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A vehicle capable of performing the transfer of eight people to and from the Space Station Freedom is cur-
rently in the conceptual/preliminary design stages at the NASA Langley Research Center. Structural definition
of this personnel launch system and the considerations leading to it are described. Issues such as cost, technology
level, human factors, and maintainability are used as guidelines for the structural definition. A synergistic design
technique involving aerodynamics, performance, mission, packaging, and weights and sizing analyses is utilized
to evaluate the structural design. A closed-loop design is achieved when the mission requirements are met by
each previously mentioned analysis for a particular vehicle weight. Although satisfactory, the structural concept
presented herein is not to be treated as a final answer, but one promising solution. An examination of alternative
designs and more detailed analyses can be undertaken in order to identify design inadeguacies and more efficient

approaches.

Introduction

n response to a potential need to transport personnel to and

from the Space Station Freedom and for assured crew
return capability from the station, candidate personnel launch
system (PLS) concepts are currently being designed and evalu-
ated. Candidate configurations for the PLS include a low lift-
drag ratio (L/D) biconic and a moderate L/D lifting body
(Fig. 1). Initial analyses suggest that a lifting-body configura-
tion may have advantages over other concepts because of the
flexibility provided by the higher entry cross range and the low
acceleration forces (1.3-1.5 g) experienced by the crew during
entry.! Because of these aerodynamic advantages, a decision
has been made to initiate a complete conceptual and prelimi-
nary design and analysis study of the lifting-body concept as
an option for the personnel launch/space station rescue mis-
sions. As part of this conceptual/preliminary design effort, a
candidate structural approach has been developed and ana-
lyzed. The results of this structural analysis are reported
herein.

Study Guidelines

In order to conduct the configuration study, reference mis-
sions must be established. The main objectives for the PLS are
to demonstrate low design and development costs and low cost
per flight for a safe, reliable vehicle with efficient subsystems.
Design reference missions include space station/lunar/plane-
tary crew rotation, space station standby vehicle, and orbital
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rescue, sortie, and servicing. Initial operational capability is
targeted for the year 2000 in order to support the Space Sta-
tion Freedom. To meet the low cost goals, the configuration
should incorporate current technologies or at least technolo-
gies that are projected to be available by 1992. The PLS study
assumes the use of the Titan IV expendable launch vehicle and
the Space Shuttle as candidate launch systems. This require-
ment does not preclude the use of other launch vehicles but
gives a reference for vehicle weight and size for which the PLS
vehicle can be designed. Key loading conditions affecting the
vehicle structure are derived from the mission model. These
conditions include the crew cabin pressurization, on-the-pad
abort, subsonic maneuver, and runway bump. More detailed
ground rules concerning the limitations and requirements of
the vehicle will be introduced as needed in the remaining text.

Vehicle Design System

The design and analysis process of the lifting-body PLS can-
didate configuration is being conducted using a multidis-
ciplinary approach. This approach is necessary to accurately
develop a concept because the effects of each discipline impact
virtually all other disciplines. This approach necessitates the
simultaneous study of operations, aerodynamics, aerothermo-
dynamics, performance, mission, packaging, structures, and
weights. Through an iterative procedure, the vehicle is altered
by successive discipline studies until a vehicle design meeting
the vehicle weight/performance requirements is achieved. A

Lifting body Low L/D Vehicle

Fig. 1 Candidate personnel launch system vehicles.
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typical iteration loop would start with the creation of the vehi-
cle external geometry using an in-house-developed software
called the Solid Modeling Aerospace Research Tool (SMART).?
The aerodynamic characteristics of this geometry are deter-
mined through the utilization of the aerodynamic preliminary
analysis system (APAS).? Surfaces of the vehicle geometry are
then altered to improve aerodynamic characteristics. In paral-
lel with the aerodynamics analysis, a thermal analysis of sur-
face heating is performed using MINIVER.* The alterations in
geometry that result from the improved aerothermal model
are instituted into the original SMART geometry of the vehi-
cle. Flight characteristics from the aerodynamic analysis and
engine performance from previous propulsion studies are used
as inputs to the vehicle performance analysis.

