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PREFACE

Research into the possibility of using aerodynamic 1lift for
application to ground transportation vehicles has been carried out at
a very low level for approximately 10 years. This has been limited to
simple analytical investigations and small-scale experiments. During
this time, the concept has gone through considerable evolution beginning
with a simple body designed to travel through a tube and reaching the
stage of a vehicle traveling in an open guideway with flexibly mounted
winglets.

In 1973, a system definition study was completed which described
the characteristics of a 300-mph intercity system. This study revealed a
small requirement of suspension power relative to alternative non-contact
suspension schemes, plus a potential for low guideway cost due to the large
average gap. Because of these favorable characteristics, the present study
was Initiated to establish experimentally the dynamic properties of the
concept.

Funding was initially provided by the Federal Railroad Administration
(FRA) under the Electric Power and Propulsion for High-Speed Tracked Vehicles
program. More recently, funding was provided by the Office of the Secretary
of Transportation (0ST) under the Transportation Advanced Research Projects
(TARP) program. Further experiments are underway to provide dynamic
information which can be used for purposes of comparison with alternative

suspension concepts.
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NOMENCLATURE
number of weights aft, (p. 45)

ratio of local area to exit area, A = %i

area between vehicle and guideway at the vehicle trailing
edge, ft?

area between vehicle and guideway at any chordwise location,
ft2, AL(c) = Ay

area between sides of vehicle and guideway at the model
trailing edge, Aqp = 7.25 in.?

length or chord of vehicle, ft or in. (¢ = 72 in.)
D

drag coefficient, C_ = —————
Zp VS

D
parasite drag coefficient

momentum drag coefficient

winglet hinge moment coefficient, C, = Gl
H 3 3 An®
5p V© ce
1ift coefficient, C = S
$p V3S

pitching moment coefficient, referenced to 50 percent

chord unless noted by subscript, CM = M
3 p V2 se
P-p,
pressure coefficient, C, = ——
P o1 g2
2P

drag, 1b
winglet effective span, in. (e = 2 in.)
number of weights forward (p. 45); (F-1) in Appendix A

ratio of local volume flux to exit volume flux, F = AU

viii



h height of vehicle above guideway, measured at
50-percent chord, ft or in.

h height of vehicle above guideway, measured at vehicle center
of gravity, ft or in.

nTE height of vehicle trailing edge above guideway, ft or in.

M winglet hinge moment, referenced to winglet hinge axis,
positive IM tends to increase gap, in.-1b.

Ah perturbation in height of vehicle above guideway measured
at center of gravity of vehicle; vehicle moves away from
guideway for positive Ah, ft.

I(a), IM(&) integrals defined by equations (A-15) and (A-21) respectively
I winglet moment of inertia about winglet hinge axis, slug-ft®

4 winglet span measured from winglet axis of rotation, in.
, =1.5 in.)

L lift, 1b,

M pitching moment, referenced to 50 percent chord, positive
nose up, ft-1lb

M Pitching moment, referenced to center of gravity of

vehicle, positivenose up, ft-lb

P local static pressure on bottom surface, psf
P, free-stream static pressure, psf

q free-stream dynamic pressure, psf, ¢ = 3 p ¥
r dimensionless parameter, r = %%

r r evaluated at @ = &

N N



Re

Reynolds number per foot, Re = %;

vehicle planform ares including winglet area (S = 6.75 ft2)
local velocity, fps

exit velocity, fps
dimensionless horizontal velocity, %

free-gtream velocity, fps
velocity at side gap, normal to longitudinal axis of
vehicle, fps

dimensionless gap velocity, %

width of hull of vehicle, ft or in. (W = 10.875 in.)
weight of vehicle, 1b.
longitudinal location on model measured from leading

edge, £t or in.

]

non-dimensional longitudinal location, X = =

center-of-pressure location measured from leading edge

angle-of-attack of lower surface of vehicle, rad,
o = 0.0377 rad for & =0
ratio of area change of lower surface from leading edge

to trailing edge to exit area, o = E%i

@ for a height of winglet tip above guideway equal to

0.125 in. for a given ew

winglet gep, distance from guideway lip to winglet tip,

measured normel to guldeway lip, ft



oy

Subscripts
( ys

2

o

ratio of gap to exit area § = =°

il

increment in variable
pitch attitude of vehicle, rad or deg
winglet rotation angle measured with respect to perpendicular
to side of vehicle, rad or deg
A% -1
viscosity of air, slugs per ft-sec
dummy integration variable, ft
density of air, slugs per ft2
angle of inclination of guideway lip, rad or deg

natural frequency, Hz

differentiation with respect to time.

upper surface.

referenced to leading edge.
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EXECUTIVE SUMMARY

This report is concerned with an examination of the aerodynamics of
the tracked ram air cushion vehicle, a concept for high-speed ground
transportation. Experimental and theoretical results are presented which
relate to the aerodynamics associated with the longitudinal stability and
ride qualities of this vehicle.

As the name implies, this vehicle is entirely supported by aerodynamic
forces produced as a result of its forward speed. The concept is based on
the nature of the forces produced by a wing operating very close to the
ground; that is, high 1ift coefficients and high 1ift to induced drag ratios.
Consequently, the aspect ratio of the wing can be reduced, resulting in hull
shapes suitable for high-speed ground transportation vehicles. The lifting
efficiency of the vehicle can be further improved by operating in a guide-
way and providing lateral seals with winglets mounted on each side of the
hull. The aerodynamic interactions of the vehicle and guideway must be
understood so that a configuration can be designed with high lifting effi-
ciency, course stability, and satisfactory riding qualities. Ride quality
and stability can be controlled by the basic shape of the vehicle, and in
addition, by the flexibility of the winglets with respect to the hull. The
objectives of this investigation have been to provide experimental data
which will assist in understanding the vehicle/guideway interactions, and,

to make it possible to estimate the longitudinal stability and ride quality.
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Experimental results are presented from tests conducted on a model
and section of guideway mounted in a wind tunnel and on the same model
moving along a 300-foot guideway. Both wind tunnel and moving-model
investigations were conducted since wind tunnel experiments on a vehicle
operating very close to a fixed surface give rise to questions regarding
the validity of the results due to the presence of the boundary layer on
the guideway and the fact that the guideway is of finite length. Proper
simulation of the aerodynamic boundary conditions can only be achieved
with a moving model. Consequently, & series of moving-model experiments
were conducted on a long guideway using a unique facility at Princeton
University.

Extensive experimental dats were taken in the wind tunnel related
to the variation of 1lift, drag, and pitching moment with model height
above the guideway and lateral gap. In addition, measurements were made
of the winglet hinge moments and the pressure distribution on the guide-
way in the vicinity of the model. The moving-model experiments involved
measurements of the equilibrium position of a towed model with respect
to the guideway as a function of model weight and center-of-gravity
position.

The experimental results indicate that high 1ift to induced drag
ratios can be achieved. There is good agreement between the moving-
model experiments and the wind tunnel experiments. The agreement is

particularly good among the various stability derivatives or variations

xiii



in the forces and moments about equilibrium.

A theory for the longitudinal serodynamic characteristics is developed
and compared with the experimental results. The theory also agrees very
well with the experimental results for these stability derivatives.

In summary, this report presents experimental data and theory for
the longitudinal aerodynamic characteristics of a tracked ram air cushion
vehicle which can be used to estimate the heave dynasmics and ride quality
with rigid and flexible winglets. Further experiments are planned to
obtain additional information on the influence of pitch attitude on 1ift,

drag, and pitching moment,

xiv



1. INTRODUCTION

One concept which appears particularly attractive for surface
transportation at high speeds is the tracked ram air cushion vehicle,
The lifting or supporting force for this vehicle is produced as a
result of forward speed or what is referred to as the ram effect. No
power source is directly used to develop lift at high speeds, that is,
power is required for propulsion only, and the motion of the vehicle
through the air produces lift. Versions of this vehicle have also been
considered in which a part of the lifting force is produced by the pro-
pulsion system.(l)

The attractiveness of the concept, from an aerodynamic viewpoint,
stems from two factors. First, very high 1ift to induced drag ratios
can be achieved by a wing operating in close proximity to the ground.(z)
Second, the presence of a guideway further increases the lifting efficiency
by providing in effect, lateral seals or small gaps at the tips of the
wings, essentially making the flow over the vehicle approximately two-
dimensional and thus further improving the 1ift to induced drag ratio.
Suitable combinations of these two effects make it possible to achieve
high 1ift to induced drag ratios at the very low aspect ratios desirable
for ground transportation vehicles.

