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a angle of attack of disc at plane of symmetry
yo entry angle, flight path angle relative to the local horizon, deg

surface radiative emissivity
0, escape rocket thrust angle relative to escape vehicle velocity

vector, deg
p density, slug/ft'
a• Stefan-Boltzmann constant, 0.481 x 10-12 ffill/ft2 sec R4

2. RE-ENTRY VEHICLE

Figure 1 shows the configuration and interior arrangement of a hypo-
thetical re-entry spacecraft as it was defined for the purpose of the studies. It
is a manoeuvrable lifting body type vehicle with a hypersonic lift-drag ratio,
LID, of 0.8 and good subsonic flying characteristics. The total re-entry weight
is 24,000 lb and the wing loading, WIA, is 24 lb/ft2. This configuration will
cope well with re-entry heating, keep deceleration low and have lateral range
and horizontal landing capability. Two small turbojets are included to provide
go-around capability and increase the lateral range in the terminal phase for
landing at a pre-selected site.

The spacecraft is launched by a three-stage liquid fuel launch vehicle with
a thrust of 750,000 lb for the lower orbit mission and 3 million lb for the
24-hour orbit mission. Figure 2 shows launch ascent trajectory parameters.

33•    32'

14.75

FIG. I — Interior arrangement of spacecraft





F. Mavriplis  539

failures for each phase of the 24-hour orbit mission. The chart is based on
statistical data and qualified opinion and should be regarded as a reliability
goal for 1970. It can be seen that for a spacecraft without an escape system
approximately 10% of the missions would be fatal. More than 50% of the
failures are expected to be caused by the launch vehicle,  i.e.  during the first
15 minutes of the mission. 25% of the failures are expected to occur during
the 28-day period in orbit, and 15% during the return to earth. It is evident,
then, that an escape system is mandatory. Such a system must cope with all
emergencies and provide safe return from all phases of the mission. To
increase mission safety from 90 to 99-9%, the escape system reliability must
be 99 .

4. CRITICAL ESCAPE CONDITIONS AND REQUIREMENTS

On the launch pad

On the launch pad, the requirement is escape from a launch vehicle
explosion caused by the accidental mixing of the liquid fuel and oxidiser.
For the largest vehicle considered here, the yield of explosion is equivalent to
approximately 200 tons of TNT. Protection against the explosion hazards,
overpressure, dynamic impulse, fireball and debris, is provided by quickly
removing the crew, enclosed in a capsule, to a safe distance from the launch
vehicle outside the dangerous overpressure zone, on a trajectory that lies
outside the debris zone. For a design peak overpressure of 5 lb/in2, an escape
module must achieve a distance of 710 ft from the largest launch vehicle
within 2 sec warning time. This requires an acceleration of 11  g which is
provided by rocket thrust. To clear the debris zone, escape must be effected
in an upward direction within 30 degrees angle from the vertical, and the
escape module must achieve an altitude and range greater than 3000 ft.
Stability during escape rocket burning must be provided by other than aero-
dynamic means because of the very low dynamic pressure associated with this
escape condition.

Boost at maximum dynamic pressure

The most critical condition in the atmospheric phase is escape from a
thrusting launch vehicle at maximum dynamic pressure, when attempts to
shut down the launch vehicle before separation fail. The escape module must
overcome large aerodynamic forces, be stabilised quickly and manoeuvre to
achieve within 2 sec a safe separation distance, which for the largest vehicle
is 400 ft. At no time after escape rocket burnout should the escape module
and the launch vehicle come closer together than the safe distance because
an explosion may occur at any time after escape rocket burnout. This requires
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are large and the required thrust may result in exceeding human tolerance
limits at escape conditions, such as on the launch pad and at high altitude
where aerodynamic forces are low. Figure 6 shows acceleration histories for
an escape system designed for the maximum dynamic pressure condition.
Note that at maximum dynamic pressure the accelerations remain low due to
drag, while under the other two conditions the accelerations are quite high.
The normal component of the acceleration at the maximum dynamic pressure
condition (dotted line) exceeds 5 g  requiring that the crew's attitude during
escape rocket burning is with heads pointing toward the centre of the turn
to avoid eyeballs-up acceleration.

Approach and landing

Escape requirements for the approach and landing condition are similar to
those of a conventional aircraft. The optimum direction of separation is
upward between 35 and 40 degrees angle to the long axis of the spacecraft.
Escape rocket requirements are a thrust to weight ratio  TI W  of 10 and OE75
sec burning time.

Ascent at suborbital and superorbital speed

At altitudes above 250,000 ft, overpressure is not a hazard and the prob-
ability of explosion is low. In most cases, it will be possible to shut down the
launch vehicle and escape by separating the spacecraft with a small A V.
The flight conditions at the escape point of the boost trajectory would deter-
mine whether or not the escape vehicle will re-enter, whether it will exceed
deceleration and temperature limits on re-entry, and how far from the launch
site along the ground track it will land.

