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APPLICATION OF SONIC-BOOM MINIMIZATION CONCEPTS
IN SUPERSONIC TRANSPORT DESIGN

By Harry W. Carlson, Raymond L. Barger, and Robert J. Mack
Langley Research Center

SUMMARY

A study has been made of the applicability of sonic-boom minimization concepts in
the design of large (234 passenger) supersonic transport (SST) airplanes capable of a
2500-nautical -mile range at a cruise Mach number of 2.7, Aerodynamics, weight and
balance, and mission performance, as well as sonic-boom factors, have been taken into
account. The results indicate that shock-strength nominal values of somewhat less than
48 newtons/meter2 (1 pound force /foot?) during cruise are within the realm of possibility.
Because many of the design features are in direct contradiction to presently accepted
design practices, further study by qualified airplane design teams is required to ascertain
sonic-boom shock-strength levels actually attainable for practical supersonic transports.

INTRODUCTION

No single factor is expected to exert a greater influence on the development of a
worldwide high-speed air transport system than that of the sonic boom. Estimates indi-
cate that a solution to the sonic-boom problem would more than double the potential super-
sonic transport market. The purpose of this paper is to review the present state of tech-
nology applicable to sonic-boom minimization and to provide a preliminary estimate of
the extent of sonic-boom improvements that may result from application of these design
concepts.

This study is based to a large extent on experimentally verified minimization con-
cepts and computational techniques developed at the Langley Research Center during the
height of activity in the national supersonic transport development program in the middle
1960's. At that time near-field minimization concepts were believed to offer promise for
significant sonic-boom reduction in the transonic acceleration and supersonic climb por-*
tion of the flight but not for the supersonic cruise portion. Recent developments, however,
warrant a reexamination of the situation. One of these is the introduction of refined min--
imization theory by George, Seebass, Jones, Barger and others. Another is the develop-
ment, by Hayes, of a more accurate method of calculating sonic-boom propagation in a
stratified atmosphere, which indicates a greater extent of airplane near-field regions than



previously believed. Finally, there is the advocacy of an airplane design philosophy,
most effectively presented by Ferri, in which sonic-boom considerations play a dominant
role. The greater part of the potential improvements may be associated with this latter
approach, the "sonic boom configured" airplane.

In the present investigation four SST design concepts have been studied, two of
which may be considered to be conventional approaches with only modest modifications
for sonic-boom benefits, and two others which depart from conventional practices in
accordance with the dictates of sonic-boom minimization concepts. In order to provide
a realistic first estimate of the applicability of these concepts, the analysis accounts for
the influence of airplane configuration on aerodynamics, weight and balance, and perfor-
mance. Nominal ground track signatures are calculated at the begin-cruise point at a
Mach number of 2.7 for supersonic transport designs estimated to have a performance
capability for a 2500-nautical -mile range. The sensitivity of sonic-boom characteristics
to selected design parameters is explored.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and cal-
culations were made in the U.S. Customary Units.

a speed of sound, meters/second (feet/second)
b wing span, meters (feet)

c wing chord, meters (feet)

¢ mean aerodynamic chord, meters (feet)

CL lift cqefficient

Cp dragz coefficient

Cm moment coefficient

F(1) Whitham F-function

h altitude, kilometers (feet)

L/D lift-drag ratio




X,y,z

Subscripts:

cg

LE

max

Mach number

overpressure, newtons/meter? (pounds force/foot2)
shock strength, newtons /meter?2 (pounds force /foot2)
signature duration, seconds

airplane begin-cruise weight, kilograms (pounds mass)
airplane empty weight, kilograms (pounds mass)
airplane design gross weight, kilograms (pounds mass)

.» Wg  airplane weights at various phases of mission, kilograms
(pounds mass) (see fig. 4)

directions along X-, Y-, and Z-axis, respectively; Cartesian coordinates
wing dihedral angle, degrees

canard deflection angle, degrees

reflex~-surface deflection angle, degrees

horizontal -tail deflection angle, degrees

increment

nondimensionalized length along X-axis used in Whitham F-function

center of gravity
leading edge

maximum



sub subsonic
sup supersonic
THEORETICAL CONSIDERATIONS

Signature Calculation

The calculation of airplane sonic-boom pressure fields is based on concepts arising
from the linearized theory of supersonic flow. Area rule concepts are employed in the
representation of the airplane as a particular body of revolution for a given set of flight
conditions, and corrected linearized theory methods are used to define the body -of -
revolution flow field. The process, which is described in some detail in references 1
and 2, is briefly reviewed in the following paragraphs.

Fundamental relationships, which permit a complete flow-field definition for bodies
of revolution in a uniform atmosphere, were first formulated by Whitham (refs. 3 and 4).
The key element of the Whitham solution is the F-~function, which relates the form of the
pressure signature near the body (but not too near) to the body shape. Subsequent opera-
tions performed on the F-function determine pressure signatures, including pressure
jumps or shocks, for any desired propagation distance. The method of reference 5 devel-
oped by Hayes extends applicability of the techniques to a stratified atmosphere,

Definition of equivalent body-of-revolution geometry for lifting airplane configura-
tions, such as those treated in the present study, requires consideration of both volume
and lift contributions. Walkden's generalizations (ref. 6) of the Whitham theory and
supersonic area rule considerations (ref. 7) permit definition of an equivalent area dis-
tribution due to lift and an area distribution formed by the airplane volume which are
combined directly to yield an effective area distribution for the complete lifting airplane
configuration. The equivalent area distribution due to lift is proportional to the cumula-
tive lift of the configuration and in many cases, especially for supersonic transports, is
found to be the dominant factor. Both area contributions are defined by the intersection
of the airplane with supersonic area rule cutting planes tangent to the Mach cone and
oriented azimuthally so that disturbances propagating normal to the planes are those which
eventually reach the observer. When attention is confined to the airplane ground track, as
in this study, a single equivalent body area distribution and a single F-function may be
used to represent a given set of flight conditions (Mach number, weight, and altitude).

Figure 1 illustrates in general terms the procedure for computing a pressure sig-
nature from a given effective area distribution. First, the F-function, which represents
the shape characteristics of the pressure signature, is evaluated from the area distribu-
tion by application of equation (14) of reference 3. The numerical implementation of this
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Figure 1.- Tllustration of procedure for pressure-signature computation.

step employed in the present study is described in reference 8. Then, a transformed or
distorted F-function, which accounts for signature shape changes in propagation through

a stratified atmosphere, is computed according to the method of reference 5. Finally,
multiple values of the resulting curve are eliminated by inserting shock discontinuities
according to area balancing techniques, and a factor dependent on Mach number and prop-
agation distance is used to convert F-function values to overpressures. Numerical means
of performing the area balance and shock-location procedure for computer implementation
are described in reference 9.

