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NOMENCLATURE

air cushion area

flow area below edge of

flow area above edge of

frontal area of vehicle
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cross sectional area of
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below edge of air cushion
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NOMENCLATURT {Continued)

momentum flux in boundary layer air up to height vy
momentum flux in boundary layer air between v and ¢
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mass flow of air in boundary layer up to height §
power

thrust power

alr cushion pressure
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velocity of jet from cushion relative to vehicle

total velocity of jet from edge of cushion relative to ground
velocity above edge of aivx cushion (Figure D-2)

free stream valocity
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distance measured perpendicular to vehicle
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maximum distance from surface to boundary layer streamline
which enters fan

distance to edge of boundary layer

density of air
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1. INTRODUCTION

Aerodynamics becomes an Important conslderation for ground
transportation systems as the speed of the vehicles increase. A low speed
system can be, and traditionally is, designed with very little attention
to aerodynamics. However, at spszeds less than 100 wph aerndynamic 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 vehicle.
In addition to the direct forces there are other aercdynamic effects that
are important to a high speed systeﬁ, 4 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 &
vehicle dissipates large amounts of power of which a small part way find
its way into sound and produce noise beyond allowablie limitsg. Tunnels
cause special aerodynamic effects which must be considered. At speeds in
excess of about 150 mph wheels are no longer a good means of support and

an aerodynamic system is one of the viable alternatives.

In planning an aerodynémic research and dévelopment program, it is
useful to approach the problem from two different directions: technologlical
and systems. The aerodynamic problems should not be studied just in rela—
tion to one particular system since the technology may be common to a

variety of different systems. On the other hand, if the technology

¥
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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 avold either of these hazards, ihe problem will
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.

i

To make these two aspects of the preblem more definite, Tables 1 and ?

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

involved in the aerodynamiecs of higﬁ speed ground transportation and
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2)

3)

4)
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Table 1. Aerodynamic Technology Categories for
High Speed Ground Transportation

External aerodynamic forces
Drag, 1lift, rolling moments, etc.
Wayside environment
Pressures and velocities caused by vehicle

Effects on wayside structures, people and
other vehicles

Vehicle aerodynamic noise
Aerodynamic suspension

Static and dynamic ;ir cushions
Aerodynamic propulsion

Power requirements for efficient propulsion

Noise of aerodynamic propulsion
Aerodynamic effect of tunnels

Effects on forces on vehicles

Drag, lift, etec.
Tunnel environment

Pressure, velocities and temperatures
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2)

3)

4)

Table 2. High Speed Ground Tramsportation Systems

High

High

High

High

speed conventional rail systems
Speeds tc 150 mph
Semi~conventional equipment and track

Semi~conventional wayside enviromnment

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, slevated, and in tunnels

Stations located in approximately the center
of long tunnels

Single vehicles and trained vehicles both of interest

speed static alr 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 guideway configuration

Guideway at grade, elevated, and in tunnels

Stations located in approximately the center
of long tunnels

Single vehicles and traiped vehicles both of interest

speed dynamic air cushion levitated systems {ram wing)
Speeds to 300 mph

Single dyunamic air cushion providing large clearances
at front and rear

Vehicle may or may oot be air levitated at low speed
{150 to 2090 mph or less)

Aerodynamically propelled

Configuration generally as described in Reference 2
but with considerabie variations possible

Guideway at grade, elevated, and in tunnels

8ingle vehicles of primary interest, trains not
considered egsential

1



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 AERODYNAMICS OF GROUND
TRANSPORTATION VgHICLES

In this category we will consider the flow about a ground venicle
operating in the open. This flow about the wehicle causes forces on the
vehicle, forces on objects or people along the guideway, znd 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 pressurs vary
as the square of the wvelocity., At about 100 mph the aerodynamic drag
forces exceed all other drag forces and at about 200 to 300 wpbk the 1ifc
forces can be of the order cof the weight of the vehicle. Therefore, it is
important to know the magnitude of these aerodynamic effects with suffi-
cient accuracy to be able to predict when problems might develop and how

they can be solved.
2.1 DRAG FORCES

2.1.1 Conventional Rail

Conventional rall systems are assumed to resemble present day rail
systems and operate at speeds up to 150 mph. As the speed of such vehicles
increases, it becomes importanit to consider gerodynamic effecis in the
design of the vehicle. Figure 1 shows typical power requivements for such
vehicles, The power to overcome aerodynamic drag exceeds that to overcome
the mechnaical resistance at steady speeds in excess of sbour 75 mph. At
150 mph, the aerodynamic drag power requirement is about 3 times that of
the mechanical drag power requirement. Under severe crosswind conditicns,
the aerodynamic drag can be considerably higher. By good asvodynamic
design it should be possible to reduce the drag of the train hy about a
factor of 2 below that achieved by conventional existing designs and
eliminate most of the increase in drag caused by crosswinds. The
streamlining techniques to accompliéh these improvements are generailfu.
well known., The most important features are a nose with reascnable radii
at the corners, say at least 0.15 of the width or 0.3 times the height
(whichever is the smallest number), snd a smooth surface along the vehicle.

The potential gains at the vear are not large unless quite elaborate

methods are to be used, such as boundary layer suction, which are probably
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not justified for this type of equipment. A swmooth surface involves not
only a smooth skin but covering the gaps between the cars and at the wheel
trucks. While it is good to have these coverings as smooth as possible,
the main purpose is to block crossflow through these gans. The principle
cause of the Increased draz for crosswind conditions is air blowing into
these gaps and then being accelerated to the velocity of the trazin as the

alr passes through the gap (Reference 1).

The possible gains to be achieved by changes cf these types are
quite well understood. Additional basic research cn this problewm is no:
warranted. Applied research is needed to determine how much drag reduc-

rion can be achieved zt what cost. In order to assess the sxtent to which

such features should be incorporated inte future designs, dsnta is

to determine the aerodynamic advantages to be gained for designs which
embody different fabrication and maintenance costs. The features which
need consideration are windows, doors, skin coastruction methods, pro-

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

nose, and tail configuraticns.

2,1.2 High Speed Systems

A high speed system is one which may operate up fo speeds of 3080 mph.
At these speeds the aerodynamic drag is very high. OSince the suspension
system may be either of several forms of magnetic or aercdynamic systems,
it is difficult to provide a good comparison between the power needed to

overcome drag and that needed by the suspension system. 4 comparisoo

for different aerodynamic suspension systems is shown in Figure 5 (p. 26),

The power needed to overcome drag is larger than the most irvefficient of the
two aervodynamic suspension gystems considersed. A low aerodynamic drag is there-
fore very important for a successiul high spead pround transpovrtation system.
Vehicles of this class can be designed to be more nezrly ideal aevcdyoamic
shapes than is practical for lower speed vehirles. The drag of a wvehicle

is often expressed as a drag coefficient based on frontal ares. While

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

] dyom



confusion. A minimum drag per unit frontal area for a blunt based body
occurs at abeut a lenpgth to diameter ratio of 6 with a value of drag
coefficient, Cd’ equal to 0.18., If separatlon at the rear of the body

could be prevented by using a boedy with a streamlined tail this drag

coefficient could be reduced to €, = (.07 and to an even lower value for

d
a shorter body without sepavatlion. However, such short bodies are not
really appropriate for a ground transportation vehicle. A vehicle must
contain a certain amount of volime Lo accommodate equipment and passengers.
If the problem is posed, whan is the best length to diameter ratio for a
blunt based vehicie of a8 given volume, the result is a length to diameter
ratio of arocund 15 with & Cd = {},21. For an actual ground transportation
vehicle, the frontal area is more or less fixed by the need to accommodate
passengers and require the miniwmun size of right of way. Therefore, the
length of the vehicle must be sized to provide the necessary volume.

