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The distributed-element method has two basic characteristics — one is
simplicity, and the other is the large number of points required to describe
a complex shape. The distributed-plane-element method as used in this paper

was developed at Douglas by J. L. Hess and A. M. O. Smith for use in three-
dimensional potential-flow problems(5). Since a complete derivation of the
method is available,"' 5) only a brief summary is presented below.

Each section of a vehicle component is further divided into a number of
small units called elements, each defined by four points in space. If the four

related points of each element are connected by straight lines we have a
picture that shows how the elements are used to describe a given section
(Fig. 1). In practice, the surface co-ordinates are usually recorded from cross-
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FIG. I — Surface representation by plane-quadrilateral method

section drawings of the vehicle in such a way that each point need be read
only once (even though it may be a member of as many as four adjacent
elements). Each point is defined by its three co-ordinates and a status para-
meter that indicates whether it is the first point of a new section, a continua-
tion of a column of points, the beginning of a new column, or the last point
of the vehicle.

Each set of four points is converted into a plane-quadrilateral element by
the procedure outlined in Fig. I. The normal to the quadrilateral is taken as
the cross product of two diagonal vectors formed between opposite element
points. The order of the input points and the manner of defining the diagonal
vectors is used to ensure that the cross product gives an outward normal to

the body surface. The next step is to define the plane of the element by deter-
mining the averages of the co-ordinates of the original four corner points.

These points are then projected parallel to the normal vector into the plane
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may be easily solved. The process is best illustrated by the example shown in
Fig. 3. This picture of a high-L/D re-entry vehicle design was drawn by a
computer from the input geometric data. The data errors are obvious and can

FIG. 3 — Error detection in geometric representation by use of computer-



drawn pictures (high-L/D re-entry vehicle)

be quickly corrected. The geometric representation for a hypersonic cruise-
vehicle wind-tunnel model is shown in Fig. 4.

The pictures shown in this paper are generated by a transformation of the
vehicle co-ordinates with the required rotation matrices to give the desired
viewing angle. A graphical display computer then draws straight lines
between the corner points of each element on a special cathode ray tube. The
image is then photographed. All the pictures shown use the distributed-plane-
element method. The unit normal for each quadrilateral is also transformed
with the rotation matrices and the resulting component out of the plane of the
picture calculated. If this component is positive, the element faces the viewer
and therefore is drawn by the computer. If the component is negative, the
element faces away from the viewer and the element is not drawn. This
procedure yields very realistic drawings of the vehicle from any desired
viewing angle and serves both to check the geometry data for errors and to
illustrate the method used in describing the shape for the computer. Most of
the pictures shown were generated with a Stromberg–Carlson SC-4020 Data
Recorder.
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Flu. 6 — Modified Newtonian correlation factors

empirical correlations. Some of the fundamental ideas involved in the use of
these techniques are illustrated in Fig. 6. For many problems the modified
Newtonian correlation parameter, K. is held constant over the complete
vehicle but is changed with angle of attack to reflect the general nature of the
flow. This approach is identified as 'total-vehicle modified Newtonian', and is
frequently used for calculations on very blunt shapes. The parameter K is
found from empirical correlations of similar shapes. The blunt - lifting - body
curve in Fig. 6 is an example of a correlation for a vehicle such as the NASA
HL–l0 re-entry body. In the pressure calculations for this case, is the local
impact angle and K is a function of angle of attack. At high angles of attack,
where the vehicle forces are dominated by a large blunt surface facing the
flow, K approaches the stagnation value.

For vehicles that contain several different classes of component shape (such
as blunt leading edges, flat lifting surfaces, hemispherical nose, etc.), it is
necessary to use a different K for each component ( component modified
Newtonian'). The stagnation K is used for blunt components, and higher
values are used for the planar surfaces.

One further class of modified Newtonian is often required. The vehicle may
have large curved areas that behave locally like flat surfaces. In this case K
itself may be defined as a function of the local impact angle (*local modified
Newtonian'). The flat-surface empirical relationship"2) is an example of this
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System are illustrated in Fig. 7. The system operates at present without the
continuous man-machine interaction process. This mode of operation must

await the availability of the proper input-output facilities and associated

computer equipment.

