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SYMBOLS

cross sectional area, m? (ft?)

body surface area, m? (ft?)

frame cross-sectional area, cm? (in.?)
semimajor axis, m (ft)

maximum semimajor axis, m (ft)
semiminor axis, m (ft)

maximum semiminor axis, m (ft)
Shanley’s constant

wing materials coefficient

maximum diameter of wing-body, m (ft)
frame spacing, cm (in.)

frame cross-section semidepth, cm (in.)
defined on figure 26, m (ft)

body depth at vertical tail . m (ft)
Young’s modulus, N/m? (lb/in.?)
complete elliptic integral of first kind
complete elliptic integral of second kind
defined by equation (C4)

eccentricity, defined by equation (A19)
compressive yield strength, N/m? (lb/in.?)

tensile ultimate strength, N/m? (Ib/in.?)

frame cross-section moment of inertia, cm* (in.*)

moment of inertia about y axis, cm?* (in.?)



vi

Iy/;“s, cm? (in.%)

defined by equation (B8)

defined by equation (B9)

shell minimum gage factor, see equation (B6)
shell geometry factor for hoop stress

frame spring constant, N/m (Ib/in.)

TPS nonoptimum factor

maximum vertical tail lift, N (1b)

body length, m (ft)

distance to breakpoint, see figure 24, m (ft)
longitudinal bending moment, N-m (1b-ft)
cruise Mach number

buckling equation exponent

stress resultant in shell, N/m (Ib/in.)

stress resultant in wall, N/m (Ib/in.)

tensile axial stress resultant, N/m (1b/ft)
compressive axial stress resultant, N/m (Ib/ft)
hoop direction stress resultant, N/m (Ib/ft)
load factor

perimeter, m (ft)

shell internal gage (differential) pressure, N/m? (Ib/in.?)

perimeter of shell, m (ft)

perimeter of walls, m (ft)

exponent of power law of wing-body, see figure 24



Rf at

breakpoint ratio, defined by equation (A9)

fatness ratio, defined by equation (AS8)

fineness ratio, defined by equation (A3)

radius of wing-body, m (ft)

defined on figure 26, m (ft)

plan area of lifting surface, m* (ft*)

breakpoint cross-sectional area of all-body, m? (ft?)
temperature, °K (°F)

mean temperature, °K (°F)

time, ks (hours)

material gage thickness, —t_s/ ng, cm (in.)

material minimum gage thickness, cm (in.)

total equivalent isotropic thickness of shell and frames, cm (in.)
smeared equivalent isotropic thickness of frames, cm (in.)

smeared frame thickness required to prevent failure caused by buckling, cm (in.)

smeared frame thickness required to prevent failure caused by pressure bending, cm

(in.)
equivalent isotropic thickness of shell, cm (in.)
shell thickness required to preclude buckling failure, cm (in.)
shell thickness required to preclude compressive failure, cm (in.)
shell thickness required to meet minimum gage constraint, cm (in.)
shell thickness required to preclude tensile failure, cm (in.)
smeared tension tie thickness, cm (in.)
smeared wall thickness, cm (in.)

thickness of wall to meet minimum gage constraint, cm (in.)

vii



t thickness of wall required to prevent tensile failure, cm (in.)

Uconst constant unit weight of TPS, N/m? (Ib/in.?)
Ucp unit weight of cover panels, N/m? (1b/in.?)
Uine unit weight of insulation plus boiloff, N/m? (Ib/in.?)
Vp body volume, m3 (ft3)

(W/S) wing loading, N/m? (1b/ft?)

Wig weight of body structure, N (Ib)

Wi ideal body weight; see equations (B17) and (B34), N (1b)
WSB weight of spanwise beam, N (1b)

WTK weight of tank, N (1b)

WTto gross takeoff weight, N (1b)

Wrps weight of TPS, N (Ib)

Wwing wing weight, N (Ib)

X longitudinal body coordinate, m (ft)

y transverse body coordinate, m (ft)

z vertical body coordinate, m (ft)

g body angle of all-body, rad

) frame deflection, cm (in.)

€ shell buckling efficiency

n volumetric efficiency of body structure

0 intersection angle for pillow tanks, rad (deg)
0; defined on figure 26, rad (deg)

A sweep, rad (deg)

0 material density, kg/m3® (Ib/in.3)

viii



PB

gross body density, kg/m? (Ib/ft?)

payload performance, N (Ib)
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STRUCTURAL WEIGHT ANALYSIS OF HYPERSONIC AIRCRAFT
Mark D. Ardema

Office of Advanced Research and Technology
Advanced Concepts and Missions Division
Moffett Field, California 94035

SUMMARY

The weights of major structural components of hypersonic, liquid hydrogen (LH,) fueled
aircraft are estimated and discussed. The major components are the body structure, body thermal
protection system, tankage, and wing structure. The method of estimating body structure weight is
presented in detail in this paper, while the weights of the other components are estimated by
methods given in referenced papers. Two nominal vehicle concepts are considered: the advanced
concept employs a wing-body configuration and hot structure with a nonintegral tank, while the
potential concept employs an all-body configuration and cold, integral “pillow” tankage structure.
Characteristics of these two concepts are discussed and parametric data relating their weight
fractions to variations in vehicle shape and size. design criteria and mission requirements, and
structural arrangement are presented. Although the potential concept is shown to have a weight
advantage over the advanced, it involves more design uncertainties since it is farther removed in
design from existing aircraft.

INTRODUCTION

This paper presents the weight analysis of the body structure of liquid hydrogen fueled
hypersonic aircraft and discusses the weight characteristics of selected hypersonic aircraft designs.
The weight items considered in addition to the load-carrying body structure are the body fuel tank,
the body thermal protection system, and the wing. Not all these items will be needed for every
design. These four weight items constitute the major portion of the dry weight of hypersonic
aircraft; for a typical cruise vehicle they account for about 35 percent of the gross takeoff weight
(the total dry weight is about 55 percent of gross). The weight of the remaining items (propulsion
system, landing gear, surface controls, fixed equipment) does not vary substantially with changes in
vehicle concept. Thus, to a first approximation, the sensitivity of vehicle dry weight to design
parameters may be assessed by considering the four weight items mentioned above.

Preliminary weight estimates of aircraft traditionally have been made using empirical methods
based on the weights of existing aircraft. Reference 1 describes such methods, and references 2 and
3 apply them to hypersonic aircraft. Studies have shown, however, that the bodies or fuselage
designs of hypersonic aircraft will be significantly different from those of existing aircraft
(refs. 4—11). The most important of these differences are the requirement for containment of
cryogenic fuel in the body, the presence of insulated structure, and possibly the employment of
noncircular structural shells. These differences suggest the need for an analytically based method of
arriving at preliminary body weight estimates rather than methods relying on historical data. On the



other hand, in a preliminary design effort such as that in progress for hypersonic aircraft. a large
number of vehicle designs must be rapidly evaluated. This requirement precludes the use of detailed
methods of structural analysis at present, and body structure weight for preliminary design purposes
must be computed on the basis of idealized vehicle models and simplified structural analysis.

The development and application of an analytical method based on beam theory for
estimating body weight is presented in detail in this paper. The analysis considers only yield
strength and buckling failure modes; it cannot be employed in place of a detailed design study for
making final design decisions or for determining accurate weights. The analysis has been
programmed for a digital computer to yield rapid estimates. The program is well suited both for
weight-sensitivity studies and for incorporation as a subprogram in a mission performance model.

One of the most important considerations in preliminary design is configuration selection. For
hypersonic aircraft, there is a trend toward configurations in which the vehicle wing and body are
somewhat blended. The limiting case of this trend is the all-body configuration, which has no
structure designed solely to produce lift. From a weight standpoint, the all-body shape appears to
have both inherent advantages and disadvantages when compared with the conventional wing-body
shape. Among the advantages are the elimination of the wing and smaller overall dimensions.
Principal disadvantages are greater body surface areas and noncircular structural sections. Both
configurations are considered in this paper.

For hypersonic aircraft, basic questions arise concerning the arrangement of the body
structure (ref. 12). For example, the structure may be either exposed to the atmosphere (‘“hot”
structure) or protected from atmospheric heating by an insulation system (‘“‘cold” structure). The
fuel tank may be either separate from the body structure (nonintegral tankage) or combined with
the body structure as one unit (integral tankage). Wing-body versus all-body, hot structure versus
cold structure, and nonintegral versus integral tankage are compared and discussed.

The primary purpose of this paper is to present and discuss parametric (weight sensitivity)
data for hypersonic aircraft. Weight sensitivity data are presented for two nominal designs or
concepts. The ‘“‘advanced” concept employs a wing-body configuration, hot structure, and a
nonintegral tank. The “potential” concept uses an all-body configuration and a cold, integral pillow
tank structure consisting of intersecting conical shells. Characteristics of these nominal designs are
discussed and results are presented relating variations in weight with parameters in the following
areas: (1) vehicle size and shape, (2) design criteria and mission requirements, and (3) structural
design.

