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| INTRODUCT!ON

The Office of High Speed Ground Transportation is presently
investigating a number of methods for supporting a vehicle
travelling in a high speed guideway. Of these the concept of
using a fluid for suspension is among the most promising. Fluid
suspension systems fall into two categories; the air cushion in
its various forms, ahd the ram wing, which uses simple aero-
dynamic forces from forward speed effects to lift and guide the
vehicle. The ram wing offers many advantages in terms of
simplicity, reliability, reduced power requirements, and low
noise levels; it therefore deserves a place in the overall
research program of the Department of Transportation. The
Transportations Systems Center (TSC) thus undertook a nine-month
study of the potentials of this type of suspension, with a goal
of demonstrating the technical advantages and disadvantages of
this concept. A second purpose to this study was to establish
the direction of future research on ram wing vehicles.

A fair amount of analytical work and preliminary studies
have been done on ram wings which has shown the theoretical
advantages of an aerodynamic type of suspension. However, it
has proven quite difficult to design a vehicle which retains
these advantageé while not incurring any counteracting dis-

advantage. Several designs for ram wing vehicles have been



submitted to OHSGT. Typically the design implies a guideway of
excessive width, or one that is expensive and difficult to
construct. Also, it often turns out that the vehicle has a very
large surface area, so that the theoretical savings in power
required for lift are counteracted by an increase in parasite
drag. Finally, investigators very often propose studying a
particular vehicle configuration without first applying suffi-
cient analysis in the selection of guideway cross-section: an
acceptable stability analysis is often lacking. The present
study is aimed at addressing some of these problems.

A first interest in evaluating any new transportation con-
cept is to design an optimized system, which under favorable
circumstances may be done using the techniques of systems
analysis. Unfortunately these techniques require a considerable
amount of knowledge of the operational characteristics of the
components of the system as a function of the system parameters.
In the case of the ram wing, knowledge of this nature is lacking,
and the systems analyst is at a loss to provide any meaningful
insight into the design problem. In this situation the most
rational procedure is to establish a baseline configuration and
perform sufficient analysis to make preliminary estimates of the
operating characteristics of this design. Using these as a
standard, one can then determine whether any proposed alterna-
tive design has.better or worse characteristics, and if better

it can be used as a new baseline. In this way one can expect



the baseline design would eventually move toward an optimum
system. However, it is also apparent that the efficiency of the
whole process is greatly increased if the original baseline is
chosen judiciously, with appropriate attention being paid to all
the features of the system which have a direct influence on
eventual acceptability such as power consumption, guideway cost,
safety, system capacity, etc. The evaluation made in some of
these categories may. of necessity be qualitative or intuitive,
but it is important that items which are hard to quantify in a

preliminary study, such as safety, are not completely overlooked

in favor of those which are easy to quantify, such as power
. |
consumption. |
I
The subject of stability should definitely enter into the
selection of an appropriate baseline configuration and, in fact,
may turn out to be an overriding consideration, as is the case
in aircraft design, since the stability characteristics deter-

mine the response to guideway irregularities, and construction

tolerances have a major influence on guideway cost. Enough is
known about longitudinal dynamics to make an analysis of
simplified baseline configurations, and to make a preliminary
choice of those vehicle dimensions which apply most directly
to these motions. However, very little is known about

lateral stability, which is a somewhat broader and more diffi-
cult subject since the analysis varies widely with different

vehicle-guideway cross sections. This results in a classic



design situation: the guideway can't be chosen until a good
deal is known about lateral stab;lity, and a stability analysis
can't be done until a guideway is chosen. The remarks made on
the design of the entire system apply with particular relevance
to the lateral dynamics. It would be desirable to have a com-
pPrehensive study that would show the range of guideway and
vehicle dimensions which lead to acceptable operational charac-
teristics. Unfortunately it is very difficult to make such a
study meaningful since many factors external to the subject of
stability enter into the analysis; none of these lend themselves
to easy quantification. Therefore, the study of lateral sta-
bility made at TSC, which may be found in Appendix B, was of the
simplest and broadest nature. In this way it was hoped that the
greatest insight into the design problem could be gleaned for a
given amount of effort. A thorough and complete stability
analysis is only justified when the cross sectional geometry of
the guideway is more clearly established.

The experimental effort at TSC was also of a very prelimi-
nary nature, and of necessity the program was limited to a
specific configuration. A glide test facility was constructed
which consisted of a trough~-shaped guideway one foot wide and
fifty feet long, placed at an incline. A vehicle model was
catapulted onto the upper end and glided in free flight to the
lower end, with 1ift, drag, and stability being observed. The

purpose of these tests was to establish the overall performance



of the candidate vehicle configuration and to identify the most
important stability problems. An equally important function was
the simple demonstration of a ram wing concept. One of the
reasons the ram wing has received so little attention in com-
parison to pressurized air cushions is the fact that almost no
hardware exists which utilizes this concept. It is hard to
justify expenditure for research on a concept which only exists
on paper and in the minds of aerodynamicists. The expectation
was that a good model demonstration of a ram wing would allow a
more meaningful evaluation of its advantages relative to alterna-
tive methods of suspending high speed ground transportation
vehicles.

One of the major ingredients in designing the models used
in the glide tests was simple intuition. This turned out to be
acceptable for the type of test conducted, but a rational design
procedure for full scale vehicles can only be established on the
pasis of a more scientific and fundamental process. A theoreti-
cal model of the flow underneath a ram wing in a trough was
therefore developed, which appears in Appendix A. With some
additional development this analysis may be used to predict
stability coefficients for a wide variety of vehicle-guideway
configurations; once this can be done with confidence the re-

quired design process can be established.




Il PROGRAM SUMMARY

This chapter summarizes the results of the theoretical and
experimental ‘investigations conducted at TSC in the nine months
from October 1, 1970 to June 30, 1971. It was felt that a short
description of the various aspects of the program would be most
appropriate here, detailed calculations and experimental data
occur in the appendices.

EXPERIMENTAL PROGRAM

The general shape of the model used in the glide tests is
shown in Fig. 2-1. It consists of a main wing with a canard in
the front which provides longitudinal stability. Both the
canard and the main wing have integrated lateral surfaces which
were intended to provide lateral stability. The canard is
mounted in such a way that its angle of attack relative to the
main wing can be set to any desired value, between certain

limits, for a given test flight.

