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2550° to 2700°F in air at 0.10 to 1.0 mm Hg.? A similar ef-
fect of pressure has been found for Sn-Al base coatings on
tantalum-base alloys.” In this case, volatilization of tin at
low pressure destroys the coating and results in premature
failure.

The only approach to this problem at present is to allow for
degradation effects in the design and use of parts that will
operate in low-pressure environments. The performance of
eight different coating systems is being characterized as a
function of air pressure at this time, and results should be
available for use by early 1965.5
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Low-Density, Autorotating Wings for Manned Re-Entry

H. ScHUERCH*
Astro Research Corporation, Senta Barbara, Calif.

A number of structural and aerodynamic concepts for centrifugally deployed, variable-
geometry atmospheric entry aids are discussed. These include means for controlling apex
angle of centrifugally stabilized conical flight bodies, the conecept of isothermal flight, i.e.,
atmospheric entry at constant surface temperature, and analytical design of optimum rotor-
blade structures. Materials for flexible rotor construction are reviewed and classified accord-
ing to a temperature-strength parameter that is characteristic for the intended application.
Several aerodynamic rotor models subject to qualitative tests are described. An application
of the entry rotor concept to a Mars and Earth landing capsule is presented in the form of a

conceptual design configuration.

Nomenclature

area, ft2

chord width, ft

drag, 1bf

Gazley’s total energy fraction

optical view factor

gravitational acceleration, ft/sec?

gravitational acceleration on earth surface, 32.2 ft/sec?

probability function

auxiliary integral function

blade length, ft

lift, Lbf

mass, lbm

mass per unit length, lbm /ft

load factor

dynamie pressure, 1bf/ft2

materials strength: radiation temperature parameter,
Ibf/sec

nondimengional radial coordinate

stress, Ibf/in?

axial blade force, Ibf

velocity, fps

specific vehicle velocity, fps
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8 = coning angle

v = flight-path angle

€ = surface emigsivity

8 = absolute temperature, °K

N = specific strength, in.

o = material density, lbm/in.?

Pa = atmospheric density, slug/ft?

o = Boltzmann constant, in.-lbf /sec-in.2-°K*
w = rotational speed, rad/sec

Q = nondimensional tip speed-to-stress ratio

Introduction

TMOSPHERIC entry and planetary landing of space-

craft are usually considered in view of fixed-geometry
flight configurations with relatively high (1 1b/ft?)
ballistic parameters.® Such configurations emerged from de-
velopment of ballistic missiles, which, in many respects, were
the forerunners of the current generation of space vehicles.

In recent years, various deployable and variable-geometry
configurations have been studied?~* including inflatable wings,
paragliders, variable drag brakes and ‘“rotochutes.” In
these techniques, large, lightweight surfaces are deployed for
aerodynamic control of atmospheric entry. Operational ad-
vantages of deployable, variable-geometry configurations in-
clude the following: 1) their low ballistic parameters
(<1 Ib/ft?) materially reduce heating rates and prolong flight
time, thus simplifying both heat protection and flight-path
control aspects of manned atmospheric entry, and 2) vari-
able geometry adds a means of control that permits selection
of survivable entry trajectories from those initial entry con-
ditions (hyperbolic velocities and steep entry angles) that
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would be catastrophic for fixed-geometry vehicles. Studies
of variable-geometry and filamentary structures in space
operationss 8 indicate the merits of centrifugal stabilization
mechanisms for deployable surfaces. This paper summarizes
some of the aerodynamic and structural concepts that have
been developed in the course of an exploratory study of rotary
atmospheric entry aids.

Variable-Geometry Rotors

The basic configuration selected for study is that of a circu-
lax cone with variable apex angle rotating about its axis.
This configuration is relatively simple in its aerodynamic and
structural characteristics. The structure is considered to be
made from thin, flexible material, resistant only in tension.
The aerodynamic contour is stabilized and controlled by in-
teractions of aerodynamic and inertial forces. Compact pre-
entry packaging is to be accomplished by folding of the flexi-
ble structure. Three principal mechanisms of apex angle
variation (Fig. 1) have been considered:

a) Bladed

b) Fluted

c) Spiral net

Fig. 1 Variable-geometry rotor configurations.
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a) The leaved cone (or bladed rotor): If the cone is slit
along several meridional lines, it is generic with the well-
known helicopter rotor with hinged blades. The “solidity”
of the basic configuration and the blade planform shape will
determine the coning angle at which the blades will overlap
and make the device aerodynamically equivalent to a cone.
Variable coning angle requires compliance of the material
only at the hub of the rotor and may be effected by localized
flapping hinges.

