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PREFACE 

This report is a summary of the researches performed at 

Rensselaer Polytechnic Institute during the period 15 February 1968 -

15 January 1969 under contract with the Office of High-Speed Ground 

Transportation of the United States Department of Transportation. 

Activities under this program during the past year have com

prised: (a) theoretical s~udies, (b) experimental researches in 

Facility T-3, and (c) vehicle design and construction and testing in 

Facility T-2. 

These activities and their results, as well as specific problems 

in the study areas, are discussed in detail in the reports that are 

listed in the Appendix. 
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INTRODUCTION 

Project Tubef1ight deals with an intercity high-speed ground

transportation scheme that has been under study at Rensselaer Po1ytechniq 

Institute for several years. The scheme is one in which air-cushion

supported vehicles propel themselves in a novel way in nonevacuated tubes. 

The study was supported in part by the Army Research Office (Durham) dur

ing the period 1961-1964 and has been conducted, more recently, under a 

grant from the National SGience Foundation and a contract with the Office 

of High-Speed Ground Tr~nsportation of the United States Department of 

Transportation. 

Work on this project under the latter contract was started in 

December 1965. Its initial phase was a feasibility study, the results 

of 'which were presented in our first summary report (Project Tubef1ight -

Phase I -- Feasibility Study, Rensselaer Polytechnic Institute, September 

1966, Clearinghouse No. PB 174 085). 

During our second year under this contract, our effort was aimed 

primarily at the determination of more precise quantitative information 

on the expected performance of various components of the system. The 

results of these studies were presented in our second summary report [1J *. 

as well as in about a score of detailed technical reports. 

During the period covered by this (our third) summary report, our 

effort has been aimed primarily at the objective of obtaining realistic 

predictions of the power demands and attainable speeds of full-scale 

tubeflight vehicles. The results of this effort are summarized in the 

following chapters and are presented in greater cletail in the t:'eports-

1iated. in the Appendix. 

* Numbers in brackets refer to R.P.1. reports 1:f.st:ed in thQAl?·petl,c;1.\f:,~. 
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a CHAPTER I 

THEORETICAL STUDIES 

1-1 Aerodynamics of the Far Field 

Two studies were made by Schmid ~J of the far-field flow induced 
by a frontal disturbance propagating at constant speed down an infinite 
tube. The first study consisted of a linearized analysis in which the 
solutions upstream and downstream of the disturbance were coupled by the 
jump conditions across it. Using the information obtained from the 
linearized analysis, a nonlinear one-dimensional study was made, and a 
technique was devised to obtain steady-flow upstream and downstream solu
tions numerically, with full account of their interrelationship. The 
results were then used to investigate the power necessary to maintain a 
steady disturbance and a steady flow field for a given propagation velo
city. 

Also completed and reported in this period was a study by Cromack [3J, 
-partially supported under this contract, of the effect that tube wall 
perforations may have on the performance of externally and internally 
propelled vehicles of various blockage ratios. The model considered was 
an infinitely long, uniformly porous tube and the flow was assumed to be 
viscous, incompressible, one-dimensional, and steady in the frame of refer
ence of the vehicle. The externally propelled vehicle was simulated by a 
po-rous disc placed normal to the tube axis, whereas the internally pro
pelled vehicle was simulated by a combination of drag and actuator discs. 
The effectiveness of wall perforations in reducing the drag of the vehicle 
-was found to be important for high blockage ratios but rather insigni
ficant for blockage ratios below 30 percent. Furthermore, the effectpf 
changes of wall porosity was found to be large only for wall porosities 
smaller than about 10 percent. This analysis also revealed a great deal 
of detailed information on the pressure and velocity distributions in 
the far-field flow both ahead of the vehicle and behind it for various 
vehicle-thrust generator combinations. The solutions were obtained in 
closed form for the inviscid flow cases, and numerically for the situa-, 
tions involving viscous effects. _~ • 

~. (10...) • 
In a'more recent paper [4J ' the tubef1ight far field is re

examined by a new approach, based on consideration of the changes of 
stream force and stagnation enthalpy to which the flow relative to the 
vehicle is subjected from infinity upstream to infinity downstream. 
These changes follow a closed cycle in four phases -- transformations 
in the far field upstream, generation of drag, generation of thrust, 
and transformations in the far field downstream. The coupling of far
field solutions upstream and downstream.is effected through jump con
ditions which are formulated, for ~a.ch travel Mach number, in terms of 
the vehicle drag coefficient and of a suitably defined thrust generator 
efficiency. A study of the cycle reveals interesting information on the 
interrelationships between travel speed, body drag, far-field flow dis
turbances, thrust generator efficiency, and power demands. The method is 
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applied to tubeflight situations of practical interest, including a 
steady cli~b and a steady descent. The analysis is to be expanded to 
include nonsteady off-design situations. However, the information ob
tained so far is already in a form that will help simplify the selection 
of a thrust generator for any specified operating condition. 