The guideway or track serves two functions. In addition to providing
lateral seals or small gaps to maintain nearly two-dimensional flow, a
suitably shaped guideway can provide course stability such that the vehicle
does not have to be continuously controllled, but rather is guided by the

track as the name implies.



The configuration of the vehicle considered in this report is shown
in Figure 1. The clearance between the trailing edge of the hull of
the vehicle and the guideway is a comparatively large distance while the
gap between the winglet tip and the guideway is comparatively small. As
a consequence the ratio of these two dimensions is approximately 0.1 and
therefore, variations in the winglet gap exert a much larger influence
on the lifting force of the vehicle than do variations in the trailing
edge height. This difference implies that the majority of the heave stiff-
ness of the vehicle arises from the variation in the gap rather than the
variation in the trailing edge height when the vehicle is displaced with
respect to the guideway. It is therefore possible to alter significantly
the heave stiffness and consequently the ride quality of the vehicle by
providing winglet flexibility with respect to the hull, indicating the
feasibility of varying the ride quality of the vehicle without the use
of an active control system.

The object of the experimental investigation described in this report,
was to obtain quantitative data on the longitudinal aerodynamic character-
isties (1lift, drag, and pitching moment) of & typical tracked ram wing
concept, to add to the studies reported in References 3 and L4, In particu-
lar, it was of interest to provide experimental data on the aerodynamics
from which estimates of the ride quality end longitudinal dynamics can be
made. Data are included which can be employed to predict the ride quelity
of the basic vehicle, as well as to examine the influence of winglet

flexibility.
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Two distinct sets of experiments are reported here. The first set
was conducted in a wind tunnel. A section of the guideway and a model
were mounted in a wind tumnel and a series of experimentswere conducted

to determine the variation in aerodynamic forces with various vehicle

parameters. Direct measurements of the lift, drag, and pitching moment
were made at various Reynolds numbers.

A second set of experiments involved the use of an identical model |
which was towed by a servo-controlled carriage along a 300-foot guideway.
In the towed-model experiments, the model was essentially in free flight
and lifting its own weight. The equilibrium position of the model with
respect to the guideway was measured as a function of model weight and
center-of-gravity position. From these equilibrium flight data it is
possible to determine similar aerodynamic information to that wmeasured
in the wind tunnel tests., Difficulties were experienced with measurement
of the drag force in the moving-model experiments and consequently drag
data is not presented. The model attitude was not varied in the wind
tunnel tests report so a complete comparison of the two sets of data is
not possible, since the free flight experiments involve attitude varia-
tion. It is expected in the future to conduct experiments in the wind
tunnel to measure attitude effects.

Each method has its advantages and disadventages. In particular,
the wind tunnel tests suffer from the disadvantage that there is a
boundary layer present on the guideway which does not exist in the actual
flight of the vehicle. The thickness of this boundary layer is an

appreciable fraction of the distance between the model and the guideway



and may have a significant influence on the data. The boundary layer
is of course not present in the moving-model experiments and therefore,
better representation of the actual vehicle aerodynamics would be ex-
pected. One of the objectives of these experiments was to obtain an
estimate of the importance of the presence of the boundary layer on
the guideway.

Wind tunnel experiments tend to be somewhat more convenient with
regard to studying large numbers of model parameter variations than
the moving-model tests. Experience with these experiments however,
showed this to be somewhat less true than was originally expected owing
to the necessity of carefully setting and adjusting small clearances of
the model with respect to the guideway in the wind tunnel tests.

Further, owing to limitations of the moving-model apparatus it
is not possible to obtain as high a Reynolds number in the towed-model
tests as can be achieved in the wind tunnel.

Thus, this report contains a description of the wind tunnel tests
and a discussion of those results, a description of the towed-model
tests and a discussion of those results and a comparison of these two
sets of date where possible,

The towed-model configuration is geometrically identical to the wind
tunnel model shown in Figure 1. The model employed in the wind tunnel
tests had one variable geometric parameter. Each winglet could be
rotated with respect to the body such that the gap between the winglet
tip and the guideway could be veried independently of the height of the

lower surface of the model above the guideway.



The lip of the guideway was selected to be an angle of L5 degrees from
the vertical to provide lateral as well as longitudinal stability. A
number of experiments with a free-flight powered model as well as the
towed-model experiments described here, indicated that this guideway
configuration results in a vehicle which is stable both longitudinally
and laterally. The influence of the guideway lip angle can be seen by
examining the effects of motion of the vehicle in the guideway on winglet
gap. Changes in the winglet gap produce the primary changes in lower
surface pressure since the gap is a much smaller dimension (the order of
0.1 ir) than the height of the trailing edge above the guideway (the
order of 1.5 in). Basically, as may be seen in the sketch in Figure 2,
vertical guideway lips would provide a strong lateral restoring force with
lateral displacement owing to the fact that the change in gap would be
equal to the lateral displacement of the model. The vertical restoring
force variation with height would be small since height changes would
produce no change in gap. In the case of horizontal guideway lips, just
the opposite would be true, a strong vertical force variation with height
would be expected and only a small lateral force variation with lateral
displacement would be expected. As a compromise between these two limits
therefore, the 45 degree angle was chosen. For simplicity, the bottom
surface of the mndel had a constant slope, and the configuration in no sense
regpresents an optimized design.

A free-flight powered model, which was employed for some gualita-
tive experiments, did in fact obtain some additional 1ift augmentation

from a ducted fan propulsion system similar to the configuration
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described in Reference 1. The models employed in the wind tunnel and
towed tests did not incorporate a propulsion system since the interest
in the experiments centered around the aerodynamics of the basic config-
uration,

A brief series of experiments were conducted to evaluate the dynamics
of the free winglets. The results are presented and discussed. Interest
in the free winglet case was related to the fact that one way of controlling
the vertical ride quality of this vehicle is to provide spring restrained
winglets. Data are presented for winglet natural frequency and damping.

Appendix A describes a theory to predict the pressure distribution on
the bottom surface of the vehicle. Expressions are given for the 1ift and
pitching moment coefficients produced by the bottom surface pressure.
Theoretical predictions are compared with the wind tunnel and towed-model

experimental results.



2. DESCRIPTION OF MODEL AND APPARATUS

2.1 MODEL

Drawings showing the model and guideway geometry are presented in
Figure 1.

The lower surface of the model is flat with a slope of approximately
2,2 degrees. The upper surface of the model is one-half of an NACA 0021
airfoil. The winglet cross section consisted of a tube with a fairing as
shown in Figure 1. The model was constructed so that the winglets could
be independently rotated with respect to the body and locked in any desired
position to alter the relationship between the side gap and the bottom
height. Alternatively the winglet could be spring restrained such that
its free dynamic motion could be examined. The towed model and the wind
tunnel model were geometrically identical but fabricated from different
materials. In order to reduce the weight of the towed model, its basic
hull was constructed of balsa wood. The wind tunnel model hull was con-
structed of aluminum to withstand higher dynamic pressures.

The winglets on the wind tunnel model were constructed of balsa
wood and fiberglass attached to a thin-walled aluminum tube. The towed-
model winglets were constructed entirely of balsa wood. The straightness
of the winglet tip and therefore, a measure of the gap variation over
the length of the model was £0.015 in. A seal was provided between the
winglet and the hull of the model. The same upper surface was employed

on both models. The upper surface, one-half of an airfoil section, was
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constructed of styrofoam and covered with doped tissue to provide a smooth
finish,

Strain gage instrumentation in the interior of the model was provided
to measure the winglet hinge moment as shown in Figure 3.