Minimization Concepts

For cruising conditions of all supersonic airplanes flying today (including the
Concorde), pressure signatures normally attain the far -field N-wave form at ground level.
Minimization concepts for airplanes producing N waves presented in reference 10 have
been found to offer little practical benefit because of drag penalties associated with the
required shape changes (ref. 11). However, as pointed out in reference 12, for a suffi-
ciently long and properly shaped airplane the pressure wave may develop so gradually that
it does not attain the usual N-wave form by the time it reaches the ground. The depen-
dence of signature shape on airplane shape in the near field was noted to offer significantly
expanded opportunities for sonic-boom minimization. In references 12 to 14 F-functions
and airplane effective area developments corresponding to certain types of presumably



desirable pressure signatures were examined. The greatest attention was given to a
3/2-power area development, which yields a plateau or flat-topped pressure signature.
Wind-tunnel experimental studies of pressure signatures for bodies of revolution and
airplane configurations employing that type of effective area distribution are reported in
references 15 and 16.

. Near-field minimization concepts became of even greater significance as a result
of the Hayes analysis, which showed that a wave develops more gradually in the actual
nonuniform atmosphere than it does in a uniform atmosphere. Moreover, the development
becomes more and more gradual until it eventually stops (the wave becomes frozen in
form), although the overpressure and impulse continue to decrease because of spreading.

Minimization concepts may also make use of the fact that when a signature with
shocks is prescribed, those characteristic lines considered to be absorbed in the shock
are not uniquely related to a given F-function. Therefore, as shown in reference 17, a
certain part of the F-function can be arbitrarily specified, provided that the area-balancing
condition is met and that multiple values of the F-function are avoided. To illustrate the
point, figure 2 shows two F-functions that result in flat-topped signatures with identical
shock strengths. One F-function has a constant-value positive section, and the other has
an initial peak followed by a constant-value section. The first type of F-function corre-
sponds to a 3/2-power area distribution included in the theoretical studies of reference 12.
The second type of F-function allows an identical shock strength for an effective area
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Figure 2.- Tllustration of minimization concepts applied in present study.




development of the same length but of greater magnitude. In more practical terms, such
a modification allows a smaller overpressure for comparable airplane size, weight, and
operating conditions.

This question of determining what type of F-functions and area developments are
preferable for sonic-boom minimization was treated initially by Jones (ref. 10). Jones
demonstrated that the mathematical relationships are such that F-function ordinates near
the origin are weighted more heavily in computation of the corresponding area develbp-
ment. Consequently, the resultant area under the F-function is reduced as equivalent
bodies of a given maximum area are made more blunt, that is, as the effective area is
crowded forward toward the origin. This principle has been utilized in the design of
bodies to produce specified pressure signatures in both the near and far fields (refs. 17
and 18) and in the definition of lower bound signatures of certain classes (refs. 10, 19,
20, 21, and 22).

All the optimal F-functions given in reference 22, which summarizes minimization
approaches, have a delta function at the origin (except for finite-rise-time signatures).
However; if F-functions are designed with a forward spike of finite width, it is possible
to take advantage of the Jones principle of accumulating area under the F-function near
the origin while still retaining a reasonably small nose angle so as to prevent an inordi-
nate drag penalty.

APPLICATION OF MINIMIZATION CONCEPTS

Minimization Goals

A fundamental difficulty encountered in attacking the sonic-boom minimization prob-
lem is that there is no well-established set of nominal pressure signature characteristics
which would commonly be accepted as a solution to the problem. Furthermore, little is
known of the relative importance of the various signature parameters, such as peak over-
pressure, shock strength, impulse, rise time, and so forth. Thus the designer is offered
a choice of approaches to sonic-boom minimization (see, for example, ref. 22) but is given
little guidance in the proper selection.

Shock strength is believed to be the controlling factor for outdoor annoyance; but
for the far more common indoor exposure situation, noise and annoyance may be related
to signature impulse and duration and other factors as well (ref. 23). For structural
response and building damage criteria, the problem is equally complex (ref. 24).

Goal signatures for the present study have been taken to be of the plateau or flat--
topped variety. Peak overpressure is thus the driving factor. Signatures of this type
also offer a near-minimum impulse while requiring an airplane effective area develop-
ment more easily attainable than that for a complete impulse minimization. Finite-rise-
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time signatures (zero shock strength) were not considered because of the excessive length
requirement. See references 25 to 27 for discussions of some rather exotic approaches
for attainment of shockless signatures.

_Configurations designed for sonic-boom minimization in this study were shaped to
create an F-function with an initial spike. If properly prescribed, this spike allows a
reduction in signature impulse and general overpressure levels. The F-function positive
section following the spike was designed to provide a relatively smooth effective area
distribution approximating that of a reasonable aerodynamic configuration. For the
sonic-boom-designed configurations studied and for aerodynamically favorable cruise
altitudes, this part of the F-function could often be made to be nearly constant. Some-
what lower values of shock strength are theoretically attainable if the F-function follow-
ing the spike is allowed to increase; however, the required effective area distribution does
not appear to be quite so compatible with good aerodynamic design. No attempt was made
to minimize the tail shock by using the optimal F-functions, with a tail spike, given in
references 21 and 22, because the complexity of airplane geometry in the aft region is
such that a precisely prescribed area distribution of that type is virtually impossible to
match. The method actually used was to make the approach to peak values in the aft
region of the effective area distribution as gradual as possible. This approach reduces
the tail shock jump in such a way that the signature is not sensitive to small variations
in the area distribution. The actual calculation method proceeded as follows. By use
of methods described in reference 17, idealized area distributions were computed from
F-functions designed to yield favorable sonic-boom characteristics for a specified air-
plane length, weight, and flight altitude. Comparison of these area distributions with
those of conventional arrow- and delta-wing designs led to new configurations with effec-
tive area distributions that more nearly approximated the idealized distributions. In
most cases modifications were also required in the design F-functions so as to match
more closely the area distributions of the actual configurations, which were determined
from an analysis of aerodynamics, weight and balance, and performance characteristics.
In some cases subsequent alterations of the configuration (such as a change in canard
location, wing camber surface, or fuselage shape) were made to overcome a significant
deviation from the idealized distribution. By this procedure the actual configuration area
distribution and the sonic-boom-designed distribution were brought into close enough
agreement so that the difference appeared to be resolvable through fine tuning,

Design Parameters

When airplane design parameters such as Mach number, range, payload, size,
weight, and cruise altitude have been set, application of sonic-boom minimization con-
cepts may be carried out in a relatively straightforward manner. However, selection of
these design parameters in such a way as to result in a complete optimization of sonic-
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boom characteristics presents a complex problem involving a multitude of engineering
disciplines. Charts of sonic-boom signature characteristics as a function of individual
design parameters are useful only if the full interrelationship of the parameters are
known. For example, the variation of shock strength with Mach number for a certain
class of optimized signatures may be defined with all other design parameters being-held
constant. This, however, is not realistic because the optimum cruise altitude varies with
Mach number, and the airplane weight for a specified mission certainly does not remain
constant. Only if all these interrelationships are accurately known can a complete opti-
mization process be carried out. Such a complete process is beyond the scope of the
present study. Instead certain design parameters have been selected on the basis of what
is believed to be reasonable from past experience, and the study is restricted to the appli-
cation of minimization concepts for those conditions.