METHOD OF ANALYSIS

The vehicle configurations considered in this study are shown in figure 1, and their
geometrical relationships are presented in appendix A. The wing-body configuration consists of a
double-ended, power-law body of circular cross section and a delta wing. The all-body arrangement
is composed of an elliptical-cone forebody with an afterbody of elliptical cross section, which fairs
to a straight-line trailing edge. These shapes were chosen both because they are easily described in
mathematical form and because they represent well two designs currently of interest in hypersonic
studies. The body structure is a shell in the same shape as the body configuration for all concepts



Figure 1.— Hypersonic aircraft configurations.

except those employing pillow tankage. In the pillow tankage concepts, intersecting conical tanks
are fitted within the all-body configuration as described in appendix A and illustrated in figure 2.

ADVANCED POTENTIAL

H\INSULATION/x
/ WALLS

éf COVER PANELS

&5

WING - BODY CONFIGURATION
HOT STRUCTURE
NON-INTEGRAL TANKAGE

FRAME STABILIZED,
INTEGRALLY Z-STIFFENED,
NI ALLOY SHELL

ALL-BODY CONFIGURATION
COLD STRUCTURE
INTEGRAL PILLOW TANKAGE

PRESSURE STABILIZED,
TRUSS-CORE SANDWICH,
TI ALLOY SHELL

Figure 2.— Nominal structural concepts.

The loads were computed by methods described in reference 13. Briefly, longitudinal
bending-moment distributions were based on vehicle loading due to a static maneuver (2.5 g
pullup), a dynamic gust condition (15.25 m/s (50 fps) vertical wind shear), and a dynamic landing
impact (3.05 m/s (10 fps) sink speed). A safety factor of 1.5 was applied to all loading conditions.

The resulting bending moments at each longitudinal body station were used to compute the
amount of structural material required at the point of maximum stress. This material was
distributed uniformly around the circumference, as is commonly done in preliminary weight
analysis (cf. ref. 14, sec. 15.6). The portion of the material at the sides of the body not required for
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resisting bending loads was assumed sufficient for resisting shear and torsion loads. Although
variations in structural body weight arise primarily from variations in bending moment, loads due to
pressurization were also accounted for and used to relieve compressive bending loads (pressure
stabilization) in integral tank concepts. In addition, the all-body concepts incorporate sufficient
spanwise structure in the aft sections to introduce the tail loads into the body structure.

Two structural arrangements are considered: an integrally Z-stiffened shell stabilized with ring
frames, and a truss-core sandwich shell without frames. The structural materials considered are an
aluminum alloy, a titanium alloy, a high-strength nickel alloy, and a high-temperature nickel alloy.
The values of mechanical properties used for this study are 70 percent of the minimum values for
procurement specification purposes given in reference 15 at the appropriate structural temperature.
For integral tankage concepts the weight of such secondary structures as bulkheads and other items
necessary to enable the structure to contain fuel must also be included. For nonintegral tanks, a
separate fuel tank weight is computed. For the all-body configuration with integral tankage, either
pillow tankage is used or internal truss-work is added to carry the pressure loads.

Appendix B gives in detail the body structural weight analysis, which assumes that the
material exhibits elastoplastic behavior. Tensile yield, compression yield, and buckling failures are
accounted for; in addition, there is a minimum gage restriction on the shell. The maximum stress
failure theory was used for predicting yield failures. This theory results in very nearly the same
weight estimates as can be obtained with failure theories based on biaxial states of stress. Buckling
calculations assume the stiffened shell concepts to behave as wide columns and the sandwich shell
concepts to behave as cylinders. The buckling equations, based on the results of reference 16, are
derived in appendix C. The “nonoptimum’ weights, which amount to about 40 percent of the body
structure weight, are determined by an empirical method based on existing aircraft, as described in
appendix B. The same nonoptimum factor is used for all concepts, even though sandwich structures
might be expected to have higher nonoptimum weights because of the need for greater
reinforcement in the vicinity of joints and cutouts. Since a circular section may be viewed as a
special case of an elliptical section, the analyses of appendixes B and C are made for the all-body
configuration and reduced to the wing-body as a special case.

The frames required for the stiffened shell concept are sized by the Shanley criterion (chap. 3,
ref. 14). This criterion is based on the premise that, to a first-order approximation, the frames act as
elastic supports for the wide column (p. 405, ref. 17; and p. 490, ref. 18), and it is widely used for
weight estimation of ring-stiffened shell structures (refs. 19, 20, 21). Recent analyses based on more
exact buckling models have indicated that in certain cases Shanley’s criterion may either
significantly overestimate or underestimate buckling loads for general stability (refs. 22, 23). For
the structural arrangements considered in this paper (internally stiffened shells, d/r &~ 0.2) the
Shanley criterion appears to be conservative. The criterion is extended to elliptical shells in
appendix C, where it is shown that weight is relatively insensitive to the value of Shanley’s constant.

Because nonoptimum weight is determined by comparison with existing subsonic aircraft,
some phenomena peculiar to hypersonic vehicles are neglected in the analysis. Perhaps most
important of these phenomena is the thermal environment. The high exterior temperature of the
vehicle and the cryogenic temperature of the interior cause high thermal gradients, which may lead
to significant thermal stresses, particularly in integral tankage concepts. However, a rough
calculation based on the methods of reference 24 (chap. 10) indicates thermal stresses to be
approximately an order of magnitude less than the bending stresses for the integral tankage
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concepts considered here. Thus, although the thermal stresses may be high in certain local portions
of the structure, the effect on the total weight may be expected to be small. This is in agreement
with reference 7 which states that estimated thermal stresses cause about a 5 to 10 percent increase
in weight. The thermal stresses in thin structures such as wings, on the other hand, may be expected
to be significantly higher and, in fact, have been found to be approximately equal to bending
stresses (ref. 25).

Another aspect of the thermal environment, the effects of high temperature on the physical
properties of structural materials, can result in complex failure mechanisms involving fatigue,
stress-corrosion, creep, and thermal cycling. all of which are beyond the scope of this study. It is
assumed that using 70 percent of long-time, at-temperature material properties will account for such
phenomena to a major extent. Also neglected is the weight of such high temperature materials as
refractory metals, which may be required in portions of the vehicle exposed to the highest
temperatures, such as the nose and wing leading edges.

The methods used to estimate the weight of the tankage, the thermal protection system, and
the wing are discussed briefly in appendix B. Tankage weight is estimated using information from
reference 26 which describes the design, fabrication, and testing of a flight-weight liquid hydrogen
tank and thermal protection system. Insulation thicknesses for thermal protection systems are
computed from the transient heat conduction analysis described in reference 27; the calculation of
the nonoptimum weight of this system utilizes information from reference 26. Although many
thermal protection system concepts have been proposed (refs. 28 and 29) the only concept
considered here is a passive system using helium-purged. quartz-fiber insulation. As noted earlier.
wing weight is estimated by an empirical relationship from reference 3.

RESULTS

Characteristics of Nominal Concepts

The results of the weight study are presented primarily in the form of sensitivities of the
weight of two nominal concepts to various parameters. The “advanced” concept represents the
most conventional approach to hypersonic aircraft and would entail relatively little innovation and
development. The ‘“potential” concept represents a substantial departure from conventional aircraft
designs and hence involves many more design uncertainties than the advanced concept. It must be
remembered that to assess mission performance, aerodynamic and propulsion system characteristics
must be considered as well as the dry weight fraction. The aerodynamic and propulsion system
characteristics of the all-body configuration are analyzed in references 30 and 31, respectively, and
the mission performance of this configuration is reported in references 10 and 11.

Figure 2 shows the structural arrangement of the advanced concept, which uses the wing body
configuration shown in figure 3(a). The vehicle gross takeoff weight is 2220 KN (500,000 Ib), the
body volume is 2020 m? (71,400 ft?), and the body length is 95 m (312 ft). The nominal mission is
a 10.2 Mm (5500 n. mi.) cruise at a Mach number of 7. The hot, load-carrying, body structure of
this design consists of an integrally Z-stiffened shell stabilized with ring frames. The structural



material is a nickel alloy, and the structure is designed for an internal pressure of 13,800 N/m?
(2 psi) (not pressure stabilized). The fuel tank is nonintegral and has a helium purged, quartz-fiber
insulation system.

Figure 2 also shows the structural arrangement of the potential concept, which uses the
all-body configuration shown in figure 3(b). The nominal vehicle size and mission are the same as
for the advanced concept. The potential design has a cold, integral, pillow tank, load-carrying body
structure consisting of a truss-core sandwich shell and monocoque walls, pressure stabilized at
69,000 N/m? (10 psi). The structural material is titanium alloy. Exterior nickel alloy cover panels
and helium-purged quartz-fiber insulation are required for thermal protection of the pillow tankage
structure.