The guideway sections were fabricated from sheet steel. The section
employed in the wind tunnel was identical in cross section to the 300-foot
section constructed for the towed-model tests but was of heavier gage
steel. Figure 1 shows the cross section of the guideway installed in the
wind tunnel as well as the cross section of the guideway employed with the
towed model.

The wind tunnel model was attached to the wind tumnel balance by two
struts. The model and guideway were mounted inverted to provide access to
the balance, as well as to eliminate the necessity of having the support
struts pass through the guideway, as shown in Figure L.

The geometry for the towed-model tests is shown in Figure 5 and the

complete installation is shown in Figure 6.

2.2, APPARATUS, INSTRUMENTATION, AND TEST PROCEDURE

2.2.1. Wind Tunnel Tests

The wind tunnel tests were conducted in the Princeton University
Subsonic Wind Tunnel. The test section measures four feet by five feet.
The tunnel is a closed circuit type, capable of airspeeds up to 150 fps.
It is equipped with a direct readout six component pneumatic balance.

As mentioned above the winglets were provided with strain gages for

measurement of winglet hinge moments. In addition, 67 pressure taps
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were located at various stations on the guideway, as shown in Figure 7,
to provide data on the distribubtion of the aerodynamic force acting on
the vehicle.

Considerable care was required in setting up the wind tunnel model
for various experiments owing to the small clearances involved.

A variety of winglet positions and trailing edge heights relative
to the guideway were examined at various wind tunnel velocities. The
geometric variables of the wind tunnel tests are listed in Table I.

Four free-stream velocities were examined to evaluate the influence of
Reynolds number on forces and moments and pressure distributions.

Repeat of a considerable number of the wind tunnel tests was re-
quired. A strong dependence of the force and moment coefficients on
free-stream velocity was noted during the initial experiments. This was
found to be a result of airflow from the interior of the model exiting
at the juncture between the model support strut and the upper surface of
the model producing a strong cross flow and resulting in significant
separation on the upper surface of the model. The strut support was
redesigned to provide a seal in this area reducing markedly the variation
of the coefficients with tunnel dynamic pressure. The experimental data
from the wind tunnel are presented for one dynamic pressure (10.4 psf).
Less than 5 percent variation of the coefficients from values at this
dynamic pressure was noted over the range from 5 to 20 psf. Some of this
variation is a result of small deflections of the model with respect to

the guideway which will be treated fully in a later report.
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2.2.2. Free-Flight Towed-Model Tests

The towed-model tests were conducted using the Princeton Dynamic
Model Track. This apparatus consists of a monorail track with a servo-
controlled carriage capable of being operated at speeds from zero to
Lo fps with its speed precisely controlled. Mounting booms of various
configurations can be attached to the carriage depending upon the
experiment of interest. In these series of experiments, the boom con-
figuration is shown in Figure 6. The model was attached to the carriage
by a lightweight cable containing a strain gage for measurement of towing
force (drag), as shown in Figure 5. With the carrage configuration employed
it is not possible to control the position of the model with respect to the
guideway precisely enought to conduct these tests with the model rigidly
mounted to the carriage, such that the forces and moments can be directly
measured. Therefore, the towed-model tests consisted of measurements of
the displacement of the model with respect to the guideway under various
loading conditions. The model wes fabricated of lightweight materials,
such that, at the velocity of the experiments the model was lifting its
own weight. The towing cable was attached to align the tow force with
the center of gravity of the model, thus providing only propulsion. The
model was effectively in free-flight in pitch and heave. Development
is nearly completed on an idler carriage propelled by the mein carriage

but guided by the guideway which will permit direct force measurements.
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Owing to cost considerations, the guideway installed did not run
the full length of the Dynamic Model Track, and therefore, a rather
elaborate injection and removal device was developed to place the model
precisely in the guideway and remove it smoothly and without damage at
35 to LO fps model speed. This device is shown in Figure 8., For
further experiments it appears highly desirable to extend the length
of the guideway to simplify testing and eliminate the need for this
injection system.

The guideway has adjustment supports located every five feet to
control its geometry. A transit was used to survey the guideway period-
ically to insure straightness of the guideway during the experiments.

The model was brought up to speed mounted on a small carriage and
guided by a wire under high tension to the entrance of the guideway.
The small carriage was separated from the model at the entrance of the

guideway and the model proceeded down the guideway towed at the desired

speed at a height and attitude with respect to the guideway, determined by

the loading condition of the model and the aerodynamic forces acting on the

model, Since the longitudinal motion of the model was stable it would,
within a short time after entering the guideway, take up a stable
equilibrium condition and maintain this condition until it left the
guideway. During the course of this steady-state condition, measurements
of the equilibrium height and attitude of the model were made.

The servo-controlled carriage contains power supplies to power the
model instrumentation as well as a 43 channel telemeter system

which transmits measured dats from the moving model to a nearby ground
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station.

In addition to the towing force or drag of the model and the carriage
speed, measurements of the height of each of the outer corners of the
winglets above the guldeway were made. These measurements were made with
low friction potenticmeters mounted in the four locations, each sensing
the height of one corner of the model. Analog circuitry was then used to
sum and difference these four individual measurements such that the average
height of the winglets above the guideway and the model pitch attitude could
be directly read. The location and geometry of these sensors is shown in
Figure 9. Tow force data are not DPresented here owing to the absence of
information on the drag of the height-sensing whiskers.

The winglet hinge moments were not measured in this series of experi-
ments owing to the necessity of providing additional winglet supports to
pPrevent torsional deflections of the balsa wood winglets. Due to an experi-
mental error, preliminary indications from the wind tunnel data were that the
center of gravity of the towed model would have to be located near the 25
Percent chord point to achieve pitching moment equilibrium with a level
attitude. This design constraint made it impossible to employ the winglets
used in the wind tunnel tests ag they would have comprised most of the weight
of the towed model and as a consequence, the center of gravity of the free
flight model would have been located in the vicinity of 40 to 50 percent
chord. Consequently, lightweight winglets were constructed so that the
center of gravity could be moved forward to a position required for level

-attitude equilibrium. However, later corrections to the wind tunnel tests
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indicated that a more aft center of gravity, as would have been obtained
with the heavier winglets, would have produced satisfactory equilibrium,

The towed-model tests confirmed the aft location of the center of pressure.
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3, DESCRIPTION OF TESTS

3,1 WIND TUNNEL TESTS

The wind tunnel tests were all performed with the model in a level
attitude with respect to the guideway. That is, the winglet tips were
parallel to the guideway 1ip in the longitudinal direction. Two values
of the clearance between the trailing edge of the model and the bottom
surface of the guideway, 1.28 and 1.4l in. were examined, and the winglet/
guideway clearance was varied from 0.050 in. to 0.150 in. Table I lists
the model test conditions. The tests were conducted by adjusting the
trailing edge height to a selected value and then rotating the winglet
to obtain various values of the winglet/guideway gap.

In order to examine the influence of Reynolds number the tunnel
dynamic pressure was varied from 5.2 to 20.8 psf as indicated in Table I.
The Reynolds number per foot corresponding to each of these velocities
is also given in the table. In addition, the displacement thickness of
the boundary layer at the trailing edge of the vehicle is indicated in
this table to give some estimate of the possible importance of the
boundary layer. This thickness is based on flat plate theory assuming
transition occurs at Re = 5 X 10°.

Extensive preliminary runs were made to establish ﬁhe repeatability
of the data. The balance readings and pressure distributions were
typically repeatable to + 3 percent. Some initisl wind tunnel experiments

were conducted at a dynamic pressure of 1.37 psf, similar to that of the
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TABLE T WIND TUNNEL TEST CONDITIONS

a. Dynamic Pressure, Reynolds Number, and Estimated Boundary Layer Thickness

Velocity

Nominal Dynamic

Nominal Reynolds

Boundary Layer Displacement*

fps Pressure No. per ft. Thickness at Trailing Edge
psf in,
66 5.2 4,2 X 10° 0.19
92 10.4 5.9 X 10° 0.18
114 15.6 7.3 X 10° 0.18
132 20.8 8.4 X 10% 0.18

*Transition assumed to take place at Re)r = 5 X 10%,

b. Dimensional Location of Model with Respect to Guideway and Corresponding
Dimensionless Parameters

25
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towed-model tests. Although tests at this dynamic pressure gave results
which were close to those at higher dynamic pressures, difficulties were
experienced with the sensitivity of the wind tunnel balance as a result

of the small forces produced and SO these data are not presented, Pressure
distributions were made manually and the manometer board was tilted to L5
degrees to obtain suitable sensitivity.

