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1. INTJ.WDUCTION

Aerodynamics becomes an important consideration for ground

transportation systems as the speed of the vehicles increase. A low speed

system can be, and traditionally is~ designed witt very little attention

to aerodynamics. However, at speeds less than 100 mph aerodynamic drag has

become the dominant resistance force and at speeds of 200 mph it is very

possible to develop lift forces on the order of the weight of the v(~hicle.

In addition to the direct forces there are other aerodynamic effects that

are important to a high speed systelD.. A high speed vehicle causes a

pronounced velocity and pressure field in its vicinity which may have

deleterious effects on people, structures, and other vehicles. Such a

vehicle dissipates large amounts of power of which a small part may find

its way into sound and produce noise beyond allowable limitq. Tunnels

cause special aerodynamic effects which must be considered. At speeds in

excess of about ISO mph wheels are no longer a good means of support and

an aerodynamic system is one of the viable alternatives.

In planning an aerodynamic research and development program, it is

useful to approach the problem from two different directions: technological

and systems. The aerodynamic problems should not be studied just in rela­

tion to one particular system since the technology may be CQlmnon to a

variety of different systems. On the other hand~ if the technology is

developed independently of the various ground transportation system, then

the resulting product may not be suitable for application to the systems

of interest. In order to avoid either of these hazards, the problem ",iil1

be considered from both points of view. To do this. it will be necessary

to project systems needs somewhat in the future with the result that the

plan will have to be re-examined and updated as the programs become more

definite and better defined.

To make these D70 aspects of the problem more definite, Tables land 2

have been prepared. Table 1 defines the different technologies that are

involved in the aerodynamics of high speed ground transportation and
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Table 1. Aerodynamic Technology Categories for
High Speed Gtound Transportation

1) External aerodynamic forces

Drag, lift, rolling moments, etc.

2) Wayside environment

Pressures and velocities caused by vehicle

Effects on wayside structures, people and
other vehicles

Vehicle aerodynamic noise

3) Aerodynamic suspension
,

Static and dynamic air cushions

4) Aerodynamic propulsion

Power requirements for efficient propulsion

Noise of aerodynamic propulsion

5) Aerodynamic effect of tunnels

Effects on forces on vehicles

Drag, lift, etc.

Tunnel environment

Pressure, velocities and temperatures

-9-



Table 2. High Speed Ground Transportation Systems

1) High speed conventional rail systems

Speeds to 150 mph

Semi-conventional equipment and track

Semi-conventional wayside environment

2) High speed magnetic levitated systems

Speeds to 300 mph

Attractive or repulsive magnetic systems and
appropriate guideway configurations

Aerodynamic propulsion to be considered

Guideway at grade, elevated, and in tunnels

Stations located in approximately the center
of long tunnels

Single vehicles and trained vehicles both of interest

3) High speed static air cushion levitated systems

Speeds to 300 mph

Conventional static air cushion, peripheral jet
or plenum configurations

Cushion pressure greater and less than ram pressure

Aerodynamic propulsion to be considered

"u" shaped guide\vay configuration

Guideway at grade, elevated, and in tunnels

Stations located in approximately the center
of long tunnels

Single vehicles and trained vehicles both of interest

4) High speed dynamic air cushion levitated systems (ram Wing)

Speeds to 300 mph

Single dynmnic air cushion providing large clearances
at front and rear

Vehicle mayor may not be air levitated at low speed
(150 to 200 mph or less)

Aerodynamically propelled

Configuration generally as describ",d in Reference 2
but with considerable variations possible

Guideway at grade, elevated, and in tunnels

Single vehieles of primary interest, trains not
considered essential
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Table 2 lists four principle systems programs. Table 2 also lists what

are considered to be the appropriate characteristics of these systems as

they apply to aerodynamics.

In the process of developing an aerodynamic research plan the

different technological aspects will first be discussed and then the

various aerodynamic research and development tasks and the way these

tasks serve the needs of the four principle ground transportation

programs.

-11-



2. EXTERNAL AERO])YNAJ."'1ICS OF GROUND
TRANSPORTATION VEHICLES

In this category we will consider the flow about a ground vehicle

operating in the open. This fim-; about the vehicle causes forces on the

vehicle, forces on objects or people along the gu:J'.de~.,..ay, and noise.

These effects exist at all speeds but at low speeds they can be neglected;

however, they grow rapidly with speed since the forces and pressure vary

as the square of the velocity. At about 100 mph the aerodynamic drag

forces exceed all other drag forces and at about 200 to 300 mph the lift

forces can be of the order of the weight of the vehicle. Therefore, it ::Ls

important to know the magnitude of these aerodyn&uic effects with suffi­

cient accuracy to be able to predict when problems mi.ght develop and how

they can be solved.

2.1 DRAG FORCES

2.1.1 Conventional Rail

Conventional rail systems are assumed to resemble present day rai.l

systems and operate at speeds up to 150 mph. As the speed of such vehicles

increases, it becomes important to consider aerodynamic effects in the

design of the vehicle. Figure 1 shows typical power requirements for such

vehicles. The power to overcome aerodynamic drag exceeds that to overcome

the mech~aical resistance at steady speeds in excess of about 75 mph, At

150 mph, the aerodynamic drag power requirement is about 3 times that of

the mechanical drag power requiremeh. t. Under severe crossw:Lnd condi tlon3,

the aerodynamic drag can be considerably higher. By good aerodynamic

design it should be possible to reduce the drag of the train by about a

factor of 2 belo\v that achieved by conventional existing designs and

eliminate most of the,increase in drag caused by crosswinds. The

streamlining techniques to accomplish the-s-;; improvements are generally

\.,rell known. The most important features are a nose with reasonable radii

at the corners, say at least 0.15 Qf the width or 0.3 times the h.eight

(whichever is the smallest number), and a smooth surface along the vehicle.

The potential gains at the rear are not large lIDless quite elaborate

methods are to be used, such as boundary layer suction, which are probably

-12-
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not justified for this type of equipment. A smooth surface involves not

only a smooth skin but covering the gaps between the ears and at the \vheel

trucks. While it is good to have these coverings as smooth as possible,

the main purpose is to bloc.k crossflow through these gaps. The principle

cause of the increased drag for crosswi.nd conditions is air blov,ring into

these gaps and then being accelerated to the velocity of the train as the

air passes through the gap (Reference 1).

The possible gains to be achieved by changes cf these types are

quite \ve11 understood. Ad'ditional basic research on this problem is not

warran ted. Applied research is needed to determine hO~1 much drag reduc­

tion can be achieved at {vhat cost. In order to assess th'2 extent to which

such features should be incorporated into future designG ~ d2,ta is needed

to determine the aerodynamic advantages to be gained for designs which

embody different fabrication and maintenance costs. The features whic.h

need consideration are windows, doors, skin construction methods, pro~

tuberances, between car fairings, wheel truck and undercar car fairings,

nose, and tail configurations.

2.1. 2 High Speed Systems

A high speed system is one which may operate up to speeds of 300

At these speeds the aerodynamic. drag is very high, Since the suspen.s:lon

system may be either of several forms of magnetic or aerodynmnic systems,

it is difficult to provide a good comparison between the p01Arer needed to

overcome drag and that needed by the suspension system. A c.ompariscm

for different aerodynamic suspension systems :is sho\<ln in Figure 5 (p, 26) >

The power needed to overcome drag is larger than the mos"t inefficient of th(;~

t,.JQ aerodynamic suspension systems considered. A low aerodynamic drag is there­

fore very important for a successful high speed ground transportation system.

Vehicles of this class can be designed to be mon~ nearly ide,al aerodynamic

shapes than is practical for lower speed vehicles. The drag of a vehicle

is often expressed as a drag coef:fic.ient based on frontal area, 'tI,Thile

this is a useful representation of the drag, it can also lead to some



confusion. A minimum drag per unit frontal area for a blunt based body

occurs at about a length to diamete.r ra.tio of 6 with a value of drag

coefficient, Cd' equal to 0.18. If separation at the rear of the body

could be prevented by using a hody \\'ith a streamlined tail this drag

coefficient could be reduced to Cd ~ 0.07 and to an even lower value for

a shorter body without separation, However. such short bodies are not

really appropriate for a ground transportation vehicle. A vehicle must

contain a certain 8JllOLmt of volume to accommodate equipment and passengers.

If the problem is posed, what is the best length to diameter ratio for a

blunt based vehicle of a given volwrie~ the result is a length to diameter

ratio of around 15 with a C, 0.210 For an actual ground transportation
o

vehicle) the frontal area is more or Jess fixed by the need to acconnnodate

passengers and require the min:tnmm size of right of way. Therefore, the

length of the vehicle must be si;;Jed to px:ovide the necessary volume.

Length to diameter ratios of the order of 10 to 15 seem reasonable with

respect to the non-aerodyna.mic c:citerion and are not too far from an

optimum bltmtc-based body. If lODger vehicles are desired they can be made

up of trains of vehicles of shorter .length. For a fixed frontal area,

the aerodynamic drag div:Ldr:;d by thE: \iol"Lune of the vehicle continually

decreases as the length of th;;; vehicle increases. Long vehicles, or

properly trained vehicles ~ alvmys have less drag than several short

vehicles of equivalentvolurne tTEiveling alone. However, there is not much

to be gained from vehicles lunger than a length to diameter ratio of 50 or

more. If frontal nrea were not limited. a shorter vehicle with the same

volume could be designed to gLV2 1m'Jer drag, but. for a fixed frontal area,

the long vehic.le is the best solution.

The length to diamete]: rati.o for ground transportation vehicles

seems to be controlled by featulen other than aerodynamic. There is not

much potential for gain with respect to this parameter. The two areas

which offer the greatest potential in providing a low drag vehicle

are: the use of a smooth skin Hith a minimum of protuberances and a

reduction of the base drag. This latter will be of greatest importance

if single vehicles or short trains, with a length of 20 diameters long or

--15··



less, are used. For vehicles or trains longer than about 50 diameters,

there is little to be gained by reducing base drag. If vehicles are to

be trained, it should be done in such a way to minimize drag from the

connection. Base drag can be reduced by using a long streamlined tail,

which is probably not practical, or by using some form of boundary layer

control at the rear of the vehicle. Attached flow at the rear of the

vehicle can be promoted by sucking off the boundary layer directly ahead

of the tail section, by sucking in the base region to maintain a stable

vortex, by energizing the bOimdary layer in the base region or by a cowl.

The sucking off or energizing of th~ boundary layer can possibly be

combined to advantage with an aerodynamic propulsion systsu to provide a

vehicle requiring less net propulsive power.