The selected configuration flies very much as expected at
a clearance of about one half inch above the bottom of the
trough. The longitudinal stability is excellent. It was
originally intended that stability derivatives could be obtained
by varying the angle of the canard and noting the effect on the
flight attitude.. However, the longitudinal stability was so
strong that very little change in flight attitude was noted
even though the incidence of the canard was varied through ten

degrees. The longitudinal arrangement was based on theory for
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Front View

3/4 View

Side View

Figure 2-1. Model Configuration




two-dimensional wings in ground effect, whereas some very signif-
icant three-dimensional effects were evidently adding to the
pitch stability. It might even be possible that a design which
fully exploits these effects could eliminate the necessity of a
canard altogether.

The lateral behavior of the model proved to be quite inter-
esting. Although it shows a definite static side stability,
there is a dynamically coupled roll-sway oscillation which takes
place as the model moves down the track. About one and a half
cycles of this oscillation take place in the fifty foot length
of test guideway. This oscillation is similar to the type which
is predicted from the simple analysis in Appendix B.

In the original series of tests the sides of the guideway
were vertical, forming a rectangular trough, while the model had
sides with a slope of 20°, with respect to the vertical as shown
in Fig. 2.1. Although the model flew successfully in this track
the lateral motions were large and the vertical clearances were
small and uneven. The track was therefore modified to conform
more closely to the shape of the model. This increased the verti-
cal clearance and reduced the lateral motions, although some
oscillation persisted.

The instrumentation of these glide tests was not constructed
until after the above change in track configuration was made.

It consists of vertical slits cut on each side of the track as
shown in Fig. 2-2. A parallel beam of light shines through the

slits and into a photocell. As the model flies by the slits it
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Figure 2-2. Guideway Instrumentation. As the Model
Passes Between the Slits it Blocks Off
Part of the Light. The Clearance is
Proportional to the Remaining Portion
of Light which Passes Under the Model.
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blocks off a portion of the light, and the photocell gives a
current output proportional to the light that passes under the
model. This output is thus a meagure of the vertical clearance.
By taking the difference in height between the leading and
trailing edges of the model, the angle of attack can be calcu-
lated. Finally, the total time required for the model to pass
by the slit gives a measure of the velocity. A total of three
such optical systems were placed along the length of the track,
and the output of each was recorded on an oscillograph. In this
way the height, angle of attack, and velocity could be recorded
at three separate points during each test.

It turned out that the velocity measurement was by far the
most useful for the tests performed during this preliminary
program. Significant results were not obtained from the other
measurements due to interference from the above mentioned rolling
motions. It was possible to determine that the clearance at the
trailing edge was approximately one half inch, but very little
additional information could be determined. Hopefully, future
models can be designed which do not have a roll problem, in which
case more significant height measurements can be made. Also, a
technique is currently being developed to measure roll angle
optically. If this proves successful it will greatly increase
the usefulness of the height and angle of attack data.

The velocity measurements were used to give a ﬁeasure of

acceleration, with this known it is a simple matter to compute
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the drag coefficient. A lift-drag ratio of 13 was measured at
a 1ift coefficient of 0.7. These values are both comparable to
what might be expected on a full scale vehicle. Higher values
of L/D can be achieved if the gaps around the sides of the
vehicle are reduced.

High speed films were taken of the flying ram wing model
which proved to be a very useful check on the guideway instru-
mentation. The roll oscillations could be clearly observed and

it was verified that the vertical clearances were indeed in the

same range as those calculated from the optical measurements.
Two frames from one of these films which show the extreme left
and right roll angles may be found in Fig. 2-3.

Although these films give a very useful view of the overall
flight characteristics of the model, they are quite expensive
and not convenient for taking quantitative data. Thus, they
cannot be used to serve the same function as the guideway
instrumentation. It is anticipated that future tests will in-
volve some films of each new model configuration, but that the
bulk of the test data will come from other means.
THEORETICAL-INVESTIGATIONS

A model for the flow about a rectangular plate in a trough
was formulated and a solution was obtained which appears in
Appendix A. Basically this solution is a modification of the
two-dimensional model reported in Reference 1 which allows for

some flow through the side gaps. The effect on the pressure
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(a) Left Roll

(b) Right Roll

Figure 2-3. Head-on View of the Flying Model in the Glide Track.
These Pictures are taken from High Speed Movies
and Show Both Extremes of Roll Angle.
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distribution of even fairly small gaps can be quite dramatic,
especially if the lifting surface is of low aspect ratio. It is
very likely that the flow through the gaps will deviate appre-~
ciably from the given potential flow solution at the higher
angles of attack, and a simple model is presented which can
predict the gross effects of viscosity on the pressure distri-
bution.

The potential solution gives good agreement with other
aerodynamic theories for the limiting cases of very large and
very small aspect ratios. It needs some further development
pefore it can be used to predict stability coefficients. Once
this is done and satisfactory agreement is obtained with experi-
ment, analyses of the free flight dynamics of ram wing vehicles
can be conducted with some confidence.

A limited amount of insight can be obtained from a dynamic
analysis even if the stability coefficients are unknown.
Appendix B gives a very general study that shows which of the
lateral stability coefficients are most important. Further
results of this analysis follow.

GENERAL CONCLUSIONS TO DATE

It'was felt that this program was quite fruitful in pro-
viding insight into the potential performance of ram wing
vehicles and in establishing a program which will eventually
yield the technical background necessary to design a full scale

vehicle.
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Although the ram wing may offer many advantages in terms of
simplicity and low power requirements, certain difficulties in
achieving sufficient lateral staﬁility have been identified.
These may be summed up in the following two main points:

1. Using realistic values for the width of the guideway
(i.e. 12 feet maximum) it is very difficult to obtain
adequate roll stiffness.

2, 1If aerodynamic forces are used to both lift and guide
the vehicle, there is a strong probability of an un-
stable coupling between roll motions and side sway
motions, unless appropriate features are incorporated
into the design of the vehicle itself.

Of these two problems, the first is certainly the most
serious, as it appears to have no solution which doesn't involve
some cost. It may turn out that some kind of active roll control
is necessary, possibly by activating a pair of differential flaps
at the trailing edge. With regard to roll-sway coupling, it is
felt at this time that with sufficient additional knowledge of
lateral dynamics the stability problem can always be solved
without a significant cost penalty.

The ram wing is at its greatest advantage if the operating
clearance is large enough to make a secondary suspension system
unnecessary. At this point it appears that vertical clearances
of this magnitude are achievable, but for good operating per-

formance comparatively small gaps are required on the sides,
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which will probably necessitate some kind of flexible sealing
arrangement to accomodate the lateral motions. A full scale
ram wing vehicle may thus look very much like current tracked
air cushion designs, with the possible addition of some kind of
stabilizing surface either ahead of or behind the main body.