Variations in the coefficients with tunnel velocity existed in the

results although the variations were typically less then 5 percent of the
results presented. These variations may arise from one or more of several
sources; the influence of Reynolds number, static deflection of the model
owing to wind tunnel balance compliance, winglet elastic deflections,
upper surface aerodynamic effects or tumnel floor interference effects.
The importance of the deflection of the model with respect to the guildeway
will be discussed more completely in a later report. This report will in-
clude the effects of pitch attitude variation. This data 1is necessary to
interpret the effect of model deflection.

Tuft studies were made of the flow over the upper surface of the model
to determine if any separated flow was present. Generally the flow was
attached over the majority of the upper surface at all velocities. A small
leading edge separation bubble was detected at 34 fps. The bubble disap-
peared at higher velocities and very 1ittle trailing edge separation was
detected. A leading edge trip wire was installed and found to have no
measurable influence on the force and moment measurements. Some experiments
were also conducted with the rear portion of the upper surface fairing
removed. This modification also had no noticeable influence on the variation

of the force coefficients with velocity so that Reynolds number effects do
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not appear to be a significant factor.

3.2 TOWED-MODEL TESTS

The towed-model tests were all conducted at a velocity close to 3L fps.
Tt was initially expected that wind tunnel tests could be conducted at this
game velocity such that both series of tests would be conducted at the same
Reynolds number. However, as mentioned above, the sensitivity of the wind
tunnel balance was not sufficient to conduct wind tunnel tests at this low
dynamic pressure. The weight of the model with no ballast was 3.78 1b and
weights were added in unit increments of 0.21L4 1b to produce various 1lift
coefficients and center of gravity positions for the experiments. The center
of gravity of the model with no ballast was at 39 percent chord.

The velocity of the model was measured by a tachometer installed on the
carriage as well as by precision clocks stationed at 25 foot intervals along
the track.

At three winglet rotation angles, a series of runs at nominally constant
velocity were made with various ballast locations, to produce different equi-
librium 1ift coefficients and center-of-gravity positions. The height of
each corner of the model was measured continuously as a function of time
during each run., Portions of each run, for which the time histories of the
model position, with respect to the guideway, showed that the model was in a
steady-state condition, were selected and analyzed to determine the equilibrium
position of the model.

In the majority of the test conditions, no difficulty was experienced
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in achieving a sufficiently long steady-state portion during a run. In

some cases, at the maximum winglet/guideway gaps examined, the model had
a tendency to exhibit a lightly damped long period oscillation, meking it
difficult to determine the steady-state condition, and producing scatter

in the measured equilibrium conditions.
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l,, DISCUSSION

4,1 WIND TUNNEL DATA

4.1.1 Force and Moment Data

The 1ift coefficient, drag coefficient, and pitching moment
coefficient referred to the 50 percent chord station where measured
as a function of two non-dimensional parameters, r, a non-dimensional
measure of the winglet gap, with respect to the guideway, and @, a
non-dimensional measure of the height of the trailing edge of the
vehicle above the guideway.

The various coefficients varied less than 5 percent over the
range of tunnel dynamic pressures indicated in Table I. The varia-
tions of the lift, drag, and pitching moment coefficients with the
most significant parameter, r, were found to be essentially inde-
pendent of dynamic pressure. It is these variations that are of
greatest importance in determining the stability and ride quality.
Therefore, only the results obtained at an intermediate dynamic
pressure of 10.4 psf are presented and discussed in some detail as
representative of the aerodynamics of the vehicle.

Figure 10 shows the experimental results for the variation of

the aerodynamic coefficients with the parameters, r and a.
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The contribution of variations in r and o to the variation in the
coefficients of a rigid vehicle in heave can be evaluated by examining
the change in a coefficient with vehicle height in terms of variations

with r and @ as
d _da()_dr d()a«
d%AhS =3 akGn) t 15 an)

where for a rigid vehicle, i.e., winglets fixed with respect to the body

- _Ab -
AS = s ¢G and AAE = W Ah,

so that introducing the definitions of r and «

Moy ) cos g, 80 G0 A0
2 d(gh) G dr 2cd&

The vehicle of interest here has a low aspect ratio such that, g = 0.15.
Consider the 1ift coefficient variation as an example, It can be seen
from Figure 10 that the dimensionless variation of the lift coeffiecient
with @ is a similar magnitude or somewhat smaller thaen its variation

with r, and as a consequence, the above expression indicates that the
major contribution to the heave aerodynamics arises from the first term
and the second term contributes from 5 to 10 percent of the total, This
result also indicates that it is possible to obtain significant variations
in the heave dynamics of the vehicle by allowing the winglets to move with
respect to the body so that the paremeters r and o may vary independently.

The basic data with @ and r as independent parameters can be used to
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estimate the winglet-free dynamics.

The experimental data presented in Figure 10 indicate the following
trends. The 1ift coefficient decreases with increasing gap height and
also with increasing trailing edge height (decreasing &). The drag coef-
ficient increases with increasing gap and also with increases in trailing
edge height (decreasing @). Both of these trends are physically reasonable
indicating the favorable effects on lift and drag of operating an aero-
dynamically supported vehicle in close proximity to the ground. The depen-
dence of the lift/drag ratio on r and o is shown in Figure 11. A maximum
lift/drag ratio of 36 was measured at the lowest trailing edge height and
minimum gap. Again, this very high lift/drag ratio indicates the
favorable effect of operating an aerodynamically supported vehicle very close
to the ground.

The pitching moment coefficient, referenced to the 50 percent chord
point, also shown in Figure 10, decreases with increasing winglet gap and
shows only a weak dependence on trailing edge height. Note that the
presence of this variation implies that the dynamic motions in heave and
pitch are coupled. That a change in height of the vehicle will produce
a change in the pitching moment which will result in an angular acceleration
and consequently an attitude change. The center-of-pressure location is
shovn in Figure 11, referenced to the leading edge of the model. The center
of pressure is located about 39 percent chord aft of the leading edge of

the model and appears to be almost independent of the winglet gap and the
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trailing edge height. This result indicates that the heave and attitude
motions of the vehicle would be relatively uncoupled if the vehicle center

of gravity were located at this longitudinal position.

4,1.,2 Pressure Distribution Data

In addition to force and moment data, pressure distribution measure-
ments were made using static pressure ports located on the guideway. Pressure
distributions along the longitudinal centerline of the guideway are shown
in Figure 12a. They indicate the general shape of the pressure distribution
expected from the theory described in Appendix A with the exception that the
pressure coefficient is slightly negative at the trailing edge. Spanwise
pressure distributions were also measured and a typical result is shown in
Figure 12b, indicating that the pressure is approximately constant in the
spanwise direction across the guideway. Near the winglet 1ip the pressure
rapidly decreases. The pressure decrease occurs farther inboard as the gap
is increased.

L4,1.3 Winglet Data

The winglet hinge moment was also measured. The hinge moment coefficient
is referenced to the winglet area and winglet span and is measured about the
axis of the winglet. The results presented in Figure 13 indicated that the
center of pressure is roughly 25 percent of the span of the winglet outboard
of the hinge axis. The hinge moment variation with trailing edge height
appears to be somewhat opposite from what one would expect on the basis of

the 1ift coefficient variation. That is, since it is approximately true
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that the primary source of the lift is the pressure distribution on the
lower surface of the vehicle and it would be expected that this pressure
is reflected on the lower surface of the winglet, one would expect that
the winglet hinge moment would be largest at the lowest trailing edge
height. The data indicate just the opposite trend, perhaps reflecting
some of the complexities in the flow field as a result of the nozzle
effect at the exit.