An initial vehicle weight is estimated through a combination
of subsystems sizing and weight estimating relationships. The
performance analysis determines the optimal trajectory and
engine throttling sequence to complete the mission. In addi-
tion, the fuel fraction and gross weight of the vehicle are op-
timized by varying the trajectory parameters in the Program to
Optimize Simulated Trajectories (POST).5 Parallel with the
aerodynamic, thermal, and performance analyses, a sub-
system packaging and a vehicle structural definition are per-
formed.

Once a tentative vehicle size has been established from the
performance analysis, the vehicle structural model is sized ac-
cordingly and analyzed. The results of the structural analysis
are a resized structural concept and its corresponding weight.
If the vehicle weight is significantly different from the initial
estimate used for performance analyses, the vehicle must be
re-evaluated until the weights of both analyses converge.

Structural Design Approach

The structural analysis and weights determination includes
geometry modeling, finite element modeling, loads generation
and application, finite element analysis, element sizing to meet
loading conditions and structural criteria, and structural ele-
ment weight summation, organized into an iterating process®
(Fig. 2). The external shape of the resulting configuration is
modeled by discretizing the SMART geometry into a finite ele-
ment model (FEM) through the use of PATRAN.” Experience
is then used to initially determine and model the internal struc-
ture of the vehicle. Physical and material properties of the
structure are included in the FEM of the vehicle. External
loading conditions incurred during assembly, transportation,
and operations are applied to the FEM. Mission static-load
cases are assembled from critical POST inertial loads and
APAS aerodynamic loads. The completed finite element struc-
tural model with physical and material properties,® external
loading, and structural arrangement is ready for analysis.

The engineering analysis language (EAL)® is used for the
finite element analysis (FEA). The FEA produces resultant
structural loads due to the loading case conditions for each el-

ement. The resultant loads are indicative of the load paths of
the vehicle structure. These loads are applied to the EZDESIT
program!? to size the finite elements (bars, planar beams, and
plate elements) to withstand the loading conditions (Fig. 3).
The cross-sectional areas of bar elements are sized. The cap
cross-sectional arecas and web height are sized for planar
beams. The plate element design variables depend on the type
of construction chosen. Isotropic and composite honeycomb,
hat-stiffened, and membrane panels along with corrugated
web elements can be sized by the code. For each element, a
stiffness matrix and a construction geometry (lamina gauge,
honeycomb core height, etc.) are specified, and each element
has an initial thickness equal to the minimum gauge value. The
elements are sequentially checked for failure due to panel
buckling, stability criteria, yield, and ultimate modes for each
loading case. If failure occurs, the element dimensions are in-
creased until the indicated failure mode is satisfied. The geo-
metric sizing of the panel alters the stiffness properties. Thus,
the finite element analysis and geometry sizing are iterated un-
til convergence is achieved.

The dominant failure load case for each element is deter-
mined, and its corresponding dimensions, weight, and failure
mode are obtained. The results of the sizing can be reviewed in
two different manners. An interactive session of the EZDESIT
program permits the user to write the results to the terminal
screen. The resulting weight of the vehicle structure is
calculated and displayed by component, load case, failure
mode, and element type. In the second method, the EZDESIT
output file is read into PATRAN, and the element properties
can be displayed on the model. Those properties include inter-
nal loads, dominant load case, failure modes, and unit
weights. Highly stressed areas may indicate a need for an alter-
native structural design. Resultant loads are reviewed by the
structural designer, and the necessary changes to the structural
arrangement are made by altering the FEM and reanalyzing
the structure.

Vehicle Definition

Initial studies of using the lifting-body concept as a PLS
result in a baseline vehicle length of 24.56 ft. The Space Shut-
tle payload bay diameter is a factor limiting the PLS size, par-
ticularly its span. The Titan I'V limits the maximum weight of
the PLS and adds complexity to the structural arrangement of
the PLS due to aft end mounting. Since the space station is vis-
ualized as having an eight-member crew, the PLS vehicle
should have room for 10 people, that is, a pilot, copilot, and
eight passengers. The external surfaces serve as walls for the
pressurized crew compartment to maximize the personnel
headroom. Entry and exit hatches are necessary for entrance
to and exit from the PLS vehicle while on the launch pad, dur-
ing docking to the space station, and in the event of an
emergency water landing evacuation. The hatch located on the
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top of the vehicle can be used for prelaunch access and in case
of a water landing for egress. The aft hatch is primarily for use
in docking with the space station. In addition, enough internal
volume must be available for the retractable landing gear, or-
bital maneuvering system (OMS), reaction control system,
prime power, environmental control and life support system,
avionics systems, and personnel provisions. The internal pack-
aging arrangement is shown in Fig. 4.