GTOW = 222 MN (500,000 ib)
VOLUME = 2020 m3 (71400 ft3)
LENGTH =95 m (312 ft)

WING AREA

580 m2 (6250 f12) )

(a) Wing-body.
GTOW = 2.22 MN (500,000 |b)
VOLUME = 2020 m3 (71400 ft3)
LENGTH =58 m (190 ft)

PLAN AREA = 898 m2 (9660 f12)

A e

(b) All-body .,

Figure 3.— Configurations.

Figure 4 shows the longitudinal bending moments as a function of body station for the two
configurations; note that the magnitudes of the bending moments are approximately the same for
both. The characteristics of the bending moment distributions are described in reference 13. For the
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loading conditions chosen, both the all-body and the wing-body maneuver and landing conditions
are dominant, while the gust condition does not significantly affect vehicle loadings. The three loads
were assumed to act independently.
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Figure 4.— Bending moments.



The unit weights of the shell and frames (weight per unit body wetted surface area) of the
advanced concept, and of the shell and walls of the potential concept, are shown on figure 5. These
curves have generally the same shape as the bending moment distributions of figure 4. For both
concepts the structures are buckling limited, except for portions at the front and rear that are
limited by a shell minimum gage constraint. The smallest allowable thickness of any structural
elements was assumed to be 0.0254 ¢cm (0.01 in.). The potential concept is more restricted by the
minimum gage constraint than the advanced. The overall average unit masses (weights) of the
load-carrying body structures (including nonoptimum mass and, in the case of the potential
concept, bulkhead and spanwise beam mass) are 22 kg/m? (4.5 Ib/ft*) for the advanced concept
and 13.2 kg/m? (2.7 1b/ft?) for the potential.
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20
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Figure 5.— Unit weights.
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Figure 6 shows the equivalent isotropic thickness T — that is, the thickness of an equal mass
isotropic shell — and gage thickness, tg as a function of body station. These curves are, of course
proportional to the unit weight curves of the previous figure.
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Figure 6.— Shell thicknesses.



The weight breakdowns of the two nominal concepts are shown in figure 7, where both weight
fractions (of gross weight) and absolute weights are given. The load-carrying body structure weight
consists of a shell, frames (stiffened shell concepts only), walls or truss work (all-body integral
tankage concepts only), spanwise stiffening (all-body concepts only), and nonoptimum weight.
Walls or truss work is used to carry pressure loads in the all-body integral tankage designs because
this type of construction is more efficient than a shell. As previously mentioned, spanwise stiffening
is required at the rear of all-body configurations because of the large span in that part of the vehicle.
Designs with nonintegral tankage include tank weight; those with wing-body configurations include
wing weight. The thermal protection system (TPS) weight includes insulation and, for cold structure
concepts, the cover panels shown in figure 2. Most of the other items making up the dry weight of
hypersonic aircraft (such as landing gear, control surfaces, fixed equipment, and propulsion system)
vary only slightly with changes in vehicle concept and total about 25 percent of the gross takeoff
weight for most designs. Weight statements of hypersonic vehicles may be found in references 10
and 11. In this paper, the term weight fraction refers only to those items shown on figure 7.

4T 7200.000 5800000
WING
3 7 1580,000 600,000
2
e HERMAL
~ T \ -
Q | pRotecTion | | INSULATION COVER = z
@ PANELS E =
w.2r THeRMAL | 100,000 & + 400,000 T
= TANK PROT?CTAI(%N u 8
5 INSULATION z | z
1)
3 NONOPTIMUM
A NONOPTIMUM 4 50,000 - 200,000
STRUGTURE{ [ FRAMES T
DULRHEADS 1 1 STRUCTURE }
SHELL [ WALLS —
SHELL
0 o A 0
ADVANCED POTENTIAL

Figure 7.— Weight breakdown.

Note that the weight fraction of the potential concept, 0.240, is significantly less than that of
the advanced, 0.355. The relatively low weight fraction of the potential concept is due primarily to
the use of cold, integral tank structure as discussed later. The combined weight of the wing and tank
required by the advanced concept more than account for its greater weight fraction. It is also of
interest to note that the structure and TPS weight fractions are equal for the potential concept.
Finally, it must be kept in mind that the potential concept, being a radical departure from
conventional aircraft designs, contains many more design uncertainties than the advanced.

Effect of Variations in Shape and Size
The advanced concept— Figures 8, 9, and 10 show the effects of changes in three shape
parameters on weight fractions; the tick marks on these figures indicate the nominal values of these

parameters. The nominal shape analyzed here is not necessarily optimum; it was chosen only as a
base about which shape variations were made.
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Figure 8 shows the effect of variation of
fineness ratio on the weight fraction. For this
parameter, wing weight and tank weight
remain fixed and the TPS weight increases
slightly due to increasing surface area. With
fineness ratio, however, body structure weight
increases nearly linearly. Fineness ratio also
has a strong and opposing influence on
aerodynamic efficiency and is thus an
important parameter for configuration
optimization.

Figure 9 shows the variation of weight
fraction with the exponent of the power law
that defines body shape (appendix A). The
shape varies from a cylinder (exponent = 0) to
a double-ended cone (exponent=1). The
wing, TPS, and tank weights remain essentially
constant for this variation. Since the
maneuver loads decrease with increasing
exponent (because the longitudinal lift and
weight distribution becomes more similar)
and the landing loads increase (because the
vehicle length increases), the structural weight
fraction has a minimum value at about the
nominal value of the exponent.

The effect of varying takeoff wing
loading is shown in figure 10. The
predominant effect of increased wing loading
(decreasing wing area) on the body structure
is that the body carries an increasingly large
percentage of the lift. As a result longitudinal
lift and weight distributions are more
compatible, thus reducing maneuver loads and
hence structural weight. The TPS and tank
weights remain constant, while the wing
weight decreases as wing loading increases.
The net effect is a significant decrease in
weight fraction with increasing wing loading.
In practical designs, this increase in wing
loading is limited by landing and takeoff
considerations, cruise efficiency, strength of
sonic boom, and so on.
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Figure 11 shows the effect of size on

Sr ) > 3 the weight fraction of the advanced
\TSITY-“/MLL concept; the tick mark indicates the gross
4 weight and density of the nominal design.
\_’__T_i_’/,'_@ﬂ’—~ The shape parameters R, P, and W/S
3k . wine 16000 were held at their normal values, and only
WEIGHT SN i_ ________________ maneuver loads were considered. The
FRACTION ™s - three values of gross vehicle density
2r e T examined cover the range of possibilities
T IAN,K ————————————— for LH, fueled, hypersonic vehicles;
p === T because of the low density of hydrogen
STRUCTURE fuel (about 72kg/m® (4—-1/21b/ft3)),
! ! ! L L ) these values are lower than those typical
0 200 400 600 80O 1000 |200xI0° of current transport aircraft (about 160 to
. GROSS TAKE-OFF WEIGHT, Ib 400 kg/m?® (10 to 25 Ib/ft?)). Individual
0 [ 2 3 4 5 weight items are shown only for the
GROSS TAKE - OFF WEIGHT, MN 112 kg/m® (7 1b/ft®) density, but the
variations seen here typify results for
Figure 11.— Effect of size (advanced). other densities.

As would be expected the body structure weight fraction increases with gross takeoff weight
(Wt(o), except at low gross weights where the structure is significantly affected by the minimum
gage constraint. It is also evident that the variation of structure weight fraction with Wro agrees
well with the relationship (Wgg/Wp) ~ Wro' /6 obtained by combining the simplified bending
moment versus gross takeoff weight relationship of reference 13 with the assumption that the entire
structure is buckling limited. Tank weight fraction for this design is independent of Wt for
constant density because tank weight is assumed to scale linearly with body volume. The TPS
weight fraction, which is predominantly influenced by surface area, increases as Wt decreases, and
it assumes major importance at low Wro where the surface area to volume ratio is large. Wing
weight fraction remains very nearly constant. The combined effect of all these variations produces a
total weight fraction that is relatively insensitive to changes in W, except at low values of Wpqy
where increases in TPS weight and, to a lesser extent, structure weight, result in higher weight

Sr fractions. Changes in density (hence also

volume and surface area) affect the weight

al fraction primarily through TPS weight which,

to a good approximation, is proportional to

3| surface area. Lower density vehicles (larger

WEIGHT volumes) are seen to have higher weight
FRACTION —\T\—/ fractions.