In addition to these hinge moment data, experiments were performed in
the wind tunnel to measure the winglet-free dynamics. In these experiments,
one winglet was allowed to rotate about its hinge line and was restrained
by mechanical springs as shown in Figure 3. Also experiments were conducted
without the spring restraint, but with the winglet center of gravity located
to balance the steady aerodynamic hinge moments. In both experiments the
equilibrium winglet gap was maintained at 0.125 in. (r = 0.61) by adjusting
the spring or mass preload for each dynamic pressure.

The results of these experiments are presented in Figures 14 and 15
which show the free-winglet frequency and damping factor as functions of
free~-gtream dynamic pressure. In Figure 14 the low-frequency measurements
ghow excellent asgreement with the undemped natural frequency of the winglet
motion predicted by the static measurements of winglet hinge moments pre-
gsented in Figure 13, combined with the measured winglet inertial character-
istics. This agreement indicates that in this frequency range unsteady

effects are not important and static hinge moment data are acceptable for
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representing the winglet restoring moments. The high frequency experiments,
performed with spring restrained winglets, show good but not excellent agree-
ment and indicate the possibility of unsteady effects at higher dynamic
pressures.

The damping factor data presented in Figure 15 also indicate a fre-
quency dependence that could be associated with unsteady effects. The low
frequency counterbalanced winglet experiments indicate an aerodynamic
damping moment that increases smoothly with free-stream velocity. The
higher frequency experiments, however, show a non-linear variation of
damping moment with velocity and a damping factor that is typically twice
as large as that measured at the lower frequency.

In both the frequency and damping data there is an undetermined in-
fluence of the plastic film used to seal the winglet gap. Due to the change
in pressure differential across these seals as a function of dynamic pressure,
this influence can be expected to be a function of dynamic pressure. The
seal friction, with no pressure differential, is included in the wind-off
friction measurements which were performed with the spring-loaded winglet.
Since the counterbalanced winglet data fair nicely to this point in Figure
15, it can be assumed that both experiments had similar wind-off frietion
levels. The dependence of seal effects on dynamic pressure remein unknown
and could contribute to possible unsteady effects in both hinge moment and

damping factor.

4.2 TOWED-MODEL DATA

The towed model, & lightweight version of the wind tunnel model, was

designed on the basis of early wind tunnel date. These data indicated that
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the center of gravity of the towed model should be located at 27 percent
chord. It was discovered early in the towed model experiments that this
center-of-gravity position resulted in extreme model attitudes and that
it would not be possible to achieve a level attitude trim at this center
of gravity. As a result the model was modified to provide a center-of-
gravity position of 39 percent chord which gave a near level attitude trim
condition. As a consequence, further wind tunnel testing was conducted
which indicated an error in the early data. As described above, later
data teken in the wind tunnel and presented here agreed with the towed-
model results. The tow point of the model as shown in Figure 5, was such
that only a propulsive force was applied to the model. The towed model
was effectively in free-flight equilibrium in all degrees of freedom with
the exception of horizontal speed.

The gross weight of the basic model was 3.78 1b, and the experiments
were conducted at a nominal trim velocity of 32 fps, yielding & reference
1ift coefficient of 0.51, at a nose down attitude of O.l degrees. Weights
were added to the model in increments of 0.214 1b  at two locations 12 in.
ahead and behind the 39 percent chord point as shown in Figure 16 to produce
variations in 1ift coefficient and pitching moment coefficient about the
50 percent chord noint. Generally, the level gttitude trim of the model
was obtained with center-of-gravity position, i.e., center-of-pressure

locations, in the vicinity of 40 to L1 percent chord.
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It should be noted that owing to the technique of measuring the
attitude of the towed model from displacements at the leading and
trailing edges, very small angular attitude variations can be measured.
The full scale telemeter reading of the potentiameter/whisker system
corresponded to a gap of 0.3 in. and it is estimated that this could
be read within 1 percent giving measurable height variation of 0,003 in.

A difference in height of 0.0l in, between the leading and trailing edges
is equal to an attitude variation of 0.008 degrees. These small attitude
variations can result in significant changes in the 1ift coefficient as
shown by some recent theoretical investigations of Reference 5. Visually,
of course, these small attitude variations are difficult to detect and so

a considerable number of runs were necessary to obtain level attitude runs,
particularly when gaining experience running the model.

Note that since the configuration of the model was fixed in the sense
that the winglet deflection, with respect to the body, was constant during
each series of runs, both of the dimensionless parameters, r and o, vary
when r changes. The geometric configuration of the model is denoted by

o corresponding to a nominal value of a. &N

o when the height of the winglet tip above the guideway is 0.125 in. and

is defined as the value of

is uniquely determined by the winglet angle BW. The relationship between
r and @ for the three values of &N examined is given in Figure 17.
As mentioned, weights were added to the model at two locations, one
12 in, forward of the 39 percent chord locations and one 12 in. aft of
n_n

this point. Denoting the number of weights aft as "a'" and the number of

weights forward as "f", the gross weight of the model is
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w’=wg+Aw(f+ a) ,

and the center of gravity location measured from the leading edge of

the model is given by

5 - 0.39 + Aw (£ - a)

cG Wo' + Aw (£ + a)

Lines on the experimental data plots in Figures 18 through 20 represent
constant values of (a - f) and approximately correspond to constant center-
of-gravity positions since Aw << Wé. A1l of the data were taken at approxi-
mately constant speed.

The experimental results presented in Figure 18 through 20 show 1ift
and pitching moment coefficients as functions of r and © at various values
of gross weight and center-of-gravity position. Lines of constant (a - f)
are shown on these figures which correspond to constant center-of-pressure
and, therefore, center-of-gravity position.

The experimental results at &N = 1,40 illustrate the information con-
tained in these data. For (2 - f) = 0, corresponding to the model center-
of-gravity located at 39 percent chord, the trim attitude was slightly
nose down. TIncreasing the gap, and consequently reducing the lift coef-
ficient causes an increase in nose down attitude. In terms of an actual
vehicle in flight, increasing the trim velocity, corresponding to a re-
duction in 1lift coefficient for equilibrium, causes the vehicle to trim
increasingly nose down. With the center of gravity moved aft approxi-
mately 1.5 percent chord, a nose up increment in trim resulted as well as

an increase in 1ift coefficient at & constant value of the non-dimensional
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gap r. Thus, moving the center of zravity aft would result in the vehicle
flying at a nose-up attitude and increased gap compared to the forward center-
of-gravity location trim condition at the same speed.

At the 39 percent chord center-of-gravity location at the largest value
of r, there is some scatter in the attitude-r relationship. This appeared
to be a result of the model developing a lightly damped oscillation making
it difficult to achieve steady-state conditions.

Since these experiments represent equilibrium flight

Tn terms of stability derivatives, this condition may be expressed as

aC= oC=

M M _
a—;AI‘-’-a—aAe—O,
or
00 _ _dr
)

Thus, the slope of this equilibrium curve gives the ratio of the two
pitching moment derivatives. The measured slope of the curve is negative,
as shown in Figures 18 through 20, indicating that these two derivatives
have the same sign. Since moving the center of gravity aft results in a

nose-up attitude at a constant value of r, Cﬁé evaluated with respect to

the 39 percent chord point must be negative and consequently the negative

slope of the equilibrium curve indicates that Cﬁ must also be negative.
r
The other two &N cases examined show similar trends. Some changes

in operating technique for the experiments were made during this series
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of tests since the primary object was to obtain data for correlation
with the wind tunnel tests.

The interpretation of these curves, to determine the stability
derivatives of the vehicle, is discussed in some detail in Appendix B
and the results are compared with wind tunnel test results and with

theory in the following section.
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5., COMPARISON OF EXPERIMENT AND THEORY

This section examines the comparison of the various experimental data
obtained from the wind tunnel and towed-model tests with theory.

The theory which is presented in Appendix A is a one-dimensional theory
for predicting the pressure distribution along the longitudinal axis of the
model on the lower surface of the model.