Contact was established and maintained with Prof. Lorenzo Poggi of 
the University of Pisa, Italy, who is participating in project Tubeflight 
under the U.S.-Italy Program. Prof. Poggi has conceived a number of 
external-propulsion schemes suitable for use in nonevacuated guideways, 
at least over those stretches of the way where an excess of on-board 
power would otherwise be required for acceleration or to avoid decelera
tion on steep grades. A brief summary of, some of Prof. Poggi's proposed 
schemes and problem statements has been issued as a technical transla
tion [5J . 

1-2. 'Prediction of the Performance of Small-Scale Test vehicles 

An analysis was made of the feasibility of boundary layer contr~l 
in the small-scale models of the T-2 test program. The results of this 
study [6J were negative. On the other hand, a refinement in the analysis 
of boundary layer growth on the internal surface of the guideway in the 
transfer passage revealed that the drag penalty associated with the ab
sence of boundary layer control in the test model would be somewhat 
smaller than originally estimated. The expected performance of vehicle 
Mark II was then calculated by the methods previously used in the pre
diction of the performance of full-scale vehicles, but with considera
tion of the changed behavior of the transfer flow in the absence of 
boundary layer control [7J. Comparison of the results of this analysis 
with T-2 experimental da~a should provide a direct measure of the validity 
of the theory. , L feu. ~1V1'f$611'1f4. 

1-3. Experimental Validation of Performance Theories 

Information obtainable from testing of vehicles in T-2 includes 
vehicle velocity, longitudinal acceleration, and selected aerodynamic 
and power plant parameters (see Chapter III). However, a determination 
of propulsive power requires knowledge of the efficiency of the thrust 
generator. This information was obtained by testing the thrust generator 
in facility T-3, where thrust and drag may be measured under simulated 
tubeflight conditions. The experimental information so acquired from 
tests in facilities T-2 and T-3 was used to determine the actual power 
demands of the test vehicles, and the results were compared with the 
theoretical predictions [8J. The agreement between theory and experi
ment was found to be very good, thus confirming the validity of current 
methods of analysis of tubeflight performance. 
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CHAPTER II 

VEHICULAR SUPPORT STUDIES 
.AND EXPERIMENTAL RESEARCHES IN FACILITY T-3 

11-1 Support Studies 

A potential flow analysis of plenum chambers and peripheral jets 
in hovering was developed by Cooke [9]. Special attention is given 
in the analysis to pre-exit turning of the flow at the base. The an
alysis is applicable independently of ground clearance and provides, 
therefore, a bridge between peripheral-jet and plenum-chamber theories. 
Typical results for the variation of base pressure, flow coefficient 
and discharge coefficient with ground clearance, for several duct geo
metries (Fig. 11-1) are presented in Figs. 11-2, 11-3 and 11-4, res
pectively. Comparison with other potential flow results indicates that 
pre-exit turning may alter base pressure and discharge coefficients by 
10%. Comparison with experimental data indicates that the pressure drop 
due to pre-exit turning can be aa large as that due to viscous effects. 

11-2 Aerodynamic Characteristics of Fluid-Supported Tubef1ight Vehicles 

Wind-tunnel studies of the lift and drag characteristics of f1uid
supported tubef1ight vehicles and of the aerodynamic interaction between 
body and support systems in such vehicles were made by Lowenstein and 
Duffy [10J in facility T-3. 

Typical results are presented in Fig. 11-5. The lift coefficient 
varies in the manner characteristic of conventional air-cushion suppo.rt 
pads. On the other hand, the drag coefficient of the entire vehicle is 
very adversely affected by body-pad interference and is considerably 
higher than expected. R~media1 measures will depend on whether the 
blockage that causes the increase of drag is due to the wake of the pad 
or to the pad itself -- a matter which is now under study. ' 

11-3 Aerodynamic Braking Tests in Facility T-3 

A variable-blockage braking mechanism, consisting of an inflatable 
rubber boot attached to the surface of the vehicle, was tested in T-3 
by Weisbrich and Duffy [11]. The boot profile was measured under 
aerodynamic loading, to provide a better understanding of the effects 
of varying the brake geometry. Typical drag coefficients, based on the 
dynamic head just ahead of the vehicle, are plotted in Fig. 11-6. 