2r TPS

The potential concept— The effects of

N shape and size variations on the weight

STRUCTURE fractions of this concept are shown in

0 ! ! | figures 12 through 15; as before, the tick

-5 6 ’ -8 marks indicate the nominal values of the

KPOINT RATIO .
BREA shape parameters. The effects of parametric

_ _ . ' variations on aerodynamic efficiency are
Figure 12.— Effect of breakpoint ratio (potential). discussed in reference 30. The effect of
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Ar breakpoint ratio (eq. (A9)) is shown in
figure 12. Note that structural weight
3p fraction tends to decrease as the
F\AR/EéqulgN breakpoint moves aft, while the TPS
weight fraction tends to increase. The
TPS net effect of these two opposing
influences results in a weight fraction
that is fairly insensitive to breakpoint
ratio.

2r

STRUCTURE

| 1

0
60 70 80 90 .
BODY SWEEP, deg Figure 13 shows that as the body

| I | | I J sweep increases, structure weight
1.0 1.1 BOD|§(ZSWEEFI’:3rod .4 1.5 fraction ten'ds to decrease because the
cross-sectional shape becomes

Figure 13.— Effect of body sweep. increasingly cylindrical. The TPS
5 weight fraction also decreases,
primarily because of decreasing surface
area. At sweeps approaching the
limiting value of m/2rad (90°),
however, this trend is reversed due to
WEIGHT the rapidly increasing vehicle length
FRACTION 12(7) and associated increased structural
2r 160 (10) weight. The overall result is the
occurrence of a minimum value of
Ok T weight fraction at about 1.4—1.5rad

STRU(l:TURE (80°—85°) sweep.
L
o] 200 450 6(1)0 B(I')O IOIOO |260><|o3 The effect of varying fatness ratio
GROSS TAKE-OFF WEIGHT, |b (eq. (A8)) is shown in figure 14. As
0 ; 12 é "} 45 fatness ratio increases, the vehicle
GROSS TAKE-OFF WEIGHT, MN becomes more cylindrical and
compact, causing both the structure
and TPS weight fractions to decrease.
Sr It is apparent that the total weight
fraction is very sensitive to this
a4t parameter, with large fatness ratios
corresponding to low weight fractions.
However, reference 30 shows that
WEIGHT aerodynamic efficiency decreases
FRACTION sharply with increasing fatness ratio;
2 this parameter therefore exerts great
influence in configuration
A E optimization.
STRUCTURE

DENSITY =64 Kg/m2 (4 |b/ft3)

Figure 14.— Effect of fatness ratio.

| ! I l | | L Figure 15 shows the effect of size
Y 02 04 06 .08 .0 .2 14 on the weight fraction of the potential
FATNESS RATIO concept for the same three densities

Figure 15.— Effect of size (potential). considered for the advanced concept.
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As before, only maneuver loads are considered, and the shape (RBRs Rpgp> A) is held fixed.
Comparing figures 11 and 15, the structure and TPS weight fraction variations with Wt are
evidently very similar for both concepts. For the potential concept, however, the relatively high
TPS weight fraction compared to the structure weight fraction results in a reversal in weight
fraction variation; the weight fraction decreases with increasing W, and tends to approach a
constant value as Wy increases. This increase in weight fraction at low values of Wt results
primarily from the relatively large surface areas and minimum gage restrictions on the structure
accompanying the reductions in overall sizes. Simplified analysis gives the relationship
(Wgs/Wto) ~ Wro' /s which agrees reasonably well with figure 15. The effect of density on the
weight fraction is the same as for the advanced concept. Reference 30 indicates that aerodynamic
efficiency is relatively insensitive to variations in size for the potential concept.

Effect of Variations in Design Criteria
and Mission Requirements

5 The effect of load factor n is
summarized in figure 16 for both concepts.
4l Tank weights was held constant and TPS
ADM weight remained nearly constant. Both wing
—— weight and body structure weight, however,
WEIGHT S increased with increasing load factor, thereby
FRACTION M causing total weight fractions of both concepts
2F to increase. The weight fraction increase is
very nearly linear above about n = 2; below
this value, both landing and maneuver loads
influence the design.

° I2 !3 4 Figure 17 shows the effect of design

MANEUVER LOAD FACTOR landing weight. Only body structure weight is
affected by this parameter. The weight

i — f; .
Figure 16.— Effect of load factor fractions of both concepts are seen to be

5 relatively insensitive to this parameter even for

values approaching the gross takeoff weight. It

a4l may be concluded, therefore, that the weight

ADVANCEDT. penalty incurred by the requirement that these

oL particular vehicles land at gross takeoff weight
’ will be small.

F\QIE(I%TJN | POTENTIAL

.2r One of the most important mission

parameters for hypersonic cruise vehicles is

L cruise Mach number M¢. Before discussing the

effect of MC variations on weight fraction, it is

o 1 | | . | instructive to consider the temperature-time

5 6 7 .8 .9 o) characteristics of hypersonic cruise aircraft.
DESIGN LANDING WEIGHT/GROSS TAKE-OFF WEIGHT  Typjcal plots of temperature and time as a

Figure 17.— Effect of design landing weight. function of cruise Mach number for a fixed
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range are shown in figure 18 (ref. 30). The cruise time t decreases in an asymptotic fashion as M
increases, while surface temperatures increase. The maximum exterior surface temperature Tgip,c 18
used for computation of hot structure and cover panel weights, while the mean upper and lower

surface temperatures Tu per and Tlower are used in the computation of insulation weight. To a
first approximation, insulation unit weight is proportional to the rectangular temperzi’gure--time pulse
(area under the T versus t curve; ref. 27). Since figure 18 indicates that the products Tup er X tand

Tiower
fairly insensitive to M.

X t are very nearly independent of Mc, it can be expected that insulation weight will be

RANGE =10.2 Mm (5500 n.mi.)
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Figure 18.— Temperature-time characteristics.

RANGE = 10.2 Mm (5500 n. mi)

S
ADVANCED ~
4 NI
Ni
3 Ti
WEIGHT
FRACTION ——— 4 POTENTIAL
2F
O E
| | | | L }
0 2 4 6 8 10 12

CRUISE MACH NUMBER, M¢

Figure 19.— Effect of cruise Mach number.

From data in figure 18 the effect on
weight fraction of cruise Mach number M is
shown in figure 19 for both nominal concepts
at a fixed range of 10.2 Mm (5500 n. mi.).
For the advanced concept, the tank weight
remains constant for this variation, and the
TPS weight, for reasons discussed above,
remains very nearly constant. The wing and
body structure weights increase with Mc
because they are exposed to the increasing
exterior surface temperature. Titanium alloy
structure appears best for cruise Mach
numbers up to about 5, at which point loss in
ductility of present day alloys due to thermal
effects prohibits further use. A high-strength
nickel alloy is applicable for vehicles in the
Mach number range of 5 to 9, while a lower
strength nickel alloy with better oxidation
resistance is required above about Mach 9.
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The trend for the advanced concept is obviously increasing weight fraction with increasing
MC' The trend of the potential concept, however, is quite different. In this design, the body
structural temperature (and hence the weight) is held fixed, and the TPS weight varies as the
exterior temperatures and time vary. Since TPS weight is insensitive to M (assuming cover panel
weight does not change radically), the potential concept weight fraction is very nearly independent
of cruise Mach number and, in fact, decreases slightly at higher M. More generally, it would appear
that the weight fraction of any vehicle with cold integral tankage flying a fixed range mission will be
insensitive to M, regardless of vehicle configuration. The comparison of the two concepts in
figure 19 shows that the potential concept becomes relatively lighter as M increases.
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Figure 20.— Effect of minimum gage.
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Figure 21.— Effect of pressurization (potential).
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Since it was found that minimum gage
restrictions on the body structure
f%uence portions of the structure, the effect
of minimum gage was investigated; the results
are shown in figure 20. As might be expected
the integrally stiffened shell of the advanced
concept is less sensitive to t.,, than the
sandwich shell of the potential concept. For
the advanced concept, values of tmg up to the
nominal value of 0.0254 cm (0.01 in.) do not
cause any significant increase in weight
fraction. Above this value, the effect of tm
becomes increasingly more significant until, at
about 0.0762cm (0.03in.), the entire
structure is minimum gage limited. For the
potential concept, the minimum gage
constraint has a slight but noticeable effect on
the weight fraction at the nominal value.
Above this value this constraint rapidly
becomes significant with the entire structure
being minimum gage at about
tmg =0.0508 cm (0.02 in.)

For a pressure-stabilized, integral tank,
cold structure there are two parameters that
may be wused for weight fraction
minimization — internal gage pressure of the
structure P, and maximum allowable
structural temperature. Figure 21 shows the
effect of Pg on the weight fraction of the
potential concept, in which pressure loads are
used to relieve compressive loads. The weight
initially decreases with Pg until a minimum
weight is reached at the nominal pressure of
about 69,000 N/m? (10 1b/in.?); above this
value, weight increases with pressure. The
weight variation is seen to be slight up to
pressures of about 103,500 N/m? (15 1b/in.?).