A contribution from the upper surface is also included based on the
assumption that the upper surface acts independently from the lower surface.
It was therefore assumed that the upper surface pressure distribution on
this "half" airfoil could be calculated from potential flow theory using the
local velocity distribution for an NACA 0021 airfoil as given in Reference 6.
The calculation of this contribution is explained in detail in Reference 5.
The assumption that the upper surface acts independently of the lower surface
implies that the upper surface contributions are independent of the parameters

r and o, and are constant values given by

ACL
us

0.315 B

ACM 0.053 .
us

The total 1ift and pitching moment coefficients are found by adding these
values to the lower surface contribution determined from the theory of
Appendix A.

5.1 PRESSURE DISTRIBUTION

Figure 21 shows a comparison of the pressure distribution along the

longitudinal axis of the model determined in the wind tunnel tests with
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theory. This comparison is typical of all the cases examined. The theory
predicts the pressure coefficient quite well over the forward Lo percent
of the lower surface and indicates a somewhat higher pressure over the

aft end of the surface as compared to the experimental results. ALl of
the experimental results indicated a small suction at the trailing edge.
The theory assumes that the pressure at the trailing edge is free-stream.
This difference between the measured and predicted pressure distribution
is of course reflected in the 1lift and pitching moment prediction dis-

cussed below.

5.2 LIFT COEFFICIENT

Figure 22a presents the results of the towed-model experiments for
1ift coefficient. Interpolations of these data as indicated by the dashed
lines were made to provide data at values of o corresponding to the wind
tunnel experiments. In Figure 22b these interpolated results are compared
with the theory of Appendix A and the wind tunnel results presented in
Figure 10. The towed-model tests show excellent agreement with theory.
The 1ift coefficients measured in the wind tunnel are slightly larger
than those obtained from the towed-model experiments and the theory, but

the CL derivaetive agreement is quite good. Figure 22c shows a breakdown
r

of the estimates of the upper and lower surface contributions obtained
from the theory along with the lower surface contribution obtained from
integration of the pressure distributions given in Figure 12. The theory

predicts a larger contribution from the lower surface as would be expected
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from the pressure comparison shown in Figure 21. These results indicate
that the upper surface 1lift is somewhat underestimated and compensates for
the difference in lower surface theory and experiment giving good overall
agreement. It is interesting to note that the theory and experiment are
in excellent agreement with respect to the variation of 1ift coefficient
with non-dimensional gap, a quantity that is of Primary importance to the
ride quality. The reason for the discrepancy between theory and experi-
ment for the lower surface is not clear. Tt is possible that the guideway
boundary layer contributes to this difference between theory and experiment.
Tt is also possible that there is a difference between the pressures on the
model and on the guideway. Recall that the Pressures are actually measured
on the guideway.

Generally speaking, all of the experimental data for 1ift coefficient

show excellent agreement with theory for the C_ derivative. Experimental

L
r

values of CL- from both the wind tunnel and the towed model tests are about
0.26, while %he theoretical prediction is approximately one-half of this
value. As indicated elsewhere, this discrepancy is of less concern with
regard to prediction of ride quality owing to the small influence of this

derivative on the overall heave characteristics.

2.3 PITCHING MOMENT COEFFICIENT

The comparison of wind tunnel experiment, towed-model experiment and
theoretical prediction of pitching moment coefficient shown in Figure 23a
indicates reasonable agreement from the three sources. The wind tunnel
data show a slightly more positive (nose-up) pitching moment than do the

towed-model data, and the theory predicts a larger positive pitching
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moment than either of the sets of data. In terms of center of pressure
position, the wind tunnel data show a center of pressure at approximately
39 percent chord, (Figure 11) the towed-model data at approximately Lo
percent chord and the theory predicts approximately 37 percent chord, so,
in fact, the differences are rather small.

The variation of pitching moment coefficient with dimensionless gap,

CM is negative. Data from both the wind tunnel tests and towed-model
r

tests give CM = 0,08, which is quite close to the theoretical value of

CM = 0.06. The good agreement between theory and experiment for the

r
variation of both the 1ift and pitching moment coefficients with non-

dimensional gap indicates that the theoretical model which assumes that
the upper surface pressure is independent of the model position in the
guideway 1is satisfactory.

The towed model test data do not exhibit a consistent trend of CM

o
very small effect. The theory predicts a value of CM- = 0.012.
o
Pigure 23b shows a breekdown of the upper and lower surface contri-

with o and CM Z 0 was estimated. The wind tunnel data also indicate a

butions to the pitching moment obtained from theory of Appendix A along
with the lower surface contribution obtained from the integration of the
pressure distribution given in Figure 12. From this figure it can be seen
that the theoretical prediction of the pitching moment contribution from
the lower surface underestimates the value determined from the integration
of pressures. Again, this difference would be expected from the pressure
distribution comparison shown in Figure 21. The simplified theoretical
model used for prediction of the upper surface pitching moment appears

to overestimate the upper surface contribution.
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5.4 DRAG COEFFICIENT

In Figure 24 the wind tunnel test drag coefficient data are compared
with the theory of Appendix A. The theoretical curves assume a profile

drag coefficient CD Of 0.022, which is obtained by extrapolating the

o
measured data to r = 0, corresponding to no winglet gap. The predicted
increase in drag with r is larger than the experimental data indicates.

The theory predicts the opposite trend with trailing edge height variation.

As the trailing edge height is decreased (@ is increased) the theory in-

dicates an increase in drag while the data show the opposite trend.

5.5 ATTITUDE DERIVATIVES

The pltch attitude derivatives determined from the towed model tests
will be presented in a succeeding report where they will be compared with

further wind tunnel results and an extended theory.
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6. CONCLUSICNS

Experiments were conducted and a theory developed to determine the
longitudinal aerodynamic characteristics of a Tracked Ram Air Cushion
Vehicle. Two types of experiments were conducted: one series used a
model and & section of guideway in a wind tunnel; the second series
employed a towed model in a 300-foot guideway.

The towed-model technique provides a better representation of the flow
conditions over an actual vehicle owing to the absence of a boundary layer
on the guideway, however, a higher Reynolds number can be achieved in the
wind tunnel.

Wind tunnel tests are most convenient from the standpoint of data analysis
and interpretation, but require considerable care inadjusting and setting
the model test conditions. The towed-model experiments which were of a
semi-free flight nature are relatively simple to conduct since the dis-
placement and attitude of the model with respect to the guideway are measured
as a function of model weight, center-of-gravity position and airspeed.
Interpretation of the towed model data is complicated by the fact that both
the attitude and height of the model change with loading. Interpretation
of wind tunnel data may involve similar considerations owing to the fact
that aerodynamic loading and wind tunnel balance compliance result in
model deflections with respect to the guidewéy which can be significant
as a result of the small clearances.

The experimental data taken by thesé two technigues agreed quite well.

Lift to drag ratios as high as 36 were measured. The towed-model

experiments indicated a 1lift coefficient approximately 3 percent lower
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than the wind tunnel results. Both sets of data indicated the same
variation of 1ift coefficient with gap. The theory developed showed
excellent agreement with the towed-model results and thus somewhat
underestimated the lift coefficient measured in the wind tunnel.

The theory also gave a reascnable prediction of the pitching
moment but showed poor agreement with measurements of drag coefficient
in the wind tunnel, tending to overestimate the drag.

Wind tunnel testing appears to provide a satisfactory approach to
the determination of the aerodynamic characteristics of Tracked Ram
Air Cushion Vehicles, particularly as regards evaluation of stability

derivatives.
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7. RECOMMENDATIONS

Wind Tunnel Experiments on Tracked Ram Air Cushion Vehicles should
inciude instrumentation to directly measure the relative deflection of
the model/guideway system.

Additional wind tunnel data on the effect of pitch attitude on the
aerodynamic characteristics is desirable.

The data presented here should be employed to conduct a study of
the longitudinal dynamics and ride qualities of Tracked Ram Air Cushion

Vehicles.
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APPENDIX A
THEORY FOR PREDICTION OF LIFT, DRAG, AND PITCHING MOMENT

Tn the following a simplified aerodynamic theory is developed to
predict the pressure distribution on the bottom surface of a tracked
ram air cushion vehicle. From the pressure distribution the contribution
of the bottom surface pressure to the 1lift and pitching moment acting
on the vehicle can be calculated. The theory is a simplified form of that
developed by Boccadoro(7) and essentially involves a one-dimensional
approximation to the flow field. Tt is particularly convenient in contrast
to other results since the approximations employed lead to a closed form
result for the 1lift coefficient. As will be indicated, over the range of
parameters of interest, it agrees well with the more complex result given
by Barrows(S).