11-4 Drag Measure)l1ents .. Qn V~bic1.e .. ;6odies 

The effects of blockage 'ratio, fineness ratio a):ld Reynolds number 
on body drag were measured in a systematic serie!s of tests in T-3 by 
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Barnhart and Duffy [12J. Typical results of these tests are pre-
sented in Figs. 11-7 and 11-8. For low blockage ratios they are in 
fair agreement with those reported by Gouse and Nwude, but for large 
blockage ratios substantial differences are noted. Barnhart and Duffy 
attribute these differences primarily to the circulatory flow which, 
in the Gouse-Nwude tests, was induced by the moving vehicle between 
the inside and outside of the tube. In this situation the fluid is 
moving in the direction of motion of the vehicle and, as a consequence, 
the dynamic head which is used as a reference in the calculation of the 
drag coefficient (that corresponding to the velocity of the vehicle re
lative to a stationary observer) is higher than the model velocity relative 
to the fluid; and the calculated drag coefficient is correspondingly lower 
than if it were calculated with reference to the dynamic head pertaining to 
the latter velocity. 

11-5 Modifications to Facility T-3 

Facility T-3 is a wind tunnel developed under National Science 
Foundation Grant No. GK-618 for the purpose of measuring the forces and 
moments on air-cushion support systems for tube vehicles [13J . 

The facility, as initially developed, had a maximum speed of ap
proximately 120 feet per second. This proved satisfactory in the early 
phases of the Tubef1ight program, but could no longer be considered 
adequate now in view of the considerably higher flight speeds that are 
expected to be attained in T-2. 

In order to improve the operational speed range of this facility, 
the vane axial fan which initially constituted its drive has been removed 
and replaced by a Buffalo Forge centrifugal exhauster powered by a 75 HP 
variable speed D.C. motor. This new tunnel drive system has been tested 
out at tunnel speeds of approximately 200 ft. per second. The measured 
power to drive the exhauster at this speed is very close to the predicted 
one [13J. The maximum speed capability of this new system, with a 
tunnel diameter to tubeflight vehicle diameter ratio of 1.50, is esti
mated at 270 fps. 

In order to predict performance of the Mark III series of vehicles 
it will be necessary to obtain propeller efficiency test data in the T-3 
Facility. For the range of rpm settings (16,000 to 22,000 rpm) and 
power settings (5 to 10 HP for a 3-b1aded propeller) of interest in this 
study, it is necessary to drive the propellers with wind-tunne1-mode1 
electric motors of the type made by TASK, INC. These require a variab1e
frequency (200 to 600 Hz) and variable voltage (120 to 800 volts) power 
supply. 

The needed power supply has been designed and constructed, using 
a commercial, 60 kva high-voltage dc power supply as a prime source. 
The unit has been purchased by Rensselaer and is installed. The final 
wiring and circuit check-out are nearing completion. 
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CHAPTER III 

VEHICLE DESIGN AND CONSTRUCTION 
and 

TESTING IN FACILITY T-2 

111-1 B1ade1ess Propeller Studies 

Static flow-visualization tests (using smoke and lampblack) were 
conducted on the variab1e-spin-ang1e rotor designed by webster. These 
tests revealed a number of undesirable features in the pseudob1ade 
pattern and provided a clue as to the changes that should be made. The 
pseudob1ades were found to separate from the surface of the afterbody 
at about 3/4 of its length, and a reversal of the secondary flow was 
observed to occur on the rotor surface between the primary orifices. 
Furthermore, it was noted that the pseudob1ades, instead of expanding 
out to fill the available interaction space, tended to contract toward 
the rotor axis. To correct this ~ehavior, new rotors, with a modifiec1 
afterbody shape and with a non-zero coning angle, have been designed. 
These rotors are now under construction and will -- it is hoped -- be 
ready for testing soon. The rotor support shaft has also been modified 
in the meantime to permit operation at higher speeds. 

I~I-2 The Mark IIc Vehicle and Test Runs 14 

The Mark IIc vehicle is a cylinder 7 in. in diameter, made up of 
modular sections which allow the length and the support system to be 
varied. Two of the sections carry a wheel support system designed to 
constrain the vehicle in the lateral or vertical direction and to keep 
it centered within the tube. Propulsion is by a single Rossi "60" 
engine, which develops about 2 BHP. Propeller efficiencies, as measured 
by Graham [SJ , are below 50%, reducing the thrust horsepower to between 
O.S and 0.9 HP. 