Length to diameter ratios of the owvdasr of 10 to 15 seem reasonable with
respect to the non~aerodynamic criterion snd are not too far from an
optimum blunt-based body. Xf Jonger vehicies ave desired they can be made
up of trains of vehicles of shorter. length. FYor a fixed frontal area,

the aerodynamic drag divided by {he volume of the vehicle continually
decreases as the length of thz vehicle increases. Long vehicles, or
properly trained vehicles, always have less drag than several short
vehicles of eguivalent volume travellop alone. However, there is not much
to be gained from vehicles longer than a length to diameter ratio of 50 or
more. If frontal svea were not limited, a shorter vehicle with the same
volume could be designed to pive lower drag, but, for a fixed frontal area,

the long wvehicie is the best solution.

The length to diametrsr vatio for ground transportation vehicles
seems to be contyrolled by tfeatures other than aercdynamic. 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 with 2 minimum of protuberances and a
reduction of the bass 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 a2 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 bowndary layer directly ahead
of the tail section, by sucking in the base region to maintain a stable
vortex, by energizing the boundary layer in the base region or by a cowl.
The sucking off or energizing of the boundary layer can possibly be
combined to advantage with an aerodynamic propulsion system 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 cauzed by the guideway. This latter point is of
particular interest in connection with the '"U" shaped guideway where the
flow from in front of the vehicle is restricted from flowing around the
sides of the vehicle and alse restricted from filling in behiund the

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

&

Brgyet

drag of the vehicle. The use of vents at the corners of the "I wilil
alleviate the effect to some axtent, but if the vents are only a small
part of the sidewall their effect will be small. An analiytic study is

now being carried out to assess the magnitude of this effect, but a test
program is required to obtain reliable results. 1t should be pessible to
design the nose of the vehicle g0 that there iz littie loss caused by

the "U" shaped guideway. The bass drag will be increased and a base drag
alleviation system will be more difficult with this guildeway configuration.
However, this configuration provides a vehicle of less surfazce area than

other proposed confipurations and, therefore, lower friction drag.




2.2 LIFT AND OTHER FORCES

For the low aspect rabio vehicle being considered, 1ift 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 equioment operating up to speeds of 150 mph
the aerodynamic lift force is small wirh respect to the weight and may
generally be neglected. S8ide forces and rolling moments are also small
enough so that generally they are not cxritical. However, they do provide
an input to the wheel/rail dynamic interaction and should be considered
in this respect. Available data is probably adequate to evaluate these
effects and additional data does unot appear to be neceded until more
definite needs are established. Under conditions of extreme crosswind
it is not absolutely clear that a rolling moment cannot e developed that
would endanger the safety of the train. This effect, while unlikely to

be critical, cannot be completrely dismissed at this time.
For high speed lightweight vehicles, 1ift and side forces can be

considerably more critical. Unless the vehicle is adequately designed,
1ift forces on the order of the weight of the vehicle can be developed

at 200 mph and aiso large side forces, pitching, and rolling moments.

The guideway design can have a large effect on these forces, particularly
the "U'" 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 "U"
guideway, 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 1s made of the ground
effect on the aerodynamics of ground transportation vehicles but it must
be realized that an elevated guideway allows the crossflow to pass under
as well as on top of the combined vehicle and guideway. Lift forces and
relling 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.

=



These side forces, rolling moment, and lift force are not sensitive
to small changes 1in 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 wost important variation possible. The moment
can be considerably affected by major contour chsnges. For ilnstance, a
semi-circular shape has zero moment gbout the baseline. However, there
appears to be little to be achleved by changing the existing shapes to

improve the crosswind aerodynamics.
2.3 WAYSIDE ENVIRONMENT

A vehicle passing through the air causes a flow field about the
vehicle that can have an effect on other objects in the vicinliy 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 gquite important
for a high speed vehicle., The vehicle causes an inviscid flow field
which is only important arvound the nose of the vehicle. In the vicinity
of the nose distinct changes in pressure and velocity take place.
Figure 2 shows the changes in pressure, on a nearby object, which will
be caused by the passage of a vehicle. A viscous flow field builds-up
along the sidas of the vehicle and a viscous wake behind the wvehicle.
Only small static pressure changes are assoclated with this viscous 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 approximately 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_ﬁzépelled vehicle. The wake will zlsc be
turbulent and have large fluxuatiﬁns 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, zad 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 wmay be subject to dangerous

-18-
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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. TFor 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 ancther 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 imporﬁant source of noise through vibrations
induced in closely coupled structural parts. The most important sources
of aercdynamic 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 1f 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.

~21-
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3. AIR SUPPCGRETEDR VEHICLES

One means of supporting a wvehicle at high spzed is by means of
aerodynamic forces. If this is to be done near the ground i1t involives
forming a cushion of high pressurez air under the wvehicle to provide =
1ift equal to the weight. The weight of a high speed ground trane-
portation vehicle is of the order of abount 350 pounds per sguare fgst.
Since a dynamic pressure of this amount corrvssponds Lo & speed of abour
156 mph, at speeds greater than this it is reasonable to consider

suspending a vehicle by means of the dynamle pressure alone, but at
lower speeds a fan will be nesded to incresse the dynamic pressure.

A vehicle which uses dynamic pressure alone to achieve suspensicn is
called a ram wing and one which alsc uses a fan will be celled an alr
cushion. 4 vehicle operating over a speesd range {rom 0 to 300 wph

may operate in a variety of wmodes. The two sxisilnyg alr cusiilon vehicles

[

which have been bullit for the fepartment of Transportation {(ROT) hoth
operate at speeds helow that for which dynamic pressure is equsl
cushion pressure. The vebicle built by Grumman and designed for speeds

up to 300 mph uses air cushions considerably swaller than the plaa form

area of the vehicle and operates at a cushion pressure ahove the dvnanin

pressure, In this way the problem of operating the cushion over a wi
range of dynamic to cushion pressuve, qu ., was avoided and rhe <ushions

were made smalil enough so rhat they could be conveniently mounted on

mechnaical secondary suspension systems. The vehicle built by Rohy uses

a different appwvoach. This wehicle dg desigaed for low enough speads

so that almost the entire planform area can ve used for the air cushion

and still have dynamic pressure less than cushion pressure. In this

vehicle a secondary ailr susnension system is used which is closely

integrated with the air cushion and uses the same alr and blower svetes.