The choice of a cruise speed of M = 2.7 for this study is predicated on a number
of considerations. As outlined in reference 28, aerodynamic and propulsion factors tend
to optimize range and payload at speeds slightly lower than M = 3. At lower speeds and
at the associated lower cruise altitudes, near-field sonic-boom characteristics are more
pronounced and somewhat reduced shock strengths might be achieved, but at the expense
of reduced airplane utilization and poorer economics. At higher speeds, the associated
higher cruise altitude exerts a strong influence on shock-strength attenuation, and if
sonic-boom characteristics were dictated by far-field relationships, the advantage would
lie with the higher speed. However the potential gains associated with near -field sonic-
boom design methods decrease rapidly with increased speed, and it is uncertain that any
sonic-boom advantages would remain at speeds greater than that chosen. Furthermore,
at higher speeds some very difficult' materials problems arise, particularly in the non-
metallics area (i.e., transparencies, tires, sealants, lubricants, etc.), that raise further
questions of feasibility. Another reason for the speed selection is that to be really mean-
ingful such a study must be based on reasonably accurate data from all engineering dis-
ciplines, and for the speed regime of M = 2.7, a significant body of such data does exist
at the present time.

Design range for the study is 2500 nautical miles, which represents the coast-to-
coast distance over the continental United States. This is believed to be a minimum use-
ful range for a supersonic transport and is set in large part by the desire to achieve low
values of sonic-boom overpressure. The influence of increased design range is treated
in a subsequent section of this paper.

Payload has been selected as 21 000 kg (48 000 lbm) representing 234 passengers.
Any substantial reduction in payload is not believed to be acceptable to the airlines
because of the impact on economics. Furthermore, sonic-boom benefits associated with
payload reduction might not be so sizable as might be imagined. Recall that very small



supersonic military airplanes carrying only one person produce overpressures of about
24 N/m2 (0.5 1bf /ft2) and that such airplanes are not amenable to near -field minimiza-
tion redesign concepts. Possibly, because of the sonic-boom benefits of increased length,
the advantage may lie in airplanes of greater passenger capacity.

For many years the airplane effective length has been known to be an extremely
important consideration in sonic-boom minimization. Airplane configurations studied in
great depth in the national supersonic transport program had fuselage lengths from about
85 meters (280 feet) to about 90 meters (295 feet). However from a sonic-boom stand-
point, these designs failed to make effective use of the length. Although some slight
increase in fuselage length has been allowed for the sonic-boom-dictated designs of this
study, the primary emphasis has been on configuration modification to make more effec-
tive use of the lengths already being considered. Theoretical studies indicate that for
the design conditions assumed, additional reductions of shock strength of about 25 percent
could be realized with a 50-percent increase in effective length, provided that weight pen-
alties are not incurred. Increased effective length might be achieved by a simple airplane
stretchout or by use of vertically separated multiplane lifting surfaces. In either case,
however, there are certain to be weight penalties that tend to counteract or even reverse
the projected gains. Because of uncertainties in aerodynamic and weight estimates for
configurations, which depart severely from conventional design practices, configurations
studied herein were limited to those with less severe, but still appreciable, changes in
design approaches.

Airplane weight is not an independent variable, but is determined by the choice of
the previously discussed design parameters. In this study an attempt has been made to
provide an assessment of the resultant weight for several sets of assumptions regarding
projected technological advances. Cruise altitude is also considered as a variable, and
an attempt is made to define an optimum altitude from a sonic-boom standpoint for the
assumed design conditions.

Study Methods

This study of the applicability of minimization concepts to the reduction of super-
sonic transport sonic boom in cruise takes into account aerodynamics, weight and balance,
and mission performance, as well as sonic-boom factors. A pictorial outline given in
figure 3 may help to explain the organization of the study elements now described.

Theoretical concepts for sonic-boom minimization, discussed previously, are
employed in the definition of numerical models of SST configurations believed to offer
significant shock-strength reduction. These geometric data are then used in a series of
aerodynamic computer programs (refs. 29 and 30) for evaluation of cruise Mach number,
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Figure 3.- Outline of method used to obtain sonic-boom pressure signatures.

lift, drag, and pitching moment and for evaluation of lift and area distributions. A com-
puter program for the design of a minimum-drag twisted and cambered wing surface is
also employed. As pointed out in references 29 and 30, these design and analysis methods
have been found to be reasonably accurate for SST configurations, which generally meet
the linearized theory requirements for thin wings and slender bodies.

Subsonic aerodynamic data are obtained from the same skin-friction computer pro-
gram that is employed at supersonic speeds and from experimental drag-due-to-lift fac-
tors for thin delta wings of equivalent aspect ratio (ref. 31). No attempt was made to
generate independent aerodynamic data for the transonic speed range. Upto M = 1.0,
the lift-drag ratio of a configuration under study was assumed to bear the same relation-
ship to the lift-drag ratio for the reference delta-wing configuration as at subsonic speeds.
Beyond M = 1.0, the lift-drag ratio of a configuration under study was assumed to bear
the same relationship to the lift-drag ratio for the reference delta-wing configuration as
at the cruise Mach number.

Airplane weight and balance estimates are based on parameterized state-of-the-art
data for current transport airplanes and for SST designs, which were studied in some depth
in the national program. A computer program was employed in this phase of the work.
Note that the weight estimates do not account for any unusual configuration-dependent
problems that may be encountered in airplane development and that certain design factors
such as aeroelasticity and flutter have not been addressed.
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The aerodynamic and weight data serve as input information for a simplified per-
formance analysis. For the purposes of this study, basic performance characteristics
for a 2500-nautical-mile mission of a conventional delta-wing SST designed for a cruise
Mach-number of 2.7 were established and fuel consumption in the various mission seg-
ments for other vehicles was proportioned according to estimated trimmed lift-drag
ratios. Figure 4 outlines the system employed and uses, as an example, the reference
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Figure k.- Outline of simplified performance analysis. Example shown for reference
delta-wing SST mission.

conventional delta-wing SST mission. The chart is generally self-explanatory. From a
given assumed gross weight, fuel weight consumed in the mission segments is subtracted
in a step-by-step procedure moving from left to right. The resulting empty weight is
then compared with an estimate from the weight analysis for the given assumed gross
weight, and by an iterative procedure or through graphical means a gross weight and fuel
consumption schedule, which satisfies both the performance and weight analysis, is found.
St}bsequent examples may help to clarify the matching process.

From area and lift developments corresponding to begin-cruise conditions, the
sonic-boom effective area is determined and the sonic-boom analysis methods previously
described are used to predict nominal ground track signatures. For this purpose a single
combined sonic-boom computing program is employed. It employs the method of refer-
ence 8 for F-function determination, the method of reference 7 for atmosphere propaga-
tion, and certain features of the method of reference 9 for automated determination of
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shock location. A ground reflection factor of 1.9 is assumed for all signature calcula-
tions. If departures from the desired signature characteristics are found to be too large,
incremental changes in the SST design and numerical model which restore the desired
signature shape (but not necessarily its magnitude) may be defined, and the entire process
may be repeated until a converged solution is found. In many cases, however, the r.equired
configuration changes are relatively small, and differences in aerodynamic and weight
characteristics are within the accuracy bounds of the analysis systems. Thus, it can be
assumed that the revised goal signature may be attained by design modifications (fine
tuning), which do not appreciably affect the weight, and time-consuming iterations may be
avoided.