The results of a series of runs conducted with this vehicle are 
tabulated in Table I. The highest speed attained was 76.0 feet per 
second. ·This result is very close to the performance .that was. expected 
on the basis of the theory [7J and of the engine power and propeller 
efficiency measurements 1SJ . 

In addition, runs were made in which a dummy support pad (without 
b10win~ from the Mark IIa vehicle was attached amidship. To obtain 
adequate clearance, the wheels had to be shimmed to put the vehicle 
centerline off that of the tube. This reduced the permissible propeller 
diameter to 11.0 in. and caused an appreciable loss of thrust. Results 
of these tests are reported at the end of Table 1. They show, in agree
ment with the results of the tests conducted in facility T-3 (13] , 
that the pad has the effect of about doubling the drag of the vehicle -
a much larger effect than had been foreseen, and one that explains the 
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Date 

8/14/68 
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!f 
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II 

11/6/68 

11 

It 

11/22/68 

n 

Weight 
(pounds) 

38.5 

II 

11 

\[ 

TI 

39.3 

If 

11 

48.8 

38.8 

:TABLE I. SUMMARY OF MARK IIc (WHEEL-SUPPORTED) VEHICLE TESTS 

Vehicle Specifications Propeller Specifications I Length, Cyl. I Length, overall Diameter Pitch .Launch rpm 
(feet) (feet) (inches) (degrees) 

6.71 7.83 11.75 13.25 
I 

12,100 I 
11 rr rr 11.25 I 12,500 
11 11 11 I 9.25 1_ 13,800 
TI 11 II 9.25 I 13,000 
11 !l 11 9.25 I 13,600 

6.83 7.91 11.50 11.7 12,800 

11 11 II 11.7 12,400 

TI II II 9.7 12,400 
j 

I I 

8.00 8.97 I 11.0 10.0 13,900 

6.83 7.91 11.0 10.0 I 13,900 

I 

Maximum speed Remarks 
(feet per sec) 1 

I 

74.6 

76.0 ! 
73.8 ! 

I 
72.0 I 72.0 

I 

72.2 With wheel 
fairings 

72.5 1-lithout wheel 
If' . I alr' no-s 

74.3 Witho~tOwheel 
fairings 

45.0 1-lith dummy pad 

56.8 Without dummy 
pad 



speed limitations of vehicles Mark IIa and Mark lIb. Suitable modifica
tions of the support pads and of their location are now under study. 

III-3 The Mark IIIc Vehicle and Tests [141 

This vehicle is similar to the Mark IIc vehicle except that it 
employs a McCulloch Mc-lOO engine modified to incorporate a gearbox 
designed to drive two counterrotating three-bladed propellers. The 
Mark IIIc engine operated satisfactorily in laboratory tests, but 
attempts to launch the Mark IIIc vehicle in the T-2 facility were de
layed due to a series of mechanical failures ultimately traced to mal
function of the fuel metering system. One successful launch was 
obtained on February 6, 1969 for which a vehicle speed of 173.4 feet 
per second was attained. Comparison of results for this run with the 
power demand calculations of Foa and Messina [8, Appendix A] cannot be 
made since propeller tests of Mark IIIc are not available. However, 
the thrust horsepower required at this speed is about 8 hp which is 
well within the anticipated performance of the Mc-lOO engine. 

The initiation of ·the Mark III propeller tests had to be postponed 
because of some delay in the completion of the new variable-frequency, 
variable-voltage power supply which has been added by the Institute to 
facility T-3 for this purpose (see Chapter II), and for the procurement 
of the special electric motors that will be used with it. 

The Mark III braking system and its radio actuating controls have 
bee~ designed and constructed. The brake has been tested in the wind 
tunnel and its effectiveness appears to be adequate [11). Operating 
tests of the brake in T-2 are planned for the near future. 

IIl-4 The Mark IV Vehicle 

The design of vehicle Mark IV had to undergo several revisions be
cause of the difficulty of coupling the Mc-lOl engine to the rather se
verely overloaded AiResearch compressor. Unfortunately, the engine is 
so big in relation to the body of the vehicle that it leaves insufficient 
room for a structure of the rigidity that is needed to keep the compres
sor from being destroyed by the vibrations of the engine. It appears, 
however, that a solution has at last been found, and a new design is now 
in progress. Unfortunately, this is an area in which no mistake can be 
afforded, because if the compressor is damaged it will take us another 
year to replace it. 