The major difference would be the lack of compressors and supply
ducts for the cushions.

The glide test is a useful technique for demonstrating the
overall flight characteristics and performance of ram wing con-
figurations, but it does have its limitations. Since all the
dynamic effects are occurring simultaneously, it is often
difficult to separate the individual effects. It would be ideal
to have a facility in which the forces and moments could be
measured as the orientation of the model is varied in a con-
trolled fashion. The recommended techniques for doing this are

discussed in the next chapter.
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I |RECOMMENDATIONS‘FOR FUTURE RESEARCH

Although the glide tests conducted during this program
involved a sbecific guideway geometry, it is the desire of the
government to remain open to all possible configurations during
the search for an optimum system. The comments made in the
introduction are here re-emphasized. A major determinant of
the desirability of a transportation system is the response of
the vehicle to guideway irreqularities and crosswinds, which is
intimately related to the question of stability. The longitudi-
nal dynamics are mainly determined by the configuration of the
vehicle itself, but the lateral dynamics, on the other hand,
are a function of the guideway cross-section. Thus a research
program which continues to emphasize lateral dynamics should
lend the greatest insight into what a ram wing guideway should
look like. Once this is determined the analysis and design of
the vehicle may proceed with a great deal more focus.

A systematic design procedure for these vehicles must rest
on a solid foundation of theory and experiment. A survey of
several possible experimental techniques is now being conducted
jointly between MIT and TSC; a very brief summary of the results
of this effort is worthwhile here. The analysis of the dynamics
of a ram wing méy proceed as diagrammed in Fig. 3-1, which shows
how the various testing techniques become useful at different

stages of the analysis. The first prerequisite is to obtain
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the stability coefficients; the best experimental methods to do
this involve either a fixed model (in a wind tunnel) or one
which is held in a carriage. The wind tunnel has many diffi-
culties with simulating the relative motion between the vehicle
and the guideway. With a carriage, on the other hand, it is
difficult to achieve sufficient velocity through the air to
produce measurable forces, but if water is substituted for air
as a fluid medium, this problem is negated, at a cost of some
technical difficulties with instrumentation. On the whole it
appears that the towing tank offers the most viable technique
for obtaining stability derivatives, and this is the method
which is planned at TSC during the next fiscal year.

A wind tunnel technique which could properly simulate the
relative vehicle~guideway motion would have certain advantages
over a towing tank. Higher Reynolds numbers are possible and
it is more convenient to get pressure data. The possibilities
for doing this will continue to be investigated, but there are
presently no detailed plans for experiments of this nature.
These will depend on further development of facilities between
TSC and MIT.

Once adequate agreement is found between theory and experi-
ment for the stability coefficients, a vehicle dynamic analysis
can be performed, which can be checked experimentally using
glide tests or powered model tests. It is hoped that the

instrumentation for the present glide test track can be more
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fully developed so that more useful information can be obtained
from this facility, which will serve as a very practical comple-
ment to the towing tank. |

Powered model tests are very expensive and require a great
deal of sophisticated instrumentation to obtain useful data.
Although they provide the best simulation of a full scale system
and can serve as a dramatic demonstration, they should not be
attempted until the flight characteristics of a particular
configuration are demonstrated by glide tests. Once this is
done, however, a good series of powered model tests can be a
very useful technique for advanced development. It is really
the only method by which such features as curves and switches
can be studied. Also, the problem of crosswind gusts could be
examined most effectively with this type of testing.

One area which deserves special mention is active suspen-
sion systems. It should be apparent that the ram wing is par-
ticularly amenable to active control, since a small change in
the flow conditions at the trailing edges can produce a huge
force over a large area of the undersurface. Such changes may
be induced by a mechanical flap, as on conventional aircraft,
or by a jet flap.

If optimal control theory is used to design the devices
which direct the_suspension forces on the vehicle, the ride
quality should be quite independent of the particular method

which is used for the primary suspension. That is, the ram



wing in this situation will give comparable ride quality to the
air cushion or even wheeled vehicles, given that the guideway
roughness and suspension stroke length are the same. Thus it
can be seen that if active suspension becomes an accepted tech-
nique for ground transportation, the potential ride quality
attainable by any particular method of primary suspension will
no longer serve as a basis for comparison between methods. What
is important, however, is the ease by which an optimal control
strategy can be implemented, and in this regard the ram wing
has a slight edge over the air cushion and both have a signifi-
cant advantage over the wheel. (If this aspect is used as the
sole criterion for judging suspension concepts, in view of the
current highly developed state of electronic technology it is
possible that magnetic suspension has the edge over all three.)
The subject of active control immediately brings up the
question of reliability. Most likely it will be desirable to
design a vehicle which has basic stability in all degrees of
freedom, and to use active control to upgrade the ride quality.
This is where the emphasis in the ram wing program presently
lies - in finding configurations which have basic stability
(and hopefully passable ride quality). Even with such a design,
however, it is highly advantageous to use active devices with a
maximum of reliability and low maintenance cost. Current air-
craft practice in active control is to use electronic circuitry

to drive hydraulic actuators. However, in the case of ground
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transportation it may turn out that relatively simple logic will
provide adequate ride quality; if this is the case fluidic
devices can provide an excellent means for performing the
necessary functions. This is especially likely if a viable
sub-optimal control scheme can be found. The attractiveness of
this concept is further enhanced by the fact that fluidic
devices are quite capable of sensing acceleration, roll rates,
position, and other information needed for active suspension.
Thus the electrical interface can be avoided entirely. Further-
more, if a jet flap is used to implement the control logic, it
may even be possible to eliminate any mechanical interface.
The ram wing would thus retain its major advantage of having no
moving parts, even though actively controlled.
There are two important points to be drawn from this dis-
cussion:
1. Further studies of active control, and in particular
fluid control devices, are certainly warranted.
2. In the search for an optimum guideway cross—seétion,
with active control the stability aspects of the design
are less important than they are in the case of a
totally passive suspension. This means that more
attention can be paid to the civil engineering aspects

of the design, resulting in lower cost.
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In conclusion, it can be seen that a great deal of funda-
mental research is required before a meaningful systems analysis
and design can be accomplished. A start can be made on obtain-
ing this knowledge using existing experimental facilities such
as the wind tunnel and the towing tank. New testing techniques
will have to be developed and eventually new types of facilities
may have to be constructed before the ram wing concept will

result in practical hardware.
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~ APPENDIX A

THEORETICAL FLOW MODEL FOR A FLAT PLATE IN A RECTANGULAR TROUGH

In a recent paper Widnall and Barrows (1970) reviewed the
ground effect phenomena and analyzed a new class of problems in
which the clearance of the wing is very small using the method
of matched asymptotic expansions. The particular case of a flat
surface of elliptical planform operating over an infinite ground
plane was investigatéd in detail. It was shown that this wing
generated an optimal spanwise distribution of 1lift. Although a
configuration related to this shape might find possible use in
certain instances, such as a vehicle designed to travel over
water, for application to high speed ground transportation the
general idea of a wing in a trough holds much more promise. Not
only do the sides of the trough increase the lifting efficiency,
but they protect the vehicle from cross winds, and in addition
if the guideway is to be elevated they may present structural
advantages.