The guideway configuration can have an appreciable effect on the

vehicle drag. This effect can be caused both by special protuberances

required by the particular levitation system being employed and by the

restrictions on air flow caused by the guideway. This latter point is of

particular interest in connection with the "U" shaped guidevlay where the

flow from in front of the vehicle is restricted from flowing arollild the

sides of the vehicle and also restricted from filling in behind the

vehicle. All other things being equal, this confinement will increase the

drag of the vehicle. The use of vents at the corners of the "'Un vJi11

alleviate the effect to some extent, but if the vents are only a small

part of the sidewall their effect will be small. An analytic study is

now being carried out to assess the magnitude of this effect;) but a test

program is required to obtain reliable results. It should be possible to

design the nose of the vehicle so that there is little loss caused by

the "u" shaped guideway. The base drag will be increased and a base drag

alleviati.on system will be more difficult wHh thls guideway ccmfiguration.

However, this configuration provides a vehicle of less surface area than

other proposed configurations and. therefore, lower friction drag.



•

2.2 LIFT AND OTHER FORCES

For the low aspect ratio vehicle being considered t lift and other

forces are relatively small at low angles of attack except for lift forces

caused by the flow under the vehicle for certain configurations such as

the ram wing. This underbody flow is closely related to aerodynamic

support systems and will be considered in greater detail in that area.

For conventional type rail equipment operating up to speeds of 150 mph

the aerodynamic lift force is small with respect to the weight and may

generally be neglected. Side forces and rolling moments are also small

enough so that generally they are not critical. However t they do provide

an input to the wheel/rail dynmnic interaction and should be considered

in this respect. Available data is probably adequate to evaluate these

effects and additional data does not appear to be needed until more

definite needs are established. Under conditions of extreme crosswind

it is not absolutely clear that a rCilling moment cannot be developed that

would endanger the safety of the train. This effect. while unlikely to

be critical. cannot be completely dismissed at this time.

For high speed lightweight vehicles. lift and side forces can be

considerably more critica1. Unless the vehicle is adequately designed t

I ift forces on the order of the weight of the vehicle can be developed

at 200 mph and also large side forces, pitching, and roll ing moments.

The guideway design can have a large effect on these forces t particularly

the IIU" shaped guideway being considered. Some general data is available

for these configurations both with and without consideration of the

guideway. More general data. particularly on the effect of the IIU Ii ~.

guidewaYt would be useful and detailed tests should be provided for any

configuration receiving specific consideration.
Under crosswind conditions, it makes a difference whether the

guideway is elevated or at grade level. Much is made of the ground

effect on the aerodynamics of ground transportation vehicles but it must

be realized that an elevated guideway allows the cross flow to pass under

as well as on top of the combined vehicle and guideway. Lift forces and

rolling moments can be quite different for an elevated guideway than for

a grade level guideway and both conditions must be considered in the

design of a system.

-17-



These side forces, rolling moment~ and lift force are not sensitive

to small changes in the configuration in the same sense as the drag force.

The rounding of the corners at the roof (which promotes attached flow

across the roof), is the most important variation possible. The moment

can be considerably affected by major contour ch?nges. For instance, a

semi-circular shape has zero moment about the baseline. However, there

appears to be little to be achieved by changing the existing shapes to

improve the crosswind aerodynamics.

2.3 WAYSIDE ENVIRONMENT

A vehicle passing through the air causes a flow field abo'l}t the

vehicle that can have an effect on other objects in the vicinity of the

vehicle. This effect is negligible for a low speed vehicle but since its

effects increase as the square of the velocity, it can be quite important

for a high speed vehicle. The vehicle causes an inviscid flow field
.'

which is only important around the nose of the vehicle. 111 the vicinity

of the nose distinct changes in pressure and velocity take place.

Figure 2 shows the changes in pressure, on a n.earby object, which will

be caused by the passage of a vehlele. A viscous £1m'" field bui.lds-up

along the sides of the vehicle and a viscous wake behind the vehicle.

Only small static pressure changes are associated with this v'iscous flow

field but the velocities can be quite large. Figure 3 shows the magnitude

of the velocities which may be expected. The deficit of momentum in

the viscous wake is approxinlately equal to the aerodynamic drag of the vehicle

for a vehicle propelled by thrust from the ground. The wake may be considerably

reduced for an aerodynamically propelled vehicle. The wake will also be

turbulent and have large fluxuations in velocity around the mean value

shown.

This flow field generated by the train can have important effects

on other passing vehicles, structures along the guideway, and people.

For a conventional high-speed rail system operating on existing or only slightly._--
modified track systems, these effects can expose existing vehicles and

structures to conditions for which they were not designed. Also, track­

side workers and passengers on open platforms may be subject to dangerous
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and uncomfortable conditions. For this case, a knowledge of these conditions

is needed to evaluate hazardous conditions that may be created by high

speed trains and to set limitations or suggest remedial actions that may be

required. For future high speed systems, these problems will be more

severe, but the systems can be designed to account for the effects. A

knowledge of their magnitude is needed to set design standards.

A basic understanding has been achieved of the nature and magnitude of

these effects. This knowledge is adequate to identify critical problems.

Future research should be applied to determining more specific results for

particular configurations of interest.

The noise caused by a passing vehicle is another very important

effect on the wayside environment. Noise can be caused in many ways. For

conventional rail systems the principle sources of noise are mechanical

and from the onboard prime mover, the diesel engine. The turbulent

boundary layer and wake are a source of noise but are not important at the

speeds of such systems. For high speed systems, supported magnetically or

aerodynamically, the mechanical noises are small. A magnetic propulsion

or levitation system can be an important source of noise through vibrations

induced in closely coupled structural parts. The most important sources

of aerodynamic noise are an onboard gas turbine prime mover, an aerodynamic

propulsion system, the jets and fans of an air cushion support system, and

boundary layer and wake noise. This list is roughly in order of importance

but all of the listed items may not be found on some vehicles. The

development of adequate muffling techniques for gas turbines and ducted

fans is of critical importance if systems using these components are to be

considered. Noise reduction is always difficult because of the large

reduction of noise energy required to appreciably improve its accept­

ability. The aerodynamic noise level predicted for systems using onboard

gas turbines is marginal and reduction of this noise level would be an

important improvement.
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3. AIR SUPPORTED VEHICLES

One means of supporting a vehicle at high speed is by rne.ans of

aerodynamic forces. If this is to be done near the ground it invoh'es

forming a cushion of high pressure air under the vehicle to provide a

Hft equal to the ,·,eight. The weight of a high speed gro1.Lud trans­

portation vehicle is of the order of about 50 pounds per square f~$t.

Since a dynamic pressure of this amount corresponds to D. speed of about

150 mph, at speeds greater than this it is reasonable to consi.der

suspending a vehicle by means of the d:;ma1l1ic pressure alone, but at

Im-Jer speeds a fan will be :needed to increase tIle dynamic pressure.

A vehicle which uses dynamic pressure alone to achieve suspension is

called a ram wing and one ~rtlich also uses a fan will be called an air

cushion. A vehicle operating m,rer a speed range from 0 to 300 mph

may operate in a variety of modes. 'Ihe t'tvO existing a::'r cushion vE'h:Lel(.;\s

~V'hi.ch have been built for the Department of Transportati.on (DOT) both

operate at speeds below that for which dynamic pressure is equal to

cushion pressure. The vehicle built by Grumman and designed for

up to 300 mph uses air cushions considerably smaller tha.n thE': plan form

area of the vehicle and operates at a cushion pressure above the

pressure. In this way the problt':m of operating the cushion over a il!1de

range of dynamic to cushion pressure, q/pc ~ was avoided and the i;;..1Bhtons

,-fere made small enough so that they could be conveniently m'Y14":1ted Gil

mechrt.,aical secondary suspension systeTus. The? vehicle built by Rohr W3<:;S

a different approach. This vehicle :l.s designed for low enough.

so that almost the entire planfGJ..l1l area can be used for the aJr cu::;hion

and still have dynamic pressure less than cushion prc~ssureo In this

vehicle a secondary air suspension system is w~ed which is closely

integrated with the cur cushion and uses the same air and blov'c'!t:' sy~t",,:m,

On both of these vehicles a seconda:fY suspensi.on system is required since

the air cushion itself is thin and stiff. A proposed veh:Lele concept being studied

by DOT called the Tra.ek,ed Ram Atr Cushloll. Vehicle (TRACV). is des to cruise

at speeds with a dynamic preSSl.1.re considerably in exceSB of the cushion pressure

and use a thick air cushion so that a s(:coudary suspension is not necessary,_



3.1 STATIC AND DYNAMIC CUSHION

Air cushions can be classified as static and dynamic. A static

cushion is one in which the air has only a low velocity with respect to

the vehicle and the pressure is almost uniform throughout the cushion.

In a dynamic cushion, the air has a high velocity with respect to the

vehicle (an appreciable fraction of vehicle velocity). In this case the

static pressure may vary throughout the cushion depending on how the

velocity varies. This variation of static pressure makes it possible

to achieve a variety of forces and moments from a single cushion instead

of just the lift force which can be provided by a static cushion. Static

cushions are probably only appropriate when the free stream dynamic

pressure is less than the cushion pressure, and dynamic cushion when

the free stream dynamic pressure is greater than the cushion pressure.

3.2 POWER DISSIPATION OF AIR CUSHIONS

Most aerodynamic suspension systems dissipate power both when

hovering and when moving. when the energy for powering the lifting

system is derived from an increase in drag, it is usually called induced

drag. The power dissipated by either an air cushion or a ram wing

lifting system is the kinetic energy left in the air flowing from the

cushion area under the vehicle. For a low speed air cushion system,

q/p « 1, most of the velocity of the jets passing under the edges of
c

the cushions is dissipated and it makes little difference which edge of

the cushion is considered since the vehicle speed is low compared with

the jet speed. At higher speeds, when q = p , no air flows through the
c

front edge of the cushion and the air leaving the back edge of a static

air cushion is at the same speed as the free stream. The air issuing

from the sides of the cushion is moving with the speed of the jet away

from the vehicle and is carried along in the direction of vehicle

motion. All of this kinetic energy is dissipated. At this speed the

only loss is that associated with the side edges of the cushion (none

with the forward and trailing edge of the cushion). This same result

holds approximately true for all higher velocities. For this reason a
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ram wing can operate with large front and rear clearances without

large losses as long as flow is restricted from passing out the sides

of the cushion.

TIle efficiency of an air support system can be improved by optimizing

the cushion pressure, decreasing the length of cushion periphery, and

using a dynamic instead of a static cushion. A decrease in cushion

periphery can be accomplished by joining together some of the cushions

required for lift and guidance. The minimum number of cushion edges

will occur if lift and guidance can be obtained from a single cushion.

Possible ways of accomplishing this are the use of a dynamic cushion or

by joining together multiple static cushions along a CaWThon edge so that

leakage from one cushion passes into an ajoining cushion.

The fundamental power dissipated by an air cushion, neglecting internal

ducting and other losses that are not inherent to the cushions themselves, is

that contained in the form of kinetic energy in the flow leaving the cushion.