On both of these vehicles a secondary suspension gystem is reguired since

the air cushion itgelf is thin andvﬁtiff. A& proposed vehiaie concept being studied
by DOT called the Tracked Ham Alr Cushion VYehicle (IRACV)Y, i¢ desizned to cruise

at speeds with a dynamic pressure considerably in excess of the cushion pressure

and use a thick air cushivn so that a secondary 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 wvehicle velocity). In this case the
static pressure may vary throughout the cushion depending on how the
velocity varies. This varilation 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 1s 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 kineric energy left in the air flowing from the
cushion area under the vehicle. For a low speed air cushion system,
q/pc<< 1, most of the velocity of the jets passing under the edges of
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.» 1O air flows through the
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 1s 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 welocities. For this reason a



ram wing can operate with large fromt and rear clearances without
large losses as long as flow is restricted from passing out the sides

of the cushion.

The 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 gulidance. The minimum number of cushion edges
will occur if 1ift and guidance can be obtained from a single cushion.
Possible ways of accomplishing this are the use of a dynamic cushicon or
by joining together multiple static cushions along a common edge so that

leakage from one cushion passes into an ajoining cushion.

The fundamental power diséipated by an air cusbion, 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 Eirézziy adds to Eﬁémjat‘Velocity relative to the vehicle so
that the losses assoclated with this flow are very dependent con the
vehicle velocity. For the side edges of the cushion the jet velocity
and vehicle veloclity are perpendicular and must be added vectorially,

For a static air cushion, the fluid within the cushioun is statiounary
with respect to the vehicle with the result that the jet velocity from
the sides of the cushien is perpendicular to the vehicle velpcity and
the resulting velocity increases continucusly with vehicle velocity.
The amount of air escaping frowm the adge of the cushion depends on the
length of the edge and zushion pressure. The awount of fliow decreases
as the cushion pressure increases since the length of the rcushion 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 wvelocity is equal to the vehicle welocity.

For a dynamic cushion, the aiy has a velocity with respect to
the vehicle opposite to the dirvectiom of vehicle motion. The wvelocity
of the jet from the side curtain maintains this compounent in the direc—

tion opposite to the vehicls motfon which, when added to that velocity,




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 cughilons,

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 shoyn 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 alr cushion design are shown, The low pressure cushion is at its
optimum condition, q = P> at 136 mph and the high pressure cushion is
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 cushlons are also comsidered, 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 iowest
cushion pressure possible. The ram wing cushion cannot operate below

136 mph and has the same power conéumption as the low pressure static
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air cushion at this speed. At higher speeds, however, it has pcousider-
ably lower power consumption, The fourth curve is for a dynamic cushion
with a fan which provides an increase in total head egual to the cushion
pressure at all speeds. For this case the power is the same as the low
pressure static air cushion at zero welocity and does not increase with
speed. All of these cases ave iéaafizaticns and do not corresponid
exactly to real cases. However, they do provide usaful aid umsaningful

comparisong between the different cushion comfigurations.

Figure 5 shows the power required by the high pressure static
cushion discussed in connection witﬁ Figuve 4 and a syster cushion uwasing
the same pressure but having two separate levitation and guidamce cushions
to provide stability so that there are a total of eight cushica edges
instead of two, The result is a fourfold incredse in power, The drag
power for the vehicle is also shown for comparisen. The drag power and
the cushion power for the four cushion arrangement is on the order of
that required by the Crumman test vehlcle which uses toughly the zsme
configuration. For this case the cushion powar exceeds the dyrag powar
except at the highest speed. However, 1f g sinple cushion can he used
instead of the four seéparate cushions then the custlon powar ls reduced
to what may be considered an acceptable level, Filgure & shows #hat by
using a dynamic cushion instead of 2 statiz cushion, considerable
additional savings in suspeusion pow

can be accouplished but the vower

Fey
may already be low enough thet the additional reduction is not A “tants

3.3 STABILITY OF AIR CUSHIONS

An air cushion support system must be stable and this veguirenent
imposes important restrictions on the cushicn configuvations used,

Stability can only be cobtained if static pressuves above the nominal value

w
'~

[

can be achieved when required and sn increase in cushion pressore in one

kg4

location can be isolated from the yest of the cushion area. In the two
existing DOT vehicles (the Grumman research vehicle and Rohr 150 wmph prototype
vehiclej, the eight separate cushions sve used to provide stebilivy in heave,
piteh, roll, sway, and yaw. Use of these separate cushions makes 1t possible

to isolate the increased or decressed cushion pressures 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 isclation and no additional
provisions are needed, On the Rohr vehicle, two separate fans are used
and each fan is divided ianto 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 ileading and trailing edges is not as important as
from the sides of the cughions. 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 a 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 provides an adequate isolation of the parts
of the cushion separated in a fore and aft direction. Tt 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

w20



and led to the appreopriate cushion. On one of the proposed TRACV concepts,
the oncoming air has its total pressﬁ;e increased by the fan and then flows
to the cushions., In this case, no ducting ig rvequired and the flow is
through the cushion itself. To what extent dividers between the flows to
these different cushions are requireé is not vyet established. The amount
of overpressure that can be achieved dn any cushion configuration depends
on this ratio ¢f total pressuxe behiﬁd the fan to the nominal cushion
pregsure. In certain configurations total pressure may vary between

fans or between ducts behind the fan since the pressure vise depdnds

upon the volume flow through the rotor. If the suspension avistem ig

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

be used and not dissipated, The way that this 1s done in the dynamic
cushion configuration is to have the alr escape at high velocity from the

rear of the cushion to provide a forward thrust.

There would be considerable gdvantage if a dynamic air cushion
could be designed that would provide adeguate stability and large
clearances everywhere except along the side edges as has been suggested
in Reference 2:; The difficulties of achieving such a cushion have been
congidered in Appendix B, The limited analysis presented there slggests
that the amcunt of iselaticu that can be achieved across a dynamic

cushion is related to the 1lift coefficient and the aspect ratioc

~
o - (AR A
Aup (1 &2—} \Ai )

4 low aspect ratio lifting surface is dictated by the venicle configuration,

so it may be necessary to operate a dynamic cushicon at quite low 1ift

coefficients in order to achieve adeguate stability., The available stabiliuy

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

there would be any problem in degigning 3 dyaamic aivy cushion vebhicle that

would provide the required stabllity. Based on the avallable resulits, the

conclusion was that it would be difficult ro design a dynamisc cushion to L

meet the side force specifications of the Crumman research vehicle. As better

data becomes available, it may be determined that this is not a problem

~30-
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as it now appears to be. One sclution ié 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 displacéments in heave and sway required

in the primary cushion if a secandary 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 1s 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 previcusly suggested to about 200 mph,

The achievement of stability by using several air cushions,
differential heave between the cushions, and a secondary suspension
svstem, 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
cughion 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 reaglized. 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 1s used
since there are fewer parameters than can be modified. Such a vehicle

must depend on wheeled landing gear or other secondary suspension systems

e



up to quite high speeds or it must be desiguned to cperate on its air
cushion over a very wide range of dymamic 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 raties.