A flat wing in a rectangular trough is of course the
simplest case to analyze and shows the basic aerodynamic char-
acteristics of this type of configuration. This problem could
be studied using conventional computer techniques such as a
distribution of horseshoe vortices, but this would overlook the
basic simplicity of the problem and it would be unclear how to
modify the analysis if a more complicated cross-section were

chosen. The basic advantage of the present asymptotic technique



is that it divides the flow into several regions, each of which
is analyzed separately, thus explicitly revealing the nature of
the flow field in each area and allowing a great deal of flexi-
bility. If the geometry of any of the regions is varied the
appropriate analysis may be modified in that part, and the only
change to the remainder of the flow is a change in the matching
conditions.

The most successful analytic techniques in aerodynamics
reduce a given three-dimensional flow to a two-dimensional pro-
blem through a suitable emphasis of one of the coordinates.
Such is the case with lifting line theory and slender body
theory. 1In the present problem the flow is divided into three
regions, in each of which the flow may be closely approximated
by a two-dimensional solution. The coordinates are shown in
Fig. A-1, which shows a flat plate in a trough with sides which
extend upward to infinity. We have:

l. The channel flow, in the narrow region between the wing

and the ground. With the condition that the clearance
is very small, perturbations in the vertical direction
become an order of magnitude smaller than the horizon-
tal perturbations, so that this flow may be described
in the x-y plane.

2. The edge regions. It can be shown that near the side

edges the x-perturbation is very small. Because of the

gap between the wing and the trough, however, the
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z-perturbation becomes important, and so this flow is
best described in the y and z coordinates, i.e. the
cross flow plane.

3. The outer flow. In the external field, because of the

confining nature of the walls of the trough, the y
pertubation is suppressed and the flow may be described
in the x-z plane.
THE TREFFTZ PLANE
The mannér in whicu these flows are joined together is best
introduced by first considering the flow far downstream of the
wing, such that the x-perturbations may be neglected. Thus in
a cross flow plane we have the picture shown in Fig. A-2 in
which all lengths have been normalized by the semispan.
Certain basic information may be found when the velocity
potential ¢ in the Trefftz plane is known. The discontinuity
in ¢ across the wing is equal to the bound circulation, as has
been shown by many authors (see for example Ashley & Landahl

1965) :

¢ = T'(y) (1)

upper ?1ower

Of greatest interest is the case in which T (y) is distri-
buted in a manner which gives a minimum of induced drag. For a
planar wing in a free stream, Munk (1921) showed that a neces-
sary condition for this optimum distribution is that the down-

wash be constant across the span. It is most convenient to
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calculate the induced drag using a notation introduced by Cone

(1962) .

C2

_ L
CDi ~ 1 K AR

where K is the aspect ratio augmentation factor which can

be computed from

+1

1
K=“wo/ T (y)dy (2)

-1

Here Wy is the downwash at the wing, taken as unity through-
out this section. The quantity K AR is known as the effective
aspect ration and is a basic figure of merit for a lifting
system. Barrows and Widnall (1970) showed that all these
formulas are valid for the case of wings near solid boundaries,
and went on to investigate the case of a wing at a small clear-
ance € above an infinite ground plane. The following simple

approximation for the optimum distribution was found:

1- 2
T(y) = —23;— (3)

The purpose of this section shall be to examine how this
distribution changes when the flow around the ends of the wings
is restricted by the walls of the trough.

THE CHANNEL FLOW
Tne coordinate system for the Trefftz plane is shown in

Fig. A-2.



Let X =y + iz

and g€ = v - iw (4)

be complex velocity. For unit downwash at the wing our boundary
condition reads: v =-1at z=0, -1<y<+ 1.

We make the stipulation that the wing operates at a small
vertical clearance and has an even smaller clearance § at the

sides:
§ << g << 1 . (5)

In the limit as § + 0 the flow near the gap between the
side of the trough and the wing becomes that of an ideal sink.
To represent this flow one could place a sink at each wingtip
plus a pair of sinks at the image positions below the ground.
This maintains the condition of no vertical velocity w thfough
the ground plane. However these images would cause a non-
uniform vertical flow at the wing position z = 0. It is more
convenient to place sinks at two infinite series of image points
along the walls of the trough, such that w = o along all lines
z = ne (n=0,+1,+2...).

A constant downwash of unit magnitude is satisfied by
simple corner flow, g€ = i + X/e whereas each infinite distri-
bution of sinks may be represented by the hyperbolic cotangent.

Adding these all together, we obtain for the channel flow

c _ . 1], T(X-1) _ T(X+1)
q =1i + = [X COth_—iE—_ coth——izf—]



This satisfies the boundary conditions on the wing and the ground,
and the condition at the walls, v =0 at y = + 1, is very closely
approximated for any € < 1. The above may be integrated to get

the complex potential FC = ¢c + iwcz

2
c _ . X® 2 . T (X-1)
F~ = iX + '3 T log sinh =
(6)
_2 . m(X+1) c
- log sinh —5r + C

where c° is a constant which is to be determined. To obtain the

potential on the wing we set z = o and take the real part of (6)

c _ xi _ 2 ; T(l-y)
o = — log sinh 5 e
(7)

-2 log sinh Ei%%XL + c©
THE EDGE FLOW

In order to match the above solution to the flow in the gaps
it is necessary to focus on the geometry of the edge regions.
The potential here is called the "inner solution" in the usual
notation of asymptotic expansions. Fig. A-3 shows a magnifica-
tion of the right tip of the wing; all the external features of
the flow are obscured leaving the simple problem shown. For
this region we first translate to a new set of coordinates whose

axes form the wing and the right wall of the trough:

X = Y, + iz (8)

r r



r
Right wall of trough =

Right tip of
wing

Image flow
opposite wall

Figure A-3. The Flow in the Inner Region
of the Right Wingtip
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where

Yy, =y-1-25 (9)

Next, an inner variable ir is defined

X, = X /6

The inner flow may be described by the well known solution

for flow through an orifice, plus unit downwash:

qt (X)) = —=—+ i (10)

The magnitude of this solution, M, must be chosen such that
a unit volume of flow passes through the orifice in unit time;

which gives

(11)

A

M =

The potential on the wing may be found by integrating (10),
setting z = 0, and taking the real part of the resulting ex-

pression:

ot = % log (&rw@?—-_l—)+ ct (12)
where Ci is, again, a constant to be determined.