For the forward and rearward edges of the cushions, the forward motion. of the

vehicle directly adds to the jet velocity relative to the vehicle so

that the losses associated tvith this flow are very dependent on tbe

vehic.le velocity. For the side edges of the cushion t.he jet velocity

and vehicle velocity are perpendicular and must be added vectodally.

For a static air cushion, the fluid within the cushion is stationary

with respect to the vehicle with the result that the jet velocity from

the sides of the cushion is perpendicular to the vehicle velocity and

the resulting velocity increases continuously with vehicle velocity,

The amount of air escaping from the ;~dge of the cushion depends on the

length of .the edge and cushion pressure. The amount of flow decreases

as the cushion pressure increases' since the length of the cushion edge

decreases. The kinetic energy lost consists of both the jet velocity

and the velocity due to vehicle motion with the result that minimum

losses occur theoretically when the jet velocity is equal to the vehicle velocity.

For a dynamic cushion, the air has a velocity with respect to

the vehicle opposite to the direction of vehicle motion. The velocity

of the jet from the side curtain maintains this component in the direc­

tion opposite to the vehicl,e motion which, ""hen added to that velocity,
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partially cancels it. Therefore, the resulting velocity in the jet, for

cases of high vehicle velocity, is much less than in the case of a static

cushion. The minimum loss from the side edges occurs when the velocity of

the air within the cushion is equal to the vehicle velocity. For this

condition to exist, the total pressure of the fluid within the cushion

would have to be increased by an amount equal to the cushion pressure.

If the vehicle is operating as a ram wing with the total pressure in the

cushion equal to the ram pressure, then the velocity within the cushion

will have to be somewhat less than the vehicle velocity by the amount

necessary to cause the increase to the cushion pressure. For this case

the losses will be somewhat higher. A more thorough explanation of the

losses associated with air cushions is given in Appendix A. This method

of analysis lumps together the total power required for suspension into

one quantity. In the past, fan power, inlet momentum drag, and induced

drag have all been used to describe part of the power dissipated by

air cushion systems. (Drag can be directly converted to power by multi­

plying by vehicle velocity.) The approach used here does not distinguish

between the amount of power, which varies for the different cushions,

supplied by a fan or by the propulsion system.

The power required for the suspension of a particular vehicle, that

described in Reference 2, has been analyzed, Appendix A, and the results

are shown in Figures 4 and 5. Figure 4 shows the power required by an

air cushion in which stability is achieved using only a single cushion.

(Multiple cushions with a total of two side edges, one cushion leaking

into another, would also qualify.) A low pressure and high pressure

static air cushion design are shown. The low pressure cushion is at its

optimum condition, q = p , at 136 mph and the high pressure cushion isc
at its optimum at 272 mph. The low pressure cushion requires less power

at speeds under 190 mph and the high pressure cushion, less power at

higher speeds. Two dynamic cushions are also considered, both using the

same cushion pressure as the low pressure static cushion. For dynamic

cushions such as these, power is always minimized by using the lowest

cushion pressure possible. The r~ wing cushion cannot operate below

136 mph and has the same power consumption as the low pressure static
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air cushion at this speed. At higher speeds, however, it has consider-­

ably lower power consumption. The fourth curve is for a dyn<lJ:nic cU:3hion

with a fan which provides an increase in total head equal to the cushion

pressure at all speeds. For this case the power is the same as the low

pressure static air cushion. at zero velocity and does not increase idth

speed. All of these cases are ideaiizations and do not correspond

exactly to real cases. HOi.;rever:, th~y do pnwide useful arid meaningful

comparisons between the different cushion configurations.

Figure 5 shows tbe power required by the high pressure static

cushion discussed in connection "t>lith Figure 4 and a systEcm cushion t1:'!lng

the same pressure but having two separate levitation an.d gUidance cushions

to prOVide stability so that there are a total of eight cushion edges

instead of t\vo. The result is a fourfold increase in p01iler. The drag

power for the vehicle is also shoHn for compar:lson., The drag pov;reT and

the cushion power for the four cushion arrangement is on the order of

that required by the Grumman test vehicle which uses rou.ghly the same

configuration. For this case the CUshion power exceeds the drag

except at the highest speed. However~ if a single cushton can beusccl

instead of the four separate cushions then the cushion poweT is reduced

to what may be considered an acceptable level. Figure &, shows :oy

using a dynamic cushion instead of a static cushion, considerable

additional savings in suspension po,Jer cail be acc0111pl:ished but the

may already be low enough th2.t the additional reductIon

3.3 STABILITY OF l'cIR CUSHIONS

110t ant.

An air cushion support system must be stable ar:d this requirement

imposes important restrictions on the cushion configurations used.

St.ability can only be obtained if static pressures above the nominal va.lue

can be achieved \vhen required and an increase in cushion pressure in one

location can be isolated from the rest of the cushion area, In tht two

existing DOT vehicles (the Grumman research vehicle and RohT 150 mph prototype

vehicle), the eight separate cushions are used to provide st8.bility in heave,

pitch, roll, sway, and yaw, Use of these separate cushions makes it possible

to isolate the increased or decreased cushion pressure.s needed to provide



stability to the area where it is needed. It is also necessary to provide for

isolation in the ducting system. The use of peripheral jet cushions,

as on the Grumman vehicle, provides this isolation and no additional

provisions are needed. On the Rohr vehicle, two separate fans are used

and each fan is divided into two parts to feed four separate ducts.

Orifices, which are also part of the secondary air suspension system,

are then used which provide additional isolation. In these systems,

there are two support and two gUidance cushions in the front and rear

of the vehicle. Because of the low aspect ratio of these cushions,

the leakage from the leading and trailing edges is not as important as

from the sides of the cushions. As already discussed, a considerable

reduction in power requirement could be achieved if the four cushions at

each end of the vehicle had common side edges so that there would be a

reduction from eight to two side edges from which air is leaked to the

atmosphere. The use of orifices or other power dissipating devices in

the ducting system also increases the suspension power requirement.

The dynamic cushion concept is &way of achieving stability without

the use of as many separate cushions. If the total head of the air in

the cushion is considerably higher than the required static pressure,

the air will flow at high speed and have a considerable reserve of

dynamic pressure that Can be converted into static pressure when required.

Pitch and heave stability can be achieved in this way and the high velocity

air flowing along the vehicle provid~s an adequate isolation of the parts

of the cushion separated in a fore and aft direction. It has also been

shown that some roll, sway, and yaw stability is possible. It will be

more difficult to provide adequate roll and sway stability without divid­

ing the cushion laterally by curtains than it is to provide pitch and

heave stability.

The dynamic concept is a good one for isolating one cushion area

from another. The divided fan used in the Rohr vehicle is a limited

application of this principle. On this vehicle, the total pressure of

the air is increased from the free stream value by a fan and then enters

two separate ducts where it is diffused to the required static pressure
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and led to the appropriate cushion. On one of the proposed TRACV concepts,

the oncoming air has its total pressure increased by the fan and then flows

to the cushions. In this case, no ducting is required and the flow is

through the cushion itself. To what ,extent dividers between the flows to

these different cushions are required is not yet established. The amount

of overpressure that can be achieved in any cushion configuration depends

on this ratio of total pressure behi.nd the fan to the nominal cushion

pressure. In certain configurations total pressure may vary between

fans or between ducts behind the fan since the pressure rise d8p'~nds

upon the volume flow through the rotor. If the suspension system is

to be efficient, the excess total pressure provided for stability must

be used and not dissipated. The way that this is done in the dynam:tc

cushion configuration is to have the air escape at high velocity from the

rear of the cushion to provide a forward thrust.

There would be considerable advantage if a dynamic air cushion

could be designed that would provide adequate stability and large

clearances everywhere except along th.e side edges as has been suggested

in Reference 2. The difficulties of achieving such a cushion have been

considered in Appendix B. The 1:I.mited analysis presented there suggests

that the amount of isolation that Can be achieved across a dynamic

cushion is related to the lift coefficient and the aspect ratio

A low aspect ratio lifting surface is dictated by the vehicle configuration,

so it may be necessary to operate a dynamic cushion at quite 1m" lift

coefficients in order to achieve adequate stability. The available stability

data for dynamic cushions was also considered to try to ascertain whether

there would be any problem in designing a dynamic air cushion vehicle that

would provide the required stability, Based on the available results, the

conclusion was that it would be difficult to design a dynamic cushion to

meet the side force specifications IJf the Grumman research vehicle. As better

data becomes available, it may be deter~mined that this is not a problem
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as it now appears to be. One solution is the use of three longitudinal

dividers to separate the cushion into four separate cushions to provide

roll and sway stability. Such a solution imposes additional mechanical

problems in allowing the large displacements in heave and sway required

in the primary cushion if a secondary suspension is to be eliminated.

The frequency of oscillation of a dynamic cushion in heave was also

considered in Appendix B. Unfortunately, this analysis is of very

limited meaning since it neglects the coupling with pitch which is very

likely to be a dominant effect. The conclusions are that the frequency of

oscillation is dependent on the lift coefficient and that the restoring

forces are too low until a vehicle speed is reached which allows operation

at a lift coefficient considerably less than one. From both of these

stability points of view, it appears necessary to delay the take-off of

a pure ram wing vehicle (elimination of dependence on wheels), from

the order of the 150 mph previously suggested to about 200 mph.

The achievement of stability by using several air cushions,

differential heave between the cushions, and a secondary suspension

system, is the approach that has been used on the existing tracked air cushion

vehicles and is fairly well understood. It has been proposed that a dynamic air

cushion operating at speeds for which dynamic pressure is greater than

cushion pressure can eliminate the need for mechanically dividing the

cushion area and also eliminate the secondary suspension. The character­

istics of such a cushion are not yet well enough understood to demonstrate

whether these advantages can be realized. It should be recognized that

such an air cushion is considerably more complicated from an aerodynamic

aspect than the static air cushions previously used. The use of a single

air cushion increases the coupling between the different vehicle motions

so that more complicated analyses requiring more and better data are needed

to determine the vehicle motion and there is a greater chance of unanti­

cipated difficulties developing. The suspension characteristics of the

vehicle are less easily modified than if a secondary suspension is used

since there are fewer parameters than can be modified. Such a vehicle

must depend on wheeled landing gear or other secondary suspension systems
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up to quite high speeds or it must be designed to operate on its air

cushion over a very wide range of dynamic to cushion pressure. This

would require that the stability and suspension characteristics have to

be satisfactory at design speed and over a wide range of dynamic to

cushion pressure ratios.

A possible solution, if the natural characteristics of tbe vehicle

prove to be unsatisfactorY$ is the use of an active control system using

deflectable flaps or jet curtains. This would have to be a fast acting

system and probably requj.re a fail safe design. Such a system increases

the number of parameters that are available for adjustment but requires

a considerable increase in the amount of aerodynamic data requi,red. The

dynamic cushion should be regarded as an advanced concept \vhich holds

considerable promise of producing a superior air cushion vehi~le.