A possible solution, if the natural characteristics of the wehicle
prove to be unsatisfactoyy, 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 require a fail safe design. Such a system lpcreases
the number of parameters that are available for adjustment but requires
a considerable increase in the amount of aerodynamic data required. The
dynamic cushion should be regarded as an advanced concept which holds

considerable promise of producing a superior air cushlon wehicle,
3.4 TRAINING

In a high speed ground transportation system, it may be necessary to
operate vehicles coupled together in trains. If these vehicles ave
supported by air cushions for which the dynamic head of the oncoming aiy
is important, then the dynamic head at the location where it is picked-up
by the vehicle must be essentiaily undisturbed by the vehicle ahead or
the air cushion must be designed to accept the range of dynamic pregsurs
which it will receive at different locations in the train, Cushilon
designs which use a cushion pressure which is high with respect to the
dynamic pressure would be less susceptible to changes ir dynamic prassure.
A ram wing design where the total pressure in the cushien 1s squal to the
dynamic pressure and where the air is picked-up near the bottom of the
vehicle would be particularly susceptible to this problem. The zero-
dynamically propelled TRACV vehicle proposed in Reference Z 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 {whben it requires the use of a thrust
reverser), Such an arrangement would impose a particularly wide range

of dynamic head on a following vehlcle.

-3



The coupling of vehicles togetﬁer 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.
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4. AERC PROPULSION

For high speed vehicles that do not uze wheels for support,
propulsion must be furnished by magnetic or aerodynamic meansz. o
attempt will be made to compare their relative advantages but only to
discuss some of the features of asrodynamic propulsion. For any high
speed vehicle most of the drag is aerodynamic, 4ll for an air cushion
vehicle, so it is logical and natural to overcome this dyag by sero-
dynamic thrust, An aerodynamic propulsion system is light in weight and
well developed. If an omboard prime wmever is to be used aevodynanic
propulsion is much lighter than magnetic propulsion, but if elsctric
power is to be used the weight advanitage is vot as large. AeYodynamic
propulsion's chief disadvantage is the noise that it may generate.

An aerodynamic propulsion sysiem can be used to cancel oul vsather
than overcome the aerodynamic drag of the wvehicle, As air flowe along the
vehicle, friction with the skin slows down the air with respsct to the
vehicle, If energy is then applied to this decelerated alr to reacrelersis
it to the free stream velocity, the vehicle will have no net drag. The
thrust to accelerate thig ailr exactly balances the drag that decelsraied
it, and the result is that there is no wake behind the vehiecla. Such a

system is also very efficlent since it recovere the kineric energy walol
is containad in the boundary laver air. The analysis presented in
Appendix € shows the magnitude of the potentiel gain., In the ifdesl
aerodynamic system, the power requifemeﬂt is sbout 0.% of that reaquirsd
by & system that applies a thrust from the ground to the vehicle, Vor az
more realistic system, which applies a uniform total bead increase to the
boundary layer air, the power vequired 1s 0.92 of the thrust systen., For
the latter arrangement, the maximum efficieacy is achieved when only about
half of the boundary layer ailr iz passed through the ducted Ffaun propulsiom

system.

Ancther feature of an asrodyunamic propulsion system of thig type is
that the fan sucks off and energizes the boundary layer sir so that

T |

separation at the rear of the vehicle can be eliminated or gabutantially
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reduced and less propulsion power is required. Beparation 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. 8ince 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
vcombination 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 propulsjon systems.; This change was to achieve greater
flexibility and the uncoupling of these two important functions, Whether
tlie 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
mates directly onto the rear of another wvehicle is not possgible, 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

transporiation guideway. The long turning vadiuvs required to

maintain lateral accelerations within acceptable limite combined with

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

the use of tunnels. High sveed operation through metrogﬁlitan

areas may require the guideway to be undevground to provide adeguate

safety and nbise reduction.

The cperation of a high speed vehicle in a

tunnel intrcoduces additional aervodynamic problems begyond these that arve

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

and lift may undergo large changes, These forces wmay change vaplaly

both at the entry and exit of tunnels resulting in what has been zalled

buffeting. The passage of

the vehicle through the twumel affscts the

environment in the tunnel by causing pressure, velocity and temperature

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

points within the tunnel may require special wehicle construction o

isolate the passengers from these changes abd {mpese structural design

limitations on the vehicles. Temperaitures and velocitles through the

tunnel may be modified so that hear rejection equipment oo the vehicle

no leonger functions adequately. Changes in pressure, veloclty and

&

temperature may also create conditicns within the tunnels which are

incompatible with the conditions required for workmen within o

-

LUBRno 4L

or passengers at stations within the tunnali.

5.1 COMPRESSIBLE AND INCOMPRESSIBLE TUNNEL FLOW SCLUTIONS

Air is a compressibie

fiuid but uvnder many conditions, especially

for low speéd flows, the change in deusity is mnot appreciablsz. If it

can be assumed that the density is a constant, then the fluid dynamic

equations are considerably
easily be performed if the
approximately coustant but

For these reasons, many of

simplified. Ewperimental studies can wore
reguirement iz that the fluld dengity iz
actual variaticns do not have to be matchsd.

the analvses and experiments winich have been



performed in the study of tunnel flow have been for the incompressible

case.

The assumption that the fluid is incompressible has two important
implications: 1) the density does not change, and 2) pressure waves
propagate at infinite speed. The in¢dmpressible 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 inte 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 generél flow conditions ia 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 tumnel.

An aerodynamically propelled vehicle will cause considerably less
aercdynamic disturbances than a wvehicle propelled by thrust from the
ground. If both types of vehicle propulsion are to be cousidered,
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 oz 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 amalytically and experimentally and

is now quite well understocd. Numerous incompressible analyses and
experiments have been performed éReference }. Most analyes

and all successful experiments have been performed for the caszse of the
vehicle propelled by a thrust from the ground. The ressarch aspect of
the incompressible problem can be considered complete and further
work would only be justified if needed for more exact resulis on a

particular configuration of interest.