The second of the two design parameters available for weight minimization is the maximum
allowable structural temperature, which may be adjusted by varying insulation thickness. With
increased structural temperature, body structure weight increases due to degradation in material
properties, while the TPS weight decreases. The net effect (fig. 22) is that the weight fraction of the
potential concept is independent of maximum structural temperature over a wide range of
temperatures (about 367° K to 589° K (200° to 600° F)).

ar
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MAXIMUM STRUCTURAL TEMPERATURE, °F
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MAXIMUM STRUCTURAL TEMPERATURE, °K

Figure 22.— Effect of structural temperature (potential).

Effects of Variation in Structural Concept

The last variation considered is the highly important one of structural concept. Considering
the wing-body configuration first, figure 23(a) shows the weight fractions for four different
structural concepts or designs. The first is the advanced concept already discussed. The second
concept differs from the first in that insulation and cover panels are added to limit maximum

Mc = 7, RANGE =10.2 Mm (5500 n.mi.)
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(a) Wing-body configuration.
Figure 23.— Effect of structural concept.
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structural temperature to 367° K (200° F), thus permitting the use of an aluminum alloy, rather
than a nickel alloy, structure. The results show that the decrease in structure weight (about
50 percent) more than compensates for the increase in TPS weight, and a significant reduction in
total weight fraction is achieved. The third concept differs from the second in that
pressure-stabilized, integral tankage is used. Even though pressure stabilization reduces structural
weight slightly, this reduction is offset by the addition of bulkheads and other secondary structure
required with integral tankage, and the structure weight fraction increases. A major improvement
however, accrues from the elimination of the tank, enough so, in fact, that the total weight fraction
of this concept is markedly lower than the previous one. In the fourth concept the aluminum
structure is replaced with a titanium truss-core sandwich structure and sufficient thermal protection
to limit maximum temperatures to 478° K (400° F). This change provides practically no
improvement in the weight fraction. It is concluded from this figure that cold structure, integral
tank designs are potentially lighter in weight than hot structure, nonintegral tank designs. For these
lighter weight designs, the wing, TPS, and structure weights contribute approximately equally to the
total weight. It must be remembered, however, that design complexity and development
uncertainty tend to increase from left to right in figure 23(a).

Figure 23(b) presents the results of a similar analysis of the all-body configuration for the
same four structural concepts. For this configuration it was found that the hot structure with
nonintegral tank concept has a structure weight fraction of 0.71 and a total weight fraction of 0.86.
This prohibitively high weight is due to pressure bending of the elliptical frames, which cannot be
relieved by tension ties when a nonintegral tank is used. Even if the structure is aluminum alloy at
367° K (200° F) (the second concept on fig. 23(b)) the weight fraction is still a prohibitively high
0.61. It is clear that unsupported elliptical shells having ellipse ratios a/b approximating 4, when
subjected to pressures even as small as 13,800 N/m? (2 psi), are impractical for hypersonic aircraft

Mc = 7, RANGE = 10.2 Mm (5500 n.mi.)
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Figure 23.— Concluded.
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body structures. If pressure-stabilized, integral tankage structure with internal tension ties is used,
the third concept in figure 23(b), a reasonable weight fraction results. The fourth concept, the
potential concept discussed earlier, is significantly lighter than the third one.

Comparing figures 23(a) and (b) to assess the relative weights of the wing-body and the
all-body configurations shows that for all structural concepts both the structure and TPS weight
fractions are less for the wing-body than for the all-body. This is due primarily to the noncircular
cross section of the all-body and its relatively high surface area. For the lighter weight designs,
however, the advantage of the wing-body structure is offset by the wing weight, and both
configurations have approximately the same weight fraction. The potential concept clearly is the
lighter of the two concepts because it uses cold, integral tank structure — not because of its all-body
configuration.

CONCLUDING REMARKS

The weight fractions of major structural components of hypersonic aircraft have been
estimated for two nominal vehicle concepts. The advanced concept was found to have a structural
weight fraction (consisting of body structure, body thermal protection system, tankage, and wing
structure) of about 0.35. The potential concept had an equivalent weight fraction of about 0.24
with approximately half the weight in body structure and half in thermal protection system. The
body structures of each concept were predominantly buckling critical with small portions limited
by a minimum gage restriction.

For the advanced concept, fineness ratio was the shape parameter with the most influence on
the weight fraction, while fatness ratio was the most influential for the all-body. As gross takeoff
weight increases the structural weight fraction increases and the thermal protection weight fraction
decreases. As a result, the total weight fraction increases slightly as gross takeoff weight increases in
the case of the advanced concept, and decreases for the potential concept. At very low gross takeoff
weights the weight fractions of both concepts become large. More dense vehicles were found to have
lower weight fractions.

In the area of design criteria, it was found that weight fraction varied linearly with design
maneuver load factor but was not affected by changes in design landing weight. Increasing the cruise
Mach number for a constant range mission was found to increase the weight fraction of the
advanced concept, while for the potential, the weight fraction did not vary significantly with Mach
number. This conclusion appears to apply to any hypersonic aircraft with integral tankage for a
fixed range mission. Although the potential concept was found to be more sensitive to minimum
gage constraints than the advanced, this result was not significant for either concept. For
pressure-stabilized, integral-tankage designs, the weight fraction appears to be relatively insensitive
to design gage pressure, and to maximum structural temperature over a wide range of temperatures
as well.

It was also determined that in general, cold structure designs are lighter than hot, and that

pressure-stabilized, integral-tank structures are lighter than nonintegral. The lighter weight
structures however, are also those involving the greatest design uncertainties. For the lightest weight
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designs, concepts using wing-body configurations had about the same total weight fractions as those
using all-body configurations. Vehicle designs involving hot, nonintegral structures and all-body
configurations were found to be prohibitively heavy.

National Aeronautics and Space Administration
Moffett Field, Calif. 94035, October 5, 1971
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APPENDIX A
VEHICLE GEOMETRIES

Considering the wing-body configuration first, the wing-loading gross density, and fineness
ratio are defined as

W/S = Wro/S,, (A1)
pp=Wro/Vp (A2)
Rjn = 4/D (A3)

where S.. is the wing plan area (see fig. 24). The body exterior contour is described by a power law
as shown in the figure. A simple integration gives the body volume as

Vg = 7D*2/4(2p + 1) (A4)
z
WING -BODY ALL-BODY
Figure 24.— Vehicle geometries.
Solution of equations (A2), (A3), and (A4) for the length € results in
2= [4(2p + DRgjp* Wolmogl '/ (AS)

Thus, if the wing shape parameters A and W/S, the body shape parameters p and Ry, and the body
size parameters pg and W are all specified, the wing-body configuration is geometrically defined.
A wing with leading edge sweep A of 1.22 rad (70°) was used throughout the study. Since the cross
section of this configuration is circular, the cross section properties are well known.
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For the all-body, the geometry is somewhat more complex because the lifting surface may not
be sized independently of the body. The wing loading, gross density, fatness ratio, and breakpoint
ratio are defined as

W/S = Wro/S, (A6)
8= W10/ Vp (A7)
Rpat = S7/Sp (A8)
RpR = £,/2 (A9)

where Sp is the body plan area and Sy is the cross-sectional area at the breakpoint (S7r is also the
maximum cross-sectional area if 0.5 < Rpr < 1.0). With the aid of figure 24, the body plan area,
breakpoint cross-sectional area, and volume are computed to be

Sp = Q% /tan A (A10)
ﬂ,=7r527rz/tan/\tan6 (All)
Vp =7, AL+ £,)/6 tan A tan § (A12)

Inspection of equations (A6) through (A12) shows that the all-body geometry will be defined if the
shape parameters A, Rg,¢, and RpR and the size parameters pp and W are specified. Expressing
the length in terms of these parameters gives

2=[6RgrW( tan A /(1 + Rgp)R,ppl /3 (A13)

so that the length of the all-body scales with (WTO/pB)1 /3 for constant shape. The wing loading of
this configuration in terms of the configuration parameters is

1/3
w | WroU + Rgr)* Ry’ pp’ tan A
5= (A14)

36RpR’

This relation is plotted for the nominal shape in figure 25. The ellipse ratio a/b of the forebody is
given by

a/b = TRpR? cot A/Rpy (A15)

The section properties of elliptical shells will be needed for the weight analysis. The
cross-sectional area and perimeter are given by

A = mab (Al16)
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Figure 25.— Wing loading (all-body configuration).