3.4 TRAINING

In a high speed ground transportation system, it may be necessary to

operate vehicles coupled together in trains. If these vehicles are

supported by air cushions for which the dynamic head of the oncoming air

is important, then the dynamic head at the location where it is picked-up

by the vehicle must be essentially undisturbed by the vehicle ahead or

the air cushion must be designed to accept the range of dynamic pressur~

which it will receive at different locations in the train. Cushion

designs which use a cushion pressure which is high with respect to the

dynamic pressure would be less susceptible to changes in dynamic pressure.

A ram wing design where the total pressure in the cushion is equal to the

dynamic pressure and where the air is picked-Up near the botton! of the

vehicle would be particularly susceptible to this problem, The 8,ero­

dynamically propelled TRACV vehicle proposed in Reference 2 combines

propulsion with suspension so that the dynamic pressure of the jet from

the rear of the vehicle varies depending on whether the vehicle is

accelerating or decelerating (wIlen it requires the use of a thrust

reverser). Such an arrangement would impose a particularly wide range

of dynamic head on a following vehicle.
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The coupling of vehicles together is designed to provide forces

between the vehicles to limit their fore and aft movement with respect to

each other, i.e., surge. It is also likely to provide forces that couple their

heave and sway motions. Such couplings would further complicate the

stability requirements of the vehicles. If a soft primary aerodynamic

suspension is to be used, the aerodynamics of this system would be further

complicated by this additional requirement. The use of a stiff primary

aerodynamic suspension and a soft secondary suspension appears to simplify

the aerodynamic problems but may do so only at the-expense of shifting the

problems onto the secondary suspension.

~33-



4. AERO PROPULS ION

For high speed vehicles that do not use wheels for support,

propulsion must be furnished by magnetic or aerodynamic means. No

attempt will be made to compare thei.r relative advantages but only to

discuss some of the features of aerodynamic propulsion. For any high

speed vehicle most of the drag is aerodynamic, all for an air cushion

vehicle, so it is logical and natural to overcome this drag by ~ero­

dynamic thrust. An aerodynamic propulsion system is light in weight and

well developed. If an onboard prime mover is to be used aerodynamic

propulsion is much lighter than magnetic propulsion, but if electric

power is to be used the weight advantage is not as large, Aerodynami.c

propulsion's chief disadvantage is the noise that i.t Ill.<,;.y generate.

An aerodynamic propulsion system can be'.lsed to can.cel out rather

than overcome the aerodynamic drag of the veh:i.cle. As air flows along the

vehicle, friction with the skin slows down the air l>lit.h respect to the

vehicle. If energy is then applied to this decelerated air to rE~acceler<H:2

it to the free strealU velocity~ the vehicle w:Ll1 ha"ve no net {lrc~_g~ T'he

thrust to accelerate this air exac.tly balances the drag that decelerated

it, and the result is that there is no ,,,ake behind the vehicle. Such J3

system is also very efficient since it recovers the kinetic

is contained in the boundary layer air, The analysis presented in

Appendix C shows the magnitude of the tential gain. In thf~ idi'lal

aerodynamic system, the pmller requirement is about 0 .. 9 of tlutt required

by a system that applies a thrust from the ground to the vehich;. For B.

more realistic system, which applies a untform total h(i:.aa increase to the

boundary layer air, the power requIred is 0,93 of the thrust system. For

the latter arrangement, the maX:LmUIl1 efficiency is achieved vjhen only about

half of the boundary laye:c airi.s passed through the ducted fan propulsion

system.

Another feature of .::m aerodynamic: propulsion system of thi.s t::n'€ is

that the fan sucks off and ene)~g:tze.8 the bOU!ldary layer d,.:tt' so that

separation at the rear of the vehicle cart be eliminated. or 8uhsta11.t:l.ally
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reduced and less propulsion power is required. Separation at the rear

of a vehicle is caused by the fact that the boundary layer air would have

to undergo a pressure rise if it were to remain attached. Since this air

is moving at low speed, it does not have enough kinetic energy to accomplish

this pressure rise. In the ducted fan propulsion system being discussed,

this pressure rise takes place through the fan. The air flowing on the

outside of the shroud has substantial kinetic energy and can accomplish

the required pressure rise.

An aerodynamic propulsion system can also be combined with an air

cushion system as has been proposed in Reference 2 for the TRACV. This

combination is not new to air cushion vehicles and is the one that was used

on most of the original ground effect machines as they were then called.

Later versions of such devices such as the Hovercraft have used separate

suspension and propulsion systems. This change was to achieve greater

flexibility and the uncoupling of these two important functions. Whether

the advantages of having only one fan on a TRACV will out-weigh the

flexibility of a two fan system has not yet been determined. In order

to do so, the compatibility of the suspension and the thrust requirements

over the full range of operating conditions is needed. An appraisal of

the efficiency of this arrangement can then be obtained by an evaluation

of the energy required over a realistic mission.

The training requirement does not appear to be incompatible with

the use of aerodynamic propulsion even with fans near the centerline of

the vehicle. If it is realized that an aerodynamically propelled vehicle

leaves essentially no wake, it does not seem unreasonable to have one

vehicle directly behind the other. A close coupling in which one vehicle

rnates directly onto the rear of another vehicle is not possible. This

arrangement is probably not practical for any vehicle unless different

vehicles are used in the center and at the ends of the train.
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5. TUNNELS

Tunnels are expected to be part of a high speed ground

transportation guideway. The long turning :eadius requi.red to

maintain lateral accelerations "rlthin acceptable limits combined with

the need to avoid both man-made and natural obstructions requires

the use of tunnels. High speed operation through metropolitan

areas may require the guideway to be underground to provide adequate

safety and noise reduction. The operation of a high speed vehicle in a

tunnel introduces additional aerodynamic problems beyond those that are

caused by operation in the open, The forces on the vehicle) hoth drag

and lift may undergo large changes. These forces may change rapidly

both at the entry and exit of tunnels resulting in wh.at has been called

buffeting. The passage of the vehicle through the tmmel effects the

environment in the tunnel by causing pressuxe ~ velocity and temperat;;n:e

changes. The rapid pressure changes during entry, exit and at other

points within the tunnel may require special vehIc.le construction to

isolate the passengers from these cha.nges and impose strueturbll design

limitations on the vehicles. Temperatures and velocities through the

tunnel may be modified so that heat rejection equipment on the veh:Lcle

no longer functions adequately. Changes in pressure t velocity and

temperature may also create conditions \'lithin the tunnels wh:tch are

incompatible '(vith the conditiorts .required for workmen vIithin tb;~ tmmcl.

or passengers at stations within the tunneL

5.1 COMPRESSIBLE MID INCOI>fFRESSIBLE TUIIJ.t-.fELFLOVJ SOLUTIONS

Air is a compressible fluid but under many condi.tions, especia.l1y

for low speed flows, the change iIi. density is not appreciabl(~. If it

can be assmned t:hat the density is a const,s.nt" then the fluid dynami,:

equations are considerably s:LmplifiecL Experimental studies can Luore

easily be perform,ed if th.e req.'ui-rerne:nt fs that tIle flui.d density :ts

approximately constant but actual va(;~iathlns do not have to be matched.

For these reasons) many of the analyses .and experiments 1!;vh.ich ha'v"l;'! been



performed in the study o£ tunnel flow have been for the incompressible

case.

The assumption that the fluid ia incompressible has two important

impli.cations: 1) the density does not change, and 2) pressure waves

propagate at infinite speed. The incompressible assumption leads to

slug flow or the condition that the air throughout the tunnel all moves

at the same velocity as a single slug. Actually it takes a finite

length of time for a change in vehicle conditions to be communicated to

air which is far from the vehicle. For a vehicle traveling at 75 mph

the vehicle will have traveled 0.1 percent of the way through the

tunnel before the fluid at the far end will have been effected by the

entry of the vehicle into the tunnel and almost 0.2 percent of the way

before the conditions in front of the vehicle will be effected by the

open far end of the tunnel. An incompressible analysis is a useful

first step in predicting the general flow conditions in a tunnel. For

tunnels open at both ends, this is a reasonably good prediction of the

average flow conditions throughout the tunnel for most conditions of

interest. A compressible analysis that accurately accounts for the

wave phenomena will be necessary to predict the pressure and velocity

fluxuations which occur. The incompressible analysis will also

overestimate the pressure rise that occurs in front of the vehicle

when it first enters the tunnel.

An aerodynamically propelled vehicle will cause considerably less

aerodynamic disturbances than a vehicle propelled by thrust from the

ground. If both types of vehicle propulsion are to be considered,

separate analyses will have to be performed for each. The results

found for one case are not directly applicable to the other. However,

if because of the high drag in the tunnel the aerodynamic thrust is

only a small part of the drag, the effect of the aerodynamic propulsion

on the flow field may be small.

5.2 DRAG FORCES

The drag on a vehicle increases considerably when it enters the

tunnel. The increase in drag depends on how much of the cross sectional

area of the tunnel is blocked by the vehicle. This problem has received
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significant study both analytically and experimentally and

is now quite well understood. Numerous incompressible analyses and

experiments have been performed (Reference 1). Most analyes

and all successful experiments have been performed for the case of the

vehicle propelled by a thrust froID the ground. The research aspect of

the incompressible problem can be considered complete and further

work would only be justJfied if needed for more exact results on a

particular configuration of interest.

Results which include the effects of compressibility are not nearly

as well established, The available analyses do show that, for speeds

up to 300 mph and tunnel lengths up to a fevl Uliles, choked flow

conditions, for which the effect of compressibility on drag is most

important. will not occur. At the present time, at least three

analyses are knoW11 to be nearing completion which should provide

additional information on the effects of compressibility on drag

(References 3,4,5). When these results become available, it is to be

expected that further general studies will not be necessary end a

determination of what further work is needed will have to be made.

Experimental studies of compressible tunnel flow have not been very

productive. The difficulties have been related to the problems of

achieving high enough velocities to match the prototype Mach numbeTs

and correct tube length and end conditions. All of the h1gh ~peed

studies have been for tube vehic1.e systems for which data i.n very long

tubes was required. These experiments were not highly s11c,::assful at

achieving such results since it was difficult to simula.te the prop0-r

tube length and launch conditions. The tunnel problem, hO\'1ever, where

the vehicle enters a reasonably short tunnel at high speed~ is much

easier to simulate. Using the small--scale racil! ties previously

developed, i.t should be possible to model conditions in tunnels up to

several miles in length and at spe(.~d$ up to several hundred miles per

hour.
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5,3 LIFT AND OTHER FORCES

The other forces on a vehicle in addition to the drag force are

also modified by the tunnel environment and under certain conditions

these changes may be critical., The problem which would appear to be

the most critical is the difJturbance in the lift force caused by the

confinement of the tunnel walls when the vehicle is supported by a low

pressure air cushion. If the air is not restricted from circulating

around a vehicle. then it is reasonable to e>"'"Pect that the pressure on

all sides will be approximately the same. An air cushion system

implies that air is trapped under the vehicle at higher pressure than

on top of the vehicle and that the top and bottom of the vehicle do not

communicate free1yo In a tunnel, there can be a static pressure

gradient along the length of the vehicle equal to several times the

value of the dynamic pressure If support for the vehicle is provided

by ram pressure alone or i3upplem211ted ,-lith a blower for which the air

inlet is at the front of the vehicle, the pressure in the cushion will

be ahout the same relative to that in front of the vehicle as when the

veb leI e \"dS in the open, Outs ide of the cushion. toward the rear of

the vehicle, the preSSU:C2 can be cons:i.derably less resulting in an

increased lift toward the rear c;,f the vehicle. The magnitude of this

effect depends on tile ratio of cushion pressure to dynamic pressure.