Results which include the effects of compressibility are not nearly
as well established. The available amnalyses do show that, for spesds
up to 300 mph and tunnel lengths up to a few miles, choked flow
conditions, for which the effect of compressibility on drag is mest
impertant, will not occur. At the present time, at lesst three
analyses are known to be nearing cémpletion which should provide
additional informaiion ou the effects of compressibility on drag
(References 3,4,5). When these results become available, 1t is to be
expected that further genaral studies will uot be necessary end a
determination of what further work is needed will have (o be msde.
Experimental studies of compressible tunnel flow have mot been very
productive. The difficulties have been related to the ptoblems of
achieving high enough velocities tc match the prototype Mach numbers
and correct tube length and end conditions. All of the high speed
studies have been for tube vehicle systems for which data in wery long
tubes was required. These experiments were not highly successful at
achieving such results since it was difficult to simulats the proper
tube length and launch conditions. The runnel problem, however, where
the vehicle enters a reassonably short tumnel at high speed, is much
casier to simulate. Using tile smali-scale facilities previously
developed, it should be possible to model conditions in tunhels up to
several miles in length and at specds 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
alsec modified by the tunuel environment and under certain conditions
these changes may be critical. The problem which would appear to be
the most critical is the digsturbance in the lift force caused by the
confinement of the tunnel walls when the vehicle is supported by a low
pressure alr cushion. If the air is not restricted from circulating
around a vehicle, then it is reasonable to expect that the pressure on
all sides will be approximately the same. An air cushion system
implies that ailr is trapped under the vehicle at higher pressure than
on top of the vehicle and that the top aad bottom of the vehicle do not
communicate freely. 1In a tvonel, there can be a static pressure
gradient along the length of the vehicle equal to several times the
value of the dynamic pressure. 1f support for the vehicle is provided
by ram pressure alone or supplemsnted with 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 iv front of the vehicle as when the
vehicle was in the open. Outgide of the cushion, toward the rear of
the vehicle, the pressure can he conslderably less resulting in an
increagsed 1ift roward ifhe rear of the vehicle. The magnitude of this
effect depends on the ratio of cusnion pressure to dynamic pressure.
1f the cushion pressuve is meuy times larger than the dynamic
pressure, then a change in the pressure on top of the vehicle by an
amouwnt equal to several times the dynamic pressure will have little
effecty; but, if the cushiown pressure 1s about equal to or less than
the dynamic pressure, the effeci can be very large. A crude first

order analysis of this problem 1s presented in Appendix D.

This same effect which causes a disturbance in the 1lift force
can also have a major affect on the pltching moment. The indication
is that the point of application of the 1lift force will shift aft
resulting in a nose down pitching moment which may be strongly
coupled with the lift. Since the lateral guidance cushions are
symmetric, cne would not expect any major effect on the lateral

forces or momenis. <The mapgnitude of this effect on 1ift 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 1t is unimportant bf
increasing the size of a tunnel, Since this also increases tunnel
costs, it is important to know how tunnel size effects vehicles having

different air suspension systems.
5.4 WAYSIDE TUNNEL ENVIRONMENT

The environment created within the tunnel may have significance
depending on the way in which the tunnel is used. he wveloecity,
pressure, and temperature conditions must be compatible with the heat
rejection requirements of the vehizle and with the structural
integrity. The location of people within the tunnel is also an
important consideration. People within the wehicle can be shielded
by the vehicle which must be designed to be compatible with the vuanel
environment. It may be necessary to have workers within the ftunnel
at the same time vehicles are passing through the tunnel and this
would impose more severe restrictions on the tunnel enviromment. The
most severe condition would occcur if a station with cpen platforms
was located in the tunnel as might cccur when the tunnel is used to

pass through a metropolitan area.

A rather extensive study has been performed in this area
(Reference &) for subway systems using vehicles traveling at spoeds
up to the order of 70 mph. In this study the conclusion wag reachad
that incompressible theory providad 2n adequata prediction of
conditions in the system., A computer program has been writien fo
predict conditions in the tunnels and stations. This nrogram should
be available for use on high speed rail svyvstems. However, at the
higher speeds envisioned for such gystems, a thecry basad on the
assumption of an incompressible fiuid is probably inadequate,
particularly with respect to pressure and weloelty transieunts. The
program provides a useful first step din approaching these problems

and should be particularly useful in assessing temperature problems.

The noise problem is also one which may be cousiderably agpravated

by operating in a tuunel. The confinement of the tunnel will eliminate
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the attenuation achieved in the opén by the sound spreading out in all
directions. On the other hand, it confines the noise so that it will
not be heard by peopie 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 1s 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 necise 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 %ransportation system
are from mechanical parts, propulsion and aerodypamics. The
aerodynamic sources of noise are from the turbulent boundary layer and
separated turbulent fiow, an on-beard prime mover, an asrodynamic
propulsion system, and jets issuing from the curtzins of an air cushion
suspension system. A preiiminary estimate indicates that if an
cni-board prime mover such a3 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 ¢f these devices can be considerably
reduced by using a low exhaust velocity from the turbhine, a lightly
loaded high solidity ratio fan, and sound absorbing muifiing wmaterial in the

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

noise., For present designg, the 1§aét‘important source of aerédynamie aoise
is the turbulent boundary layer and separated flow regions. Reduction of thess
noises by removal of protuberances is practical but reduction in the noige
caused by the turbulent boundary layer is not. Reduction of all unoise scurces
to the level of the noise caused by the tuvbulent boundary layer is = reason-

able objective of a noige reduction program.

tend to be major sources of noise. Any irregularities in the flow usausc
an increase in noise since it subjects the blades to fluxuating pulses.
Non-uniform conditions in front of the fan or votor blades followed by

stator blades (or vice versa} are all sources of such nolse., The nelse

can be muffled by using sound absorbing waterial in long length ©

o

diameter ratio ducts both in front of andin back of the fam. Lons
ducts can be formed by dividing the passages using longitudinsl dividing
walls of sound deadening material. Such small diameter vassages
increase the friction losses and inefficiencies of the system. A
compromise design must be reached which provides euncugh sound reduction
without too large losses in aerodynamic eificlency. A good suifleyr
design appears to be the mpst impoervant copcern with regpect to noise
reduction if on-board power plants and aerodynamic propulsion are to be

used.
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Jets are another important source of nolse. For the high velocity
jets used in a turbojet engine, the turbulent mixing of the high speed
jet with the surrounding air is the main source of noise. Thelintensity
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 over an edge, the pressure fluctuations
that have been exerted on the wall are suddenly released sc that their
energy is radiated as noise. This is expected to be the principle
noise mechanism for low velocity jets of the type which would come from
both the prepulsion system and the air cushioms of the ground

transportation vehicle.