The baseline vehicle length of 24.56 ft was increased photo-
graphically to a length of 26.52 ft. At this new size, the vehicle
still fits into the Space Shuttle payload bay and is within the
Titan I'V’s launch capability. The need to analyze various vehi-
cle sizes stems from the as yet unsolved internal volume needs.
Both sizes of the vehicle have been analyzed to obtain a vehicle
sizing relation. The analysis and results of the smaller (base-
line) vehicle (24.56 ft) will be discussed in this paper, and
results of the larger (26.52 ft) vehicle will be presented as a siz-
ing comparison.

Structural Definition

When defining the structure of the PLS, several points must
be considered, such as the vehicle configuration, subsystems
arrangement, mission scenarios, cost, and maintainability.
The various sections of the vehicle will be designed to accom-
modate various design criteria.!! Aerodynamic loading may
be the major design criterion for the wings, whereas internal
pressure and volume requirements may be the driving criteria

for the crew compartment. Engineering judgement was re-
quired to identify criteria and their corresponding structure
for many of the subsystems.

The proposed structural concept (Fig. 5) for the vehicle
body shell and fins contains current technology materials and
construction with the exception of a new approach for the
thermal protection system (TPS) attachment. The vehicle shell
will have either internal skin stringer or internal isogrid stiff-
eners. Frames, also internal to the skin, will be located ap-
proximately every 20 in. This distance is subject to change
with further optimization or changes in vehicle size. The stiff-
eners and frames are internally placed so as not to interfere
with carrier panels and the TPS. The carrier panels are multi-
purpose. Supporting the TPS on a carrier panel, rather than a
skin, reduces the chances of TPS loss from structure flexing.
The carrier panel additionally provides more space between
the TPS with its high entry heating and the vehicle skin. The
carrier panels will be constructed of a lightweight composite
material, probably a graphite/polyimide. The carrier panels
are used only on the bottom surface of the crew compartment
area. Direct application of the TPS is used on the remaining
surface areas of the vehicle. Even though the thermal protec-
tion system is similar to that now used on the Space Shuttle,
more testing and design will be necessary because of the carrier
panel addition. High-density reusable surface insulation
(HRSI) is employed on the bottom surface of the vehicle and
low-density reusable surface insulation (LRSI) and/or flexible
reusable surface insulation (FRSI) on the upper surfaces (Fig.

Fig. 4 PLS internal arrangement.
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Fig. 6 PLS thermal protection system.

6). Advanced carbon-carbon (ACC) is used in areas of high
heating such as on the wing leading edge and control surface,
nose, chines, and vehicle body flaps.

Aluminum (2219) is used for the crew cabin pressurized
shell because of its low cost, high-use experience, and its
weldability. The crew cabin is welded to insure sealing of the
pressurized vessel. Within the crew compartment, a honey-
comb floor will be mounted on the primary ring frames. The
honeycomb will consist of Kevlar skins and a Nomex core.
Subsystems will be secured to the structure at the frame loca-
tions. Aluminum (7075) will be used as the construction
material for the forebody thereby reducing weight because of
its higher strength. Much of the forebody will consist of a
molded ACC nose cap similar in construction and installation
to the Space Shuttle’s nose cap. The construction of the aft
body will be similar to that of the crew compartment with the
omission of the floor and carrier panels. Composite boron
aluminum tubular struts will be used for the OMS engine
thrust structure and tank supports. These same struts will be

used in several other locations on the vehicle to support sub-
systems, provide a tensile or compressive load path, and
reduce shell deflections under internal pressure.