1£ the cushion p"ressure 1.8 many times larger than the dynamic

pressure, then a change in the pI"eSSUre on top of the vehicle by an

amount equal to several times the dynamic pressure will have little

effect; but, if the cUi3hion pressure is about equal to or less than

the dynamic pressure. the effect can be very large. A crude first

order analysis of this problem is presented in Appendix D.

This same effect which causes a. d:Lsturbance in the lift force

can also have a major effect on the pitching moment. The indication

is that the point of application of the lift force .vill shift aft

resulting in a nose down pitching moment which may be strongly

coupled with the lift. Since the lateral guidance cushions are

symmetric, one \"Tould not expect any maj or effect OIl the lateral

forces or moments. The magnitude of this effect on lift force and
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pitch moment will depend on the amount by which the vehicle blocks the

tunnel. The effect can always be reduced until it is unimportant by

increasing the size of a tunnel. Since this also increases tunnel

costs, it is important to k,."10W hO\I1 tunnel size effects vehi.eles having

different air suspension systems.

5.4 WAYSIDE TUNNEL ENVIRONMENT

The environment created within the tunnel may have !',ignificance

depending on the way in which the tunnel is used. The ve.lol~ity:;

pressure, and temperature conditions must be compatible with the heat

rejection requirements of the vehi=le and with the structural

integrity. The locat.ion of people within the tunnel is also an

important considerat1.on. People 1ilithin the vehicle can be shielded

by the vehicle which must be designed to be compatible with the tunnel

environment. It may be necessary to have workers within the tunn.,l

at the same time vehicles are passing through the tunnel ang. this

would impose more severe restrictions on the tunnel environment The

most severe condition would occur if a station with open plat£oTIns

was located in the tunnel as might occur when the tunnel is used to

pass through a metropolitan area.

A rather extensive study has been performed in this area

(Reference 6) for subway systems using vehicles travel'.!.ng at spee.ds

up to the order of 70 mph,. In thfs study the conclusion uas rt'aCh;3d

that incompressible theory provide.d an ad.equate prediction qf

conditions in the system. A computer program has been \vritten to

predict conditions in the tunnels and stations. This program should

be available for use on high speed rail systems. Ho"rever t at the

higher speeds envisioned for such sys terns. a theory basi-~d on the

assumption of an incompressible fluid is probably i.nadequate.

particularly with respect to pressure and velocity transients. The

program provides a useful first step in approaching these problems

and should be particularly useful in assessing temperature problems.

The noise problem :l.s also one which may be considerably aggravated

by operating in a tunneL The. confinement of the tunnel will eliminate



the attenuation achieved in the op~n by the sound spreading out in all

directions. On the other hand, it confines the noise so that it will

not be heard by people living along the right-of-way. The noise would

seem to be a problem only to workers in the tunnel and to passengers

on open platforms. The best solution is probably to provide special

provisions to protect these people.

Another possible noise problem is at the ends of the tunnel. The

noises generated by the train will be transmitted almost without

attenuation to the ends of the tunnel and pressure waves generated by

the vehicle may be a source of noise when they are reflected from the

ends of the tunnel (Reference 7).
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6. NOISE

The sources of noise generated by a ground transportation system

are from mechanical parts, propulsion ~ld aerodynamics. The

aerodynamic sources of noise are from the turbulent boundary layer and

separated turbulent flow, an on-board prime mover. an aerodynamic

propulsion system. and jets issuing from the curtains of an air cushion

suspension system. A preliminary estimate indicates that if an

on-board prime mover such as a gas turbine is used, it would be the

most important source of noise and a ducted fan propulsion system

would be next. The noise of both of these devices can be consicerably

reduced by using a low exhaust velocity from the turbine, a lightly

loaded high solidity ratio fan, and sound absorbing muffling material in the

ducts. An air cushion would be the next most important source of

noise. For present designs, the Ibast important source of aerodynaraic ~oise

is the turbulent boundary layer and separa.ted flow regions. Reduction of these

noises by removal of protuberances is practical but reduction in the noise

caused by the turbulent boundary layer is not. Reduction of all nohie scun:::es

to the level of the noise caused by the turbulent boundary layer is ~ reason­

able objective of a noise reduction program.

Turbo machinery, both in the form of a gas turbine of a ducted fan,

tend to be maj or sources of noise. Any irregularities in th-:~ flo~7 C'~UBi::

an increase in noise since it subjects the blades to fluxllating pulses.

Non-uniform conditions in front of the fan or rotor bladEs fol1oued

stator blades (or vice versa) are all sources of such noise. The noise

can be muffled by using sound absor-bing material in long length to

diameter ratio ducts both in front of audin back of the fan. Long

ducts can be formed by dividing the passages using longitudirw.l dividing

walls of sound deadening materi",1. Such small diameter passages

increase the friction losses and :ineffic:iencies of the system. A

compromise design must be reached ,-ihieh provides enough sound reduction

without too large losses in aerodynamic efficiency. A good muffler

design appears to be thf: most 1.mportanl: c(mcern with respect to noise

reduction i.f on-board pO~Jel. plants and aerodynamic. propnlsion are to be

used.



Jets are another important source of noise. For the high velocity

jets used in a turbojet engine, the turbulent mixing of the hiph speed

jet with the surrounding air is the main source of noise. The intensity

of this noise goes as the 7th power of the jet velocity. Only

relatively low velocity jets are expected on ground transportation

vehicles. so this type of jet noise should not be too loud. When a

turbulent boundary layer flows ov~r an edge, the pressure fluctuations

that have been exerted on the wall are suddenly released so that their

energy is radi.ated as noise. This is expected to be the principle

noise mechanism for low velocity jets of the type which would come from

both the propulsion system and th~ air cushions of the ground

transportation vehicle.

The turbulent boundary flow over the vehicle and the separation in

the wake is another source of aerodynamic noise. This represents a

basic noise level for high speed ground transportation vehicles which

would be difficult to reduce by any practical means. Fortunately the

noise from this source does not appear to be greater than the level which can be

accepted. Small protuberances and roughnesses on the skin of the

vehicle can considerably increase this basic noise level which can be

eliminated by maintaining a smooth skin.

In summary. for conventional rail systems up to about 150 mph,

the noise problem is a serious one but is not caused by aerodynamics.

For high speed systems the propulsion and suspension systems, both

magnetic and aerodynamic. can be serious sources of noise. The

aerodynamic noises with which this report is concerned are caused

mainly by gas turbines, compressors and fans. The development of methods

for reducing noise levels for such equipment seems to be of primary importance.
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7. AERODYNAMIC RESEARCH AND DEVELOPMENT PROGRAH

In this sec.tion a variety of research and development tasks will

be described and presented for different technical areas. After the.

tasks are described, the next section will show the relationship between

these tasks and the different ground transportation prog-rams, Table 3.

7.1 AERODYNAMIC FORCES

It has been show~ that aerodynamic drag is the principle consumer

of po",er on conventional rail systems traveling a speed of 150 mph,

and of cCilnsiderable importance at lower speeds. A reduction in

aerodyna~ic drag could therefore result in a substantial savings in

power and in the equipmBnt needed to supply this power. Such a

program should consist of an evaluation of changes that can be made to

the type of equipment eurrently in use and being considered in new applica.tions

giving full consideration to the practical consequences of such changes. The

result should be a ranking of possible changes in terms of both their aerody­

namic drag reduction aspects a.nd practical aspects. In this way :it ,wuld be

possible to select the modifications that provide the greatest benefits at the

least cost. A preliminary analytic evaluation or aerodynam:Lc cc'nc2pts

and existing data followed by wi-nil tunnel tests should be used to

provide the aerodynamic data on the different configurations. An

evaluation of the costs of these fe4tures both from a production and

maintenance point of vie,,] should be made wlth manufacturers 8.nd

operators of such equipment. An <:nraluation of the potenti.al power

savings accomplished through drag reduction should be made ccnstdering

typical missions.

7.1.2 Effect of Susperwion Systems on Drag of rvIagnetically
Lev::Ltated Vehicles

There are two prI:ndple ma;gnet:Lcally levitated systems of interest:

an attractive and repulsive (iy,stem. The guideway an.d levitati.cm parta

of the vehicle are different for these t.;;o systems, Since the



aerodynamic drag is the principle power consumer on high speed vehicles,

it is necessary to determine the effect of these different levitation

systems on the aerodynamic drag. The evaluation should consist of a

preliminary analytic study of the two different vehicle configurations

and the aerodynamic implications. Wind tunnel tests should then be

designed to determine the effects of these features on aerodynamic drag

and also to evaluate any changes that can be made to improve the

aerodynamics without degrading the levitation system.

7.1.3 Development of a Low Drag Vehicle

Since aerodynamic drag is the principle consumer of power for high

speed vehicles, it is important to develop low drag configurations.

The object of this task '07ill be to develop low drag vehicle

configurations in conjunction with the guideway. The vehicle cannot be

considered independent of the guideway configuration, particularly with

respect to the semi-enclosed or "U" shaped guideway. The nose and the tail of the

vehicle are the areas offering the greatest flexibility and possibility

of drag reduction. The flow about the nose of a vehicle operating in

the open can be shaped in a way to cause minimum drag by well known

techniques. A "U" shaped guideway may complicate the flow

but low drag configurations should be achievable for any reasonable

guideway configuration. The tail presents a more difficult problem.

A long streamlined tail is generally not appropriate because of its low

internal volume. Boundary layer control offers a possible solution.

The coupling of boundary layer control at the base with an aerodynamic

propulsion is an attractive possibility which is also considered in

Task 4.1. A "U" shaped guideway also complicates the base flow region.

For minimum drag a smooth skin is also required. The effects of

windows, doors and other protuberances should be considered. The

program should consist of an analytical and experimental study of

different drag reduction methods. Wind tunnel tests because of their

simplicity should form the backbone of the experimental study but

track tests in both air and water should also be considered. The

analytical effort could be carried out as a first phase followed by
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the experimental work, An additional feature of these tests should be

the measurement of other forces, phrticularly side force and roll

forces for different guide~'TaY vehicle configurations. Another feature

that should be considered, depending on its importance in operational

plans, is vehicles in a trained configuration. Both the approach of

using closely coupled vehlcles \vith special lead, intermed;i.ate, and

tail veh~cles as well. as basic low drag vehicles not closely coupled

should be considered.