b)  The fluted cone: If the cone is fluted, the depth of the
flutes (or corrugations) will increase as the cone becomes more
acute; conversely, at minimum coning it will form a smooth
right circular cone (or, in the limit, a flat disk). The material
must be compliant in bending (along meridional lines in the
circumferential direetion only) but may be inextensible in its
own plane. The mechanism of deformation is one of metric
and topological invariance (isometry), since neither in-plane
strains nor cuts are required to allow the geometrical de-
formation.?

c) A ““trellis-shear” deformation: Here the condition of
isometry for the deformed surface is relaxed, since the mate-
rial is considered as inextensible only along the two directions
of two families of threads or filaments. A study of the de-
formation kinematics of fabric cones shows that a thread
geometry forming two counter-rotating sets of logarithmic
spirals emanating from the hub will yield the desired apex
angle variability of a continuous cone-shaped structure.
For this design, a change in coning.angle of the struecture is
associated with a uniform change in the angles formed be-
tween the two sets of spirals. (Another configuration® in-
volves a somewhat more complicated fiber geometry but pro-
vides an invariant fiber stress throughout.)

Isothermal Atmospheric Entry

The structures just described will be flexible membranes
made from thin films, fabrics, or thin fiber laminates. As
such, they will be incapable of storing appreciable amounts
of heat, so that artificial or ablation cooling methods will not be
practical. The entry flight duration will be relatively long;
the total heat input will be large, but the heating rates will be
relatively low. These structures, therefore, will operate es-
sentially at equilibrium temperature (input = radiated out-
put) during the significant portions of the entry deceleration.
Assuming that the materials of construction will be able to
operate at a given maximum absolute temperature 6, it ap-
pears that an “optimum braking trajectory” can be defined
for which this temperature is uniform throughout the surface
and essentially constant throughout the significant portions of
the atmospheric flight path. A vehicle operation that satis-
fies these conditions of uniform and constant surface temper-
ature will be designated as isothermal atmospheric entry.

To define the conditions of configurational and flight-path
control required to achieve isothermal flight, consider a
vehicle in unpowered flight through the atmosphere of a sta-
tionary planet (Fig. 2). Considering equilibrium in direc-
tions tangential and normal to the flight path yields, re-
spectively,

m(dv/dt) — mgsiny + D = O (1)

mo(d v/dt) — mg cosy + L + v2 cosy/(H + Hy) = O (2)
Equation (1) can be written in terms of energy rates as follows:
d(mv?/2)/dt + g(dH/dt) + Dv = O 3)

The third term in Eq. (3) describes the rate at which energy
is lost by dissipation. A portion of this power will be trans-
ferred to the vehicle in the form of heat; the remainder will
appear in the wake as turbulence and heat.

Following Gazley’s notation,! the heat transferred to the
vehicle is expressed as a fraction f of the total energy dissipa-
tion. For a given body geometry, f is a function of altitude,
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as shown in Fig. 3, which is reproduced from Ref. 1. For
altitudes where free molecular flow exists, the fraction f as-
sumes a value of 0.5, i.e., half of the dissipated energy is
transferred to the vehicle, the other half is transferred to the
wake (equiparation). For equilibrium, the rate at which
energy is transferred to the vehicle must cqual the rate at
which it is radiated from the surface, thus

Duf = ot AT 4)

where ¥ is a “‘view factor” that relates the effective radiating
surface to the vehicle surface. For an obtuse cone, approach-
ing a flat disk, & will approach 2, since both sides of the thin
structure will be at the same temperature and will radiate,
whereas only the frontal side is subject to heat input.
Substituting Eq. (4) into Eq. (1) and regrouping yields

(dv/dt)/g — siny = v*g./vfyg (5)

where g, is a reference gravitational acceleration of 32.2 {t/sec?
(earth surface), and

v* = gef* F A/gom

is a specific velocity, characteristic of the vehicle’s ability to
decelerate by rejecting energy from the given area A.

Equations (5) and (2) may be integrated for any given initial
condition and lift program, provided that & is known. This
allows one to establish generalized isothermal trajectory plots.
From these the control demands can be derived in terms of
drag and/or lift requirements for specific atmospheric density
variations. Two simple cases have been considered in some
detail: zero-lift, pure-drag modulation; and constant-drag-
area, pure-lift modulation.