Other significant structural components, besides the ring
frames, must be included in the internal arrangement of the
vehicle. A forward and an aft bulkhead will complete the crew
compartment. Larger ring frames in the aft section of the vehi-
cle serve to stiffen the body as well as provide a load path for
the wing-spar-to-body intersection. In addition, points along
the ring frames will be used to attach the OMS subsystem.
Four large axial beams serve as seat tracks and transmit the
combined inertial load of personnel, suits, and seats to the
OMS propulsion or abort rockets at the rear of the vehicle.
These axial beams will also reduce vehicle flexure. Ribs and
spars are placed in the wing to provide load paths into the
body.

Vehicle Model

A FEM representing the previously described vehicle struc-
ture was created. This model includes elements that represent
structure, materials, and physical properties. Several materials
are utilized in the design of the vehicle. These material proper-
ties are input as tables in the finite element modeling program
and are assigned to corresponding elements composed of a

Leading edge
3 Environmental controt life support

SUDSYSTIEM ...ttt 150
4 Mid bOdY ....covvrererrrieinrenieirainiensnennns 1325
5 Environmental control life support

SUDSYSIEM ...covirmreiiiiiiie et 150
6 Environmental control life support

subsystem
7 FOrEbOAY ..ooeeeeveevceccirecciriiretirse e sraesaecnenes
8 Reaction controt system. .
9 NOSE CaP .ccevevmerrerenienne .47

10 Nose gear......... .47
11 Evaporator HyO e 480
12 AVIONCS .oeeeeccreerrcseecsessreeniresn e eentenensnenes 200
13 Personnel, suits, + seats (per) ........ceceuee.. 417
14 Avionics, displays, + controls misc. ............ 300
15 Cabin N, & tank

16 Cabin & fuel cell Oy +tank ....couveeeenicenncs 259
17 Fuel cell Hy +1ankK ..o 123

18 Landing gear main.........cccceveeue
19 Orbital maneuvering system .
20 SUurface CONIOl ......cccoecreererrmmicrecnineesieninesienas 25

21 Orbital maneuvering system. .24
22 Reaction control system ........ ....60
23 Surface COMIOl .....cviminienivinniieeninanennnens 25
24 AVIONICS ...ooeeeereereercrcmneninivsieerisssesanessnnesensns 200

Fig. 7 PLS subsystem packaging and weights.
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Fig. 8 POST Titan IV ascent performance.

Fig. 9 Resultant lateral body loads due to on-orbit cabin pressurization.
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specific construction material. Geometric properties were also
tabulated and assigned to corresponding elements to model
the stiffness of the various types of construction methods.
That is, the stiffness properties of a membrane and an isogrid
construction differ and these properties are needed to
calculate the resultant stress levels due to loading. Most of the
vehicle structure is modeled using the physical properties of a

—— Deformed
------- Undeformed

Proposed
tension tie

Fig. 10 Vehicle cross sectional deflection due to on-orbit cabin pres-
surization.

skin stringer construction. Bulkheads are modeled using plate
properties with bar stiffeners. Ring frames are modeled using
membrane properties for webs and bar properties for the caps.
Ribs and spar webs are modeled assuming membrane proper-
ties. All physical properties are initialized as manufacturing
minimum gauge. Through sizing loops, these gauges will be in-
creased as needed to prevent failure or remain minimum gauge
in cases of negligible loading.

Elements representing the subsystem masses are also in-
cluded in the FEM. These nonstructural elements are impor-
tant because they introduce inertial forces into the structure
when coupled with vehicle accelerations. Masses of the sub-
systems (i.e., avionics, fuel tanks, etc.) are calculated using
weights and sizing routines. The calculated subsystem masses
are influenced by technology level and cost. These masses are
placed on the structure consistent with the subsystem packag-
ing arrangement in Fig. 7. In the case of personnel provisions,
masses need to be calculated for the personnel, pressure suits,
and seats. In accordance with the study guidelines, each of the
crewmen is assumed to be a 95th percentile white male. This is
a worst-case scenario since some personnel on each flight will
probably be of lesser stature. According to Ref. 12, a 95th per-
centile white male corresponds to a weight of 217 Ib. A partial
pressure suit weight for each person is 86 Ib. Initial weight esti-
mates are 114 1Ib per seat, giving a total of 417 1b for each
suited crewman in his seat.

Vehicle Loads

Once the geometry, material, and mass modeling of the ve-
hicle are completed, external loading conditions for the PLS

Fig. 11 Resultant lateral body loads (with tension ties) due to on-orbit cabin pressurization.
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Fig. 12 Resultant axial thrust structure loads due to on-the-pad abort.