7.2 WAYSIDE ~~IRONM~~T

7.2.1 Evaluation of the Pressure and Velocity Effect of
Vehicles Passing Wi~:lsi~~Q:e.1~~ctL_._.. _

When a high speed vehicle passes a wayside object. it is subject

to both a pressure and velocity effect" In this respect the wayside

object may be either a stationary or a moving vehicle. Enough

information is now available so that reasonable preliminexy estimates

could be applied to the configurations of interest to both conventional

rail systems and high speed sys tems" The objectives would be sQllie,v'hat

different in these two cases. FoX' conventional rail systems, many of

the conditions of operation are prescribed by existing situaq.ons. It).

this case, the purpose of this task would be to ant:$..cipate problems

that might be expected to develop as operating speeds increased .w.a te,

help arrive at solutions. High speed system.shave not yet been

so there is considerably mcn:e flexibility. In this case the purpose

would be to help set the design stana£irds in order to avoId problems in

this area.

This task consists of the IneasuremBnt of the pressure and velocity

fields generated by vehicles; A Hind tunnel provides the si.mplest "Jay

of performing such measurements, Wind tunnel measurenients souid be

made in a coordinate system. fixed "'lith the vehicle in which th€.:

phenomenQr! 1.s steady!' Th.e pne.nomenon can then be obtained by



a simple transfer of coordinate systems. In wind tunnel tests a variety

of configurations could be considered ranging from conventional trains

to high speed vehicle configurations. Such tests would provide results

for the flow field generated by the vehicle itself, in the absence of

other objects. The interaction between other objects and the vehicle

would be neglected. The available results show that this interaction

is not a major part of the problem. The most important interaction is

that with a long wall, and the interaction with an infinitely long wall

can be simulated in the wind tunnel (at least the inviscid part of the

interaction). The effect of angles of yaw on the viscous flow field

associated with the boundary layer and wake should also be included in

such a program.

Additional tests should also be run on full-scale vehicles in the

field. Such tests should include both conventional rail equipment on

existing track and high speed configurations at the Pueblo Test Center.

Caution must be used in controlling conditions for such tests

particularly with respect to crosswinds. The configurations that can

be run on such tests are also limited to existing vehicles since the

cost of special configurations would be prohibitive. For these

reasons, wind tunnel tests should be used as the prime source of data

and full-scale tests used to confirm the results.

An alternate to the wind tunnel tests would be model track tests

either in air or water. The additional difficulties and lower

quality of data associated with such tests makes the wind tunnel the

preferred mode in spite of the better simulation that can be obtained

in this way.

7.2.3 Measurements of Noise Generated by Air Cushions

Aside from the noise caused by turbo machinery, which is

associated with both propulsion and air cushion fans and will be

considered in Task 4.2, the noise of jets from an air cushion is the

principle source of noise expected. Experiments to better evaluate

the importance of this source of noise should be undertaken. These
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experiments should be carried out on both model and prototype scale.

The possibility of making tests on existing air cushion vehicles should

be examined. The d:i.fficulty anticipated is that the noise from

associated turbo machinery will mask the cushion noise. However) the

situation should be carefully examined to try to find a method for

removing or filtering out the background noise. If a satisfactory

system is found, measurements should be made on these vehicles.

Because of the difficulties and inflexibility of full-scale

experiments, model experiments are very desirable. The first step is

to examine the scaling laws to determine how best to perform such

experiments Cl If i.t is det.ermined that 'Vlortlrwhile experi.merrts call 11e

made at small scale. then a program to determine the noL:,;(,\ level

generated by different cushion configurations should be performed,

7.3 AERODYNAMIC SUSPENSION

7.3.1 Low Power Consumption Air Cushions

The power consumption of the air cushions on exist:Lng vehicles is

an important part of the total power consumption. It is important to

examine methods of reducing this power to more acceptable levels. An

examination of the different methods of achieving reduced suspension

pm.;rer should be undertaken. A first step would be an analytlc study of

the different possible arrangements such as reduction in the length of

cushion edges, use of different cushion pressures, and static. and

dynamic cushions. .A second step would be an experimental examination

of the more promising configurations.

7.3.2 Determination of Stability Derivatives for Dynamic
Air Cushions

The aerodynamic properties of a dynamic ai.r cushion are. not yet

established. 11l.J. important aspect of the TRACV concept is that

stability can be obtained using a single dynamic cushion. Studies

have been and are being carri.ed out in this area but final results have

not yet been obtained. The first objectives of a combined analytical

and experimental study are to determine the basic parameters and an



analytical study of the way in which the aerodynamic characteristics

depend upon these parameters. Experiments should then be performed over

a sufficient range of these parameters in the range for which the

aerodynamic characteristics appear to be useful for air cushion vehicles

in order to confirm or modify the analytic predictions.

7.3.3 Preliminary Design of a Dynamic Air Cushion Vehicle

A preliminary design of a dynamic air cushion vehicle should be

made in conjunction with the determination of the aerodynamic

characteristics as a gUide to the range of variables that should be

considered in that investigation. The prelinlinary design should

determine the values of the aerodynamic characteristics that are

required to produce a dynamic air cushion vehicle. This design must

cover all phases of operation, acceleration, cruise, and deceleration

for different loading, guideway, and wind conditions. New results on

aerodynamic characteristics should be continuously appraised to

determine which configurations show promise of satisfying the needs of

a ground transportation vehicle. The conclusions reached from this

investigation should be used to direct the investigation into

aerodynamic characteristics.

7.4 AERODYNAMIC PROPULSION

7.4.1 Evaluation of Aerodynamic Propulsion

Aerodynamic propulsion is one of the means of propelling a high

speed ground transportation vehic~e. Except in the area of noise, it

appears to have advantages over magnetic systems. This task would be

a study of aerodynamic propulsion systems designed to evaluate their

performance in relation to various configurations. Particular

attention should be paid to the possibilities of reducing vehicle

drag and power requirements by using boundary layer air in the

propulsion system and to the advantages to coupling the propulsion to

an air cushion levitation system. The first phase of this study

would be analytical followed by an experimental program.
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7.4.2 Noise Control for Ducted Fans

A ducted fan is needed for an aerodynamic propulsion system and is a

principal source of noise for such a. system. It is also very similar

to the fan needed for air cushion systems and compressors used in gas

turbine prime movers. It is important to develop methods to quiet or

muffle fans of this type with minimum penalties in performance. The

first phase of this task ,'lQulct be a.n analytic study for noise level

reduction and the noise reduction and performance penalties expected.

An examination of the use of model experiments to develop and p:::-ove

these methods should also be made. The next phase would depend on

the results of the first phase~ but might include the development of

better muffling techniques and a demonstration of their success using

model experiments.

7.5 AERODYNAMIC EFFECTS OF TUNNELS

7.5.1 The Effect of Tunnels on Vehicle Characteristics
Other than Dr~__._ _ _

When a vehicle enters a tunnel, the flow field about the vehicle

is very different from when it is in the open. Prelimi.nary

investigations indicate that the lift force and pitching moment can

be considerably modified from the values in the free stream for low

pressure air cushion vehicles. The characteristics of such vehicles

should be obtained as a function of tunnel blockage ratio in order

to determine hmv vehicles and tunnels must be designed in order to be

compatible. The first phase of this task would be an analytical

study to arrive at a better understanding of the problem and to

predict the anticipated effect. The second phase would be an

experimental investigation. probably card.ed out in a wind tunnel.

designed to determine the valid! ty of the ·predictions.

7.5.2 Experimental Measv.rements of the Effects of High
Sp ee.5LVehicles P"'§~~~l!.B th.£ou~"~lels _

Experimental confirmation of the aerodynandc effects caused by

the passage of high speed vehicles through. a tunnel is needed.



There are no experimental studies at speeds for which compressibility

is an important consideration. Experimental techniques developed in

the tube vehicle work are suitable for this tunnel flow problem. A

vehicle should be launched at high speed (up to 300 mph) into a tube

which is open at both ends. The vehicle can be heavy enough to coast

through the tube at essentially constant velocity. A 100-foot long

tube, one inch in diameter, similar to the old GASL facility

(Reference 7) simulates a tunnel two miles long. While experiments

in this facility were only of limited success in simulating tube

vehicle flight conditions, it seems very appropriate to the tunnel

problem.

7.5.3 Predictions of the Aerodynamic Environment in Tunnels

A method of predicting conditio~s in tunnels in which high speed

vehicles are traveling is necessary for providing design conditions

for both vehicles and tunnels. Considerable work has been

accomplished and is now going on in this field so that the objective

is about to be achieved. This task can be divided into two phases. In

Phase I, the present status of the analytical work should be reviewed and

a determination made of what is needed to make it into a working tool which

will be available to provide the needed predictions. Phase II should perform

the work determined in Phase I and should result in a working method. The

analytical results should also be used to design experiments and to

compare the results of these experiments.

Almost all of the results now available are for the case of a

vehicle propelled by a thrust from the ground. If an aerodynamically

propelled vehicle is to be used, the tunnel flow field would be quite

different. The present methods can be modified to include that case

if it seems desirable to do so. Such a modification should wait

until Tasks 4.1 and 4.2 have been completed and the likelihood of

using aerodynamically propelled vehicles is better established.



8. RELATIONSHIP OF f~RODYNAMIC TASKS TO
GROUND TRANSPORTATION SYSTEMS

The way in which the fourteen aerodynamic tasks discussed in the

last section support the high speed ground vehicle programs is shO\l7n

in a matrix form in Table 3. The tasks are listed under the programs which

they support. It is seen that many of the tasks support more than one

program.

8.1 HIGH SPEED CONVENTIONAL RAIL

Five tasks directly support the high speed conventional rail

program. These tasks are designed to develop less poTtleI' consuming

trains, to provide information on the aerodynamic conditions to which

these trains will subject other trains and objects along the right-ot­

way, and to predict the effects of passing through tunnels.

8.2 MAGNETIC LEVITATED VEHICLES

Eight tasks support this program. Their purpose is to provide

aerodynamic data on the special configurations used for magnetically

levitated vehicles, to develop low drag vehicles, to determine the

conditions that high speed vehicles of this type will impose on their

surroundings, to assess the use of aerodynamic propul.sion on such

vehicles, and to predict the effect of passing through tunnels.