Figure 7 shows the safe flight corridor during boost to the 24-hour orbit.
The boost trajectory is shown as a plot of altitude versus time after launch.
The shaded areas represent unsafe regions for escape. Escape from the
critical regions at suborbital speed will result in a too steep re-entry of the
escape vehicle whereby a deceleration limit of 10  g  or a temperature limit of
3500"R, or both, will be exceeded. Escape at superorbital speed will result in
the vehicle moving away from the earth on an elliptical orbit with the perigee
too high to be captured by the earth's atmosphere for re-entry.

The techniques for alleviating these problems are to apply corrective thrust
by means of a rocket and use lift to change the flight path angle. For escape
at suborbital speed, the corrective thrust, to be effective, should be applied
just before entry into the atmosphere at a 90 degree angle to the local horizon
in an upward direction. This procedure will produce a maximum change in
the entry angle for the available A V, reducing deceleration and heating loads
and, at the same time, increasing the range. The orientation manoeuvre for
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they can be packaged for stowage in the cabin and for ejection. Expandable
structures, however, are limited to temperatures of about 2000F (1100°C)
by the strength of their woven type materials and can only be applied to the
flare of a cone behind the blunt nose where maximum surface temperatures
are below 2000°F. For instance, the blunt nose cone module shown in Fig. 10
may consist of a rigid cylindrical capsule with a spherical nose protected by a
ceramic or ablation material heat shield and an open expandable structure
skirt. Another solution is to design for the lowest possible wing loading and
a large radius, i.e. (14/1,4)1R118of less than 10, which is the range of inflatable
type vehicles and those with large flexible wing surfaces like the paraglider.

6. ESCAPE CONCEPTS FOR RE-ENTRY VEHICLE

From the analysis of the safety and escape requirements, it was concluded
that there are basically four concepts, shown in Fig. 11, which provide

CONCEPT A CONCEPT B CONCEPT C CONCEPT D

1
SPACECRAFT ESCAPE PLUS SPACECRAFT ESCAPE INDEPENDENT STRUCTURE NOSE CAPSULE REENTRY
EJECTION SEATS AND PLUS EJECTION SEATS&REENTRY ESCAPE MODULE ESCAPE MODULE
RESCUE BY RENDEZVOUS EXPANDABLE REENTRY

ESCAPE MODULE

Flu. l - Escape concepts for re-entry spacecraft

maximum safety throughout the mission. These concepts have been subjected
to a preliminary investigation to establish feasible designs, their advantages
and disadvantages and design criteria for the optimum system. A great deal of
effort was concerned with the design of independent structure escape modules
which satisfy the requirements of minimum weight, minimum stowage
volume, an efficient re-entry configuration and minimum complexity.

CAPSULE
SEPARATION ROCKET

RECOVERY
GEAR (21

JETT1SONABLE ESCAPE
ROCKET AND TOWER

RENDEZVOUS HATCH

CAPSULE
ESCAPE

ROCKETS

ESCAPE ROCKETS

EJECTION SEATS (3)

PACKAGED

ESCAPE MODULE

IN;LATED

EJECTION SEATS (31 RETRO PACK

SPACECRAFT

SEPARATION ROCKETS
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Spacecra ft escape plus ejection seats and rescue by rendezvous

During orbit non-separable crew escape techniques provide temporary

protection from hazardous conditions on board the spacecraft until rescue
is accomplished by rendezvous with another vehicle launched from the ground

or from a space station already in orbit. For escape during boost, the space-

craft is separated from the launch vehicle by means of an escape propulsion
system and, during approach and landing, ejection seats are used.

Spacecra ft escape plus ejection seats and expandable re-entry escape

module

An independent structure re-entry module, i.e. one that does not utilise
primary vehicle structure, provides escape capability for the orbital phase

only. Such a module is of expandable structure and is stowed in the space-
craft in the packaged condition. Alternative techniques, such as spacecraft

escape and ejection seats, are used for the atmospheric and other phases of
the mission. The best configuration was found to be an expandable disc

module which is stowed in the spacecraft wall. For escape, the module is

inflated around a hatch towards the outside of the spacecraft, occupied by the
crew and separated for re-entry and return to earth. This concept will be

described later in more detail.

Independent structure re-entry escape module

An independent structure module consisting of a minimum size rigid

capsule and an expandable re-entry structure is installed in the spacecraft and

is used for escape in all phases of the mission. The module is ejected in its
minimum cross-section configuration and the expandable structure is de-

ployed to provide a stable aerodynamic configuration both for re-entry and

high dynamic pressure flight. The configuration which best meets the require-
ments of this concept is a canted cylinder capsule and an expandable skirt

which can be deployed quickly to modify the cylinder into a flat face cone.
The rigid capsule has a removable cover which is stowed away during the

orbital phase. During the ascent to orbit and return to earth phases of the
mission, the three men are installed in tandem in the assembled module ready
for ejection.