r SEMIAUTOMATIC RECORDING
OF GEOMETRIC DATA

GENERATION OF

ANALYTICAL SHAPES

COMPUTER-DRAWN PICTURES

CALCULATION OF

AERODYNAMIC CHARACTERISTICS

GRAPHICAL DISPLAY OF

RESULTS BY COMPUTER

Flo.  7 — Hypersonic arbitrary-body analysis system components

The first three components of this system provide an accurate geometric

description of the vehicle for use in the aerodynamic analysis. For a com-
pletely arbitrary shape, the aeometric data are recorded from vehicle drawings

either manually or by semi-automatic  X—  Y reader-recorder equipment. For

vehicles composed of simple analytical shapes, the detailed geometric data are

calculated by a variety of optional analytical routines. The final step in the

geometric preparation is to obtain computer-drawn pictures of the vehicle

from various viewing angles to verify the data accuracy. This step has already

been described. A rapid analysis of the geometric properties of a vehicle may

also be made by using equipment such as that shown in Fig. 8.t
The major component of the analysis system is the Arbitrary Body Hyper-

sonic Force Computer Program. This computer program is written on a

modular basis and may quickly be modified to meet changing needs. Time-
shared remote computer consoles are used to facilitate the checkout of these

modifications. The final component of this system is the graphical display and

recording of results by a computer.

t In the presentation of the paper a film was shown to illustrate this process.
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disa al it

FIG. 8 — Rapid analysis of geometric properties by direct communication
with computer (IBM 2250 display unit)

5. TYPICAL APPLICATIONS

The methods and analysis system discussed in this paper have been used

to estimate the aerodynamic characteristics (both static and dynamic) of a

number of vehicle designs. These include blunt entry bodies of medium lift-

drag ratio, re-entry vehicles of high lift-drag ratio, and hypersonic aircraft

of the cruise vehicle and the aerospace-plane type.

The first and most obvious application of an arbitrary-body analysis

system is to that class of shape commonly known as the lifting-body re-entry

vehicle. A classical example of this type of shape is the NASA HL–l0 vehicle

(Fig. 9). This configuration serves as an excellent example of the description

of a shape by the plane-quadrilateral method and of the way the number of

surface elements is changed to fit the surface contours. In each view in Fig. 9,

the elements on the vehicle that face away from the viewer have been deleted

automatically by the picture-drawing computer program, with the result that

very realistic renditions of the vehicle are created. No convenient method has

yet been devised for deleting those areas that face the viewer but are blocked

by an intervening component of the vehicle (other than by manual retouching).

The HL-10 configuration provides an excellent example for the use of the
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modified Newtonian ideas expressed earlier in this paper. Typical results
obtained from the computer program system are presented in Fig. 10. Wind-
tunnel data are also presented on these plots to indicate the degree of agree-

ment with the calculated values. As might be expected in the use of simple
modified Newtonian theory, longitudinal pitching-moment characteristics
do not agree as well as the lift and drag characteristics.

Another type of re-entry vehicle is shown in Fig. 11. This configuration was
designed as the recoverable second stage of a two-stage horizontal take-off

booster vehicle. The configuration was designed to have good volumetric
efficiency and a high fineness ratio, with a flat lower lifting surface to obtain
a high hypersonic lift-drag ratio. The low-speed and landing-flight phase was

accomplished with the use of variable-sweep wings stored on the aft top of
the vehicle during hypersonic flight. The pictures in Fig. 11 illustrate the use

of computer-drawn pictures in visualising the geometric shape presented to
the flow at various angles of attack.

The lift-drag-ratio characteristics of this configuration are shown in Fig. 12.
These data illustrate the use of the arbitrary-body analysis system in deter-
mining the effects of vehicle size and flight condition on hypersonic perfor-
mance. The hypersonic viscous parameter 17„, has been shownw1 to be a
useful parameter in correlating data for hypersonic vehicles.

In many design investigations it is desired to conduct studies of a large
number of simple parametric shapes to gain an understanding of the effect
of configuration variables on the vehicle aerodynamic characteristics. Such
configurations can easily be derived by the analytical shape-generation
techniques available in this analysis system. The objective here is to obtain
the detailed geometric information required by the aerodynamic calculations
with a minimum of input information. An example of this type of problem is
shown in Figs. 13 and 14.

The basic configuration used for this study was a blunt slab-delta-wing
re-entry vehicle. The basic uncambered slab delta ( =0') had a leading-edge
sweep of 75: and a nose and leading-edge radius of 4 of the body length.
Variations of this basic shape were obtained by shearing the lower half of

the vehicle downward to give a cambered lower surface. The amount of dis-
placement at each body station was varied to give a flat forward lower surface,
followed by a circular-arc surface contour to the aft end of the vehicle. The
maximum thickness point was maintained at 55 of the body length. The
cross-section of the top of the configuration was elliptical. The basic longi-

tudinal stability characteristics for varying forward surface angle (0) are
shown in Fig. 14. These calculations were made by using modified Newtonian
theory. The techniques described above have been used to study a very large
number of shapes in a very short period of time.