The continuity equation is written for the control volume shown in
Figure A-l. The upstream surface of the control volume is normal to the
flow field and is located a distance x downstream from the leading edge of
the vehicle and the downstream surface is located at the trailing edge of
the vehicle. Mass is flowing in the upstream surface and exiting through
the sides of the control volume and the downstream surface. The continuity

equation for this control volume is expressed as

(o]
pALU=pAEUE+2pj‘x5wd§ . (a-1)

It has been assumed that the velocities U and UE are uniform across their
respective areas. The velocity at the gap, w, is assumed to be only a
funetion of distance along the body, x, and is uniform across the width of

the gap. Assuming that the flow is incompressible, the density cancels

out of the equation.
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Differentiating this equation with respect to x yields the following
differential equation which will be solved to determine the variation of
gap velocity w along the vehicle

d(ALU)
dx

=-26w . (a-2)

The boundary condition applied to this differential equation is
obtained from the assumption that the pressure at the exit plane is
the free-stream pressure, P,-

Bernoulli's equation may be written as

1 2 1 2
Pyt 5 PV =p + 35 pU° . (a-3)

]

At the exit plane p P, and therefore

U(c)=Vv . (A-3a)
In addition, it is assumed that at the gap exit, the pressure is equal
to the free-stream value. With this assumption, Bernoulli's equation may
be used to relate the local velocity, U, and the gap exit velocity, w,
to the free-stream velocity,

P, + % pVe = p, + % p (U® + w2, (A-1)
Solving for the gap velocity

w=’Va-Ua s

and substituting into equation (2)

a(A.u)
di = -25JV2-U3 . (a=5)

This equation is to be solved with the boundary conditon

Ule) = v .
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Non-dimensionalizing equation (A-5) and the boundary condition
dx (a-6)

where F = AU.
To proceed *wrther, only the case in which the bottom surface has a
uniform slope is considered so that the relationship between the dimensionless

3 and dimensionless distance x is

A=l+a (1-x). (A-7)
Now the independent variable x is transformed to the variable A, where
>\=,’112-1 5
and the dependent variable is changed to
f=F-1 ,
so that equation (A-6) becomes

ac _ ()\Jxa - 2f - f“") , (A-8)

di A2+ 1

with the boundary condition that
f(o) = 0
While this differential equation can be solved exactly and the
solution is given by Barrows (1972), the result is in a rather incon-
venient form for obtaining a simple expression for the 1lift coefficient
in terms of the parameters of the problem since an inverse relationship
for the pressure coefficient is obtained. Therefore, an approximate solution

for small r is developed. Noting that the solution of equation (a-8) for
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r =01is f = 0, we develop an approximate solution assuming for small r
that

f=r fl 5

and neglecting f on the right hand side of equation (A-8)

)\2
A2+ 1

n

af
- . (a-9)

Equation (A-9)can be integrated to give
£,=h - tan T,
and the approximate solution to equation (A-8) is therefore
f=r (A - tan T 1) . (A-10)
The pressure coefficient can now be determined.
From the definition of pressure coefficient,
c =1-702,
p
Expressed in terms of the above notation, where f£2 has been neglected,

the pressure coefficient is,

2 -
c =2 - 2f (A-11)
b )\2_'_1

Substituting the value of f given in equation (A-10)
o = A2 2r (A - tan™"
Poaz+a A%+ 1

A)

(A-12)

Figures A-2 compares the result given in equation (A-12) with the exact
solution of equation (A-8) presented in Figures 2 to 6 of Barrows (1972).
It can be seen that agreement is quite good over a reasonable range of

the parameter r. The parameter h employed by Barrows is related to the
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parameters used here by
ﬁ:’)\a-l-l .
The contribution to the wvehicle 1ift coefficient from the bottom

surface pressure distribution is given by

1

A
s o (V_—ﬁ +_1'> ' (a-13)

1
{1 +a)?1}2
Substituting for Qp from equation (A-12)

{1+a)®- 1}%

- -1
CL - o - - 2_1' (X - tan )\)3}3}\ . (A-l’-l-)
1+a o . A%+ 1)

While the second integration can be directly performed as shown by
Barrows in a private communication,it is convenient for our purposes to

denote it as I and display its value graph}cally in Figure A-3, where
{(1+a)2-1}2

(- tan™t 2) A
(02 + 1) Wk

(@) =2
o]

so that the expression for the 1lift coefficient is

¢, = —%— -2 1(a) . (A-16)
1+ o

Figure A-lI shows graphically the dependence of the 1ift coefficient on the
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two parameters o and r determined from equation (A-16).

The contribution of the bottom surface pressure to the pitching
moment coefficient may also be readily calculated. Defining a positive
pitching moment as a nose up moment, the pitching moment about the

leading edge is

c, =-] xdx . (a-17)

The pressure coefficient is given by equation (A-12). Again it is con-
venient to convert the variable X to ) so that this expression becomes

o}

o - j%(&+l . \/)\atl)&)\d)\ . (4-18)

) y o VA% o+ 1

[N

[(1+a)%-1]

The first term in this expression is directly related to the 1lift
coefficient and so this expression can be written as

1

[(1+a)®-1]2

_ _f[e+2 1
o --( - >CL+— ('.p)\dx . (A-19)

Substituting from equation (A-12) for Cp and integrating, and inserting

limits, the expression for the pitching moment coefficient is

Gy ='<Q+I)CL+2+°' - m (1+a)
y j -]
0 o 2 o o
_ 1
[(L+a)2-1]2
_er A (A -tan” A) dA (4-20)
a? A2+ 1
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Again defining the integral in the last term

(L +a)®- 1]%
1@, A (A - tan” A) @

(a-21)
M )\2+l
o
The dependence of this function on @ is shown in Figure A-5.
Cy =-(°’fl)cL+2f“ -2 m@+d) -L 1,@). (a22)
o 2 a? a?

This is the theoretical expression for the pitching moment coefficient about
the leading edge. This can be readily transferred to the 50 percent chord
point giving

2 +a 1 - r -
Cyy =( ;;’) (1-c) g 1In (1 + &) -EF Iyle) . (a-23)

The dependence of the pitching moment coefficient on the two parameters
r and ¢ is shown graphically in Figure A-6.

The nature of the terms in equation (A-23) are such that care must be
taken in performing numerical calculations since the result is comprised
of the small differences of relatively large numbers.

These results are compared with theory in the main body of this report.



DRAG COEFFICIENT

A theory for the prediction of drag due to 1lift for a configuration
similar to that used here has been formulated by Gallington et al(g).
Conservation of momentum is employed to compute the force necessary to produce
the momentum change of the air leaking out through the gaps, which is called

the momentum drag, Dm' In the present notation this becomes

D, =26pcw [V- (v3 - wa)%] . (a-2L4)

Gallington assumes that the pressure is constant along the chord so
that it is only necessary ton.n-dimensionalize (A-24) to obtain the momentum
drag coefficient in terms of the lower surface pressure coefficient, which is
equal to CL. When Cp varies along the chord it becomes necessary to compute

the drag at each station and integrate:
b (b g
cDm = jo c, [L-(1- cp) ] ax . (a-25)

Using (A-12), a first approximation for Cp is

)\2

¢ =
p )\2+1

. (A-26)

In terms of non-dimensiural parameters we have

[(1L+a)2 -1]%

2 1 .
¢, =2%E [ - - (a-27)
m o o (L+2)2 1+
which becomes
A
CD = edfr D\ - tan-l)\ + + - 1n (l + & +)‘0)]3 (A'28)
m o °© ° (1+a)

where

nj=

o= [(1 +a)® - 172,
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The total drag is composed of this momentum drag plus the parasite
drag

C.=C. +¢C ) (A-29)

In actual fact the pressures below the wing are somewhat lower than
those given by (A-26). This may partially explain the fact that (A-28)
tends to give a prediction for drag which is higher than the measured
values. Data from the wind tunnel tests are compared with (A-28) in

Figure 24.
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APPENDIX B

DETERMINATION OF LIFT AND PITCHING MOMENT DERTVATIVES
FROM TOWED-MODEL -EXPERIMENTS

The towed-model tests involve the measurement of the equilibrium
position of the model with respect to the guideway, as a function of
model weight and center-of-gravity position. This equilibrium condition
expressed in terms of the non-dimensional gap, r, and the attitude of the
model, ©, has been shown in Figures 18 through 20. The loading condition,
expressed in terms of 1lift coefficient and pitching moment coefficient,

corresponding to these equilibrium conditions is also shown.