8.3 AIR CUSHION VEHICLES (STATIC)

Ten of the tasks support this program. These tasks are to develop

low drag vehicles. determine the effects the vehicle will have on

their surroundings, determine the noise level created by an air

cushion, ~valuate and develop air propulsion both from an efficiency

and noise aspect. determine how to improve air cushion efficiency, and

determine the effect of the vehicle passi.ng through a tunnel including

the effect on lift and pitching moment.
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8.4 DYNAMIC AIR CUSHION (RAM WING)

Twelve tasks support this program. These tasks will provide data

on low drag vehicles, the effect of the vehicle on their surroundings,

evaluate aerodynamic propulsion and the noise created, determine the

feasibility of a vehicle supported by a single dynamic air cushion,

and the effects caused by the vehicle passing through tunnels.
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APPENDIX A. LOSSES ASSOCIATED WITH AIR CUSHIONS

The fundamental losses associated with any air cushion, in addition to

those caused by friction both internally and externally, are equal to the

kinetic energy dissipated by the jets which escapes from the cushion edges.
_...__.._-------

The velocity of these jets, with respect to the cushion, has a component

perpendicular to the cushion edge driven by the pressure difference

between the pressure in the cushion and the atmosphere, and may have an

additional component in the direction of vehicle motion. If the air

within the cushion is only moving slowly with respect to the cushion it

will be referred to as a static cushion and, if moving rapidly, as a

dynamic cushion.

First consider the case of a static cushion on a stationary

vehicle. The cushion pressure is

L_ c
Pc - A

c
The jet velocity is

The volume flow escaping from the cushion is

(A-I)

(A-2)

Ch = ~ 2LA Ch
p A (A-3)

and the power dissipated is

v. 2

P :: pQ --1..­
2

or

(A-4)

P
V L Ch/A

00

(A-5)

For a low aspect ratio cushion such as used on a tracked vehicle the side

edges of the cushion are much longer than the front and back so, in the
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limit of zero aspect ratio

(A-6)

It is clear that the least power is required for the lowest jet velocity

or cushion pressure requiring the ct;shion area be as large as possible.

If the cushion has forward velocity, the conclusions are somewhat

different. At forward speed severa1 different cushion designs need to be

considered.

[1] The total pressure behind the fan is equal to the
cushion pressure at all forward speeds. This
situation \;Tould exist if a const.ant volume flow
fan were used.

[2] There is no fan or the fan blades are feathered
at speeds where the ram pressure is greater
than the cushion pressure.

[3] The fan increases the total pressure of the flow
by an amount equal to the cushion pressure.
This situation would occur if a constant pressure
rise fan were used.

When the cushion is moving forward, the jet velocities and losses

associated with the forward~ rear, and side edges of the cushion are

different. Since the side edges of the cushion are the longest, t.hey

may be the most important and will be considered first. Case [1] is a

reasonable idealization to the way a fixed geometry constant speed

axial flow fan would operate. Under this condition the cushion is a

static cushion. The jet velocity has a component perpendicular to the

direction of motion which is caused by the cushion pressure and a

component in the direction of vehicle motion equal in magnitude to the

vehicle motion. The volume flow is the same as given by Equation (A-3)

and the total velocity is

V 2 ==
t
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The total power dissipated is

p
--;::..........- =
LV Ch/A

00

(A-8)

The power required is shown in Figure A-I. The minimum power occurs when

the cushion pressure is equal to the dynamic pressure of the oncoming

air. The power requirement increases less rapidly if the cushion pressure

is less than the dynamic pressure than if it is greater. For maximum

efficiency, a vehicle of this type should probably be designed so that

the dynamic pressure is somewhat higher than the cushion pressure at the

cruise condition. How much higher would depend upon the amount of time

that the vehicle is expected to spend at reduced velocities. A minimum

value of the cushion pressure is, of course, fixed by the available

planform area of the vehicle and the weight. However, for this case,

the minimum cushion pressure may not be optimum.

The second case would occur if the vehicle is capable of changing

to a ram wing mode of operation when the dynamic pressure exceeds the

cushion pressure. This condition also requires that a dynamic cushion

be used since the total pressure in the cushion is greater than the

static pressure. The air in the cushion is flowing in the same direc­

tion as the free stream but at enough lower velocity so that the static

pressure has increased to the cushion pressure. Under this condition

the jets have a velocity component in the direction normal to the

cushion caused by the cushion pressure and a velocity in the direction

of vehicle travel by an amount equal to the difference between the free

stream velocity and the velocity in the cushion. The volume flow is

still given by Equation A-3 and the velocity in the cushion relative to

the vehicle is given by the relation

V
c
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The power loss is then

p

LV Ch/A
00

(A-lO)

This power requirement is also shown in Figure A-I. The ram wing is most

efficient when operating at a dynamic pressure much larger than cushion

pressure. For a given speed of operation the cushion pressure should be

as low as possible. This result is similar to that found for ram wings

in Reference 8.

The third case would occur for a constant pressure rise fan and a

dynamic cushion. Since the fan imparts a pressure rise of pc th(~ cushion

velocity must always be equal to the free stream velocity. The jet

velocity from the cushion is perpendicular to the cushion edge and caused

by the cushion pressure. The volume flow is that given by Equation (A-03)

and the jet velocity by Equation (A-2). The resulting expressi.on for

power is

......L'I:::"'--:;~-:-h-;/-'-A := JPq c
00 00

(A-H)

This result is also shown in Figure A-I. This case gives the lowest

power. It is asymptotic to Case 1 at low speed and Case 2 at high speed.

It gives considerably better performance than either in the neighborhood

of dynamic pressure equal to cllsh:i.on pressure.

The front and rear edges of the cushion are somewhat different.

\~len the vehicle is stationary, all the edges are the same as has already

been discussed. The result for the stationary vehicle, Equation (A-S) , fR

requirements for the front and back edges of the cushion are similar to

that given for Case I, Figure A-I. For Case 1, there is a flow out the

[(lJ·w:lrd :md rear edges of the cushion for q < p. In the front of the
c

Clwhli.lll, the jet ve10city is related to the difference between cushion
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and dynamic pressure

/ 2(p .- q )

V 'c 00

Vj =: p

The volume from the leading edge is

Q "" V CF h
j

and the power dissipated is

(A-12)

(A-13)

(A-l4)

At the rear of the cushion, the jet velocity is

V
j

=J2:~

The volume flow is

and the power dissipated is

(A-IS)

(11.-16)

(A--17)

The total power dissipated at both the front and

{
~ + {pc _ 2 + ~
~Pc -..Jq ~q-l

the rear edges is

'-60-
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The power dissipated is then

1 _SL ,

2JE)p 1 r~ Pc f 1 + .9._ +----:= -
L Cuh 2 " q ,------ \~ Pc..\.

1 + J-9...-A Pc

(A-21)

At the rear edge the jet velocity is then

v
j

and the power is

p 1. pQ (V. _ V )2
2 J 0(>'

p

L V
00

(A~22)

All of these results are shown in Figure A-2. For Case [1}, the result is

the S&lle as given previously in Reference 10 }'igure A·· 2 shows that the

differences between the three cases are not very significanc. The power

dissipated is only important \oJhen q < pc' For Case (3J> some thrust will be

obtained. The power that is dissipated in obtaining this thrust may be

no more than would have been dissipated by the regular propulsion system

which would not be a disadvantage. These result.s would appear to bear

out the original suggestion that the important dissipation comes from the

sides and not the front and rear. A possible exception might occur if

the clearances at the front. and back are much larger than at the sides.
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assuming that the two edges are of equal length. There is zero loss

for both the front and rear edges at q = p. At higher velocitiesc
there would be no outflow from the leading edge so losses could occur

only at the trailing edge. Equatiod (A-17) can be used for these
?

trailing edge losses. It should be 'realized that there is some

inconsistency in having flow enter the cushion at the forward edge and

maintaining static cushion conditions at a total pressure of p. The
c

flow under the forward cushion should be small with respect to that

through the fan so that neglecting it may be justified in this simple

analysis.

Case 2, the ram wing, can only be considered when q > p. Therec
is no outflow through the front of the cushion and the flow leaves the

rear of the cushion with free stream velocity so there are no losses

associated with these edges.
I

For Case 3, the static pressure in the cushion equals p and thec
dynamic pressure equals p + q. Because the dynamic pressure is greaterc .
than in Case 1, the flow from the leading edge will be reduced if the

flow from the fan is directed away from the leading edge. The jet

velocity is the difference between the total pressure in the cushion

and the free ~tream.

(A-l9)

In order for the flow from the fan to be turned around and escape in the

forward direction, its momentum must be overcome by the differe~ce

between the static pressure in the cushion and the stagnated fr~e stream

flow. A momentum balance can be performed to determine the amount of air

escaping under the forward cushion.

(A-20)
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In order to assess the importance of these different cushion

configurations, a vehicle of the type described by the TRACV study,

Reference 2, was considered. The important characteristics as applied

to the suspension system are:

Vehicle weight

Available cushion area

Cushion clearance

Minimum cushion pressure

92,000 1b or 41,730 kg

2000 ft 2 or 186 rn
2

0.025 ft or 0.0076 m

46 Ib/ft2 or 0.0224 kg/cm2

Using these characteristics, the cushion power as a function of speed

was calculated and has been presented in Figure 4 (p. 25). All three cases were

presented for the minimum cushion pressure. At high speed the static

cushion is seen to require considerably more power than the other two

arrangements. The static cushion is operating considerably aW'ay from

the optimum condition at maximum ve~ocity. For this reason a cushion

design wi th four times the pressure' is also shown ",hi.ch is close to the

optimum pressure for maximum speed. Power savings are made at the high

speed condition at the cost of increased power at the low speed condition.

The results just discussed are for the case where the guidance and

levitation cushions are so arranged that there are only two edges leaking

to the atmosphere. The power requirement for any of the cushions is quite

low. However, if an arrangement of four cushions is to be used, two

levitation cushions side by side and two guidance cushions, the number of

cushion edges and the power requirement will be increased by a factor of

four. The power requirements on the vehicle for the high pressure air

cushion and the aerodynami.c drag are sho\vu in Figures 4 and 5 (pp. 25,26). If the

four separate cushions are required, the cushion power is of the same

order as the drag power.

If the power for an air cushion suspension system is not to be

excessive, it would appear necessary to find some way of combining the

air cushions so that the number of edges leaking to the atmosphere is

reduced to two. This change appears to reduce the required power to

the level where it is a small part of the drag power. Additional
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improvements, such as can be achieved by using dynamic instead of static

cushions, offer a further considerable reduction.

These results are probably on the optimistic side for both the

vehicle drag and the cushion power~ Viscous losses both in the cushions
•

and the ducting have been neglected. When all the additional effects

such as orifice losses and differences in aerodynamic drag due to

different frontal areas are included, it is not immediately clear if

the relative energy advantage of the dynamic cushion increases or

decreases.
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APPENDIX B. STABILITY OF DYNAMIC AIR CUSHION
OPERATING AT LOW CUSHION PRESSURES

The dynamic air cushion may offer several advantages over the

static air cushion. This is particularly true if a single thick air

cushion can provide sufficient stability and acceptable ride quality

without a secondary suspension.

In order to provide stability, the cushion must be capable of

sustaining different values of static pressure in different areas.

The dynamic cushion concept, in which the total pressure within the

cushion is larger than the static ?ressure, is capable of achieving

this result. It is obvious that the ratio of static pressure to dynamic

pressure, which is closely related to the lift coefficient, is an

important parameter in determining how much dynamic action is possible.

