-interval 

measurements recorded on paper tape. Since 200 time intervals will be obtained 

in every run) the calculations required to obtain vehicle speed and accelera

simplified by using a computer with the paper tape as a data source. 

program can be used for all the runs. Figure IV-6 shows a block dia-

ofth!?signal processing equipment. 

time-interval is produced by a Hewlett-Packard counter) Mod. 5223, 

for fast reset. This counter gives a visual display, and an electri

cal output in binary coded decimal (BCD) form which is fed to the coupler. The 

coupler stores and converts the BCD data to drive the tape punch. Storing of 
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Ftg.IV~7. Hewlett-Packard recorder and paper punch. 
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the information allows the starting of a new interval measurement almost 

immediately after one measurement ends. The coupler and the tape punch are 

a unit manufactured by Hewlett-Packard, Inc., Dymec Division, MOd. 2545. The 

assembly is shown in Figure IV-7. 

The maximum punch rate is approximately 20 words per second, but the 

system capacity can be increased by recording the transducer pulses in analog 

form on magnetic tape, and then playing it back at 1/2 or 1/4 the recording 

speed. By this means, the time intervals are increased by a factor of 2 or 4, 

which the punch can readily handle. 

In addition, there is a totalizer counter which will indicate tIle latest 

position of the vehicle along the tube as a test run is in progress. A total-

time clock, with accuracy of 1/100 sec, enables us to determine and compare 

the total time with the sum of all the successive time intervals. 
( 

Almost without exception delivery of equipment and supplies for the in-

strumentatlon was substantiB:11y later than promised. All equipment has been 

received, however, and the installation should be operative by the end of 

September, 1966. 

Test Vehicles 

A series of vehicles has been envisioned of which the following are 

pertinent to the present report. 

Mark I. P.. light vehicle, powered by model-airplane engines. 

Mark IIa. A.l1eavier vehicle, powered by McCulloch gasoline engines. 

Mark IlIa. SImilar to Mark IIa, but with a flywheel drive, constant 
pitch propellers, and a gear ratio of 1.0. 

Mark I. This vehicle, Figure lV-a, has been built under a National 

Science Foundation grant* GK-618 which involves a comparative study 

* The vehicle was designed by Prof. H. 'J. Hagerup, Dept. of Aeronautical 
Eng. and Astronautics, and built by Mr. D. Labriola. 
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at Rensselaer on the performance of various. types of support systems for 

tube· transportation. Mark I will be the first air-,upported and self

propelled vehicle to be tested in Facility T-2 when this facility is com

pleted. It is expected alao that Mark l. will prove useful in checking out 

the tube instrumentation, and provide data on the performance of plenum 

chamber air-support devices of various configurations at an early stage 

in the project:. 

Mark I is designed around two rea4ily available, air-cooled, recipro

cating internal combustion engines. The propulaion !Jnit consists of a 

McCoy 0.60 cu. in. engine, developing l.32bhp at 17,000 rpm, located at 

the rear of the vehicle, and driving an adjustable pitch l1 ... in~h diameter 

pusher propeller. The running time of the propulsion unit is controlled 

by a simple timer which turns off the fuel flow to the engine at a preset 

time. The unit wh:l.ch furnishes auxiliary air for the a:l.r-support pads con

sists of a Veco 0.35 cu. in. engine, developing 0.60 bhp at 12,000 rpm, 

located near the front of the vehicle, and driving a four-bladedducted 

propeller facing the oncoming stream. The inducted air·passes over the 

eng:l.ne and is distributed through ducts to four support-pad attachment 

o points, one pair fore and one pair aft, each pair symmetrically offset 45 

from the vertical plane for yaw stability. 

The air support pads are readily interchangeable units. At the pre

sent time one set of rectan,gular planform, large area, standard plenum

ch~ber type pads have been constructed and tested in hovering operation. 

This first set is subject to a relatively large parasite drag in forward 

~light. A second set of carefully streamlined, small area, fibre-brush-

. edged plenum chamber pads has also been constructed. Depending upon the 



type of support pads used, the vehicle model will have an overall weight 

of between 7 and 9 lbs. The construction is essentially balsa wood sheet 
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on bulkheads and stringers, with engine mounts made from aluminum-reinforced 

plywood. The vehicle is ready for trial runs, which will take place as 

SOon as the T-2 facility is available for test flights. 