Fig. 13 Resultant axial body loads due to on-the-pad abort.




BUSH ET AL.: PERSONNEL LAUNCH SYSTEM DESIGN

|
PR N

/

Fig. 14 Resultant axial body loads and normal bulkhead loads due to a runaway landing bump.

Fig. 15 Resultant axial body loads and spanwise wing loads due to subsonic aerodynamic maneuver.
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Fig. 16 Resultant lateral body loads and chordwise wing loads due to subsonic aerodynamic maneuver.

ump

Fig. 17 Dominant panel sizing load case.
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are defined. An examination of the operations and mission of
the vehicle should result in design loading conditions. These
conditions occur when loads are maximum for a specific area
or component of the vehicle. For example, the wing is ex-
pected to experience its maximum loading after atmospheric
re-entry and during subsonic maneuvers. Loading during
ground operations is typically much less than that experienced
during the mission. Thus, a description of the mission and its
sequences starting with the launch phase is necessary to obtain
the maximum loading conditions.

The primary mission is the transport of personnel to Space
Station Freedom, or other orbital nodes, and return to Earth.

The PLS may function in other capacities consistent with the

primary capability, such as on-orbit servicing and orbital
transfer to other space nodes. From the standpoint of struc-
tural design, all missions will typically include launch, ascent,
orbit, docking, berthing, deorbit, descent, and landing loads.
The spacecraft structure must also sustain loads for all phases
of an abort, including pad or altitude aborts at high dynamic
pressures.

An on-the-pad abort yields a critical loading condition. In
order to escape an explosion and its resulting overpressures,
an 8-g acceleration (g is the acceleration due to gravity, 32.2
ft/s%) must be accomplished by the PLS module through the
use of its abort motors mounted on the interface adaptor. This
axial acceleration is the maximum experienced by the vehicle
in a normal mission or abort. At launch, all of the fuel and
cargo are onboard, yielding the maximum inertially induced
forces on the vehicle. This condition is modeled by applying
constraints at the interface adaptor/PLS attachment bolts,
whereas the vehicle FEM and its associated subsystem masses
are subjected to inertial loads equivalent to an 8-g forward ac-
celeration. Once the vehicle is jettisoned away from the blast
and over the ocean east of Kennedy Space Center (KSC),
parachutes are deployed and a water landing is accomplished.
Water impact loads could reach levels as high as 10 g due to
combined effects of the vehicle deceleration and wave action.
In the event of an on-the-pad abort into the water, the vehicle
must remain intact to insure survival of the crew, but intact
survival of all of the structure outside the pressure shell is not
a requirement. Parachutes are stored in the adapter and are
positioned and deployed so that the aft end of the vehicle en-
ters the water first. This entry allows for a lower deceleration
at water impact. Several precautions are taken to ensure the
safety of the personnel. The vehicle will not be analyzed for

water impact since this is an allowed failure and the aft struc-
ture should not be designed to withstand these loads without
failure. However, the structure is to be designed so as not to
deform to the extent that it would jeopardize the integrity of
the pressure shell.

A performance analysis of the vehicle ascent using POST
(Fig. 8) does not result in any higher axial loading than is
sensed during the abort mode. Although there are normal and
axial loads present during ascent, their summation is relatively
insignificant compared with abort loads. Furthermore, the ve-
hicle’s structural arrangement is such that most of the load
paths are either axial or lateral, with little interaction between
them. Engineering codes are unable to accurately predict the
aerodynamic pressures due to sideslip rotations or gust loads.
This may be of little importance since the gust velocities are
significantly smaller than the vehicle velocity and rotations
during launch will be overpowered by the launch vehicle pro-
pulsion and control system.

During the later stages of ascent, external aerodynamic and
inertial loads are relatively small. Yet, one of the design load-
ing conditions occurs during this time. Environment compata-
bility with the Space Station Freedom is specified as one of the
ground rules for this study. Thus, the crew compartment is
designed for a 14.7-psi internal pressure. This absolute
pressure at sea level becomes a 14.7-psi differential at altitude
across the crew compartment shell and constitutes one of the
critical design conditions. The pressure differential is typically
not a major concern when dealing with cylindrical or spherical
tank-like structures, but the crew compartment has one flat
side and three curved surfaces with differing radii of curva-
ture. The internal pressure over the flat floor is approximately
1 ton/ft2, or approximately 270,000 Ib. This condition was
modeled by applying a 14.7-psi pressure to the interior face of
each element comprising the crew compartment.