In view of the branch point at §r = - 1, the + is taken for
the top surface of the wing and the - for the bottom. Taking
the top surface ‘limit as §r + - = gives the outer limit of the
inner solution:

io 2Yy i

_ 2
¢ == log + C

3 (13)
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For the lower surface, as §r + - o we obtain the channel flow

limit of the inner solution

. _ 2y .
$*° = 22 1og —£ + c* (14)

These are the required limits for proper matching above and
below the wing.
THE OUTER FLOW AND THE MATCHING PROCEDURE

For the outer flow, we are only intefésted in the upper
half plane of Fig. A-2. 1In the limit § ~ 0 the flow from the
gaps approaches that of two ideal sources, of the same strength
as the sinks in the channel flow solution; these are located at
the wing tips, y = + 1. In order to suppress flow through the
walls of the trough a system of image sources is placed at all
points y = n, n odd. The downwash condition is satisfied by
uniform vertical flow, this can be added to a mathematically
simple expression for the sources to obtain the complex outer

flow potential:

F° =

ERLS

log [2 cos %5] + iX (15)

The boundary condition that F° > 0 as z + = is satisfied
by this solution as written. We are now able to establish the
inner limit of the outer solution in a straightforward fashion,
setting z = 0, using (9), and taking the limit of the real part

of (15) as Y, ” 0.
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(y,)) = 2 log (my ) (16)

Using the established rules of matched asymoptotic expan-
sions ¢°! must equal ¢l°, so that by comparing (13) and (l16) we

obtain

i _ 2 2

CT = T log 3 (17)

This establishes the inner solution which allows us to

procede with the matching between the edge region and the channel
flow. From (14) and (17) we have

'€ = - 2 1og —% (18)

™ 2
T

which must equal the inner limit of ¢c. Upon inserting (8) into

(7) and taking the limit as Y, 0 we obtain

ci ~3-¢? 2 Yy c
) =T"Flogz€—+c (19)

Comparing (18) and (19) gives

2 2.2
c _ 3+¢ 2 T4
Cc = T + ‘T_T- log __166 (20)

which yields our final expression for the potential in the

channel:
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2
¢c = y +3 _ 2 [iog sinh EilZXL
2e 2¢
+ log sinh Ei%gzl + log 1ge2] . (21)
T8

For the case of small € we may use the following approxi-

mation

2 : T(l-y)|~ l-y
— log [2 sinh —% ]— - (22)

This is valid everywhere except for a small region of o(e)
near y = 1. A similar approximation may be made for the term
corresponding to (l+y). Thus (21) may be approximated by
y -1 _2 log de (23)

2¢ kil w262

©
12

A first approximation to the bound circulation may now be
calculated using (1) and noting that the contribution from the
outer flow is an order of magnitude smaller than either of the
terms in (23). Thus

. 1-y% | 2 4c
I(y) £ =&+ = log 2.7 (24)

This approximation should be compared to (3), and shows
explicitly that the effect of the walls is to boost the bound
circulation near the tips of the wing by a factor proportional
to log (1/68); the distribution remains parabolic near the center.

For the limiting case of no gap the circulation, and hence the
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lift, becomes infinite for a given amount of downwash. A better
way to state this is that for a given amount of 1lift the down-
wash goes to zero like 1/log §. Perhaps the most illustrative
manner to show the implications of (24) is to compute K using
(2):

2 8 2 4
K—m+ﬂ—2109ﬂ—g+ﬂ—2-log€ (25)

which shows that the effective aspect ratio of the wing becomes
infinite as either Glor € goes to zero.

Eq. (24) is only valid in the middle region of the wing and
does not properly show that I' = 0 at the tips, as is of course
necessary. To do this we must form a composite solution for ¢
as follows:

c ., ¢i _ ¢ic

¢ =9 (26)

A similar formula holds for the potential above the wing
with ¢° replacing ¢C. By taking the difference between these we
may form a more accurate expression for I'. Fig. A-4 shows the
spanwise distribution of lift normalized by Po' the circulation
at the center, for several values of §. This shows somewhat
more clearly how the lift becomes constant across the span (the
limiting case of a two dimensional airfoil) as the gap width
goes to zero.

It is very interesting to coméare the lifting efficiency
predicted by (25) with the results obtained by Ashill (1970),

who analyzed the Trefftz plane flow for a wing with end plates
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Figure A-4.
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Spanwise Distribution of Lift

Normalized by the Lift at the
Center. € = 0.1
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above an infinite ground plane, Fig. A-5, using conformal mapping.
The configurations differ but the nature of the flow is similar
for these two cases. He presents his results in terms of a drag
factor o, which is the inverse of the efficiency factor K.
Fig. A-6 shows his results compared to (24) using the present
notation. As can be seen, for small values of € the agreement
is quite good. Evidently for larger values of € the differences
in configuration become more significant.
A SOLUTION FOR THE FLOW UNDER THE WING

In this section we show how the Trefftz plane solution may
be used to give an approximate expression for the flow under the
wing itself. For this three dimensional problem a potential &

is assumed to have a separable form:

¢ (x,v,2z) = m(x)¢C (y,z) (27)

That is, we assume that the flow in each cross sectional
plane looks like the Trefftz plane flow calculated previously,
with the magnitude m varying continuously with x from the leading

edge to the trailing edge. The problem consists of solving for

m(x). The linearized boundary conditions at the wing and on the
ground are w = @z = - q at z =0 ,
w=20 at z = - € .