The turbulent boundary {low 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 considefably 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 seriocus one buit is not caused by aerodynamics.
For high speed systems the propulsion and suspension systems, both
magnetic and aevodynamic, 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 PROGRANM

In this section a variety of research and development tasks will
be described and presented for dlfferent teéchnical areas. Aftey the
tasks are degcribed, the next section will show the relationship bLetwsen

these tasks and the diffevent ground transportation programs, Table 3

ba

7.1 AERODYMAMIC FORCES

7.1.1 Aerodynamic Drag Reduciion for Conventiomal Rail Svutems

It has been shown that aerodynamic drag is the priocipls conzumer
of power om conventional rall systems traveling at a speed of 130 mph,
and of cognsiderable imporitance at loweyr speeds. & reduciion in this
aerodynamic drag could therefore result in a substantial savings in
power and in the egquipment needad to supply this power. ouch #
program should consist of an evaluation of changes that can be made t2
the tvpe of equipment currently in use and being considered in wew applicatioans
giving full consideration to the practical conseguences of such changes. The
result should be a ranking of posszible changes ic terms of botn their aevody-
namic drag reduction aspects and practical aspects. In this wey it would be
possible to select the modifications that provide the greatest benefits at the
least cost. A preliminary enslytle evaluation of aerodynamic copcapls
and existing data followad by wind tumnel tests should ba used 1o
provide the aerodynamic dats oun the differeant configuratious. An
evaluation of the costs of thess features beth from a preducticn sad
maintenance point of view ghould be made with manufactursrs asnd
operators of such equipment. An evaluation of the potential power
savings accomplished thyrough drag reduction should be made consldering
typical missicns.
7.1.2 Effect of Suspensicn Systems on Drag of Magnetically

o

Levitated Vehicles

There are twe principle magnetically levitated systems of interest:
an attractive and repulsive system. The guldeway and levitatioo parts

of the vehicle are diffsrent for these twe syvstems., Since the
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aerodynamic drag is the principle power consumer oan 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. Wird tunnel tests should then be
designed to determine the effects of these features on aerodynamic drag
and also to evaluate any changes tﬁat 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 will be to develop low drag vehicle
configurations in conjunction with the guideway. The vehicle cannot be
congidered independent of the guideway configuration, particularly with
respect to the semi-enclosed or "U" éhapéd guideway. The nose and the tail of the
vehicle are the areas offering the greatest fléﬁibility 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 amy reasonable
guideway configuration. The taill 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 contrel 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 regionm.
For minimum drag a smooth skin is alsc required. The effects of
windows, doors and other protuberaﬁces 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 cut 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, pérticularly side force and roll
forces for different guldeway vehicle configurations. Another featurve
that should be considered, depending on its lwmportance in operational
plans, is vehicles in a tralned configuration. Both the approach of
using closely coupled vehicles with special lead, interwmediate, and
tail vehicles as well as basic lew drag wvehicles not closaly coupled

should be considered.
7.2 WAYSIDE ENVIROWNMENT

7.2.1 Evaluation of the FPressure and Velocity Effeect of
Vehicles Passing Wayside Cbiects

When a high speed vehicle passes a wayside object, 1t is subject
to both a pressure and velocity effect. In this respect the wayside
object may be either a staticnary ov a moving vehicle. FPBaough

information is now availablz so that reasonable preliminzry estimaze

]

could be applied to the configurations of interest to both conventional
rall systems and high speed svstems. The cobjsctives would be somewhal
different Iin these two cases. For conventiounal raill svstems, many of
the conditions of operation are preséribed by existing situations. 1Ia
this case, the purpose of this task weould be to anticipate problems
that might be expectad to dsvelop as operating speedsy dncreased and Lo
help arrive at sclutions. High speed systems bhave not yet been bhuilt
so there is considerably move flexibilitv. In this case the purpsge

would be to help set the deslgn stangsrds do orxder to avold problems in

this area.

7.2.2 Tests of the Aerodvnawic Effects Caused by Moving Vehiclaeg

This task counsists of the wmeasurement of the pressure and velocity
fields generated by vehicles. A wind tunnel provides the simplast way
of performing such measurements. Wind tunnel measurements sould be
made in a cecordinate system fixed with the vehicle in which ths

phenonengn is steady. The unsteady phenopencn can then be obtained by
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a simple transfer of coordinate systems. In wind tunnel tests a varilety
of configurations could be considered ranging from conventional trains
tc 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 testeg 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 Nolse 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
cousidered in Task 4.2, the noise of jets from an air cushion is the
principle source of noise expected. Experiments toc better evaluate

the importance of this source of noise should be undertaken. These
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experiments should be carried cut on both model and prototype scale.
The possibility of making tests on existing air cushion vehicles should
be examined. The difficulty antdcipated is that the noise from
associated turbo machinery will mask the cushion noise. However, the
situation ghould be carefully exawined to try to find a method for
removing or filtering cut the background ncise. If a satisfactory

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

Because of the difficulties and inflexibility of full-scale
experiments, medel experiments are very desirable. The first step is
to examine the scaling laws to determine how best tc perform such
experiments., If it is determined that worthwhile experiments can be
made at small scale, then a program to determine the neise level

generated by different cushion configurations should be performed.
7.3 AERCDYWAMIC SUSPENSION

7.3.1 Low Power Consumption Alr Cushions

The poweyr consumption of the air cushions on ewisting wehicles is
an important part of the total power consumption. It Is important te
examine methods of reducing this power to more zcceptable levels. An
examination of the different methods of achieving reduced suspeousion
power should be undertaken. A first step would be an analytic study of
the different pogsible arramgements such as rveduction in the length of
cushion edges, use éf different cushion pressures, and statie and
dynamic cushions. A second step would be an experimental examination
of the more promising configurations.

7.3.2 Determination of Stability Derivatives for Dynamiz
Air Cushions

The aerodynamic properties of a dynamic air cushion are not yet
established. An important aspect of the TRACV concept is that
stability can be obtained using a single dynamic cushion. Studies
have been and are being carried out in this area but final results have
not vet been obtained. The first objectives of a combined analytical

and experimental study are to determine the basic parameters and an
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analytical study of the way in which the aerodynamie characteristics
depend upon these parameters. Experiments should then be performed over
a sufficient range of these parameters in the range for which the
aervodynamic 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 Dynamiec 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 preliminary 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
aercdynamic 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 Aercdynamic Propulsion

Aerodynamic propulsion is oneg of the means of propelling a high
speed ground transportation vehicle. Except in the area of noise, it
appears to have advantages over magnetic systems. This task would be
a study of aercdynamic propulsion systems designed to evaluate their
performance in relation to varicus configurations. Particular
attention should be paid to the possibilities of reducing wvehicle
drag and power requirements by using boundary laver 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.

49~



7.4.2 Noise Control for Ducted Fans

A ducted fan is needed for an aerodynamic propulsion system and is a
principal source of neise for such a system. It is also vexy 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 wminimum penalties in performance. The
first phase of this task would be an analvtic study for noise level
reduction and the noise reduction and performance penalties expected.
An examination of the uge of model experiments to dewvelop and prove
these methods should also be made. The next phase would depend on
the regults of the first phase, but might include the development of
better muffling techniques and a demonstrationm of their success waing

model experiments.
7.5 AERODYNAMIC EFFECTS OF TUKNELS

7.5.1 The Effect of Tunnels on Vehicle Characteristics
Other than Drag

When a vehicle enters a tunnel, the flow field about the vehiclé
is very different from when it is in the open. Prelimindry
investigations indicete that the 1ift force and pitching sohent can
be considerably modified from the values in the free stream for low
pressure air cushion vehicles. The characteristics of such wehicles
should be obtained as a functlon of tunnel blockage ratio in order
to determine how vehicles and tunnels must be designed in crder to be
compatible. The first phase of this task would be an analyrical
study te arrive at a better understanding of the problem and o
predict the anticipated effect. The second phase would be an
experimental investigation, probzbly carried out in a wind tunnel,
designed to determine the walidity of the predictionms.