No significant vehicle loads occur during docking or ber-
thing. Some local loading will occur, but this constitutes an in-
significantly small contribution to structural weight compared
with other loading conditions.

Upon re-entry, aerodynamic effects become significant on
the vehicle. The vehicle flies at an angle-of-attack range from
27 deg at hypersonic entry conditions to 2 deg at low super-
sonic speeds. The maximum dynamic pressure during . this
phase of entry occurs around Mach 2.5 where the flight angle
of attack is 6 deg. At this condition, pressures on the wing are
in the neighborhood of 3 psi. The aerodynamic pressure ex-
erted on the body is insignificant in comparison with the
already mentioned internal pressure. A subsonic maneuver of
2.5 g normal to the vehicle floor is assumed. The vehicle acce-
leration and aerodynamic pressure values result from APAS
and POST analyses. A load case is simulated on the FEM by
placing the corresponding aerodynamic pressures on the
model along with inertial forces equivalent to the 2.5-g normal
acceleration on the FEM and its subsystem masses.

A maximum landing sink rate of 3 ft/s is assumed. Per-
formance analyses show that this sink rate is achievable for all
touchdown scenarios with a margin of 1 ft/s included for a
worst case. A touchdown deceleration at a sink rate of 3 ft/s
results in only a 0.35-g acceleration normal to the vehicle. This
value is based on a gear stroke length of 5 in. A portion of any
short-term landing accelerations are attenuated by the seats.
Conventional design landing loads usually include a 2.5-g run-
way bump condition. This condition will be used since its
loads exceed those for the touchdown. This will be modeled by
placing inertial forces equivalent to the 2.5-g normal accelera-
tion on the FEM and its subsystem masses and restraining the
landing gear body attachment points.

Additional loading cases will be added in the future as
deemed necessary by more analysis. At the writing of this
paper, more aecrodynamic analysis and wind-tunnel testing are
in progress and more detailed performance analyses are under-
way. The results of the additional research and testing will be
included in future structural analyses of the PLS configuration.
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Finite Element Analyses Results

Internal loads caused by the aforementioned applied load-
ing conditions are calculated from FEA using EAL. These re-
sultant loads can be displayed on the vehicle model using
PATRAN. Visual inspection of element local lateral and axial
resultant loads is used to determine areas of the vehicle or
components in need of an alternative structural design. Load
levels of high magnitude may be indicative of a poor initial
structural design. A discussion of the FEA results and modifi-
cations follows.

Initial analysis of the on-orbit internal pressure loading case
indicates that a large portion of the crew compartment struc-
ture is subjected to relatively high load levels (Fig. 9). Top and
bottom skins of the crew compartment are loaded in trans-
verse tension, and the midsection is in compression. A look at
the cross-sectional deflection under the assigned loading con-
dition explains this difference in resultant loads (Fig. 10). The
internal pressure acting on the longer horizontal span exerts
enough force to deflect the top and bottom surfaces outward,
with the maximum deflection occurring at the centerline. The
shorter span in the vertical direction causes compression in the
fuselage skin due to the reversal in frame bending moments.
After this initial analysis, a solution to reduce the deflections
and load levels was proposed in the form of tension ties. Ten-
sion ties are placed in the crew compartment, connecting the
inner flanges of the frames. Keeping these stiffeners outboard
of the personnel seats maintains the seating volume and egress
paths. As a result of this new structural arrangement, the level
of the resultant loads and deflections due to internal pressure
were reduced (Fig. 11). This reduction in load level resulted in
a structural weight savings of 576 Ib, based on a structure siz-
ing failure analysis.