The simplest solution for this is

—a(e+
w = on(;: z)
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Figure A-5. Trefftz Plane of a Wing in Ground
Effect Analyzed by Ashill (1970)
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— Present Theory, Eg. (25)

~-— — — —=ashill (1970)

.05 .10 .15 .20 .25

Figure A-6. Comparison of the Present Asymptotic
- Theory with Results Obtained Using
Conformal Mapping for § = .025.
K = Aspect Ratio Augmentation Factor
Defined in Eq. (2).
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which gives

1
m|e

(28)

This equation is valid in the channel region under the wing,

which excludes a narrow strip with a width of 0(e) at each of

the edges.
Qxx +
which we propose to solve in the

o
XX

YY

where

This formulation is based on a simple physical

The downwash flow which is being

Laplace's equation may be written

= %z T % (29)

following fashion:

al/s (30)

az/e (31)

5 = O . (32)
reckoning.

forced into the channel must

either escape in the longitudinal direction out the leading and

trailing edges, or it must move laterally out through the side

edge gaps.

tively.

These effects are associated with oy and a, respec-

It is proposed that a simple superposition of these

two effects will give an accurate approximation for the flow.

Equation (31) is satisfied by choosing a, =m, SO that (32)

becomes

(33)
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In order to satisfy (30) it is necessary to introduce the

notion of an average value A for the potential ¢c:

+1

A= - %/ ¢ (y,0)dy (34)
-1

This makes it possible to write (27) as follows
d = - m(x)A (35)

That is, for each chordwise station x, instead of using the
actual value of ¢c, which varies with the spanwise position,
the average value is used. In this manner a solution is obtained
which has a correct average value at each station. Combining

equations (30), (33), and (35) we obtain the governing equation

for m:

= 5= (36)

The boundary conditions on m are quite simple. At the trailing
edge, which is most conveniently located at x = 0, the pressure
coefficient must be zero

m =0 at x =0 (37)

The potential at the leading and side edges must also be
zZero

m=20 at x=-C (38)

We obtain

m = o [l - cosh Axc/cosh A] , (39)
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where

A = ¢/YAe , (40)

and X, = x/c, the longitudinal position normalized by the chord
(rather than.the semispan). It is a straightforward matter to

compute the 1lift coefficient using

+1

_ 2
CL = Area f ¢ (o,y,0)dy . (41)
=1

After some manipulation the lift curve slope may be written

_ o
CL = £f ()) (42)
o c
where
A° cosh A

and €q = ¢/c, the height to chord ratio, which is the small
parameter used in the two-dimensional theory of Widnall and
Barrows (1970). The quantity A thus emerges as another funda-
mental parameter for the present case. Using (34) to substitute

for A in (40), we have

L
2

_ 1 2€ de
A—c[§+rlog 7]-_25_2] (44)

In the limit as the side gap § - 0, £(1) + 1, so that (42) in
this limit gives the same result as the two-dimensional theory,
as expected. Thus one can regard f£(A) as a correction factor

for the lift curve slope due to the side gaps.
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Another even more interesting limit is the case of large
chord, which is to say small aspect ratio. As c =+ «, the lift
coefficient drops off as c_l, £ aﬁd § being held constant. 1In
other words no additional 1lift is generated as the chord is made
longer and longer! A look at the pressure distribution reveals
that all the lift is being generated in the forward portion of
the wing, which is precisely what is predicted from classical
slender body theory for a rectangular plate in a free stream.
Once the crossplane flow is established near the leading edge,
the remaining length of the wing merely passes through this
plane without any pressure difference between the upper and
lower surfaces.

For low aspect ratio, the effect on the lift of very small

values of § is quite dramatic. Consider a wing with an aspect

ratio of one third (c = 6) and ¢ 0.1. If § is only 1% of the
semispan, the lift drops to 4% of its two-dimensional value!
This is indeed discouraging.

It is, of course, physically unrealistic to assume that the
fluid can so easily negotiate the sharp turn at the wing tips.
Undoubtedly some separation of the flow will occur, giving the
pattern shown in Fig. A-7. In fact, in order to maximize the
amount of 1lift from a ram wing it is probably desirable to
deliberately promote separation of this type. This picture of

the flow was first presented by Kaario (1959), and later extended

by Gallington, Miller, and Smith (1971). For a preliminary

A-23




I
g

| Velocity

Pressure o
| . §
Continuous
Vortex
I Sheet

I
i)
Q
Q
o

W =-
o a

"\\ - .

-

Figure A-7. Flow Separation at the Tips, Showing
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approach to analyzing this type of flow one can assume that the
pressure at the point of smallest contraction is equal to the
free stream value. It is also neéessary to make some estimate
of the contraction coefficient o, which will depend on the pre-
cise geometric shape of the wingtip. Reasonable values of o
extend from 1.0 to 0.6.

The increased pressure in the channel due to tip vortex
separation means that the velocity in the channel decreases.
For a constant side gap this velocity u should be constant once
separation is fully established. Hence the simplest flow model
which accounts for the separation phenomena is one in which a
uniform velocity decrease is superimposed on the potential flow
solution. Note that a uniform velocity such as this does not
effect mass continuity as expressed in (36). |

For a free stream velocity of unity, the pressure condi-
tion at the contraction (Fig. A-7) reads

u? + wg =1 (45)

Conservation of mass dictates that the volume flux into the
channel equals the flux through the contraction:

o L
ou = o8 wc = g6 (1-u”)2 (46)

One can readily solve this equation for u and compute the

pressure coefficient:

C.=1-11u" = 55— (47)
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Since this pressure is uniform under the entire wing, this
value also gives the lift coefficient. Some modification of
this solution is required near thé trailing edge to allow free
stream pressure to be obtained there; this will be left to a
later report.

For small angles of attack this contribution to the lift is
proportional to a2, and may be added to the linearized potential
flow contribution which is proportional to o. The latter may
be associated with tﬁe pressure required to establish the cross
plane flow, while the former comes from the pressure required
to maintain this flow in the presence of viscous separation at
the tips.

Experiments on a flat-bottomed rectangular wing in a trough
have been conducted by Pepin (1970) using the method of iﬁages.
This wing had a curved upper surface to prevent flow separation,
and a maximum thickness of 3.75%. - A comparison with the theoret-
ical result obtained by adding (42), (47), and CL for a = 0 is
shown in Fig. A-8. A value of 0.8 was used for o. As can be
seen, the agreement is reasonable, and the contribution from the
a2 term is very important even for extremely small angles of
attack. Better agreement could be obtained with a more careful
analysis of the unsteady flow effects on the contraction co-

efficient o.
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A PRELIMINARY STUDY OF LATERAL STABILITY




 APPENDIX B

A PRELEMINARY STUDY OF LATERAL STABILITY

It is, of course, difficult to begin a stability analysis
for ram wing vehicles if the guideway cross-section is unspeci-
fied. Obviously specific configurations could be established
and analyzed in some detail, but what is attempted here instead
is the initiation of a process which will eventually show how
to design a guideway which will yield the optimum lateral
dynamic characteristics for the vehicle. Once this design is
known a tradeoff can be made with the civil engineering aspects
of the problem and an optimum system can be established.