Sonic-boom predictions for the climb and acceleration portion of the flight have not
been made because the simplified performance analysis did not allow definition of a com-
plete flight profile. Limitation of climb and acceleration sonic-boom parameters to val-
ues no greater than those for cruise might require departures from an assumed optimum
performance flight path and result in somewhat greater airplane weight and somewhat
higher sonic-boom levels.

Airplane Configuration

A number of supersonic transport configurations, which depart rather drastically
from conventional design practices so as to implement sonic-boom minimization concepts,
have been advanced in references 32 and 33. The studies reported therein did not con-
sider the impact of sonic-boom-dictated design features on aerodynamics, weights, per-
formance, and so forth; thus, predicted sonic-boom characteristics could be considered as
goals, but not as an indication of attainable values. The work, however, pointed out large
potential improvements and emphasized the need for careful consideration of design con-
cepts differing from conventional approaches according to the dictates of minimization
theory. Some problems associated with implementation of sonic-boom considerations in
practical airplane design are treated in reference 34, Configurations treated in the pres-
ent study do not depart from conventional practices to the extent of the more imaginative
designs of references 32 and 33; nevertheless they do offer quite substantial theoretical
sonic-boom improvements and are subject to evaluation by use of current state-of-the-art
methods.

Three-view drawings of the four basic SST design concepts considered in this study
are presented in figure 5. The conventional delta-wing design is patterned closely after
an airplane configuration that was studied in great depth in the national SST program and
is herein taken as a reference or a baseline configuration. Subsonic aerodynamic perfor-
mance factors exerted a large influence on the choice of the delta-wing planform, and as
a result the supersonic leading edge of the major portion of the wing at the cruise Mach
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Figure 5.- Basic SST designs in sonic-boom study.
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number of 2.7 is not conducive to attainment of a high degree of cruise aerodynamic effi-
ciency nor low levels of sonic-boom overpressure. The conventional arrow-wing design,
which offers improvements in cruise aerodynamic efficiency and sonic boom possibly at
some expense in low-speed characteristics, has also been studied in some depth. In con-
trast,.the remaining two design concepts are purely conceptual and are based primarily
on sonic-boom minimization considerations discussed in the section of the paper entitled
"Thegretical Considerations." The aft delta-wing design closely resembles a design
approach presented in reference 32. The final design represents an attempt to combine
good sonic-boom design practices with retention of the cruise aerodynamic efficiency
afforded by an arrow wing.

Note that the designs based primarily on sonic-boom minimization considerations
require relatively large wing areas. Long root chords are needed to provide the gradual
development of area and lift dictated by sonic-boom design criteria; the span however
cannot be decreased correspondingly because of the need to preserve aerodynamic lifting
efficiency at both subsonic and supersonic speeds. Also note that these configurations
designed specifically for sonic-boom benefits are characterized by a wing location well
aft of that dictated by conventional design practices. One reason such aft wing arrange-
ments are normally avoided is that the centroid of the wing volume available for fuel stor-
age is placed at a long distance from the empty-weight center-of -gravity position. If the
main portion of the available wing fuel-storage volume is to be used, the airplane balance
problem is aggravated by large shifts in airplane center-of -gravity position and excessive
trim drag is encountered. However, with the large wing area required in sonic-boom
design, sufficient fuel-storage volume may be found in the forward portion of the wing so
that the problem may not be severe, at least not for design ranges of 2500 nautical miles.
The canard control surfaces of these designs, acting in combination with a slender fuse-
lage, may aggravate aeroelasticity problems. These and other questions associated with
depariures from conventional design practices need to be explored but are beyond the
scope of the present study.

A detailed geometric representation of the four SST design concepts depicted in fig-
ure 5 is given in tables 1 and 2. Table 1 presents a description of the numerical models
used as input data for the wave drag computer program. Readers unfamiliar with the
format of the tabular data may consult reference 35. For the wave drag analysis, the
wing was considered to be at an angle of attack, but no account was taken of the wing
twist and camber. Wing mean camber surfaces were however considered in other phases
of the analysis, and ordinates are given in table 2, Some of the more pertinent geometric
parameters are summarized in table 3.
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AERODYNAMIC ANALYSIS

Estimated aerodynamic characteristics for the four basic SST design concepts have
been obtained through employment of analytic techniques discussed under the section
entitled ""Study Methods,” Lift, drag, and moment characteristics for the cruise Mach
number of 2.7 are shown in figure 6.

Cruise Mach number wave drag has been evaluated through use of supersonic area
rule concepts implemented by a computing program described in reference 36. Skin-
friction estimates were obtained from a computer method, which divides the airplane into
streamwise strips, assigns to each a characteristic Reynolds number and skin-friction
coefficient, and sums the resultant forces. In the study, whenever cruise altitude was
varied from the base point value of 18.3 km (60 000 ft), account was taken of changes in
skin-friction drag coefficient.

Wing camber surfaces were defined by a computing program (described in ref. 37),
which optimizes the surface for a minimum drag at a given design lift coefficient. Because
of loading distribution sensitivity, choice of the design lift coefficient was affected by trim
and sonic-boom design considerations, as well as by the desire to obtain high values of
maximum lift-drag ratios. The design surface was also modified to avoid extreme local
slopes and to provide a more realistic shape for incorporation into a practical airplane.
The resultant wing surfaces described in table 2 were employed in a computer program
for the evaluation of aerodynamic characteristics of specified wing shapes. Basic prin-
ciples of the 'program are set forth in reference 38. A specialized version of the method
(ref. 39), which permits consideration of deflected control surfaces, was used in obtaining
the drag-due-to-lift and moment data shown in figure 6. An account has been made of
drag increments associated with control-surface deflections which provide a zero moment
about the assumed airplane center of gravity; thus, the lift-drag polars presented may be
considered to be trimmed. For the aft delta-wing and the aft arrow-wing configurations,
control is to be provided by the canard surface. The cruise-point canard setting however
is assumed to be selected on the basis of sonic-boom design considerations, and cruise-
point trim is assumed to be provided by a selected but fixed deflection of a reflex area
designated by the shading in the sketch.

It has been noted that, for the sonic-boom-controlled designs, increased drag due to
lift results from the reduced wing aspect ratio, but this is compensated for by a reduced
wave drag brought about primarily by the aft wing location. )

Trimmed lift-drag polars were obtained only for the cruise Mach number. Other
aerodynamic data for use in performance analysis were approximated in terms of depar-
tures from effective lift-drag ratios assigned to the several segments of the reference
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conventional delta-wing SST mission. Differences in supersonic-climb effective lift-drag
ratios were based on the maximum lift-drag ratio at cruise Mach number, as given by the
polars of figure 6. Differences in subsonic-climb effective lift-drag ratios were based
on maximum lift-drag ratio at low speed as given by estimated polars which considered
wetted area in determination of skin friction and equivalent delta-wing aspect ratio in
determination of drag due to lift. Maximum lift-drag ratios for the four basic SST design
concepts were considered to be as shown in the following table:

SST design concept (L/D)max sub (L/D)max sup
Conventional delta 13.6 7.3
Conventional arrow 13.3 8.8

Aft delta 12.3 8.2

Aft arrow 13.3 8.89

PERFORMANCE AND WEIGHT ANALYSIS

Design-point airplane weights for the basic 2500-nautical -mile mission at M = 2.7
have been found by a process described in the following discussion and illustrated in
figure 7.