Results of the on-the-pad abort analysis show the loading to
be localized to the aft end of the vehicle (Fig. 12). Axial run-
ning loads in the sides of the thrust structure have a maximum
value of 1000 Ib/in. at the top and bottom skin intersection
points. These loads dissipate quickly and are essentially non-
critical before they approach the aft bulkhead of the crew
compartment. This is because the aft bulkhead, which is per-
pendicular to the thrust structure, does not provide for a good
load path. In contrast, axial running loads reach a maximum
of 2450 1b/in. in compression in the skins of the top and bot-
tom surfaces (Fig. 13). These loads do not dissipate below 700
Ib/in. until well into the back third of the crew compartment.
The bulkhead does contribute to a reduction in the axial loads
in the skins as seen at their junction. Loads at the aft end are
reduced by a factor of 3 within a very short lateral distance
from the thrust structure. Thus, additional longitudinal stiff-
eners may decrease the resultant stress levels. Compression at
each bolt attachment is assumed. If a yawing action were to
occur during flight (not analyzed herein), the compression at
some bolt locations would be reduced, perhaps enough to
cause tension, whereas the compression load at some locations
would increase to produce a critical load case. As mentioned
earlier, performance analyses are being conducted to assess

3.75¢+

Structural
unit weight, 3.70
Ib/ft

3.65 .
Baseline 24.56
ft

3.60 1 1 ] 1 L )
24.0 24.5 25.0 25.5 26.0 26.5 27.0
Vehicle length, ft
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the probability of this occurring. If this scenario is found to be
probable, the case will be analyzed.

The results of the runway landing conditions show localized
loads at the landing gear bays and more specifically in the
bulkheads to which the main strut of each gear is attached
(Fig. 14). The direct impact of this type of loading is contained
within the bulkheads and dissipates quickly. Indirectly, the ve-
hicle flexes from the impact, resulting in tensile loads for the
bottom and compressive loads for the top of the vehicle within
the crew compartment area. These loads switch location in the
nose as this acts as a cantilevered beam with no support at the
forward end. The overall effect of these loads on the vehicle
will probably be negligible because of their low magnitude
compared with those already seen in the cases of abort and in-
ternal pressure. One area that will be affected by this loading
is the bulkheads since they take a load that is applied within
their planes. Additional bulkhead stiffeners may be necessary
to withstand these loads and reduce the stresses.

The subsonic maneuver analysis results exhibit the effects of
the aerodynamic wing loading and the 2.5-g normal accelera-
tion on the entire vehicle (Figs. 15 and 16). As expected, the
lower surface of the wing is in tension and the upper surface of
the wing is in compression, as noted by the respectively posi-
tive and negative load values. These loads tend to cluster at the
leading edge because of the shorter load paths into the body
structure. Exact dimensions of the trailing-edge control sur-
face have not yet been determined, but the lack of loads in this
area indicates this to be a minor adjustment. A comparative
study of the load cases shows the wing resultant loads to be
greatest for this loading condition. A combination of the wing
loads entering the body and the normal acceleration on the
body creates the resultant body load map.

Similar to the wing loads, the body experiences axial tension
in the lower surface and axial compression in the upper sur-
face. The unusual intersection angle of the wing and body in-
troduces a canted load path in the body. These paths can be
critical because of the abrupt change of curvatures found on
the body surface. The axial loads are mainly due to the normal
acceleration flexing of the structure (Fig. 15). Lateral loads in
the body are also in tension on the bottom surface and in com-
pression on the top surface (Fig. 16). In contrast to the axial
loads, these lateral loads are additionally induced by the intro-
duction of wing loads into the body. Aerodynamic lpads
deflect the wing upward, placing a moment load at the
wing/body intersection. This moment is evident in the lateral
loads of the body. The wing deflection places a compressive
load into the upper skin and a tensile load into the lower skin.
The ring frames and the bulkhead of the body act to carry the
load through the body, as exhibited in the high load levels.
Thus, the wing and parts of the body may be critically loaded
by the subsonic aerodynamic maneuver.

Resultant loads discussed in the previous text are used as in-
put to a structural sizing failure analysis. Certain physical pro-
perties of each element are sized to withstand an array of
structural failure criteria. The exact details of this operation
are found in the Structural Design Approach section of this
paper. A weight for each sized element results from this sizing
operation. The critical condition for an individual panel can
be determined and displayed (Fig. 17). A review of the failure
case loading picture shows good correlation with the results of
the individual load case scenarios.