The vehicle contour at the trailing edge must follow some
symmetric curve z = f(y) as shown in Fig. B-l. A spectrum of
reasonable curves will range from circular to vee shaped to
rectangular.

A circular guideway (or semicircular; whether or not the
cross-section is closed over the top to form a tube has little
bearing on the present discussion) has been mentioned as an
attractive design due to the possibility that the vehicle can
be made to bank like a togoggan through turns. It is also a
good starting point in the spectrum of possible shapes since it
inherently has the least roll stiffness (i.e. no roll stiffness
about the center of the circle).

It is very useful to start with the problem first investi-

gated by Frederick and Lee (1966) shown in Fig. B-2. The
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Figure B-2. Vehicle in a Circular Guideway First
Studied by Frederick and Lee (1967)



example here is a cylindrical vehicle in a tube supported on
two sets of pads, which may be either air cushions or ram wings;
the only stipulation made about these pads is that their forces
always act in the direction of the supporting struts. A rigorous
formulation of the problem for five degrees of freedom may be
found in the above reference, in this appendix a very abbreviated
development will be given. We are here interested in the lateral
dynamics so only yaw, side sway, and roll motions need be men-
tioned. Furthermore, the yaw motions of the vehicle have a
secondary relationship with the cross-sectional geometry, in-
clusion of these motions in this analysis would only serve to
confound the original purpose of the study: establishing
desirable guideway features. In the design of the vehicle it-
self, of course, these motions must be included.

The equilibrium forces on the pads are just adequate to
support the vehicle weight W, and the dynamic force for each pad
is a linear function of h, the perturbation from equilibrium

height. For the right pad we write

F_=K. h_+ K, h (B-1)

and similarly for the left pad.

The usual rotating coordinate system centered at the c.g.
can be used to formulate this problem, but considerable simpli-
fication may belobtained by introducing the variable Y, which
is the distance of the center of the vehicle from equilibrium:

Y=y + b sin ¢ (B~2)



where y is the perturbation of the c.g. from equilibrium, and b
is the vertical distance from the center. Using the geometry
of Fig. B=2 to calculate hr and.hz, and introducing the Laplace
variable s, we can write the force-on each pad:

F_= (K1+K25) Y sin A (B-3)

FE = - (K1+Kzs) Y sin A (B-4)

The resulting force and rolling moment at the c.g. become

R = b(Fz_Fr) sin A (B-5)
B . 2
= 2b(K1+KZS) Y sin® A

F =W - 2(K+K,8) ¥ sin’ A (B-6)

Newton's relation may be used to equate F and R to the
lateral and angular acceleration:

F = Ms?y (B-7)

R = Is2¢ (B-8)
Substituting from (B-2), (B-5), and (B-6) we obtain, after

some rearrangement.

(sz+sa2+al)Y - (g+s2b) o =0 (B-9)
2 = -
b(sa2+al)Y + skx ¢ =0 (B-10)
where
a; = 2 K sin 2\/M (B-11)



a, = 2 K2 sinzA/M (B-12)
k, = VI/M = radius of gyration (B-13)

By setting the determinant formed by (B-9) and (B-10)
equal to zero, we obtain the characteristic equation for the
coupled oscillations. First it is useful to introduce the

notion of the pendular frequency:

wp = V/g/b (B-14)

This is the radian frequency at which a pendulum of length b
will oscillate for small motions. The characteristic equation

may be written

sz(sz+sa +al)

2
+ 93 (s2+w2)(sa +a,) =0 (B-15)
K2 o) 271 7
X

It can be shown that this is essentially the same as the
result obtained by Frederick and Lee, who had an additional
term due to aerodynamic forces on the vehicle body. The equa-
tion as written here, however, is suitable for analysis on a
root locus plot, with b2 being used as gain. Considerable in-
sight can be obtained from such a plot even if the parameters
in (B-15) are not specified precisely. For no gain (b=0) the
roll and sway mdtions are uncoupled. This represents the situa-
tion in which the c.g. is at the vehicle center, so there is no

roll stiffness giving a double pole at the origin. It can be




expected that the sway oscillations can be represented by an
ordinary overdamped second order system, so that the two remain-
ing poles lie on the negative reai axis.

The root locus given by this hypothesis is shown in
Fig. B-3. Increases in gain correspond to lowering the center
of gravity, thus increasing the coupling. The most striking
feature of this plot is that two unstable roots exist for all
values of gain (this may also be shown using the Routh-Hurwitz
criterion). After some reflection this is perhaps not so
surprizing as might appear at first. With no coupling there is
no roll stiffness, and with a high degree of coupling the
vehicle operates like an undamped pendulum; all degrees of
coupling between these extremes have a slight negative damping.
This may be looked upon as an illustration of the difficuity of
stabilizing one unstabilized degree of freedom through coupling
with an entirely different mode of motion.

This type of instability is probably the easiest type to
eliminate; the addition of roll damping is all that is required.
Surprisingly, adding roll stiffness alone does very little to
help the problem, it is still not possible to obtain damped roots
through coupling with the sway motions. For good response to
crosswind disturbances, however, both stiffness and damping are
required for the uncoupled roll motions. Whether coupling will

be beneficial or harmful in this situation remains unclear.
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The reader may object that Fig. B-3 is not a true root
locus since the zeros located at the pendular frequency will
vary their location with gain. H&wever, this does not effect
any of the conclusions.

In the next stage of the guideway evolution it is useful to
consider the vee guideway, Fig. B-4. There is no essential
difference in the lateral dynamics between this and the circular
case. As the vehiclg rolls about the centerline each pad will
exert a small restoring moment, which depends upon the pad
width, but except for the case of very wide pads this effect
cannot be expected to alter the basic character of the dynamic
response. Since wide pads are inconsistent with the primary
constraint of minimizing the guideway width, this design does not
appear to offer much promise. |

If a flat bottom is added to the vee, it becomes a trough
with sloping sides, Fig. B-5. This is definitely a favorable
step in the evolution of the guideway. The angulated pads can
produce forces which directly contribute to the roll damping
and roll stiffness. It can intuitively be seen that these
forces increase with A, the angle of the sides. Unfortunately,
however, the nature of the pressure distribution on such
angulated pads is not known and very little of a quantitative
nature can be said about this design at this time. Hopefully
the analysis in Appendix A can be further developed to the point

where such information can be provided. Quantitatively it can
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Figure B-4. The Vee Guideway has Lateral dynamic
Characteristics Similar to the Circular
Guideway
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Figure B-5. The Addition of a Flat Bottom to the
Guideway Improves the Roll Stability



be said that if A is chosen large enough the system will even-
tually have enough damping to become stable. A maximum practical
limit on A is 90°, in which case we have a rectangular trough.