The moment of inertia about the y axis divided by the shell thickness is found from

, o AT 2 S
= 4ab EH — 3 — 302 (A18)

where Ej and Ejp are the complete elliptic integrals of the first and second kind, respectively,
and where

e=+/1— (b/a)? (A19)

is the eccentricity. The following approximate expressions for P and IS” were found to give good
agreement with equations (A17) and (A18) for the values of e of interest:

P=271a/1 — (e2/2) (A20)

13’, = (w/4)ab? [3 + (b/a)] (A21)
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For concepts employing pillow tankage, the structure is not in the shape of the vehicle
configuration but consists of intersecting cones fitted within the elliptical cross section of the
all-body as shown in figure 26. The number of circular sections or lobes is taken to be the nearest
odd integer to

Nt = 2(a/b) + 1 (A22)

ISt LOBE

Figure 26.— Pillow tank geometry.

This relation was determined empirically and gives minimum or near minimum weight for the
configuration variations considered in this study. Referring to figure 26, the equations defining the
ith lobe in terms of the i — 1th are

e’rf =e? b? —d;? (A23)
I'i sin 6i=ri_l sin 0 (A24)
dl - di-l + ri-l cosf + Iy CcOS 91 (A25)

where equation (A23) is the condition of tangency of the circle and the ellipse. These equations are
solved sequentially at each body station x beginning with the center lobe. The free parameter 0 is
available for weight and volume optimization as discussed in appendix B. The perimeter,
cross-sectional area, and 13’, of the circular lobes at any section are given by

Tri_‘__l

PS = 2[7Tb — 2bo - -;- (27Tri — 21‘101 — 21'16) + 27TI’N,_i1 - 2rN'i‘6NT] (A26)

=2
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N
= mb? 1 2 : 2 1.2 : 1 228 in 20
A—2—-j2~ —2—b (20 sin 29)+Z1rri — 51 (20; — sin 20;) — 3 1 (26 — sin 26)

1=2

1
+77r2N’i‘ —-2-1‘;41’12(261\}1'“ — sin 26N’i"> (A27)
Nr’lpl ,
= 4|2 (cos 0 sin6 — 0+ 2 )+ 3 (cos 0 sin 0 + cos 0; sin ;47— 6 — 0
Iy =413 (cos sin § — 2) 3 (cos @ sin cosf;sin0; +m i
’ 1=2
T '
NT
+ (:os GNF} sin GN'i‘ +7r—6n) (A28)
where NT: =(Np+ 1)/2. The perimeter of the vertical walls connecting the lobes is given by
N1
PW =4 sin 6 E I'i (A29)
n=1

A typical pillow tankage installation is shown in figure 26. In view of equation (A22), the
forebody will have a fixed number of lobes while the number of lobes in the afterbody will increase
toward the rear of the vehicle. This increase results in an afterbody structure that is an impractical
design for an actual vehicle but is convenient for use in a mathematical model.
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APPENDIX B
WEIGHT ANALYSIS

In this appendix, weight estimating methods are developed for the weight items considered in
this study. Of primary concern is the structural analysis of the load carrying body structure. It is
convenient to discuss the nonintegral and integral tankage cases separately. Weight estimation
relationships of the other items (tank, thermal protection, and wing) are discussed briefly.

Body Structural Weight for Nonintegral Tankage Concepts

For all-body, nonintegral tankage concepts it has been found that pressure-induced bending
loads of the elliptical shape tend to dominate longitudinal bending loads at the design pressure
(13,800 N/m? (2 psi)) of nonintegral tankage structure. Since these pressure loads are best resisted
by frames, only frame-supported, stiffened-shell structures will be considered for this concept.
However, both frame-supported, stiffened-shell structures and sandwich-shell structures are
applicable to wing-body, nonintegral tankage concepts. A separate tank weight is computed for
nonintegral concepts.

Considering first the shell, the compressive and tension stress resultants in the axial direction x
at a station x are

N, = Mb/I;, (B1)
+ _ '
Ny = (Mb/Iy) + (APg/P) (B2)
respectively. The stress resultant in the hoop direction is
Ny = ngKp (B3)

where Kp is needed to account for the fact that not all of the shell material (e.g., core material in
sandwhich concepts) is available for resisting hoop stress. For the advanced and potential concepts,
Kp is 2.48 and 3.41, respectively. Expressions for the geometrical quantities IS”’ A, and P may be
found in appendix A. The quantity b is replaced by r for wing-body concepts. As may be seen from

equation (B1), the shell is not pressure stabilized. The equivalent isotropic thicknesses of the shell
are given by

ESC =N, /Fey (B4)
fg, = (1/Fpmax(Ny ", Ny) (BS)
7t‘SG = ngtmg (B6)
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for designs limited by compression, tension, and minimum gage, respectively. In equation (B6), tmg
is a specified minimum material thickness and ng is a parameter relating tSG to tyg which
depends on the shell geometry. For the advanced and potential concepts, Kimg is 2.48 and 3.41,
respectively; tmg is held at 0.0254 cm (0.01 in.) for both concepts. A fourth thickness that must be
considered is that for buckling limited designs tSB is discussed in appendix C.

The elliptical frames of the all-body may be sized either by buckling, as described in
appendix C, or by pressure bending. An expression for the ‘smeared” equivalent thickness, tFP,

required to preclude pressure bending will now be derived. Using the methods and nomenclature of
reference 32 (sec. 81), the redundant bending moment at the ends of the semimajor axis (point of
maximum bending stress) of an elliptical frame, due to an internal pressure, Pg, is

fMds
J'ds

a
P.d 2 2.2
_ % s e - () ] by :
= +b2 +a? (7 |+ ——2—— dx + P,a%d
8aEHf[y a a) "V a2 (a2 — x2) X T Fgd
)

+Pa

2 2
Il U fl) (B7)

The frame shape parameters are defined as

Kpy = Ip/Ap? (BS)
KF2 =/ AF/dF (B9)

where Ig, Ap, dp are the moment of inertia, cross-sectional area, and semidepth of the frame cross

section. The values of Kpy and Ky were held at 5.24 and 0.33, respectively, throughout the study.
Using equations (B8) and (B9), the flexure formula gives

Af = (My/Kp1 KppFpy)?/? (B10)

Substitution of equation (B7) in (B10) and “‘smearing” the frames according to Ap= fFPd gives

_ Pga®[e? + 1+ (e*Ef/Eyp) — (By/Eqp] B1D)

t
F
P 6Kp  KpoFpn/d
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If relations (A17), (A18), (A20), and (A21) are used, this expression is closely approximated by

2/3
Pga2 e?[3 + (b/a)]
fF = (B12)
P | 16Kp{KpoFin/dv/1 — (€2/2)

which is the expression used in the analysis. For the circular cross section of the wing-body, :[FP =0
as required. If the shell is buckling critical and the frames are pressure bending critical, the total
equivalent thickness is

B

where ESB is given by equation (C2) and EFP by equation (B12). If equation (B13) is minimized

with respect to d there results

s 923 MP,? e* [3 + (b/a)] Ve
t=712>3 2 2 2 2 (B14)
3 |1627Kp|? Ky bEeF, 2 [1 — (€2/2)]
i 2 3
Sp=% 1
t 3
Fp_3 1
P=73

1/5
mal1b3ed [3+ (b/a)]2Pg“E3e3
d: B15
#16°Kp*Kpy* [1 — (€2/2)]*M? (BIS)

Hence the frame weight is 1—1/2 times the shell weight.

At each fuselage station x of the all-body configuration, the shell may be sized by
compression, tension, minimum gage, or buckling, and the frames may be sized by general
instability or pressure bending. The problem is then to find the least total thickness t = Z[S + :[F asa
function of d which satisfies the eight conditions resulting from the possible combinations of shell
and frame criteria. (This may be viewed as a problem in nonlinear mathematical programming.) Six
of these conditions are monotonically decreasing with respect to d while the two involving shell
buckling have minimums as given by equations (B14) and (C13). The minimum total thickness t is
obtained by a sequential search procedure. For wing body configurations employing stiffened shell
concepts the procedure for determining t is similar except that there is no pressure bending of the
frames and hence only four conditions need be considered. For wing-body sandwich shell concepts,
the search procedure for t becomes simply

t= -tS = max(‘ESC, .tST, t s ESB) (B16)
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where tSB is given by equation (C11). The gage thickness is then computed from tg = ‘ES/ ng. The

ideal body structural weight of all-body vehicles is obtained by summation as

WI=27rp§ fia; V1 — (62/2) Axg (B17)

body
length

where quantities subscripted i depend on x. For the circular cross section wing-body this reduces to

W= 2mp E tirAx; (B17")

body
length

Thus Wy is the theoretical weight required to preclude failure of the body structure by yielding and
buckling, subject to a minimum gage constraint.