Mark IIa. The basic design of the Mark IIa vehicle is essentially 

complete although there are certain structural features which remain to be 

settled when the engineering drawings for the main motor mounts become 

available. Figure IV-lO is a schematic of the nose propulsion and support 

sections. 

(1) Body. The vehicle will be about eight feet long overall, con

structed from a thin wall aluminum tube 7 inches in diameter with an 0.060 in. 

wall. It is symmetrical (except for engine rotation, to eliminate torque 

unbalance) about the center station, and is compartmented into propulSion, 

support, support-power, and instrumentation sections. 

(2) Power. Mark IIa will employ for propulsion a pair of McCulloch 

Me 100 "Kart" engines rated at about 10-13 bhp at 9,000 rpm. The engines 

are being modified to reduce weight and to increase power. Modifications 

involve removal of the housing, fan and flywheel, and replacement of the 

standard single carburetor by a set of three, located in line with the 

cylinder to minimize blockage. It is expected that the modified engine will 

produce from 15 to 20 bhp at 10,000 rpm. 

Preliminary designs for the engine control linkage, special fuel tank 

and mount are expected to be completed in the near future. 

(3) Propeller. The engines will each drive a six-bladed propeller, one 
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tractor and one pusher, 11 inches in diameter. They are made from fiberglass 

(half of the blades are already cast), designed and fabricated by the Payne 

Engineering Co. of Charleston, West Va., which has extensive experience in 

the manufacture of small-diameter fiberglass propellers. The propellers are 

geared up to a nominal operating rpm of 20,000. Since none of the items, 

gearbox, hub, or blades, is an off-the-shelf unit, the design and fabrication 

has been a slow process. 

(4) Support pad constructiop. The vehicle will be supported by a pair 

of annular jet support pads located just aft of the forward engine and forward 

of the rear engine. Each pad is compartmented along the plane of symmetry to 

improve stability in yaw, and each left and right portion of the pad is sub

divided into a front and rear section with its own supply of air. This is to 

permit the capability of shutting off the supply air to the front part of each 

pad to convert it from an annular jet to a jet flap configuration. In principle 

this should be the most efficient set-up at high speeds. Figure IV-lla shows 

a pad cross-section. 

The pads, which are axi-symmetric, extend from the vertical plane of sym

metry to 600 on either side. An annulus was made by spinning an aluminum sheet 

to the counter of the top surface (except for the leading and trailing edges) 

and cutting out the individual pads as 1200 segments. The circumferential di

vider is welded in place and the bottom held on by screws. Brushes are pro

vided in the final device at the pad bottom on the plane of symmetry and at 

the tips to improve the (fluid mechanical) separation of the left and right 

Fig. IV-lIb is a'sketch of the body and pad from the front. At 

300 stations there are attached slabs 9f braking material to supplement 

aerodynamic braking, particularly at low s~eeds. Figure IV-Ilc is a 

of the annulus prior to segmenting. 
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~ark IIa support pads before segmenting. 
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(5) Support air system. Air to the support pads is furnished by a 

pair of AiResearch Vaneaxial fans, each driven by a Rossi "60" model engine 

which develops 1.8 bhp at 18,000 rpm. Air is taken in through vents in the 

side wall of the vehicle body and pumped by the fans into a pair of plenum 

chambers. From. the chambers the air passes to the pads via streamlined 

aluminum thinwall struts which are welded both to the main body and to the 

pads. The design incorporates "trap~door" valves on the strut bellmouth 

inlets which can be activated as desired to shut off the flow to the front 

portions of the pads, thus converting the support system to a jet flap de-

vice. 

Because of the space limitations special gear-drives are provided to 

start the Rossi-fan combinations, and special fuel tanks are provided. Design 

for this system is complete and fabrication has been started. 

(6) Instrumentation section. An instrumentation section is provided 

which will house timing mechanisms, a light source to trigger the photo

electric cells on the tube wall, and a photo-electric triggered device to 

operate the McCulloch engine throttles for shut-down. For succeeding models 

it will be possible to accormnodate a small recorder and instrumentation for 

obtaining data on pitch, yaw, longitudinal deceleration, etc. 