Nose capsule re-entry escape module

This concept is a separable crew compartment re-entry module of the nose

type providing escape capability for all phases of the mission. The module

utilises the nose structure of the spacecraft including re-entry heat protection
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9. ESCAPE CONCEPTS FOR SPACE STATIONS

Space stations would require a separable escape system to provide pro-
tection against such emergencies as explosion, fire, orbit decay, severe
instability, life support failure and subsystem failures. The time available for
action varies from less than 5 seconds for explosion to several hours for orbit
decay. Emergency onset and lethality times are critical due to the long egress
time (more than 60 sec) that is inherent with a large size of crew and station
configuration.

There are three separable escape concepts for space stations.

Escape in a logistics vehicle docked at the space station.
Escape in a non-re-entry module and rescue by rendezvous with a logistics/
rescue vehicle launched from earth or another space station.
Escape in a re-entry module.

The non-re-entry escape concept appears to offer no advantages when
compared to the docked logistics vehicle escape concept(6). The re-entry
module escape concept merits consideration only if it can be launched as an
integral part of the space station without significantly affecting the launch
configuration, and if it can be developed at a lower cost than that of modifica-
tion, production, refurbishment and operation of an existing spacecraft, such
as the Apollo, for a logistics vehicle. The economic and operational advan-
tages of such a re-entry module concept increase with the number of stations
in orbit. A specific design of an escape concept for space stations which ex-
hibits these and other advantages is the expandable disc re-entry module
proposed here.

10. THE EXPANDABLE DISC RE-ENTRY MODULE
ESCAPE CONCEPT

A one-man configuration of an expandable disc module is shown in Fig. 15
and a three-man configuration in Fig. 16. The module consists of a rigid entry
section and an expandable shell structure. The rigid section forms one end of
the cabin and contains the entry hatch with a window, flight equipment
mounted on the hatch and a parachute stowed around the hatch. Retro-
rockets as well as inflation and foaming equipment are mounted on the rigid
section so that they can be jettisoned. The expandable structure is inflated to a
lenticular cross-section disc re-entry vehicle, 15 ft in diameter and a curvature
radius to body diameter of 1.2. A torus forms the rim of the disc, two spherical
surfaces, the sides, and a conical surface between the two sides, the crew
compartment. The material is a nickel—chromium alloy metal fabric woven

S2
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from fine filaments (0.0005 inch) in the form of a textile resembling a light-
weight canvas. This is impregnated with a resin compound which can provide
both rigidisation by gas catalysis and impermeability. The total thickness of
this material is 0-015 inch. The exterior surfaces are coated with a silicone
elastomer ablative material of varying thickness for re-entry heat protection.
Single wall construction is used throughout with the exception of the heat
shield structure which is an integrally woven truss double wall. The crew
couch, which is tailored to the body contours, and the cabin walls are foamed
with a rigidising polyurethane foam providing structural support and insula-
tion. The crew is restrained on the couch by a webbing harness. Life support,
power supply and communications equipment are mounted near the heat
shield to provide a satisfactory vehicle centre of uavity location. Attitude control
thrusters mounted at the torus periphery provide roll, pitch and yaw
control.

A three-man module can be packaged into a 6 ft diameter by 2.5 ft envelope
and stowed at the wall of the space station for launch. The modules can be
erected either immediately after the space station is occupied by the crew or
when an emergency escape is necessary. In the former case, meteorite protec-
tion is necessary and can be provided in the form of an inflatable rigidised
hangar. In the latter case, time may be a critical factor.

The module is erected by inflating first the torus and then, simultaneously,
the integrally woven truss and the other compartments. A gas pressure of
10 lb/in' is used to maintain the integrity of the structure until rigidisation by
curing of the resin is completed.

Figure 17 shows an artist's conception of escape from a space station with

-1

Fai. 17 • Escape from space station. Expandable re-entry disc
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FIG. 20 — Typical re-entry histories. Three-man lifting disc

tion as a function of time for a re-entry velocity of 26,000 ft/sec at 400,000 ft
altitude and an entry angle of one degree. These histories show clearly the
characteristic long period oscillation of a constant angle of attack re-entry.
Maximum deceleration is only I.6 g, characteristic of a lifting re-entry.
Surface temperatures during re-entry are relatively low due to the low wing
loading,  WI A  of 8, the use of lift, and the large radius and spherical shape of
the heat shield. The peak heating rate shown for the one foot leading edge
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