The arbitrary-body analysis system has also been useful in studies of
hypersonic wave-rider configurations such as those shown in Fig. 15. The
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FIG. 13 — Geometric representation of lifting-body re-entry vehicle
derived from slab-delta (4, 15 )
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FIG. 14 — Effect of lower surface shape-on longitudinal characteristics
of lifting-body re-entry vehicle
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Fio. 15 - - Geometric representation of wave-rider vehicle
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vehicle lower surface is defined so that it lies along the known stream-lines
of the flow field generated by a nonlifting cone. This procedure, suggested by
Jones(23), gives a shape for which exact aerodynamic characteristics may be
easily calculated (at the design conditions). The derivation of the vehicle shape
and the calculation of exact aerodynamic characteristics at the design angle of
attack and Mach number are accomplished by a separate computer program.
The arbitrary-body analysis system is then used to produce drawings of the
vehicle and to calculate approximate aerodynamic characteristics at off-
design conditions where exact methods are not available. Typical results are
shown in Fig. 16. This configuration was generated from the flow about a
9 semi-vertex-angle cone at a Mach number of 10. The top is flat and parallel
to the free stream. The fore and aft lines on the picture in Fig. 15 are stream-
lines on the body at the design condition.

6. CONCLUSIONS

The Hypersonic Arbitrary-Body Force Analysis System as described in this
paper has proved to be a versatile and effective tool in performing aero-
dynamic analyses for complex vehicle configurations. With special techniques
to simplify the input of geometric data, and with the use of computer-drawn
pictures of these data to check for errors, it is possible to make excellent use
of the distributed-plane-element method to describe complex vehicle shapes.
The use of an arbitrary-body geometric description technique, together with a
wide selection of theoretical and empirical force-calculation methods, has
provided the capability of studying a large number of different vehicle shapes
before resorting to the use of wind-tunnel tests. Excellent correlation has been
obtained between calculated and experimental results, even for complex
shapes previously difficult to analyze. The use of on-line graphical-display
computer equipment provides an ideal means for facilitating the preparation
of voluminous input geometric data and for obtaining a rapid analysis of
computer output.
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DISCUSSION

David N. Reilly  (Consultant, Ewing Technical Design, Inc., Philadelphia, Pa.):
What would be the approximate elapsed time, in an automated system,
between receiving a drawing of a typical hypersonic body and obtaining the
final aerodynamic coefficients?

Mr. Gentry:  The major time-consuming step in this analysis system is the
preparation and validation of the geometric data. The time required depends
upon the complexity of the vehicle shape. For a typical arbitrary shape such
as a lifting-body re-entry vehicle this process may take as much as two to

three days if the data are recorded manually, or as little as two hours if semi-
automatic recording equipment is used. In a large company such as I work in,

the total time that it takes from drawing to fi nal answers is also largely a

function of computer availability. However, with the availability of graphic
display devices and computer equipment such as illustrated in the movie film
the entire process would take from two to three hours.

Professor Dr. Engineer A. Varela Cid  (Technical University-Centro Para
Estudos Aeronauticos, Lisbon): I would like to congratulate you on your
lecture because it was a very important demonstration of how the electronic
computer can aid in the analysis of complex hypersonic shapes. Nevertheless,
I would like to ask two questions about the re-entry vehicles that you used
as illustrations in demonstrating your analysis methods. First, what is the

Mach number and altitude relationship for these vehicles during a typical
re-entry ? Also, at altitudes near 30,000 feet there can exist turbulence and
irregularities of the atmospheric temperature which can produce pressures
and Mach numbers different than for a standard day. Atmospheric jet-
streams may also be encountered where wind speeds may be as high as

400 miles per hour. These jet streams may be very large — up to 200 miles
wide, 2.5 miles thick and 1000 miles long. Are these circumstances considered
in your design studies of these re-entry vehicles?

Mr. Gentry:  In a typical re-entry from a near-earth orbit the vehicle will fly
through a very wide Mach number and altitude range. At the initial re-entry
point at 300,000 feet the velocity will be about 26,000 feet per second (about

Mach 30). At Mach 15 the nominal altitude would be about 200,000 feet.
The vehicle would pass through 30,000 feet altitude at subsonic speeds.
Variations in vehicle shape, and flight angle of attack and bank angle will
give a wide variation in flight altitude at a given Mach number during the

descent. As to your other question concerning non-standard days and wind
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conditions — the effect of these phenomena is included in the design studies
for these re-entry vehicles. At very high altitudes non-standard atmospheric
conditions are considered both in the design requirements and in the detailed
trajectory computation for the actual flight operations. The high wind and
air turbulence effects that occur during the final terminal phase of the re-
entry do not have a strong effect on the design of these vehicles. These
vehicles usually have a low lift-curve slope at these conditions so are not as
sensitive to air gusts as conventional aircraft are.