(7) Braking system. The most probable braking system will employ an 

annular strip of rubber of the type used in aircraft de~icers located near 

the vehicle stern. A device, probably triggered by the same photo-electric 

cell as in (6) will release carbon dioxide gas, inflating the sheet,creating 

a, "doughnut" around the vehicle. This device restricts the airflow and 

caus.es the vehicle to act like a piston (somewhat permeable) thereby creating 

a, hammer wave propagating ahead of the vehicle, raising the pressure ahead of 

the brake, and generating a retarding force. A special experimental study is 

underway to investigate the performance of this device. 
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A secondary braking action is provided by very lightweight porous 

plugs which are picked up by the propeller, after shutdown of the engine. 

The plug acts like a permeable piston across which a pressure drop is 

maintained while the vehicle is decelerating. If the primary braking system 

works out successfully it may be possible to dispense entirely with the 

secondary system. 

Mark IlIa. The Mark IlIa vehicle has certain similarities to Mark IIa, 

particularly in the support system. Propulsion will be provided by pro-

pellers driven by a pair of flywheels which are run up to a high speed before 

"clutching-in" the propellers. The flywheels will be much lighter than the 

engines on Mark IIa. In addition the experience gained from operating 

Mark IIa should permit the design of a more efficient support system with 

attendant weight saving. The substantially lighter weight will permit a 

higher initial acceleration and greater maximum speed for a given length of 

tube. A preliminary design for the propulsion system for Mark IlIa has re-

cently been completed. 

RESCUE VEHICLE 

Provision must be made to "rescuell test vehicles which terminate flights 

at points within the tube and which are not readily accessible from the out-

side. 

* We have been fortunate in obtaining the loan of a commercial pipeline 

crawler rig which is used to transport x-ray equipment within the interior 

of a pipe. As is, the equipment will not fit inside a 12 in. pipe. The unit 

is being modified to permit this. It consists of a 1 hp 3-phase 60 cps motor 

wh:tchdti:vesa trio of wheels by means of a chain and sprocket arrangement. 

Inspection, Inc., Rahway, N.~. 
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The wheels are located at 120
0 

intervals around the tube periphery. A 

second se t of idler wheels provl.· des stabl.·ll.· ty. P ower to the motor is pro-

vided by a 3-phase gasoline generator through a cable. A control panel 

allows the rescue vehicle to be started, stopped or reversed. 

TEST VEHICLE THEORETICAL PERFORMANCE 

Prediction of test vehicle performance requires knowledge of the vehicle 

aerodynamic characteristics and of the performance of the propeller-power 

plant combination. Neither of these is adequately known at the present time. 

However, based on assumed power plant performance and estimated weight 

and drag characteristics of the vehicle, the equation of longitudinal motion 

* is easily formulated. A technical report by J.t. Way, which was included in 

the quarterly progress report for June 1966, analyzes the case of flywheel-

powered, propeller-driven vehicle. 

Applying the same equations to the case of a constant-torque propeller 

drive, W.J. Webster has analyzed the performance of a vehicle weighing 

64.4 lb (2 slugs) and powered by a pair of 15 bhp or, alternatively, a pair 

of 20 bhp engines at 10,000 rpm. For a gear ratio of 2.0, and assuming that 

the engines maintain a constant torque, Figure IV-12 compares the solution 

for the two cases. At the 1500-foot station 15 bhp engines produce a maxi-

mum speed of 220 feet per second (150 mph) and 20 hp engines produce 280 feet 

per second (190 mph). A report in preparation will give the details of this 

analytical work. 

i\;>,~,!~~Yli~Yij.'~~R1;iQJ;1.0f a Propeller-Driven Vehicle. which Utilizes Flywheel-
St()red.,~J;1ergr, " RPI TR AE 6603, June 1966. . 
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SUMMARY OF RESULTS AND CONCLUSIONS 