The subsonic aerodynamic maneuver sizes the wing and up-
per body sections. The upper body section was in compression
due to the normal acceleration and the wing deflection of this
scenario. Loads running into the aft bulkhead due to the wing
bending account for the sizing of the bulkhead by this condi-
tion. The sizing of the lower portion of the nose is also attri-
buted to the subsonic aerodynamic maneuver. The nose is can-
tilevered from the forward bulkhead and incurs compressive
loads in this region.

The on-the-pad abort sizes most of the upper and lower sur-
faces of the aft end of the vehicle. The abort loading is not



BUSH ET AL.: PERSONNEL LAUNCH SYSTEM DESIGN 149

localized to the aft end as was noted in the discussion address-
ing that topic. Much of the resultant loads act through the
plane of the lower surface and upper surface. The load is not
reduced significantly until well into the crew cabin. Thus, the
large in-plane loads acting on the floor cause the panels to be
sized by that criterion rather than the loads due to pressuriza-
tion or aerodynamic maneuvers.

The condition affecting the least amount of the structure is
the runway bump. Figure 17 exhibits the localized loading ex-
perienced by the bulkheads because of this loading condition.
This condition introduced loads directly into the plane of the
bulkheads. Resultant loads for the aft bulkhead were small
compared with the other scenarios, and only the section of the
bulkhead directly in contact with the landing gear is sized by
this condition. The forward bulkhead experienced direct in-
plane loading only for the runway bump scenario. Thus, the
forward bulkhead was sized almost entirely by the runway
bump conditions.

As suspected, the internal pressure loading has a significant
impact on the sizing of the vehicle. The deflection of the crew
compartment because of this loading contributed to the large
loads in the skins of the vehicle and the seat tracks. Although
some of the floor is sized by the abort scenario and some of
the top skins are sized by the subsonic maneuver, the remain-
ing structure is sized by the internal pressure.

The vehicle structural weights required for the various
design conditions are presented in Fig. 18. If one case were to
dominate the sizing of the vehicle, consideration would be
given to modifying that mission scenario. Results indicate that
the vehicle is not designed disproportionately for any one case.
In fact, the resulting weight is almost evenly split among the
three major loading conditions. The runway bump condition
is a localized loading condition and therefore does not have a
large effect on the entire vehicle.

The EZDESIT program is used to calculate the weight and
unit weight of each resultant element based on its correspond-
ing sized structural and material properties. The resulting ve-
hicle weight agrees with that obtained through the other disci-
pline studies, making this a converged concept. An average
unit weight of 3.64 1b/ft> was calculated for the entire vehicle
primary structure. The larger vehicle (26.52 ft) also attained
convergence. The weight of the vehicle increased by approx-
imately 700 Ib for a new unit weight value of 3.79 Ib/ft?>. No
significant scaling of any one subsystem in comparison with
the rest was noted. A graphical representation of the vehicle
unit weights vs length exhibits the weight sizing relation of the
vehicle (Fig. 19). This approach can also be utilized to repre-
sent the sizing relationship for each subsystem. The sizing rela-
tionships resulting from the analyses enhance the weights and
sizing data base. Future adjustments of the vehicle size can be
accomplished with more ease, utilizing the relationships
calculated by this method.

Studies of the PLS are continuing. Results reported in this
paper should be regarded as a progress report and not a final

report. Exact size of the vehicle is undetermined as yet and
may increase. If needed, additional analyses will be per-
formed. The maximum size will be limited by the chosen
launch vehicle. A few more structural tradeoff studies will be
performed, as noted previously. Many of these studies will
center around the body location of structural members and
slight improvements of the material properties. Major alter-
native structural arrangements and subsystem packaging for
the vehicle are being examined and will be analyzed as required.

Summary and Concluding Remarks

A lifting-body vehicle design has been proposed for the pur-
pose of transporting personnel to and from the Space Station
Freedom. This PLS is currently in the conceptual/preliminary
design phase. The PLS structural design reported within this
study is capable of performing the assigned mission within the
limits of the prescribed guidelines for vehicles within a length
range of 25-27 ft. No limiting structural technologies have
been identified for these vehicles. This study is continuing in
an effort to determine the optimum vehicle design and to iden-
tify and solve any possible structural design problems.
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