It also appears to be obvious that, for a low aspect ratio configuration

such as is appropriate to a ground transportation vehicle, it is easier

to maintain different static pressbre levels along the length of the

vehicle than in the direction across the vehicle. There are two major

questions which have to be considered: 1) does the dynamic cushion

provide capability of developing sufficient force to balance the

expected loads, and 2) are the stiffness characteristics of the cushions

suitable for providing an adequate ride without a secondary suspension.

If the natural characteristics of the cushion are not adequate to satisfy

the second requirement, it may be necessary to improve the character­

istics by the use of controlled flaps or jet curtains.

As a first step, it is useful to try to express quantitatively the

effect of aspect ratio on the isolation between different parts of the

cushion separated in an athwartship direction. If the fluid were

constrained to flow in the longitudinal direction only, then a change

in one part on the cushion would effect conditions only along that

longitudinal line. However, a change in pressure along one longitudinal

line will cause a cross flow that will allow the fluid to escape from

that longitudinal line and move to a different one. If the cushion
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has the length, t, and width, b, the amount of crossflow velocity required

to relieve differences in static pressures across the cushion is

Vc b
-'\,-= AR
V te

(B-1)

The longitudinal velocity is related to the difference between static

and total pressure and the crossflow velocity is related to the pressure

differences across the vehicle

(B-2)

Therefore,

(B-3)

and using the total pressure as the reference quantity

(B-4)

Based on this very simple analysis, one might expect there to be some

similarity between possible athwartship pressure differences, for

different cushions, if the quantity on the right hand side of this

equation is constant. This relation also points out the need for a small

ratio of dynamic to total pressure ratio (a low lift coefficient), if

substantial pressure differences are to be sustained across the cushion.

If adequate stability cannot be obtained with a fully open cushion,

the use of longitudinal separators would be required. Such separators

would probably not have to be as close to the guideway as the curtains

along the edges of the cushion, but unless they were flexible and

designed to prevent contact, they would restrict the motion of the vehicle

and inhibit the ability of the air cushion to act as the entire suspension

system. The use of a single keel or longitudinal separator along the
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centerline was considered in the analysis presented in Reference 9.

In that analysis, it was assumed that the keel sealed perfectly against

::-l'" ~-.:.ide",a:y and that the dynamic effects provideJ m.' ,hi,t ~ \:. i",,~:;,~.

isolation. As that analysis indicates, there is a very strong roll sway

coupling, which appears to be unacceptable. If the pressures on each

side of the keel, both under the vehicle and on the side of the vehicle,

are the same then no side force can be sustained unless a rolling

moment is also applied, and vice versa. This arrangement would only

be capable of resisting a side force applied at one particular vertical

location. Separation into four basic cushion areas, either by the

dynamic effect or by longitudinal separators, is required to provide

stability.

An attempt has been made to estimate whether the stability in

roll and sway would be adequate for a dynamic air cushion without

longitudinal separators. Using Reference 9 and the additional side

force data available from Reference 10, the side force requirements to

which the Grumman TLRV was designed~ Reference 11, were compared with

the capabilities of the dynamic air cushion. The conclusion is that

considerably more side force is needed than appears to be available.

This conclusion is based on very preliminary data and may prove

premature. It does point out, however, that this is a potential pr0blem

area and that the investigation of dynamic cushions should concentrate

on designs that can be expected to satisfy such criteria.

The heave and pitch stiffness of the cushion is also another

property that needs examination. A simple analysis of the stiffness in

heave is instructive. Consider the configuration shown in Figure B-1.

It will be assumed that perfect side curtains are provided or that the

configuration i.8 of infinite aspect ratio. The continuity equation gives

Vh :;: V h
00 0
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The Bernoulli equation can then be used to calculate the pressure.

1
=2 V 2p <Xl

(B-6)

The lift can be obtained by integrating along the length of the vehicle.

LC =:--
~ qA

where

The lift can be differentiated with respect to the cushion height of

[,;h constant

h den [,;h
o x, 0

C
n

dh =: - lih + h
x, 0 0

(B-7)

The frequency of vertical oscillation can then be related to this result.

w J[';h =: - rc
. g ..j -~

This result is of limited interest since it was derived under the

assumption that the heave motion is independent of the pitch motion

([';h=constant). Actually, it is very likely that there is a strong

coupling between them, and that the coupled results would be very different.

However, this result does illustrate that the heave frequency is closely

coupled to the lift coefficient and the speed of the vehicle. Also, it

should be realized that a vehicle could not operate satisfactorily on

aerodynamic lift alone at speeds which require a lift coefficient near 1

since an adequate amount of increased lift is not available to provide

vertical acceleration over bumps.
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Both the consideration of adequate heave stiffness and dynamic

separation of cushion areas suggests that dynamic cushion vehicles should

not operate at high lift coefficients. This may impose an additional

limitation on the take off speed of a dynamic air cushion vehicle which

depends only on the ram pressure to achieve lift. For instance, if the

maximum lift coefficient that could be allowed at take off were reduced

from 1 to 0.5, the take off speed, or the speed of which partial wheel

support is no longer needed, of the ram version of the TRACV vehicle

(Reference 2), would be 200 mph (322 tm/hr), instead of 150 mph

(241 km/hr).
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APPENDIX C. AERODYNAMIC PROPULSION BY DUCTED FAN
OF GROUND VEHICLE

A ducted fan is a good means of propelling a ground vehicle. If

the fan is located at the rear of the vehicle, it need not increase the

cross-section of the vehicle and can still be of large enough diameter to

give efficient propulsion. The momentum theory of a propeller shows that

an efficient system requires a large diameter and low disc-loading.

However, the efficiency of an actual propeller acting as an actuator disc

decreases if the disc loading becomes too small so that the optimum

propeller diameter is limited. For a ducted propeller located on the

rear of an approximately axially symmetric vehicle using boundary layer

air, the maximum momentum efficiency is obtained at a finite diameter.

The ideal fan ",ould ingest only the boundary la.yer and increase the

total pressure in a selective way so that the total pressure of the

boundary layer air is restored to the free stream value. If the entire

drag of the vehicle is caused by the friction with the air in the boundary

layer, such a fan will produce a thrust just equal to the drag. In

practice, it is difficult to prevent the boundary layer air ingested into

the duct from mixing with itself so that it does not achieve a condition

of uniform total head before it reaches the fan. A real ducted fan should

probably be designed to accept a uniform total pressure of incoming flow

and restore it to somewhat above free stream total pressure. If all th€.

flow which enters the duct mixes to achieve a uniform total pressure,

it is advantageous to ingest only a part of the total boundary layer flow,

so as to limit the mixing between air of different total pressure.

In order to achieve an initial understanding of this problem, let us

assume a turbulent boundary on the vehicle with a velocity profile given

by the 1/7 power law.

(C-l)
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Consider that the entire boundary layer will not be ingested into the duct

but only the fraction y of the total boundary layer thickness Q. The

amount of mass taken into the duct is then

--i.. = .(y
pV <5

IX)
f

Y(v
o

)1/7"'- d 1.. = I y 8/7
<5 8o

(C-2)

and the momentum associated with this mass is

J
_ .....y."..- =

V 20p co

(C-3)

If this entire mass mixes so that a uniform velocity is achieved, the

resulting velocity is

V J 8 1/7-.Y=--L=_y
V m V 9

IX) y co
(C-4)

The fan must increase the total pressure of this flow so that it can be

ejected at a velocity enough higher than the free stream velocity so that

the excess momentum in the slip stream will compensate for the deficiency

in the part of the boundary layer which was not ingested.

m V = V m~ - Jy e co u <5-y (C-5)

Where mo is the entire flow through the boundary layer and J o_y is the

momentum in the boundary layer flow that is not ingested into the fan.

(C-6)

-73-



J o-y
2

pV 0
""

(C-7)

Therefore, the exit velocity from the fan must be

V
e-=

V
""

. ·1 . 8 1/7
8/7 + 9" y

9y
(C-8)

The ideal fluid power of the fan is then

_P_ = i- [( Ve )2 _ (Vy )2] = 0.0054 y-8/7 + 0.08642 yl/7
V

3 2pV V V
P"" 00 00 00

The power required to tow the vehicle is

(C-9)

D= =
V 20p 00

(C-lO)

Therefore, the ratio of fan power to towline power is

~ = 0.0554 y-8/7 + 0.88889 yl/7
PT

(C-ll)

Figure C-l shows the power required by the fan as a function of boundary

layer mass flow ingested. The minimum power occurs when a little more

than half of the boundary layer air is ingested. The fluid power is

less than the towline power. This reduction is caused by the fact that

the fan is using air which is at lower velocity relative to the vehicle

than the free stream air and part of the energy lost to the boundary

layer can be recovered.

An even lower power could be achieved if an increase in total pressure

could be given selectively to each boundary layer streamline to restore it

to free stream total pressure. If this can be done without mixing
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Figure C-l. Power required for boundary layer aerodynamic propulsion compared
with thrust power as a function of boundary layer mass
ingested into fan
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occurring through the fan, then the required power is reduced to

P-- = 0.9002PT

and all of the boundary layer air must pass through the fan. This power

is only slightly less than can be achieved by the more realistic case

of allowing for mixing in the flow to the fan. The shaft power would be

somewhat higher than the fluid power. A fan efficiently of 0.8 to

0.85 is probably realistic.
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APPENDIX D. AIR CUSHION PASSING THROUGH TUNNEL

The purpose of this analysis is to provide a crude first order

evaluation of the effect on lift that may be expected when an air

cushion vehicle passes through a tunnel. Although only the case of the

ram wing will be analyzed, the effects would be similar for any air

cushion vehicle for which the cushion pressure is not considerably in

excess of ram pressure.

The configuration that will be considered is shown in Figure D-l.

It will be assumed that the vehicle spans the tunnel and that there is

no leakage between the flow under and on top of the vehicle. The flow

area above the vehicle is assumed to be of constant area and the flow

passage under the vehicle is also considered constant except for the

lip at the trailing edge. The mass continuity equation requires that

(D-l)

If it is assumed that the static pressure at the exit of the upper and

lower passages is equal to the pressure behind the vehicle, then

Bernou1i's equation can be applied along both the upper and lower

passage with the result that

V 2 ( cf

A
1)= Z A 2~+ VlL

wL + VZLu A cf AILu

Now introduce the following dimensionless notation

A A + A2L A A
ZL AZL8

v 1 - u
J=~ R X:lI- = = --, =--

A A A ' AlL A
co 00 00 v

(D-Z)

(D-3)

From the continuity relation the velocities in the upper and lower

passages can be related.

(D-4)
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be determined separately for conditions in a tunnel. The vehicle will

have to be designed to have satisfactory stability and ride qualities

both in the open, in a tunnel, and while entering and leaving a

tunnel.
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