Drag Modulation

Drag modulation can be accomplished by adjusting the
coning angle § measured between the plane normal to the cone
axis and the cone meridian. This controls the frontal area to
provide the required drag at the instantaneous velocity and
altitude. A simple means of control for 8 consists of a rotor-
speed-control device, which provides the centrifugal-force com-
ponents required to equilibrate the coning moments resulting
from aerodynamic pressure forces and axial rotor inertia
forces.

For the purpose of this exploratory study, it was assumed
that ¥ = 1.0 and € = 0.9. At the flight conditions Hy, Vi,
and 7y, the vehicle will deploy the cone into essentially a flat
disk. The trajectory is then computed for this fixed drag
geometry until the desired absolute surface equilibrium tem-
perature 8 is reached. At this point, the coning-angle con-
trol is assumed to become effective, such that the sub-
sequent portion of the trajectory becomes isothermal. After
deceleration to a low velocity, the coning angle required to
maintain isothermal flight decreases again to zero. Finally,
a constant-area configuration may again be assumed for
terminal flight at subsonic equilibrium glide velocity.

The drag is assumed to be

D = A pa? cos' (6)

Table 1 Mars atmospheres

HAE®' Alt.1 Alt. 2

Inverse scale height, ft =1 X 103 1.1 1.869 4.506
Surface conditions

Pressure, mb 112 30 11

Density, slug/ft3 X 10° 20 9.54 4.21

Temperature, °R S 414 468
Tropopause altitude, kft 0 0 82.3
Temperature lapse rate, °R /ft X

102 ] 0 2.84
Chemical composition N, A, CO, A, CO
Molecular weight 28 44 44
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Fig. 2 Atmospheric entry forces.

Reference 11 was used for Earth atmospheric data. Ex-
ponential density-altitude variations have been assumed for
Mars atmospheres. In addition to the Mars atmosphere
from Ref. 1, two alternate atmosphere models were considered
in order to explore the range of sca-level density which is more
nearly in accord with recent findings (Table 1). The three
assumed atmospheres for Mars are believed to cover the range
of current assumptions, from most dense (112 mb surface
pressure) to most tenuous (11 mb surface pressure); for these
atmospheres, the energy fraction f was assumed to be de-
pendent on atmospheric density only.

A number of typical entry trajectories for Earth and Marx
are shown in Figs. 4 and 5. These were selected for entry
conditions varying from circular-orbit decay to straight-in
entry with parabolic velocity and with specific velocities rang-
ing from 20,000-80,000 fps. The isothermal portion of
each trajectory is shown as a solid line. The initial and
final flight phases, where the surface temperature is lower than
the maximum permitted by the design, are shown as dotted
lines. Note that the “high ¢*’ Mars trajectories never be-
come isothermal, i.e, the cone will remain fully deployed as a
flat disk throughout the trajectory, and the vehicle’s opera-
tion is not temperature-limited. (Trajectories for Venus,
not shown, were found to be very similar in character to those
for Karth).

Several restrictions will oceur in practice for specific applica-
tions. These involve the coning-angle requirement, which is
subject to practical limitations. Also, for coning angles higher
than 45°, the underlying assumptions for drag and heat trans
fer would need to be modified. Finally, for manned operation,
the permissible trajectory deceleration needs to be limited to
a value somewhat below 10 Earth ¢’s. In practice, the drag-
area control mode would need to be adapted to stay within
those limits, and the practicality of the individual trajectory
will have to be assessed in view of these limitations.

Lift Modulation

Lift modulation can be accomplished in trimmed flight by
variation of incidence angles between rotor axis and flight
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Fig. 4 Drag-modulated trajectories (Earth).

path. Means of accomplishing trim at finite angles of attack
are discussed in Ref. 12.  For the purpose of trajectory analy-
sis, it was assumed that the coning angle and drag would re-
main constant. Isothermal flight is then achieved by holding
the altitude at which the desired equilibrium temperature is
reached until the vehicle decelerates sufficiently to allow
descent into denser atmospheric strata. This defines the
flight-path angle v as a function of altitude. The required
lift then can be obtained from Eq. (2). It is assumed that
the vehicle enters the atmosphere tangentially, ie., v = 0.
The relations between », v, and required lift vs altltude on
Earth entry are shown in Fig. 6 for a vehicle with v* = 20,000
fps, assuming again that ¥ = 1.0 and ¢ = 0.9.