The solid-line curves of figure 7 give the results of a performance analysis in
terms of empty weight as a function of gross weight. With an assumed gross weight and
the appropriate aerodynamic information as input data, the simplified performance anal-
ysis discussed previously and outlined in figure 4 is used to determine the corresponding
empty weight. Curves are defined by a repetition of the process. Possible advances in
propulsion technology are considered in curves obtained in a similar manner but with the
constants in the performance equations multiplied by 0.9 for a 10-percent advance and by
0.8 for a 20-percent advance.

The dashed-line curves of figure 7 are obtained from the results of an airplane
weight analysis discussed under ""Study Methods." Examples of the airplane weight
breakdown for an assumed gross weight of 272 000 kg (600 000 lbm) are given in table 4.
Similar analysis for other gross weights permit definition of the dashed-line curve.
Curves for weight technology advances are based on a 10-percent and a 20-percent reduc-
tion in airplane empty weight that might be brought about by improvements in materials
or structural technology.

The design point is established by the intersection of the solid-line and dashed-line
curves, the point at which both the performance analysis and the weight analysis are
satisfied (fig. 7). Note that relatively small design gross-weight variations occur among
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the four configurations (from 266 000 kg to 281 000 kg (586 000 lbm to 620 000 lbm)).
Values for the conventional delta and conventional arrow designs are probably reasonably
accurate, but values for the less conventional design concepts must be regarded with
some skepticism because the superficial nature of the analysis may not anticipate prob-
lem areas.

SONIC-BOOM ANALYSIS

Design-Point Characteristics

Effective area developments used for the determination of pressure signatures for
the basic SST design concepts are presented in figure 8. The volume contributions are
obtained from a geometry subroutine of the wave drag program. The areas shown repre-
sent the frontal projection of the intersection of airplane components with cutting planés
inclined at the Mach angle with respect to a horizontal plane. The equivalent area due to
lift is determined from loading data from the wing programs and from weight and lift-
coefficient data provided by the weights and performance analysis. This equivalent area
is also determined by cutting planes inclined at the Mach angle and takes into account
contributions from the cambered wing at angle of attack and from deflected control sur-
faces as well. The complete effective area formed from the sum of the volume and lift
contributions is then used as an input to the sonic-boom program described in the section
entitled "Theoretical Considerations."

Predicted nominal ground track signatures for the design point of M = 2.7 and an
altitude of 18.3 km (60 000 ft) are shown in figure 9. Corresponding effective area devel-
opments are shown in inset sketches. Results for the basic configurations as described
in tables 1 and 2 are shown by the solid-line curve. Results attainable by rather modest
modifications of the basic design concepts are indicated by the dashed-line curves. Suit-
able alterations might be accomplished by a revision of the fuselage area development,
by selection of a wing dihedral or shear profile, by redefinition of the wing camber sur-
face, or by relocation and resizing of the control surfaces. Minor redesign of any of the
configurations to satisfy effective area development requirements is expected to introduce
little or no penalty in aerodynamic characteristics or in airplane performance. For the
conventional design approaches there would probably be some loss in seating capacity,
but for the sonic-boom designs care was taken in the initial configurating to minimize the
need for subsequent revisions.

Note that for the conventional delta-wing design concept (fig. 9(a)), even with appre-
ciable redesign, the far-field N-wave characteristic of the signature remains and a shock
strength of about 110 N/m2 (2.3 1bf/ft2) is predicted. For the conventional arrow-wing
design (fig. 9(b)), shock strength is somewhat less, about 84 N/m2 (1.75 1bf /£t2). In
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contrast, the sonic-boom-~controlled designs (figs. 9(c) and 9(d)) have predicted bow shock
strengths of less than 48 N/m2 (1.0 Ibf/ft2). The tail shock strength for the aft delta-
wing design, however, is slightly larger than the bow shock and thus becomes the con-
trolling factor.

There can be no assurance at this time that shock-strength values less than 48 N/m2
(1.0 1bf /ftz), if attainable, would permit unrestricted overland operations of supersonic
transports. Study results however do offer sufficient encouragement to warrant a renewed
effort to define more accurately the acceptability of near -field signatures in the 24- to
48-N/m2 (0.5- to 1.0-1bf /£t2) shock-strength range.

Commitment to an airplane development program based on employment of these
sonic-boom minimization concepts would be dependent on confirmation of theoretical pre-
dictions in carefully planned and conducted wind-tunnel test programs. There is, how-
ever, believed to be sufficient validity to the basic theory to insure that sonic-boom char-
acteristics reasonably close to those predicted would be attainable with sufficient attention
to detail in an experimental fine-tuning effort. A larger question concerns the practicality
of incorporating effective sonic-boom design features in airplanes that meet the technical
and economic requirements for airline operations.

Influence of Altitude

In an effort to define an optimum cruise altitude from the sonic-boom standpoint,
the aerodynamic, weight, performance, and sonic-boom analyses were repeated for two
additional altitudes. Results are presented in figure 10. Shock strength (bow or tail,
whichever is greater) is given.as a function of cruise altitude. For each condition stud-
ied, freedom in modifying the basic design for sonic-boom benefits was exercised to about
the same degree as for the design-point cases previously discussed. Inset sketches show
the modified effective area developments and the corresponding pressure signatures. For
both conventional design approaches, which produce far-field N-wave signatures, shock
strength continues to decrease with altitude over the range shown, with little or no penalty
in fuel consumption. This result, however, must be somewhat suspect because no detailed
analysis was made for the climb fuel.

For both sonic-boom designs, which are configured to produce near-field signatures,
an optimum altitude is found at 16 to 18 km (53 000 to 59 000 ft). Sonic-boom benefits
associated with cruising flight below the maximum lift-drag-ratio altitude (which, for
example, occurs at about 20 km (64 000 ft) for the aft arrow-wing design) are however
found to be slight. Decreases in aerodynamic efficiency and increases in fuel require-
ments rapidly overcome any benefit of increased near-field characteristics.
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Influence of Technology Advances

An important consideration that often arises in discussions of sonic-boom minimi-
zation is the advantage that can be taken of across-the-board technology advances. As
indicated in the section entitled ""Performance and Weight Analysis,' design-point airplane
weights were also evaluated for combined empty weight and specific fuel -consumption
reductions of 10 and 20 percent. The influence of these potential weight reductions on
shock-strength values is illustrated in figure 11. Again, inset sketches are used to show
modified effective area developments and signatures corresponding to each condition stud-
ied. For convenience, curves for the four design concepts (without the sketches) are
combined in figure 12. It can be seen that, although technology advances offer appreciable
gains for conventional design approaches, these gains are not comparable with those

potentially attainable through the employment of sonic-boom-controlled design approaches.