The configuration in Fig. B-5 is fairly close to the actual
shape used in the glide tests. All that is required is to ex-
pand the vehicle body so that it completely fills in the space
between the pads, giving an integrated lifting shape. The high
speed films of these'tests definitely confirm that the vehicle
dynamic characteristics are of the same class as we have been
discussing: good stability for the sway motions but poor
damping for the roll oscillations. Whether the damping is
positive or negative is unclear from both a theoretical and
experimental standpoint. The theory has the above mentioned
lack of development and the glide tests were too short (50 feet)
to observe whether the roll oscillations were self-generating
or caused by the impulse from the catapult.

In summary it can be seen that certain characteristics
prevail among the various designs considered, and that roll
motions will be a problem if the guideway width is constrained.
Attention should be focused on those designs which produce a
maximum of roll stiffness and damping for a given amount of
width. Future research in lateral stability should be aimed at
obtaining the important cross-coupling derivatives such as

roll due to side sway and side force due to rolling.
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APPENDIX C

EXPERIMENTAL RESULTS OF THE GLIDE TESTS

Although the glide tests described in chapter two provide
a convincing demonstration of a ram wing in action, it is very
difficult to obtain quantitative data from this type of experi-
ment. The only parameter which can be easily obtained is the
1ift coefficient, which can be calculated from a simple measure-
ment of velocity. All the tests conducted had a 1ift coeffi-
cient of approximately 0.7, based on the planform of the main
wing, which is comparable to what might be expected for a full
scale vehicle (perhaps a bit high).

A typical output trace from the guideway instrumentation
is shown in Fig. C-1. Three such traces were recorded at
separate points along the track for each test, using an
oscillograph recorder having a chart speed of 80 inches per
second. The velocity of the model could thus be obtained at
three points by measuring the width of each output trace.

The angle of the canard, aLr could be varied continuously,
and in the present series of tests one purpose was to note the
effect of these variations on the flying characteristics. 1In
Fig. C-2 the velocity is shown as a function of a.. The
ordinate is greatly magnified to show the differences in velocity
at the three stations. Station number one is located uppermost,

station two in the middle, and station three is near the lower

end of the track. No significant observation can be made about
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the effect of oy because of the scatter of the data, which is
undoubtedly mostly due to variations in the starting impulse
given by the catapult. Even though all the velocity measure-
ments were consistent to within a few percent, accelerations
calculated by taking differences in velocity showed a wide
variation. With the angle of the track set at 1 in 9, accelera-
tions measured in this manner ranged from 0.45 to 1.84 feet/sec2
To reconcile these large differences a more accurate method for
utilizing the oscilligraph data was developed.

It is apparent that an alternative method for obtaining
velocity is to measure the time required for the model to pass
from one station to the next (rather than the time required to
pass by one station). Since the distance between stations is

much greater than the length of the model, this second method is

more accurate.

Let
vy = Velocity at station one
vy, = Velocity at station two
Vip = Velocity measured between one and two.

A weighted average velocity U for the upper half of the

track was defined as follows:

_ 1
U = T (vl+v2+2v12).

That is, V12 was given twice the weight of the other
measurements since it was considered to be more accurate. A

similar averaged velocity V for the lower half of the track
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was also computed:

1
V= vy (v2+v3+2v23).

The acceleration A was calculated by taking the difference

_ v-U
A= 3%

The acceleration computed in this manner is shown in
Fig. C-3 as a function of a. Except for two data points, all
values of A lie within 10% of one foot per second squared. With
acceleration known, a simple computation gives the lift drag

ratio:

_ 1
“ tan Y - (A/g cos Y)

o

where tan Y = glide slope = 1/9. We obtain

= 12.7

ot

As a check on this value the slope of the track was changed
to 1/13. No acceleration could be detected at this angle,
indicating that this represents the actual ratio of drag to 1lift,
within a few percent.

The functional relationship between o, and drag is somewhat
indirect, and it is perhaps not surprising that no change in
L/D due to o, could be detected in these tests. Increasing o,
causes a nose uﬁ moment which increases the angle of attack and
equilibrium height of the model. This in turn will theoretically

increase the induced drag which should cause the model to

C-6
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Figure C-3. Acceleration Calculated using the Weighted

Average Method.
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decelerate. Under favorable circumstances it would be more
logical to observe these effects by measuring the height and
angle of attack directly. However, the rolling motion of the
model introduced so much uncertainty into these measurements
that no significant results could be obtained from them.

Fig. C-4 shows uncorrected data for the height at the trailing
edge. The optical system responds to the height of the lowest
point on the model, so that if there is a small roll angle the
height output will read somewhat lower than it would if the
model were in a level position. The roll angles shown in

Fig. 2-3 are approximately + 3°. The semispan of the bottom
surface of the model is 5", so the maximum error in height

is 5" x tan 3° = 0.26". Since a maximum readout for the height
is recorded if the model is in a level position, we can expect
that the maximum values shown in Fig. C-4, 0.6", give the
approximate height of the trailing edge when the model is level,
and all other values correspond to various degrees of rolling.
Note that all the values shown fall within the maximum error
calculated above. Thus we may conclude that the center point
of the trailing edge normally flies at 0.6", and roll angles are
3° or less. It is also apparent that very little further
information will come from the height data until either the
roll oscillations are eliminated or a method is developed to
record roll angles so that proper corrections can be made to

these measurements.
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Figure C-4. Trailing Edge Clearance in Inches as a Function
of a. The Error Range Shown is for a +3° Roll




A qualitative conclusion which may be drawn is that there
is no dramatic change in the flight attitude of the model as a
is varied. This is an indication that the selected design using
a canard followed by main body provides an adequate margin of
longitudinal stability. We may expect that a vehicle design
which has a lower aspect ratio will have even greater pitch
stability, in which case it might be possible to dispense with
the canard; this would further simplify the ram wing in com-
parison to alternative concepts for high speed ground trans-

portation.