The preceding analysis may be used to estimate the relative weights of elliptic and circular
shells in bending. Consider an elliptical and a circular shell each of equal length and equal enclosed
cross-sectional area. Let the structure of both shells be a frame-stabilized, integrally stiffened shell
of the same material which is buckling critical, and suppose each shell to be loaded by the same
bending moment (no pressure loading). Then, for the elliptical shell, equations (B17) and (C13) give

’ 1/8 - 1/4
— e2 4 WCF ‘N_é_(— b
Wienipse ~ {22/ = 5 Ax 155175 e ) Ve 347 (0.3719ab +0.6281a%) |
Setting r = a = b in this expression gives
l_ 4 TrCF 1/8 NX‘
WIcirc]e = (2mpr AX)LQ';l /a < KF1€3> & @) /4
Using equation (B1) and setting r =4/ab the weight ratio is then
W .
e _ (3)2(1 62)2[ 1 ]3/2(0 3719 +0.6281 3>1/4 (B18)
WIcircle b 27 {3+ (b/a) . ' b

This ratio, which is a function only of a/b, is plotted on figure 27. It is seen to be nearly linear; the
elliptical shell being about twice as heavy as the circular one at a/b = 4. However, as mentioned
earlier, pressure bending of the frames at the 13,800 N/ m? (2 psi) design pressure dominates the frame
sizing of the all-body in fuselage structure applications. If the shells are constructed of truss-core
sandwich, equations (B17), (B1), and (C1) result in the ratio

Wy . 3 3/s
WIelh - = %2\/1 -7 { : } (B19)
Leircle [3+ (b/a)] (a/b)3/2
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This ratio is also plotted in figure 27 and also varies nearly linearly with a/b but with a steeper
slope. Since all-body configurations typically have a/b = 4 or greater it may be concluded, regardless
of the structural concept used, that nonintegral all-body concepts are clearly prohibitively heavy as
compared with wing-body concepts.

°r
TRUSS-CORE
5L SANDWICH
4 —
WIeIlipse
WIcircle 3L
2r FRAME STABILIZED
INTEGRALLY STIFFEND
SHELL
| 1 1 | ]
f 2 3 4 5 6
a/b

Figure 27.— Comparison of weights of unpressurized elliptic and circular shells.

The transverse bending moments associated with the large span of the rear portion of the
all-body configuration require additional structure for this configuration. The weight of such
structure was estimated by computing the weight of a spanwise beam capable of transmitting the
horizontal tail loads into the body structure. The result obtained is

— 2
where L is the vertical tail normal force at the design load factor, d is the beam depth (taken to
be the body depth at the location of the tail), and app is the beam span (taken to be the body span
at the location of the tail).
Body Structural Weight for Integral Tankage Concepts
Integral tankage concepts differ from nonintegral concepts in the manner in which they carry
pressure loads and in the fact that the load-carrying body structure also serves as a fuel tank. For

all-body configurations, a special structural concept called pillow tankage is considered.

Considering first elliptical shells, the stress resultants are the same as those derived in the
preceding section, except that pressure stabilization is utilized, that is, N, becomes

Ny = (Mb/I}) — (AP,/P) (B21)
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The shell thicknesses, _tSC, :[ST’ :[SG’ :[SB are determined as before. For concepts employing the

all-body configuration, internal tension ties are used to relieve the pressure bending stresses on the
frames. Thus, frames are sized only by general instability for integral tankage. If the tension ties are
sized by the hoop stress loads at the ends of the semimajor axis and “‘smeared,” their equivalent
isotropic thickness is given by

t1 = APy/PFy, (B22)

The total thickness of the integral tankage concepts is then in the most general case

t=tg+tp+ty (B23)

where fF = 0 for sandwich shell structural concepts and ‘ET= 0 for wing body concepts. The
quantities ES and EF are obtained by a one parameter search that minimizes their sum in the same
manner as was done for nonintegral tankage concepts. The ideal body structural weight is obtained
from equation (B17). As before, for all-body configurations Wgp given by equation (B20) must be
added to Wy. Also added to Wy for all integral tankage concepts is a tank weight which will be
discussed later. These items are added before the nonoptimum factor is applied.

Because of the poor structural efficiency of pressure loaded elliptical shells, a special concept
called pillow tankage is potentially attractive for all-body integral tankage concepts. This concept
consists of a shell composed of intersecting cones fitted within the elliptical body. The geometry of
pillow tankage is discussed in appendix A. The stress resultants on the circular lobes at the point of
peak bending stress (ends of semiminor axis) are

Ng = (Mb/Ly) — APg/(Pg + Pyy) (B24)
NSX+ = (Mb/I) + AP,/(Pg + Pyy) (B25)
Ng, = bPgK,, (B26)

The maximum stress resultants on the vertical walls are

Ny = PgA/(Pg+ Pyy) (B27)

NWZ = Pg(b cosf +r, cosf,) (B28&)

The equivalent isotropic thicknesses of the shell are given by
tSC = NSX'/FCy (B29)

:[ST _ (I/Ftu)maX(NSX+, NSY) (B30)
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tSG = Kgtmg (B31)

for designs limited by compression, tension, and minimum gage, respectively, and for the walls

tyyp = (1/Fymax(Nyy_, Ny ) (B32)

tWG = ngtmg (B33)

for designs limited by tension and minimum gage. The shell thickness, :[S’ is determined as the least
thickness which precludes failure by tension, compression, and buckling without violating minimum
gage restrictions. The shell concept may be either frame-stabilized, integrally stiffened shell or
sandwich shell. Buckling equations for these concepts are found in appendix C. The ideal structural
weight of pillow tankage concepts is obtained by the summation

Wy=p E (PsiiSi + Pwiiwi)Axi (B34)
body

length

where quantities subscripted i depend on x and where
tw = max(ty (B35)
W (tw.p twg)

The parameter 6 (fig. 26) is available for vehicle performance optimization. The function
W(6) monotonically decreases within the range 0 <0 <w/2, and 6 therefore should be as large as
possible to minimize Wy. (Although it is possible for eq. (A22) to restrict the range of 6, this
limitation was not encountered in this study.) However, as 8 approaches m/2 the tank volume
decreases (recall that the number of lobes, N, is fixed by eq. (A22)) and thus the volumetric
efficiency 7, defined as the ratio of tank volume to body configuration volume, must be considered
as well as Wy. For the designs considered in this study, n(8) is a concave downward function having
a local maximum for some value of 8 on 0 <8 < /2. The payload performance of a hypersonic
cruise vehicle, ®, will be a function of both Wy and 7, that is, ® = &(Wy, 1); hence the rate of
change of payload with respect to 0 is

dw
%.L(ﬁ_?) Ee_l +<E<'§_‘1’> g_g (B36)
A T/w

The necessary condition for maximum & gives to a first-order approximation

Ly 0P
<3W1> Wiopt ~ WIo) * <8n> I(nopt -n,)=0 (B37)



where (E)(I)/E)WI)Tz and (aé/an)w are the sensitivities of payload to Wy at constant i and to n at
constant Wy, respectively, and where W; and n, are nominal values. Values of the partial
0

derivatives are determined from a sensitivity study performed with a mission analysis program.
Equation (B37) is solved for the optimum values Wlopt and noptusing Newton’s method with 6
as the independent parameter. For the nominal potential concept vehicle, the above procedure
gave 0 = 0.94 rad (54°).

Nonoptimum Body Structure Weight

Since the above analysis gives only the ideal weight, Wy, the “nonoptimum’” weight (fasteners,
cutouts, surface attachments, uniform gage penalties, manufacturing constraints, etc.) has yet to be
determined. The method used here is explained with the aid of figure 28 which is a log-log plot of
body weight as a function of a weight estimation parameter, x, which accounts for the effects of
gross weight, body dimensions and design load factor. The circles on the figure indicate body
weights of existing aircraft; the lower line represents the equation developed in reference 3 to
estimate body weight of wing-body hypersonic aircraft.

8- -4
62 EXISTING
- AIRCRAFT
4 - -2
2 - - |805
BOD ADVANCED _
WEIGHT 4 TECHNOLOGY 6  BoDY
b © HYPERSONIC _4 WEIGHT,
8 AIRCRAFT N
6
4 -2
—-104

|o3|_5 | [ N B | i it
10 2 4 6 8105 2 4 6 8107

x~(Wro Lf)'3 Q-1775 1.9 (4r)!.05

Figure 28.— Correlation and comparison of method of analysis.

The analysis developed in the present study was applied to the same existing aircraft and the
resulting ideal weights are shown by the triangles. A two parameter regression analysis based on
ideal weight, Wy, and body surface area, Ag, was then employed to obtain the best fit with the

advanced technology hypersonic aircraft line. The resulting body weights are shown by the squares,
and the total weight of the body structure is

Wpg = 1.64Wp + 3.8 (0.08)Ag (B38)

Equation (B38) was used for all vehicle concepts considered in this report. The correlation with
existing aircraft is quite good (fig. 28) except for the aircraft at the extreme values of the weight
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parameter. This conclusion is established by the fact that the scatter of the squares about the lower

curve is in the same pattern as the scatter of the actual weights about the upper curve, which is a
curve fit of these weights.