Sensitivity Studies

Studies have been made of certain design parameters believed to exert a strong
influence on sonic-boom characteristics for boom-optimized designs. These parameters
include canard angle, dihedral angle, center of gravity, and aerodynamic efficiency.
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Figure 11.- Influence of cruise weight on shock strength for sonic-boom modified SST
designs at M= 2.7 and h = 18.3 km (60 000 ft).
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The influence of canard setting on shock strength is illustrated in figure 13. For
the aft delta-wing design concept, canard setting is seen to optimize at an incidence of
about 3° or 4°. At this condition the rather abrupt beginning of the effective area devel-
opment yields a spike in the F-function which is not felt in the shock but which serves to
reduce the overpressure in the plateau region of the signature. The canard appears to
be an important design feature of this particular configuration. As shown in figure 13(b)
the arrangement of the aft arrow-wing design concept considered in the study does not
appear to have the same requirement for lift carried by the canard. Sonic-boom char-
acteristics at an optimum setting near 1° or 2° are little different from those with the
canard at 0°, Because canard volume contributions are almost negligible, the results at
8¢ = 00 are indicative of sonic-boom characteristics attainable for a similar design in
which the canard is omitted. Sonic-boom benefits at larger canard angles might be
achieved except for the bend in the aft portion of the effective area development resulting
from the increased loading of the wing reflex area required to counteract the canard lift
and provide trim. Other component arrangements might permit better advantage to be
made of the sonic-boom reduction potential of canard lift.

As shown in figure 14, dihedral angle is an extremely important design considera-
tion. Dihedral angle is defined as shown in the sketch of the rear view of the configuration
at its design attitude. A dihedral angle of 0° would result in a shock strength of about
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Figure 13.- Influence of canard setting on shock strength for sonic-boom modified SST
designs at M= 2.7 and h = 18.3 km (60 000 ft).
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61 N/m2 (1.25 lbf /it2). A dihedral angle of about 9.5° permits the trailing edge of the
wing tip to lie in the same horizontal plane as the wing apex and prevents Mach plane
foreshortening. The 9.50 dihedral is equivalent to about a 12-meter (40-foot) increase

in the wing overall length and results in a 28-percent reduction in shock strength to about
43 N/m2 (0.9 lbf /£t2). Increased dihedral could lead to greater gains. There is thus a
strong incentive for solution of the problem of roll-yaw coupling for wings with positive
dihedral. The quoted values of shock strength significantly less than 48 N/m2 (1.0 1bf /ft2)
given in this paper are valid only if it can be presumed that such a solution will be found.

Because of uncertainties in the estimated center-of -gravity positions of the less
conventional design concepts, a sensitivity study was performed for the aft arrow-wing
design. Results are shown in figure 15. For each center-of-gravity position studied,
freedom in modifying the basic design for sonic-boom benefits was exercised to about the
same degree as for the design-point cases previously discussed. Inset sketches again
show the modified area developments and the signatures. The assumed design-point
center -of -gravity location corresponded to the 46 -peréent station of the mean aerody-
namic chord. It is seen that for a fairly broad region, between 40 and 50 percent of the
mean aerodynamic chord, sonic-boom results would not be far different. Increased
shock strength for forward center-of -gravity locations is caused by the negative loading
required on the wing reflex area to provide trim and by poorer aerodynamic efficiency
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Figure 15.- Influence of center-of-gravity location on shock strength for sonic-boom
modified aft arrow-wing SST design at M = 2.7 and H = 18.3 km (60 000 ft).
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resulting in weight penalties. A large positive loading of the wing reflex area in combi-
nation with an unloaded canard was required to provide trim for the rear center-of -gravity
location. The modification of the effective area development was as large as consistency
with other cases would allow and still was not sufficient to prevent formation of a double
bow shock and a strong tail shock.

The influence of aerodynamic efficiency may be assessed in a rather simple way.
Various values of lift-drag ratios may be used in the simplified performance analysis to
establish airplane weights, and overpressures corresponding to these weights may be read
from charts such as those shown in figure 11, Results of such a study given in figure 16
are somewhat surprising. Neither appreciable gains associated with substantial improve-
ments in lift-drag ratio nor appreciable penalties associated with reasonable degradations
are found. Propulsion and materials technology are found to be of greater importance in
attacking the sonic-boom problem.

Airplane Growth for Increased Range

The primary emphasis of this study is placed on supersonic transports designed for
a payload of 21 800 kg (48 000 lbm) and a U.S. transcontinental range of 2500 nautical
miles in the belief that there would be a substantial market for such a vehicle and that
such restrictions would permit the achievement of acceptable sonic-boom characteristics.
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Figure 16.- Influence of aerodynamic efficiency on shock strength for sonic-boom
modified aft arrow-wing SST design at M= 2.7 and h = 18.3 km (60 000 ft).
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Figure 16.- Concluded.

There are however compelling economic reasons for greater range capabilities so that
one airplane will serve for both intercontinental and transcontinental missions. Because
of this concern, calculations were performed for the aft arrow-wing design to determine
the gross weight and the sonic-boom characteristics for a 3500-nautical-mile-range
airplane. Results are presented in figure 17. With the full fuel complement for a
3500-nautical-mile flight the airplane would have a gross weight of about 335 000 kg
(740 000 1bm) and at the beginning of cruise would produce a shock strength of about

62 N/m2 (1.3 1bf /£t2) if the sonic-boom design was based on that condition. It might be
desirable, however, to base the sonic-boom shaping on the begin-cruise conditions for
an off-loaded airplane with fuel for a 2500-nautical-mile mission. In that case, shock-
strength values would be about 53 N/m2 (1.1 1bf/ft2). Thus, a heavier airplane capable
of both intercontinental and transcontinental missions could be used on transcontinental
missions with about a 20-percent increase in sonic-boom overpressures. This result
however is contingent on a center of gravity maintained at the same location as for the
shorter range airplane; this may prove to be difficult if aft portions of the wing volume
are required for fuel storage.

Comparison of Design Concepts

A comparison of the estimated sonic-boom minimization potential associated with
each design approach is given in figure 18. In this comparison, each design is allowed
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Figure 17.- Influence of growth in airplane gross weight on shock strength for sonic-
boom modified aft arrow-wing SST design at M= 2.7 and h = 18.3 &km (60 000 ft).
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Figure 18.- Estimated potential for different approaches to sonic-boom
minimization. M= 2.7.
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to fly at an altitude that minimizes shock strength even though weight and economics may
be sacrificed. Allowance is also made for minor configuration changes, such as canard
relocation or wing camber modifications, to permit simultaneous improvement in trim
characteristics and sonic-boom shaping. Although technology advances offer appreciable
gains for conventional design approaches, these gains are not comparable with those
potentially attainable through departures from conventional design practices based on
sonic-boom considerations. Shock-strength levels of about 36 N/m2 (0.75 lbf/ftz) are
indicated if full advantage can be taken of technology advances in structural design con-
cepts, materials, and propulsion.