For the particular set of conditions selected, it is seen from
Fig. 6 that negative lift is required thoughout the major
portion of the flight in order to prevent re-exit of the vehicle
due to its supercircular velocity at high altitude. Entry
velocities of 40,000 fps for a vehicle with L/Dun.x capability
of —1 are shown to be possible for Earth entry. A “nose-
over’”’ condition, requiring large negative lift, is indicated to-
ward the end of the isothermal flight phase. In practice, this
maneuver would not be required, but rather a normal glide at
reduced surface temperature would be followed.

Analytical Design of Bladed Rotors

For an optimum flexible rotor blade, two conditions need
to be satisfied simultaneously: 1) the spanwise distribution of
cross-sectional area should be such that the radial stress s
is uniform throughout the structure (isotensoid construction
allows one to exploit completely the potential strength of
the blade material), and 2) the slope of the spanwise blade
axis (Jocal coning angle 8) should be such that the local heat-
ing rates are uniform.
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Fig. 5 Drag-modulated trajectories (Mars).

The following assumptions will be made: 1) the blades are
sufficiently slender that the blade stresses are parallel to the
blade axis, 2) the mass distribution of the rotor is proportional
to the cross section required to carry the axial blade tension,
and 3) uniform heating rates are achieved by uniform blade
slope (zero meridional curvature).

The forces acting on a blade element of unit differential
spanwise length, chordwise width ¢, and mass/unit length m’,
rotating with angular velocity, are shown in Fig. 7. It is
assumed that the aerodynamic pressure force arises from a
complete transfer of the air momentum component perpen-
dicular to the blade axis resulting in a normal pressure of 2¢
cos?B, where ¢ is the freestream dynamic pressure. It is
further assumed that blade mass inertia forces due to flight-
path accelerations are negligible compared to the centrifugal
forces caused by rotation. The equilibrium conditions tan-
gential and normal to the blade axis are then

—dT/dr = m'r ? (7)
2gc cos?B = m’ r w? sinf (®)
Equation (7) can be integrated by considering
= dm/dl = (dm/dr) cosBand T = m’ s/p
where p is the density, and s is the stress in the blade material,

yielding

?

m' = my' exp[—QR? — Ry?/2] ®

where my’ indicates the mass/unit length at the hub radius
ru, R = r/ry, and Ry == ru/r, are nondimensional coordinates,
and Q = ry? w? p/s is a nondimensional rotational frequency,
characteristic of the blade design.
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The mass distribution given by Eq. (9) (and, therefore, the
rotor’s eross-sectional area) does not vanish at the tip (R = 1).
Therefore, a concentrated tip mass m, is required to satisfy the
condition of constant stress:

mo = (/) my' exp [~Q(1 — Ry?/2] (10)

This will normally be a small fraction of the total rotor mass.

From Eq. (8), a relation between the chord distribution and
mass distribution is derived that satisfies the condition of uni-
form coning angle:

¢ = crur R exp [—Q(R? — Ry?)/2] (11)
where the reference chord width is defined by

2 ta, AQ —Q(1 — Ry?

Figure 8 shows nondimensional plots of the mass and chord
distribution of rotor blades satisfying the condition of uniform
stress and coning angles for a number of selected values of the
nondimensional rotational speed.

The distributed rotor mass is obtained by integrating Eq.
(9). The result can be expressed in terms of the tabulated
probability function,

2 x1
Tpwy = —; f e= dx
p(@1) 2 Jo

as
me = My + mu’ LV gy @ (12)
where
Jru, @) = (w/2) 2 R1/2 [ 00010 — I 1e/2)1 2R

For practical values of Q and Ry, the expression J (Ru, @)
will approximately equal (x/2)1/2. The resultant force Fy
parallel to the rotor axis, which is imparted to the payload
mp, 18 equal to the required trajectory deceleration, given in
terms of Earth gravity g.:

Fu = TysinB = mg (s/p) sinff = mp(ng,)

This permits computation of the relative mass fraction be-
tween the mass mz of an ideal rotor and the payload mass mp:

mr _ - W(SF) Jira @ (13)

mp Aep SInB QY2 (1 — my/mg)

where A, is the specific strength of the rotor material, and
(SF) is the ratio of ultimate tensile strength to working stress
(safety factor) employed in the rotor design. Note that the
rotor mass fraction is a linear function of absolute size I,.
This is an expression of the “square-cube law” well known in
aircraft design.
With some transformation, Eq. (13) can be written as
Me Je(SE) /0N 1Y% T (&, @

= - 14
mp " sinB cosB 1 — me/mp 14

400
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Fig.6 Typicallift-modulated trajectory (Earth). Vehicle
parameters are v* = 20,000 fps, 8 = 45°, W/A = 0.2 Ib/ft?,
6 = 780°C.