7.5.2 Experimental Meassuvenments of the Tffects of High
Speed Vehicles Passing through Tunnels

Experimental confirmation of the sevodynawmic effects caused by

the passage of high spesd vehicles through a tuanel is needed.
o g g p g
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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 enocugh to coast
through the tube at essentially constant velocity. A 100-foot long
tube, one inch in diameter, similar to tﬁe 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 conditions in tunnels in which high speed
vehicles are traveling is necessary for providing design conditiomns
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 dividéd into two ﬁﬁéses. 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 establisghed.



8. RELATIONSHIP OF AERODYNAMIC TASKS TO
GROUND TRANSPORTATION SYSTEMS

The way in which the fourteen aercdynamic tasks discussed in the
last section support the high speed ground vehicle programs is shown
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 ave designed to develop less power consuming
trains, to provide information on the aerodynamic conditioms to which
thege trains will subject other tralns and objects along the right-of-

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

8.2 MAGNETIC LEVITATED VEHICLES

Eight tasks support this program. Their purpose is te provide
aerodynamic data on the special configurations used for magpetically
levitated vehicles, to develop low drag vehicles, to determine the
conditions that high spesed vehlcles of this type will impose on their
surroundings, to assess the use of aerodynamic propulsion on such

vehicles, and to predict the effect of passing through tuanels.
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 nciszs level created by an aiv
cushion, evaluate 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 passing through a tunnel including

the effect on 1ift 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 wehicle on their surroundings,
evaluate aerodynamic propulsion and the noise created, determine the
feasibility of a wvehicle supperted by a single dynamic air cushion,

and the effects caused by the vehicle passing through tumnmels.
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APPENDIX A. LOSSES ASSOCIATED WITH AIR CUSHIONS

The fundamental losses associated with any air cushion, in addition to
these 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,ﬂﬁitﬁwréépect té'ﬁhe”édéﬂgaajrhééwé 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

(A-1)

2pc
v, = | —-E -
4 5 (a-2)

The volume flow escaping from the cushion is

_ o - 2LA Ch _
Q e Ch / = i (A-3)

and the power dissipated is

The jet velocity is

v 2
P = pQ - (a-4)
or
D
P I
VLc/E N q (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

>59
]
[

o'\

(A-6)

It is clear that the least power is required for the lowest jet velocity

or cushion pressure requiring the cushion area be as large az possible.

If the cushicn has forward velocity, the conclusions are somewhat
different. At forward speed several different cushion designs need to be
considered.

{11 The total pressure behind the fan ig equal to the
cushion pressure at all forward speeds. This

situation would exist if 2 constant volume flow
fan were used.

[21 There is no fan or the fan blades are feathered
at speeds where the ram pressure is grearer
than the cushion pressure.

[31 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 velccitlies and losses
associated with the forward, rear, and side edges of the cushion ars
different. Since the side edges of the cushion are the longest, they
may be the most important and will be comsidered first. Cage !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 nerpendicular to the
direction of motion which is caused by the cushion pressure and a
compenent 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' m._.._, + v (_A-7)

o e e e s e A e e = < e



The total power dissipated is

P q, |4

N S = £ A-8
IV Ci/A 1+p 1 (A~-8)

The power required is shown in Figure A-l. 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
”rthe 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
s;ill given by Equation A-3 and the velocity in the cushion relative to

the vehicle is given by the relation

pC
vV = v -2 ;— (A-9)
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The power loss is then

P P Qe
EﬁZTEE7K =2 i1l - 1- E: . ;: (A-10)

This power requirement is also shown in Figure A~1. The ram wing is most

efficient when operating at a dynamlc 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 imﬁarts a pressure rise of P, the cushion
velocity must always be equal to the free stream velocity. The jet
velocity from the cushlon is perpehdicular to the cushion edge and cauzed
by the cushion pressure. The volume flow is that given by Eguatioun (A~3)
and the jet velocity by Eguation (A-2). The resulting expression for

power is

_L_,fg
LV_ Ch/A q,

(A-11)
This result is also shown in Figure A-1. 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 neighborheood

of dynamic pressure equal to cushion pressure.

The front and rear edges of the cushion are somewhat differeant.
When the vehicle is stationary, ail the edges are the same as has already
been discussed. The result for the stationsry vehicle, Rquation {(A-5), i=
rhe limit, at zero veloolty, for Case ), PBguatiun (A=), fhe puves
requirements for the frant and back edges of the cushion are similar to
that given for Case ), Figure A-1, For Case 1, there is a flow out the
forward and rear edges of the cushion for ¢ < P, In the front of the

cusihlon, the jet velocity is related to the difference between cushion

-5 e



suorirandrjuod

uoTysnd e a73urs snoTaeA Jo salpo 9pTsS 103 paarnbaa asmog *I-y @2an81g
%4
-
] % 4 T 0
r B ] [ 0
%+ b=
NOIHSND u?&io&
""Fl"Lll'
cl""""l l',
"’lllll’ "’
—1
ONIM WV V
Z
LS
€

-56-

et 2]

SRV AR B KA T

T

o




and dynamic pressure

{2(p_ = q)
= o ____°_'j___ f AT
v, \/ 5 (A-12)

The volume from the leading edge is

q = Vj CF h (A-12)

and the power dissipated is

—_ T

B - —— .
B . f_E_ . . -14Y
I CF]/ 3 1 1+2.\/pc (1 Pr.> (&~14)

At the rear of the cushion, the jet velocity is

2p
= | .5 A=
Vj 5 {A-15)
The volume flow is
Q= Vj CR h (A-16)

and the power dissipated is

b4

2 .
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The total power dissipated at both the front and the rear edges is
P P
___(J;If_f.ﬁz.;_ [a_ +Jﬁm2+ /J;_l
F+R ‘\J Pe 4 4
V L ———
o« A
1+ 2, /9% {1 -9 (A-18)
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The power dissipated is then

2
P = %— 0Q (Vj + V)
_ . .
r* 1 P —
— .,_._1. J_-mm‘i—w {:Hu . /ﬂm {(a-21})
L 2 < \\ P. P.

At the rear edge the jet velocity is then

i

\/ 2q + )
v, = [ ————"n
j p

and the power is

—5 o 1
—E . ‘/;+ - 1+2% -2 [{L 4 1) 9y (A-22)
CR h q P

All of these results are shown in Figure A-2. TFor Case [1], the result is
the same as given previously in Reference 1. Tigure A~2 shows that the
differences between the three cases are not very significanc. The powey
dissipated is only important when g < p+ For Case [3], some thrust will be
obtained. The power that is dissipated in obtaining this thrust may be
no more than would have bheen dissipated by the regular propulsion system
which would not be a disadvantage. These results 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 cccur 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 aﬁ q =P, At higher velocities
there would be no outflow from the leading edge so losses could occur
only at the trailing edge. 'Equatioé (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
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, There
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.