Tank, Thermal Protection, and Wing Weights

To a first approximation the weight of a circular fuel tank constructed of a given material and
designed to a given pressure will scale linearly with tank volume. Thus for nonintegral tank
concepts, the tank weight is estimated by

Wk = 6.13 (0.383)Vy (B39)

where the constant of proportionality has been determined by using the weight of the tank
described in reference 26 as a reference point, assuming, a nickel alloy tank designed for
105,500 N/m? (15.3 psig).

For integral tank concepts weight must be added to the ideal body structural weight,
equation (B17), to account for bulkhead and other items necessary for containment of fuel. Since
both the material and pressure will vary from design to design, the following equation is used

pPgVB

Wk = 4720 (B40)

Fiu

for these concepts, provided Pg is greater than atmospheric pressure. The functional dependence in
this equation comes from a membrane analysis of a spherical tank. The numerical constant has been
determined by using the bulkheads of the tank described in reference 26 as a reference point.

The weight of the body thermal protection system is estimated from

Wrps = Ag(Ucp + Uconst T K1psUins) (B41)

In this equation Ucp is the unit mass (weight) of the cover panels, estimated to be 4.33 kg/m?
(0.886 1b/ft?) for the super alloys (temperature limit 1255° K (1800° F)) listed in reference 3.
Uconst i the mass (weight) of stand-offs and other items and is taken to be 1.16 kg/m?
(0.238 1b/ft?) from reference 26, and KTps is a nonoptimum factor taken as 1.286 for this study.
The unit weight of the insulation plus boiloff, Uj,¢ is computed from the transient analysis
described in reference 27. The insulation system used in this calculation is helium-purged,
quartz-fiber with a density of 56 kg/m? (3.5 1b/ft®), pressurized at 300 mm of Hg. For the purposes
of this calculation, Tjower from figure 18 was identified with Tyt in reference 27 and Tupper With
Tdry- It was assumed that the dry tank solution applied over half the vehicle body and the wet tank
solution applied over the other half.

The wing weight of wing-body concepts is estimated by an empirical formula given in
reference 3. In terms of the wing parameters, this formula is
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0.5375

(B42)

WT02 n ]
Wiing = 2-49 (1.00CMw | 5702 (W/S)tan A

where n is the load factor and Cyy is a materials coefficient (0.0352 for the advanced concept)
which increases with temperature. A wing thickness ratio of 0.04 was used in this study.
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APPENDIX C
BUCKLING EQUATIONS

In this appendix expressions are derived for the equivalent isotropic thickness of the shell
required to preclude buckling tSB and for the *“‘smeared” equivalent isotropic thickness of the ring

frames required to preclude general instability -tF' The expressions are derived for the elliptical shell
of the all-body configuration; these expressions are then used to obtain the equations for cylindrical
shells as a special case.

For the sandwich shell concept, it is assumed that the elliptical shell buckles at the load
determined by the maximum compressive stress resultant N, ", on the ellipse. Reference 33 indicates
that a good approximation is obtained by assuming the structure to be a circular cylinder with the
same radius of curvature as that of the ellipse at the point of application of N,". Since the
maximum load occurs at the ends of the minor axis where the radius of curvature is a?/b, the
buckling equation is

_ m
7 - t
Ny Sp
=€
(a®/b)E (a%/b)
or, solving for ES
1/m
N
- X
ta  =(32 O — (C1
sp =@/ b)[(a2 /b)Ee] )

This equation is based on small deflection theory, which seems reasonable for sandwich cylindrical
shells, although it is known to be inaccurate for monocoque cylinders. Values of m and € may be
found in reference 16 for both monocoque and truss-core sandwich. For the nominal potential
concept, mis 1.667 and € is 0.3615. For the wing-body, this expression becomes

] <1\ >”m ,
tq =1
S~ "\rEe €1

The quantities Ny’ a, b, r, and consequently ESB’ will vary with body station dimension x. As

mentioned earlier, frames are not used with sandwich concepts.

For the stiffened shell concept, the common procedure of assuming the shell to be a wide
column is adopted. The buckling equation is then (ref. 16)

- 7 2
N (ﬁ)
dE \ 4

br, solving for ‘_[SB

(C2)

36



which is applicable both for the all-body and the wing-body. For the nominal advanced concept, € is
0.911. This concept requires frames to prevent general instability failures.

In order to generalize the Shanley criterion for frame sizing to elliptical shells, the stiffness of
elliptical rings to inplane loads must be determined. If the methods and nomenclature of
reference 32 (sec. 81) are used, the redundant bending moment at the ends of the semimajor axis of
an elliptical ring due to opposing inplane point loads of magnitude L acting perpendicular to the
ring at the ends of the semiminor axis is

[*M'ds

S
I ds
a
_ L at —a2y? + bly? L
2aEH 32 (a’l _ y2) dy — 5 a
0

—E(m 2> 3.
4\ Eqp — (C3)

where the dimensional quantities are defined in figure 24 and

a

-~

(Sl

a

log, [(a/b)(1 +¢)].

Eqp=1+ C4
11 (@b (C4)

The bending-moment distribution in the ring, therefore, is given by

E
L 111
M= — — 2 (C5)
4 EH a

To determine the deflection of the ring at the point of application of the load, the method of

virtual work is used:
S
M(M/L
5=2 (M/L) ds
EIF

a 2
2L aBrp e b2 y? &y
Elg By 2 a’(a® — y?)
0
s QB —E; E{—E By
_ La 3 S S S| 111 (C6)
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Since L = Kgé, the spring constant of the ring is

T 1
K;ElR —8- - -

Ko = (C7)
S 2B - By E—Ey  Epp’
8a3 +

6 662 SEH

the factor (K5 /8)[(n/8) — (1/7)] being added to conform to reference 14.

It is of interest to compare the stiffness of an elliptical ring to that of a circular ring. For equal
values of El and equal enclosed areas (r =\/ab), the ratio of spring constants is

3/2
() (-3)
(Kgellipse a/ \8 m (C8)

Kedcirete  2En—FBr E—En B’
3 362 4EH
This ratio is plotted as a function of a/b in figure 29, and the relatively low spring constant of the

elliptical ring at the values of a/b of interest indicates that the weight of the rings in elliptical shells
will be greater than those of circular shells for the same conditions.

1.2 -
8+
(SPRING CONSTANT
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O 1 1 L J
| 2 3 4 5
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Figure 29.— Comparison of spring constants of elliptic and circular frames.

The equation for frame (ring) weight is next established. Generalizing the results of
reference 14 to elliptical frames gives the following expression for the spring constant required of
the frames

Kl K2 aEIINX-

Kg= —3 (C9)
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If the frames are “smeared” according to Ap = EFBd, then combination of equations (C7) and (C9)
gives

. (®u-Br E—Ep  Epr’
4CF1\X a EH 2 + 302 — 4EH

t =
Fy

(C10)

Tl
KF1d3E<§ - Tr)

where Ky is defined by equation (B8), and where the constants K, , K, , K3 have been absorbed by

“Shanley’s constant,” Cp, taken to be 0.625X10™ in this study. Calculations show that the
expression

'tFB = /TCEN, 7Kg d*E /3 + (b/a)(0.3719ab + 0.6281a?) (C11)

very closely approximates equation (C10) for the range of a/b of interest and equation (C11) is used
in the weight analysis.

Since the frame spacing, d, is as yet unspecified, it may be chosen to minimize the shell plus
frame weight. If the structure is buckling critical, the total equivalent thickness is

where ESB and EFB are given by equations (C2) and (Ct1). When t is minimized with respect to d,

1/8 L -\1/2 B
t= 4 " N \/(;+ b)03719 b+ 0.6281a?
271t/ \kpe) \ E 2 (03719ab ¥ 0.6281a%)

_ts=3t f

1/4Y

(C13)

where the optimum frame spacing is given by

ﬂ'CFE b Hz
d=1|3 3+ — (0.3719ab + 0.6281a?%) (C14)
KF] a

Note that from equation (C13) the shell weight is three times the frame weight for optimum
design. Reduction of equations (C13) and (C14) to the case of a circular section gives the equations
for the wing-body
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7 : (C13)

7TCF€ /2 ,
d=6r (C14")
Kpg

It is of interest to note that equation (C13) is in the form

1/8 - 1/2 ¢ 1/4
o~ <structure > <1oad—mater1a> < geometry > (C15)

coefficient coefficient coefficient

Hence, the parameters which describe the structure, and which are most likely the least well
defined, enter into this equation in only the 1/8 power.
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