To summarize the comparison of the design concepts, shock strength may be related
in a general way to the effective length of the airplane lifting surface as shown in figure 19.
The importance of increased effective lifting length gained by long root chords, by trailing-
edge sweep, by wing dihedral, and by use of a lifting canard is obvious. It is significant
that the conventional arrow-wing design, which already has been given serious considera-
tion as a candidate SST design, lies at the knee of the curve, where near-field effects begin
to appear. Further increases in effective length could bring about sizable sonic-boom
benefits. If the results of this study are to be believed, appreciable weight increases do
not accompany increased effective length for the advanced designs shown.

Shock strength, Apg

Ibf /f12  N/m?2
100 -
2 —
. L sof
o | o L (- i I | 1 i ] _ )
30 40 50 60 70 80 90 100 m
L | R 1 ! 1
100 150 200 250 300 ft

Effective length of lifting surface

Figure 19.- Conceivable sonic-boom levels associated with departures from conventional
design procedures. Speed, M = 2.7; range, 2500 n. mi.; payload, 234 passengers.
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As noted previously, many design features conducive to sonic-boom minimization
are in direct conflict with other aspects of airplane design. A comprehensive study of
qualified airplane design teams is required to determine the extent to which sonic-boom
minimization concepts can be effectively incorporated in practical and economically
attractive airplanes.

CONCLUDING REMARKS

An investigation of sonic-boom minimization concepts employed in the design of
large (234 passenger) supersonic transport airplanes indicates that shock strengths of
somewhat less than 48 newtons/meter2 (1 pound force /foot2) for a design range of
2500 nautical miles and a cruise Mach number of 2.7 are within the realm of possibility.
An important design feature of such an airplane is a wing of large area and long root
chord located well aft with respect to the fuselage. The wing would incorporate twist and
camber designed to meet sonic-boom shaping, as well as drag minimization requirements,
and would employ positive dihedral. A canard surface may also be utilized in optimiza-
tion of the lift distribution for sonic-boom benefits. Because many of the design features
are in direct contradiction to presently accepted design practices, further study by quali-
fied airplane design teams is required to ascertain sonic-boom shock-strength levels
actually attainable for practical supersonic transports.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., April 10, 1973.
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TABLE 1.- NUMERICAL DESCRIPTION OF BASIC SST DESIGN CONCEPTS.
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(d) Aft arrow-wing SST

|:Dimensions in m and mz]

i L -1 ¢ 1 1 o 12 1 13 3) 2 &£ 1 9 1
11b6.32
Jat) 2.0 Lu. u 201 EIVIRY) e 5060 6.4 7.0 8.9
9J.U Lu.u
LlYabld 14829 04,000 67,301
+detl3d w4l 0.000 40.364
S5Te0Ul  Toodlbd 0.000 3U.328
0Y.923 G.754 0,000 22.706v
32.0U1 lae sy 0,000 Yeo4aU
Jlalad cuell? 0,000 4.267
VeddU —aled =2l —e90U  =aT5) —leutd) =1le29) =-1.500 —1.750 ~-1.999
~Lec4Y —2evYYd
NETVE) ] alo4  —eUGU  —a2iU —a334 =.5%55 -.71234 -.359 -1.070
“~lecat —iedl4
e SUD . 29y Ry SIS =054 —.la4b  —e299 =372 -.482 -—.554
—eTul ~-,82y
«e3UD o 202 w24 Y el sUbZ ~eld24 —olly  -.241 -.281 =.312
—e4Da —.D39 '
e 30D o 20T 20U 205 193 «slob « 123 191 U548 021
—eUly —euay
RV e 290 29 T «ébe . 241 e 2?0 L2109 « 193 77
- lue s 1o
U el ot . 0L o3 7 Ladi LeU7 1.3 1.02 PSR ] ol
o« 37 Jed
J ey et d wy 7 1.01 leu7 leun 1.02 .38 .67
e 37 Ue U
PNy ol .0 37 {0Vl LeUT 1.u8 1.2 . 48 .67
Y Jed
Jats ot .G wo 7 La (1 Leuf ledo 1.02 .43 67
Y Ded
It ot 1 . O o3 7 ladl Lel7 I 1.02 - 88 07
o 37 [V
el el . 0L o3 7 lat'd Leu? letid .42 « B8R 7
. 37 Jeu
JeUthl  3.u4d  Cedo Yo l44 1eal9d 106240 L8.48d 21.33¢ 24.3E84 27.432
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Ue JUU  JaUUU U0 UL UaUUY Ue WU Ueuiltd —o064 -.195 =-.323
o4 —e08l —Wllo —aBa44  —a872 —ledU3 =laddl —1.3672 —1.490 —1let??
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QaJuUl  Ledd2 coa0di  4e2l4 CLed0¢ 7018 9,167 10.498 114334 11,862
Lle9e LiaTub Llledsa 1ded G LUeb9d 106219 Je G4l G.667 G.476 $.167
el deo4d b.JUbI 10432 €e9)o 56295 3,992 2.598 1.2C8 G.u0i)
T8e334 4edT1 =2.7+43 ’
Je J) 3.040 wedIu 7024 Selan L1278
«ado Y1) L2 Lelal 1.03¢ 345
719.890 Jelb4 —L .37
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TABLE 4.- WEIGHT AND BALANCE ESTIMATES FOR ASSUMED DESIGN GROSS

WEIGHT OF 272 000 kg (600 000 lbm)

(a) Delta-wing configuration

Weight Center of gravity
kg Ibm m ft
WINg . . . v v e e e e e e e e e 32 900 72 532 53.3 175.0
Fuselage . . . . .« . v ¢ ¢« v v v v o v v a s 18 867 41 594 41.1 135.0
Horizontal tail . . . . . . .. .. .. ... 2 500 5 511 79.2 260.0
Verticaltail . . . . ... .. ... .... 2 489 5488 75.6 247.9
Controls . . . . . . v v v v v v v v v v v 4 300 9 480 59.3 194.7
Landing gear . .. ... ... e e e e 11 473 25 305 48.2 158.0
Propulsion system . ... ... .. ... 31 305 69 005 59.8 196.3
Furnishings and equipment . . . . . . .. 11 078 24 422 38.3 125.5
Airplane systems . . . . ... ... ... 9 044 19 939 38.3 125.5
Empty airplane . . . . . ... ... .. 123 956 273 276 51.4 168.5
Passengers (234) . .. ... ... .. .. 17 513 38 610 39.6 130.0
Cargo and containers . . . . ... . ... 4 826 10 640 50.8 166.7
Crew . @ v v i v v v et e et e e e e 720 1 585 28.5 93.4
‘Services . . .. . i e e s e e e e e 4 157 9 165 42.9 140.7
Passengers, cargo and containers,
crew, and services . . . . . . . . .. 27 216 60 000 41.8 137.2
Loaded airplane without fuel . . .. ... 151 171 333 276 49.7 162.9
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TABLE 4.- WEIGHT AND BALANCE ESTIMATES FOR ASSUMED DESIGN GROSS