Relationships Between Dimensionless and Dimensional Derivatives

The winglet gap is defined as the distance between the winglet tip
and the guideway lip, normal to the guideway lip. The detailed geometry
of the model and the winglet is shown in Figure B-1.

The folldwing geometric relationships can be determined from this

figure

+ - + i
ZT Zw hTE hG LW sin GW

s

T LW cos GW - s,
Sq = &G cos ¢G
6 = (ZT - 4, sin ¢G) cos ¢G .
With some algebra, the winglet gap can be related to the winglet
deflection angle with respect to the vehicle and the trailing edge

height as

6 = {Zw +s, tan g, - b+ by, ¥ L, (sin o, - tan ¢, cos Sw)} cos ¢,
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For small perturbations,

48 = Abg, cos QSG + 4, cos ¢G (cos o, + tan ¢G sin BW) 88 -

This gives the perturbation relationship between winglet gap, trailing
edge height and winglet rotation when the winglet is free. Linearizing
about an equilibrium deflection of the winglet, an effective winglet span
may be defined as

I
e

1l

1, (cos o, * tan ¢G sin GW) s

and therefore

[

A8 = (Abgy + e’ 48 ) cos 8,

This may be expressed as

AS
cos ¢G - AhTE

AeW - ’ :
e

Now the aerodynamic characteristics were measured as functions of r and

&. r was varied by rotating the winglet, and @ was varied by changing

hppe Knowing, therefore that C. = C (r, a)

aL| _ L dx
dhé_qsd& dh ’
and
d_&_____Waca__gr-j
dh AEE - o *
so that
aL o L
an'_ qs(ca -
&', r & *° e @&
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The latter derivative may also be expressed in terms of winglet rotation

as
dL = e coz ¢ dar
de G a8 '
w h h

Similar relationships hold for the pitching moment derivatives.
If the winglet is held fixed with respect to the body, i.e., a rigid
vehicle is considered, then
Aew =0
and the winglet gap perturbation is related to a vehicle height perturbation

by the relationship
A8 = Ahgp cos @ s

and therefore, the heave derivative for a rigid vehicle is

O _ay | dy &,
dh 8 dh 5 ds h dh 8
w w

aL 4aL
— -+ cos ¢ _.l o
dh 5 G as h

In dimensionless form.

dac -o dC
dL 2 L o
Sl =as{E—cosg,k -& L
dh 8 Wo dr G co aa

W
or as
ac dc

ay _ a8, L g2V _L
an - {2 35 cos ¢G @® 2 d&I} 4

W
This is the combination of dimensionless derivatives determined
from the towed-model tests since the winglet was fixed with respect to

the body in these experiments.
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Tn the towed-model tests, the parameter &N’ the nominal value of
@, is used to define the winglet angle GW. This gives the following

relationship between o and r

a = —

o
N W
L+ cos ¢G c (r - rN)

where TN is the value of the dimensionless parameter r corresponding to

the nominal value of §. This relationship is shown in Figure 17. The
nominal value of § corresponds to a distance between the winglet tip and
the guideway measured perpendicular to the guideway lip of 0.125 in., thus
oy = 0.088L in. and Iy = 0.428.

Interpretation of Towed-Model Data

The static stability derivatives of the vehicle necessary for pre-
diction of the dynamics of the pitch/heave motion can be determined from
the towed model tests in the following fashion. The 1lift coefficient and
the pitching moment coefficient are functions of the two variables, r, and 6,

Cp = CL(r,B)

C

M = CM(r’e) b

and the equilibrium conditions of the model are

L=w

M=o0 .
Expressing the pitching moment about the center of gravity, in terms of
the value at a fixed reference point (0.5c)at a distance Ax, aft of the
center of gravity

M=M+AxL .

The 1ift coefficient is

_
¢, = s



and the pitching moment coefficient is

= — 4+ Ax
CM CM Ax CL

The relationship between 6 and r for equilibrium flight may be used

to determine ratios of the static stability derivatives. A line on the
graph of 6 vs. r connecting points of constant 1ift coefficient has a

slope determined from the mathematical expression that the 1ift coefficient

is constant

acC aC
L L .o _
3¢ Mrtgoad=0

and therefore, a line connecting constant CL points has the slope

L
A8 _ or
Ar CL BCL
o0
The experimental curves generally have a positive slope indicating that
aC aC
L . . . L
39 1is of opposite sign to 5
The 1lift derivatives can be individually determined from the relation-
oC
ship between CL and r. 35 is given directly by considering points on the

oC
graph with the same attitude and 352 may be found from points with different

attitudes at the same value of r.

The slope of lines on the graph of the equilibrium relationship
between 6 and r at constant center-of-gravity position can be used to
determine the ratio of the pitching moment derivatives in a similar fashion.
In equilibrium flight

CM =0 .
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Therefore, along lines of constant center-of-gravity position

eCe dC—
—M _M -
57 Ar + 5 AB o,
and therefore,
ég\ _ or
brleg  ¥H
d

That is, the variation of attitude with gap 1is a direct measure of

the ratio of the pitching moment derivatives in equilibrium flight at
different 1lift coefficients. Thus, the location of the center of gravity
essentially determines the attitude and gap variation which will occur
as speed is changed.

At a different center-of-gravity position

C =C + AX C. .
MCG2 MCG-l L
In equilibrium flight, CM = 0, and therefore, at constant lift
cG2

coefficient the change in the pitching moment coefficient about position
1 is
aC oC
Mog1 Year g
e 5 i\

37 Ar+a—— = - Ax C

L

Thus, from the graph of 1ift coefficient vs. pitching moment coefficient
the total quantity on the left nend side can be determined. Finding the
corresponding points on the equilibrium curve of 8 vs. r at the proper
1ift coefficient determines the change in © end r to be inserted in the
above relationship. This result is then employed, along with the ratio of

the derivatives determined from the slope of the equilibrium curve, to

oL



determine the pitching moment derivatives.

The above relationships are sketched graphically in Figure B-2,
For simplicity, linear variations are sketched on this curve.

It should be noted that for different center-of-gravity positions

the slope of the line representing the variation of 6 with r, will

change since

(CM + Ax CLr)

bey _ T
ATl (C, +Bdxc)
0 5

Since the following signs were found to be typical of the derivatives

of this vehicle

moving the center of gravity aft (Ax positive) will cause the numerator
of %% to increase and the denominator to decrease resulting in an increase
in slope. The converse is true when the center of gravity is moved forward.
The trend with center- of-gravity position is shown on Figure B-1.

It is interesting to note that in the case of a forward center-of-
gravity location such that CM = 0, the vehicle will fly at constant
attitude as the speed varies. rThis would be indicated in

Figure B-2 by the constant center-of-gravity position curve being
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horizontal. This is almost the situation when the center of gravity

is located at O.kc for the model examined here at the smaller

gaps as shown by the experimental data of Figures 18 through 20. As the
gap increases, however, there is a definite increase in the downward
slope. In the other extreme, with an aft center -of -gravity position
such that, C

is equal to zero, that is, C, is only a function of r,

Me M
the line of constant center -of gravity position will be vertical and
as the speed of the vehicle varies, r will remain constant and the

attitude will vary.
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APPENDIX C

REPORT OF INVENTIONS

After diligent review of the work performed under this contract,
no innovation, discovery, imgrovement, or invention of a patentable
nature was made. The unconventional vehicle configuration which is
described herein originated from previous efforts. The main contri-
bution of the present effort was to supply quantitative test data on

the dynamics of the concept.
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