(1) Substantial reductions of the power required for high-speecl 
I 

v~hicular propulsion in non-evacuated tubes are possible through the 

use of "internal" modes of propulsion - i.e.~ of thoi/8 modes in which 

the thrust is generated by continuously transferring the air within the 

tube immediately in front of the vehicle to its rear. This is true at 

l~ast in the condition of correctly matched internal propulsion, i.e .• 

when the mass transfer rate <lnd the momentum and energy inputs are so 

matched to the operating conditions that the far flow in the frame of 

reference of the vehic~e is undisturbed. Earlier analyses have shown that 

the internal modes are very effective in allevia(:ing the adverse I'piston 

effect" which makes the conventional ("external") modes impracticable when 

the blockage ratio is large, and that the advantage of internal over exter-

nal modes increases with travel speed and blockage ratio. These analyses 

have also revealed that the power demands of internally-propelled vehicles 

in non-evacuated tubes are potenti~llY lower than those of ~xisting vehicles 

af comparable speeds, except in the transonic range (from about 400 to about 

900 mph). Further study has now shown that th~ internal modes retain their 

superiority also when the blockage ratio is small. Therefore, the inter~ 

n~l modes of propulsion are not only the most practical ones for tube 

vehicles with large-clearan~e aerodynamiC s~pport but are also potentially 

the most efficient ones from the standpoint of power demands for all con~ 

flgurations and operating condit~ons. Current studies of the effects of 

w~ll porosity on drag and propulsive efficiency may lead to further reductions 

of the power required w~th internal propvlsion, particl)larly in the transonic 

r~nge. 
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(2) ans as t rust generators The use of bladeless propellers or f h 

fat correct internal propulsion is teasible. Furthermore, when an internal 

combustion engine or gas generator is used for propulsion, the bladeless 

prope~ler not only is simpler and lighter but also has a potentially lower 

fuel consumption than a conventional propeller or fan aJrrangement, at 

least f9r moderate and large spin angles. When an electric drive is used, 

the favorable competitive position of the bladeless propeller extends to 

somewhat lower spin angles, In general, the power dem~nds of these devices 

are competitive, in thrust generation for internal propulsion, wi~h those 

of conventional prop~llers or fans. 

(3) The feasibility of radiatin~, propagating and receiving high 

frequency energy in a cy~indrical conducting tube has been studied, and 

initial results on radiation and reception by very simple antennas are 

promising. More complex and efficient systems are being constructed, It 

is clear that the major difficulty will involve the suppression of superious 

mopes with high dissipation, and this problem is being intensively stu~ied, 

cafity measurements indicate ~hat svppress ion of non-cylindrically symmetric 

modes by cyHndrically symmetric gaps is qt,d. te promising, An experiment~l 

t~chnique and equipment has been devised to test solid state rectification 

de,vi,ces. An dficiency of 80 percent at a power level of 0.5 watts ha~ 

be.en measured, which is in good agreement with previous results in this 

.alJ:
ea

. Diodes with power ratings of 5 to 10 watts are on hand and will be 

t~5ted shortly. 

(4) A theoretical method for analyzing the behavior of a ram wing ar 

a j~t-nal'ped wing operating in ground proximity has been developed and an 

for the determination of the stability derivatives of an axi-

pody moving through a tube has been reviewed. rhese analyses 
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have been used to evaluate the inherent stability of a tubeflight vehicle. 

It has been determined that at high speeds, where a ram-wing type of 

support system can be used, a vehicle can be designed which possesses 

stability in pitch and heave. At this time the state of the art, relative 

to the determination of the aerodynamic characteristics of the support 

system of a tubeflight vehicle, is not sufficiently advanced to allow an 

evaluation of the inherent stability of a typical vehicle over the entire 

flight spectrum. A moving-wall wind tunnel has been designed and con

structed for the experimental study of the high-sp~ed characteristics of 

ground support systems. 

(5) The vehicle's banking angle and roll angle error can be controlled 

by the proper design of curve geometry and the use of a feedback roll con

trol system. A mathematical model of the vehicle has been constructed by 

postulating certain force characteristics for the support pads and by 

neglecting the aerodynamic forces on the fuselage. This simplified model 

exhibits a destabilizing coupling between the roll and lateral motions 

which can be counteracted by the feedback control system. 

(6) An experimental tubeflight facility 2000 teet long has been 

designed and erected. A transducer-recorder system for the monitoring of 

vehicle flights has been designed and its fabrication is essentially com

plete. A series of vehicles has been designed and construction started, 

although vehicle fabrication has not sufficiently advanced to allow initia

tion of flight tests during the period of this ~eport. 