LOW-DENSITY, AUTOROTATING WINGS FOR RE-ENTRY 527

ROTOR AXIS
B

Fig. 7 Rotor blade I
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The rotor mass fraction is inversely proportional to the ro-
tational frequency. Since rotor stress is a direct function of
tip speed, the rotor efficiency again is penalized by size.

Introdueing reasonable values for a series of rotors with a
payload capability of 3000 lb, the rotor structural mass
fraction is found to range between 1 and 59. For instance,
let the designing condition of an entry condition be n = 10,
B = 45°. Assume the rotor to be designed to rotate at w =
10 rad/sec, to be made from a material with Ay, = 0.5 X
10% in., and to be designed with SF = 2. For these values,
the ideal structural rotor weight fraction becomes approxi-
mately 29,

In many instances, the weight of the rotor will not be de-
termined by strength considerations, but by considerations of
minimum practical material thickness at the rotor tips. In
this case, the “constant stress” rotor mass is determined by

mg = Aptmin QI/ZJ(RH’ [9)] + me (15)

The rotor mass given by Eq. (15) does not necessarily repre-
sent a minimum, since gage considerations may only affect a
portion of the blade area, allowing the stress to be higher at
the root than at the tip.

Another consideration is that of distributed rotor masses
associated with surface-area covering, in addition to that
required by structural strength alone. Such nonstructural
parasitic masses affect both the structural mass distribution
and the chord distribution of an ideal blade. Analytical
design equations (omitted from this paper for the sake of
brevity) have been developed for this case.

Materials Selection for High-Temperature Rotors

An extensive effort has been directed, during the past few
years, toward the study and development of temperature-
resistant, packageable filament- and fabric-type materials,
particularly for application in high-speed parachutes, and
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Fig. 8 Chord and mass distribution for ideal rotor blade.
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temperature-resistant, filament-wound structures.®® An
important rating parameter is the material’s ability to main-
tain a useful tensile strength for a given structural mass while
rejecting thermal eneroy by radiation; this rating parameter
can be defined

RQ=oceb*X\

Since both € and A, are temperature-dependent, @ will be an
empirical function of temperature (), normally rising to a
maximum value after which the degradation of strength be-
comes stronger than the increase in radiative power dissipa-
tion. In practice, the situation is further complicated by the
fact that A, depends not only on 6, but also on the previous
load-temperature history. For the purpose of this discussion,
it was decided to compare materials on the basis of their short-
term strength-at-temperature characteristics, which may be
considered reasonably representative for the intended opera-
tion of the rotor configuration during atmospheric entry.
Figure 9 shows values of @ for various materials computed
from data on A, and € collected from numerous sources.

The outstanding potential of elemental boron fibers in the
particularly interesting temperature range from 400° to
1200°C is readily apparent from Fig. 9. Since few reliable
data were available for this relatively new material, a labora-
tory setup was constructed to produce experimental quanti-
ties of continuous boron filaments. Filaments of approxi-
mately 2-mil diam were produced and subjected to tensile
tests at temperatures up to 1200°C in an inert atmosphere and

Fig. 10 Mylar film
blade in autorota-
tion at incidence an-

gle of 70°.
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in air. In addition, several composites and laminates were
made with elemental boron fiber base materials.’®* The test
data, as reflected in Fig. 9, generally confirm the exceptional
physical properties of this material.

For rotors that can operate at very low »* (for shallow
entry), equilibrium temperatures of 400°C and less appear to
be practical. For this application, various types of glass and
temperature-resistant synthetic textile fabrics can be con-
sidered. For small, highly loaded rotors, which may be re-
quired to operate at high v* (~80,000 fps) for “straight-in”
trajectories for planetary entry into nonoxidizing atmosphere,
carbon or graphite cloth may be considered.

Experiments

A number of rotor models have been fabricated and sub-
jected to qualitative tests in a low-speed vertical tunnel. The
models were designed to represent the three basic configura-
tional control schemes (bladed rotor, fluted cone, and spiral
net) discussed previously. The object of the tests was to ob-
serve the ability of each model to deploy itself in an axial air
stream and autorotate at various coning angles at various an-
gles of flow incidence.