WEIGHT OF 272 000 kg (600 000 1bm) — Continued

(b) Arrow-wing configuration

Weight Center of gravity
kg lbm m ft
WINZ . . v v v v v v ot e e e e e e e e 37 658 83 022 61.0 200.0
Fuselage . . « « v v ¢ v v v v o o v o v o s 19 761 43 565 42,2 138.3
Horizontal tail . . . . . . . . . .. .. .. 1625 3 582 84.8 278.3
Verticaltail . . . ... . ... ... ... . 1780 3 924 80.8 265.0
Controls . . . v v v v v v v v e e e e 4 300 9 480 66.4 217.7
Landing gear . . . . . . . ¢ ¢ v v o« o 11 976 26 403 53.1 174.1
Propulsion system . .. ... ... ... 32 682 72 052 71.9 236.0
Furnishings and equipment , . . . .. .. 11 078 24 422 40.9 134.1
Airplane systems ., . . .. ... ... 9 055 19 963 49.5 162.5
Empty airplane . . . . . . ...« 129 915 | 286 413 58.4 191.5
Passengers (234) . . ... ... v oo .. 17 513 38 610 40.6 133.3
Cargo and containers . . . .. .. . ... 4 844 10 680 51.8 170.0
Crew . ¢« & v v v v vt o v o v e s e e 720 1585 31.5 103.3
Services . . . .0 v i o v e e e e e e 4 139 9 125 47.7 156.5
Passengers, cargo and containers,
crew, and services . . . . . . v . o . 27 216 60 000 43.5 142.6
Loaded airplane without fuel . .. .. .. 157 130 | 346 413 55.8 183.0




TABLE 4.- WEIGHT AND BALANCE ESTIMATES FOR ASSUMED DESIGN GROSS

WEIGHT OF 272 000 kg (600 000 lbm) — Continued

(c) Aft delta-wing configuration

Weight

Center of gravity
kg lIbm m ft
Wing . . . . ... 000 e e e 35 503 78 270 71.6 235.0
Fuselage. . . . ... .. ... ...... 19 559 43 121 44,2 145.0
Canard. .. .. . .. ¢ v v 2 638 5 815 13.7 45.0
Verticaltail . . . . . . ... ... .... 1 905 4 200 86.4 283.3
Controls . . . . ... .. .. ....... 4 300 9 480 60.2 197.5
Landinggear . ... ... ... ..... 12 969 28 591 65.6 215.2
Propulsion system . ... ... .. ... 32 346 71 311 89.6 294.0
Furnishings and equipment . . . . . . .. 11 078 24 422 44.0 144.5
Airplane systems . . . .. .. ... ... 9 037 19 924 45.8 150.2
Empty airplane . . . . ... ... ... 129 335 285 134 65.8 216.0
Passengers (234) . .. ... . ... ... 17 513 38610 44.2 145.0
Cargo and containers . . . ... .. ... 4 844 10 680 55.8 183.0
Crew . . . . v v i i e e e e e e e 720 1 585 32.1 105.2
Services . . . . ... .00t e e 4139 9 125 57.3 188.0
Passengers, cargo and containers,
crew, and services . . . . . .. . . . 27 216 60 000 47.9 157.2
Loaded airplane without fuel . ... . .. 156 550 345 134 62.7 205.8
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TABLE 4.- WEIGHT AND BALANCE ESTIMATES FOR ASSUMED DESIGN GROSS
WEIGHT OF 272 000 kg (600 000 lbm) — Concluded

(d) Aft arrow-wing configuration

Weight Center of gravity
kg Ibm m ft
Wing . . . . 0 v vt i s e e e e e e e 39 993 88 169 73.2 240.0
Fuselage. . . ... ... ....¢¢.... 18 817 41 484 43.4 142.5
Canard. . . .. .o v v v v v v v oo 2 961 6 527 13.7 45.0
Verticaltail . . . . ... ... ... ... 2 547 5615 89.9 295.0
Controls . . . ... ... .0 4 300 9 480 79.5 260.7
Landing gear . . . . ¢ v v v v s o o o o« 11 784 25 980 69.6 228.4
Propulsion system . ... ... ... .. 32 520 71 695 86.0 282.3
Furnishings and equipment . . .. .. .. 11 078 24 422 42.2 138.6
Airplane systems . . . . .. ¢ o0 9 063 19 981 51.7 169.5
Empty airplane . . .. ... ...... 133 063 293 353 67.0 219.7
Passengers (234) . ... .. ¢ oo . .. 17 513 38 610 42.1 138.2
Cargo and containers . . . . . . .. . . . 4 844 10 680 55.6 182.5
Crew . . v v i i i i e et e e e e e e e 720 1585 34.2 112.1
Services . . . . . v i e e e e e e e 4 139 9 125 57.2 187.5
Passehgers, cargo and containers,
crew, and Services . . . .+ 4 4 . . . 27 216 60 000 46.6 152.9
Loaded airplane without fuel . ... ... 160 278 353 353 63.5 208.4

NASA-Langley, 1073 —— 2 Li=-8T767




1. Report No. . 2. Government Accession No. 3. Recipient’s Catalog No.
NASA TN D-7218
4. Title and Subtitle 5. Report Date
APPLICATION OF SONIC-BOOM MINIMIZATION CONCEPTS | :““? 1;’73_ —
IN SUPERSONIC TRANSPORT DESIGN - reriorming Organization Code
7. Author{s) 8. Performing Organization Report No.
Harry W. Carlson, Raymond L. Barger, and Robert J. Mack L-8767
10. Work Unit No.
9. Performing Organization Name and Address 501-06-11-01

NASA Langley Research Center
Hampton, Va. 23665

1.

Contract or Grant No.

12.

Sponsoring Agency Name and Address
National Aeronautics and Space Administration
Washington, D.C. 20546

13.

Type of Report and Period Covered
Technical Note

. Sponsoring Agency Code

15.

Supplementary Notes

16.

Abstract

A study has been made of the applicability of sonic-boom minimization concepts in the
design’of large (234 passenger) supersonic transport airplanes capable of a 2500-nautical-
mile range at a cruise Mach number of 2.7. Aerodynamics, weight and balance, and mis-

sion performance, as well as sonic-boom factors, have been taken into account.

The results

indicate that shock-strength nominal values of somewhat less than 48 newtons,/meter?2

(1 pound force/footz) during cruise are within the realm of possibility. Because many of

the design features are in direct contradiction to presently accepted design practices, further
study by qualified airplane design teams is required to ascertain sonic-boom shock-strength

levels actually attainable for practical supersonic transports.

17.

Key Words (Suggested by Author({s})

Sonic-boom minimization
Airplane design

18. Distribution Statement

Unclassified — Unlimited

19.

Security Classif. (of this report)
Unclassified

20. Security Classif. (of this page)

Unclassified

21. No. of Pages

22, Price”

57 $3.00

.For sale by the National Technical Information Service, Springfield, Virginia 22151