For Case 3, the static pressure in the éushion equals P, and the
dynamic pressure equals P. + ¢. Because the dynamic pressure is greater
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

2(q +p, - Q) :2p,
E \/ s VT (4-19)

and the free stream.

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 difference

between the static pressure in the cushion and the stagnated free stream
flow. A momentum balance can be performed to determine the amount of air

escaping under the forward cushion.

(P, = @) hCp = pQ(V_ + Vj)

pQ = CFh (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 £t or 186 n’
0.025 ft or 0.0076 m

46 1h/fe? or 0.0224 kg/cm®

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 1s seen to require considerably more power than the coiher twe

arrangements. The static cushion is

operating considerably awayv from

the optimum condition at maximum velocity. For this reason a cushion

design with four times the pressure is also shown which 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 conditiom.

The results just discussed are for the case where the guidance and

levitation cushions are so arranged that there are only two edgas leaking

to the atmosphere. The power requirement for any of the cushions iz quite

low. However, if an arrangement of four cushions is to be used, two

levitation cushions side by side and

two guidance cushions, the mwber of

cushion edges and the power reguirement will be increased by a facter of

four. The power requirements on the
cushion and the aerodynamic drag are
four separate cushions are required,

order as the drag power.

If the power for an air cushion

excessive, it would appear necessary

vehicle for the high pressure air
shown in Figures 4 and 5(pp. 25,263. If the

the cushion power is of the same

suspension system is not to be

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

Bl



improvements, such as can be achleved 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'Beeﬁ heglébted. “When all the édditional effects
such as orifice ldsSes 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
QPERATING AT LOW CUSHION PRESSURES

The dynamic air cushion may offer several advantages over the
static air cushion. This 1s particularly true if a single thick alr
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 pressure, is capable of achieving
this result. It is obvious that the ratic 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 pessible.
It also appears to be obvious that, for a low aspect ratio configuration
such as is appropriate to a ground transportation vehicle, it is esasier
to maintain different static pressure levels along the length of the
vehicle than in the direciion 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 suspensicn.
If the natural characteristics of the cushion are not adequate to satisfy
the second requilrement, 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 gquantitatively the
effect of aspect ratio on the iscolation between different parts of the
cushion separated in an athwartship direction., If the fluid were
constrained to flow in the longitudineal 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 cne 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

.




has the length, &, and width, b, the amount of crossflow velocity required

to relieve differences in static pressures across the cushion is

<I<!
e

N %—= AR (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

2(p, - p.) 2 Ap
= |t &y = ¢ -
Ve = 5 s Vc 5 {(B-2)
Therefore,
Ap
S (aR)? (3-3)
Pr = P
and using the total pressure as the reference quantity
2
AC, v (1= €;) (AR) (B~4)

Based on this very simple analysis, one might expect there fo be sonme
similarity between possible athwartship pressure differences, for
different cushions, 1f 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 1lift 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
whe puideway and that the dynamic effects provided no additicnal
isolation. As that analysis indicates, there is a very stroug voll 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 1s 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, sither by the
dynamic effect or by longitudipal separators, 1s 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 TIRV was designed, Reference 11, were compared with
the capabillities of the dynamic air cushion. The conclusion is that
considerably more side force is needed than appears to be available.
This conclusion 1is based on very preliminary data and may prove
premature. It does point out, however, that this is a potential prublea
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 stiffuness 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 is of infinite aspect ratioc. The continuity equation gives

Vh= v b (B~5)

~ 3 B
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The Bernoulli equation can then be used to calculate the pressure.

) L ov? 1
PP, T3 Py T+ /8 (/b = D)

(B~6)

The 1ift can be obtained by integrating along the length of ths vehicle.

. L. _ ARk -
Cp = qh h (B-7)
1
where
sho_ P17
h h1

The 1lift can be differentiated with respect to the cushion height of

Ah constant

This result is of limited interest since it was derived under the
assumption that the heave motion is independent of the pitch motion
(Ah=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 1ift coefficient and the speed of the vehicle. Also, it
should be realized that a vehicle could not cperate satisfactorily on
aerodynamic 1ift alone at speeds which require a 1ift coefficient near 1
since an adequate amount of increased 1ift is not available to provide

vertical acceleration over bumps,

T
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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 1ift., For instance, if the
maximum 1lift coefficient that could be allowed at take off were reduced
from 1 to 0.5, the take off ;peed, 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 . fn/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 loadiug becomes too small so thet 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 efficlency 1s obtained at a finite diameter.

The ideal fan would ingest oniy the boundary laver 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 coadition
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 the
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,

s0 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.



Consider that the entire boundary layer will not be ingested into the duct
but only the fraction y of the total boundary layer thickness §. The

amount of mass taken into the duct is then

Y 1/7 ‘
Y_ . Y X 4 y_1.8/77 -
[ v ¢ ’C(‘S) i5=8" (c-2)

and the momentum associated with this mass is

Y Y
. v_ Y {x y_1 9/7 _
2'f(v)d5" f(s) ds=g9 v (c-3)
pv_ "8 0 o

If this entire mass mixes so that a uniform velocity is achieved, the

resulting velocity is

1/7 (C-4)

-8
V"9 Y
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.

mY V =V n, =-J (C-5)

Where mg is the entire flow through the boundary layer and Jd-y is the

momentum in the boundary layer flow that is not ingested into the fan.

m 1 1 1/7
& V o4X- ¥ y_ .81 | -
V3" fo v_ 4% .’; (a) dg=v (c-6)



J 1 2 1. 2/7 . .

- 7 9/7
s L (o) et L(F) ekg e (e
eV, o

v
e 1 8 1/7
= = =y (Cc-8)
v, 9Y8/! 9
The ideal fluid power of the fan is then
2 2
m v v
SN A g D pd = 0.0054 v~ 87 + 0.08642 v (c-9)
3 20V v v :
oV ®
The power reguired to tow the vehicle is
P 1
L--2- [ & (1 - %—) a L= 0.09722 (C~10)
pvV "8 pv "8 o © o
Therefore, the ratio of fan power to towline power is
E - 0.055 v"¥7 + 0.88889 v/’ (¢-11)
T

Figure C-1 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 1bwer 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 teotal pressure
could be given selectively to each boundary layer streamlime to restore it

te free stream tctal pressure. If this can be done without mixing

-7
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Figure C-1. 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

= 0.9002

ops

T

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 ailowing 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-1.
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

Vol = Vb * Vaphyn = Vb + Varhor (p-1)

If it is assumed that the static pressure at the exit of the upper and
lower passages 1s equal to the pressure behind the vehicle, then
Bernouli's equation can be applied along both the upper and lower

passage with the result that

A A
2 wu 2 wL 2
Vu (cf Au + 1 ) = vlL e AlL + v?_L (D-2)

Now introduce the following dimensionless notation

O s T TR s N1 -3
x A TR RTR X7y
o . - 1L v

From the continuity relation the velocities in the upper and lower

passages can be related.

A - (1 _ _Y_g_ J) )IK_B (D-4)
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be determined separately for conditions in a tumnel. 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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