In the meantime, however, work has continued on the bladeless pro
peller (see III-I, above) and on the Mark IV support and braking systems. 
The wheel support system for vehicle Mark IVc has been completed. An 
air-cushion support system fed in part by the compressor directly and 
in part through the intermediary augmentation effect of an ejector pump, 
has been and is under study. Extensive braking tests have been con
ducted on a simulated Mark IV vehicle in which transverse air curtains 
in the transfer passage act as drag-producing "spoilers". In early 
models these curtains were fed by an external source. Recent tests have 
indicated that the use of ram air alone for the generation of the jet 
curtain cannot be excluded as a practical possibility. 
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111-5 Modifications of Facility T-2 

A few modifications of the T-2 Facility were completed during 
the period covered by this report: 

1) Concrete foundations were laid under all stanchions support
ing the tube. The tube alignment and level was completely re-done. 

2) The speed recording instrumentation failed due to exposure 
of the transducers to large temperature changes over the course of the 
year. A new system was designed which employs military specifications 
on the transducer components and which eliminates the need for the 
vehicle to carry a light source. 

3) The launching shed has been extended to facilitate operations 
during the winter months. 

111-6 Telemetry System for Inf1ight Analysis of Vehicles in Facility T-2 

Powell and Duffy [15J have developed a technique of measuring the 
attitude of experimental tubef1ight vehicles while in flight within 
the T-2 guideway. The technique is based on the use of a FM telemetry 
system. Such a system has been designed, fabricated and tested. Its 
output is fed into a digital computer program which furnishes the time 
history of the vehicle motion as well as the fluid velocity immediately 
upstream. 

17 



APPENDIX 

PROJECT TUBEFLIGHT REPORTS 
Jan. 1968 - Jan. 1969 

1 Summary of Research at RPI on Tubeflight, 9 September 1966 -
9 November 1967, Rensselaer Polytechnic Institute, Tech. 
Rept. TR PT 6801, January 1968 (PB 177 518). 

2 Schmid, J.R., "Analysis of the Flow Field Induced by a Steady 
Discontinuity Traveling in an Infinite Tube," (Ph.D., Thesis), 
Rensselaer Polytechnic Institute, May 1968 (to be published 
as a TubeflightTechnical Report). 

3 Cromack, D.E., "Analysis of the Effects of Wall perforations on 
the Performance of a Vehicle in a Tube," Rensselaer Polytechnic 
Institute, Tech. Rept. TR PT 6808, December 1968. 

4 Foa, J. V ., "Far-Field Aerodynamics of Tubeflight Propulsion, 11 

Rensselaer Polytechnic Institute Tech. Rept. TR PT 6903, 
January 1969. 

5 Poggi, L., IIS ome Thoughts on the Feasibility of Wave or Peristaltic 
Propulsion in Tube Transport Systems," Translation PT 6801, 
August 1968. 

6 Rubin, U., "On the Feasibility of a Boundary Layer Control in the 
Mark IV Vehicle," Rensselaer Polytechnic Institute, TN PT 6803, 
August 1968. ~ 

7 Foa, J.V. and Messina, N.A., "Estimated Performance of Wheel-Support 
vehicles to be 'Tested in Facility T-2," Rensselaer Polytechnic 
Institute, TN PT 6802, July 1968. 

8 Graham, P. and MessiIl<jl.,N .A., "Initial Experimental Validation of 
Predicted Tubeflight Power Demands," Rensselaer polytechnic 
Institute, Tech. Rept. TR PT 6905, January 1969. 

9 Cooke, G. C. IV, "Peripheral Jets and Plenum Chambers: An Exact Potential 
Analysis," Rensselaer Polytechnic Institute, Tech. Rept. 
TR AE 6811, November 1968. (Clearinghouse PB'180 561) 

10 Lowenstein, A. and Duffy, R.E., "Preliminary Study of Aerodynamic Inter
action Effects on a Tubeflight Vehicle," Rensselaer Polytechnic 
Institute, Tech. Rept. TN PT 690Q., January 1969. 

11 Weisbrich) A. and Duffy, R.E., "Aerodynamic Drag of a Variable 
Blockage Mechanism on a Tubeflight Vehicle, II Rensselaer Poly
technic Institute Tech. Rept. TR PT 6908, January 1969. 
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12 Barnhart, B. and Duffy, R.E.,"Aerodynamic Drag Characteristics 
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