The air-stream velocity in the test section was 14 fps,
generating a dynamic pressure of approximately 0.22 psf.
The configurations of the model rotors were such that in most
cases stalled or near-stalled flow conditions prevailed; thus
the aerodynamic characteristics of hypersonic flow were ap-
proached at least qualitatively. Characteristic flutter mo-
tions in nonmass-balanced blades and deployment dynamics
of the various rotor were observed and recorded by motion
pictures. Rotational speeds were measured by means of a
strobelight, and airspeed by means of a torque vane. No at-
tempt was made to obtain quantitative lift and drag data.
It was observed, however, that most rotors would more than
support their own weight in axial flow, indicative of normal
force coefficients based upon disk area in excess of 1.0.

Figure 10 shows a typical bladed rotor made from thin Mylar
film, rotating with essentially zero coning angle at approxi-
mately 220 rpm and an angle of flow incidence of approxi-
mately 70°. It was found that the blade center-of-gravity
axis needs to be placed slightly forward of the 25%-chord
line to prevent torsion-bending blade flutter. Balancing is
accomplished by small lead weights clamped to the leading
edge of each blade. - The completely flexible rotor is mounted
on a bearing-supported hub that can be tilted through a 90°
angle during operation. This model deployed automatically
and maintained stable autorotation throughout a 70° range
of inflow incidence.

Figure 11 shows a fluted cone model made of Dacron fabric.
Tip weights are attached to short chain links at each seam of
the convoluted configuration. The convolutions are tailored
to form a spiral groove, which causes the configuration to be
driven into rotation by the axial air stream. Automatic de-
ployment at low axial-flow velocities was achieved, but sig-

Fig. 11 Fluted cone in axial flow.
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a) Open mesh with tip impellers.

b) Composite, open mesh plus aerodynamic cover.

Fig. 12 Spiral net rotor.

nificant angles of incidence could not be maintained with this

model.
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Fig. 13 Bladed-rotor deployment configurations.

an aerodynamic surface. Coning-angle control of this config-
uration proved capable of maintaining stable rotation at
incidence angles up to approximately 45°.

Applications

A number of mission profiles (as reflected by the trajectory
requirements) have been studied with respeet to the design
configurations required. A conceptual design is shown in Fig.
13 for a vehicle capable of Mars entry with an initial flight-
path angle of 30° from parabolic velocity and return into
Earth’s atmosphere with an initial path angle of 5° from cir-
cular orbit. Figure 13a shows a deployed low-¢q configuration
such as would be used for the initial entry and terminal flight
phase; Fig. 13b shows the high-¢ configuration required at
maximum deceleration with a coning angle of 70°. Some

SPIN DEPLOYMENT

An open-mesh, spiral-net model in axial flow is shown in Fig. y  ROCKET

12a. Autorotation is maintained by impeller tabs fastened to
the periphery of the net. Tilting of the hub axis did
not affect the rotor’s tendency to be oriented with its plane
normal to the air stream. The same net was tested with an
aerodynamic covering. Both configurations deployed auto-
matically and maintained stable rotation through a range of
coning angles. A composite configuration of two nets
mounted with hubs spaced by a shaft is shown in Fig. 12b.
The upper net is open, but the lower net is covered to provide

Table 2 Design characteristics for Mars entry vehicle

Characteristics

Total mass

Rotor area

v*

Q

Maximum deceleration
Blade parameter, Q
Blade length, I,
Temperature

Design safety factor
Structural weight of ideal rotor
Tip weights (total of 8)

//
/
/
~DEPLOYED
ROTOR
Measurements /
2000 Ib i
10,000 ft2 BEARING
20,000 fps
0.33 X 10° Ib/sec
10 g.
4
135 ft,
760°C Pl
2
43.7 b
2.41b

Fig. 14 Packaged rotor and capsule concept.
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details of the capsule arrangement with the packaged rotor are
shown in Fig. 14.

The design characteristics selected for this vehicle are
shown in Table 2. The structural requirements for the
particular configurat on selected leads to extremely low blade
thickness (1.3 mil at the root). Thus, it would be expected
that a “practical” design will employ a heavier rotor by per-
haps a factor of 5. Even if this penalty is accepted, the pay-
load mass fraction would appear to compare favorably with
ablation-protected entry capsules. - It points, however, to the
desirability of developing extremely thin, heat-resistant fabric
and film materials for this application.
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