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ABSTRACT

This report comprises a series of design studies concerning the Assured Crew Return Vehicle
(ACRYV) for Space Station Freedom. Study topics, developed with the aid of NASA/Johnson Space
Center's ACRV Program Office, include: a braking and landing system for the ACRV, ACRV growth
options, and the design impacts of the ACRV's role as a medical emergency vehicle.

Four alternate designs are presented for the ACRYV braking and landing system. Options presented
include: ballistic and lifting body reentries; the use of high-lift, high-payload aerodynamic decelerators, as
well as conventional parachutes; landing systems designed for water landings, land landings, or both; and an
aerial recovery system. All four design options presented combine some or all of the above attributes, and
all meet performance requirements established by the ACRV Program Office.

Two studies of ACRV growth options are also presented. Use of the ACRV or a similarly
designed vehicle in several roles for possible future space missions is discussed, along with the required
changes to a basic ACRYV to allow it to perform these missions optimally. The outcome of these studies is
a set of recommendations to the ACRV Program Office describing the vehicle characteristics of the basic
ACRY which lend themselves most readily to be adapted for use in other missions.

Finally, the impacts on the design of the ACRYV due to its role as a medical emergency vehicle
were studied and are presented herein. The use of the ACRYV in this manner will impact its shape, internal
configuration, and equipment. This study included: the design of a stretcher-like system to transport an ill
or injured crew member safely within the ACRYV; the compilation of a list of necessary medical equipment
and the decisions on where and how 1o store it; and recommendations about internal and external vehicle
characteristics which will ease the transport of the ill or injured crewman and allow for swift and easy
ingress/egress of the vehicle.

This report is divided into three volumes. Volume I contains the four braking and landing
proposals, volume II contains the two growth options studies, and volume I1I contains the single medical

mission impact study.



INTRODUCTION

Since the beginning of the manned space program, NASA has been dedicated to the design
philosophy of assured crew return capability (ACRC). This philosophy has meant that every manned
program in NASA's history has had some method of returning the astronauts safely to Earth in the event of
a failure of the primary return system. The commitment to ACRC continues in the design of Space
Station Freedom. The primary return method for the Space Station's crew is the NSTS, but NASA has
foreseen the need for a dedicated, space-based return vehicle at Freedom to act as a "lifeboat” in at least three
circumstances: 1) a catastrophic event occurs on the Space Station, the crew is forced to evacuate
immediately, and the Shuttle is not at Freedom, 2) there is a medical emergency which exceeds the
capability of the Space Station's facilities, and the Shuttle cannot respond in time; and 3) the NSTS is
forced to halt flights for any reason, meaning it is not available to resupply or transport the Station's crew.
NASA has begun the design of the Assured Crew Return Vehicle (ACRYV) to meet these contingencies.

Through USRA's Advanced Design Program, Penn State became associated with the ACRV
Program Office at Johnson Space Center in 1989. Prior to the 1989-90 academic year, several ACRV
design topics were identified by Penn State faculty and ACRV Program Office personnel. During the past
academic year, forty-nine seniors in Penn State's Aerospace Engineering Department were divided into seven
project groups and pursued three of these topics: the design of a braking and landing system for the ACRV,
the investigation of ACRV growth options, and the investigation of the ACRV's role as a medical
emergency vehicle and how this impacts its overall design. This report comprises the seven individual final

reports of the project groups



VOLUME I

ACRV BRAKING AND LANDING

For the purposes of this investigation, the braking and landing system of the ACRV was defined
as those devices and vehicle characteristics which slow the vehicle upon atmospheric reentry and allow it to
land safely on the Earth's surface. This did not necessarily include a propulsion system for a deorbit bum or
an attitude control system, but some of the project groups felt it necessary to examine these systems also.

The braking and landing system of a reentry craft provides an interesting design challenge due to
the large variety of alternatives available to the designers. It also involves some of the most important
design decisions, since this system may impose size, shape, and weight constraints on the vehicle's other
systems.

The project groups had certain restrictions imposed on their design by the ACRY System
Performance Requirements Document (SPRD). This document, written by the ACRV Program Office, was
developed to provide guidelines for the ACRV design, but was intentionally left as vague as possible to

allow for the maximum creativity on the part of the designers. Some of the more important requirements

are:

1. The fully constructed ACRV must be able to be launched in the Shuttle payload bay.

2. In its role as a medical emergency vehicle, the ACRYV system (including recovery forces) must be
able to deliver the returning astronauts to a suitable medical care facility on the ground within
twenty-four hours of the decision to leave the Space Station. Of this time, no more than six
hours may be spent in transit. This allows for up to eighteen hours to be spent on orbit
waiting for an appropriate reentry window.

3. Reentry accelerations must be limited to four g's for all crew members. Impact accelerations and

total impulses upon landing must be limited to fifteen g's and three g-seconds for healthy

crewmembers, and ten g's and two g-seconds for an ill or injured crewmember.



4. The ACRV must be able to be operated by a deconditioned crew.
S. To maximize the reliability of the system, proven "off-the-shelf” hardware should be used

whenever possible.

Four of the seven student project groups did preliminary and detailed designs of an ACRYV braking

and landing system. The four final project reports for these groups are presented in the following sections.
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ABSTRACT

A long term manned facility in space must include provisions
for the safety of the crew. The resolution of this need was the
design of an Assured Crew Return Vehicle, the ACRV. This report
focuses on the braking and landing system of the ACRV. This
subsystem of the ACRV was divided into three phases. The Phase I
analysis showed that the use of a tether to aid in the reentry of
the ACRV was infeasible due to cost and efficiency. Therefore, a
standard rocket would be used for reentry. It was also found that
the continental United States was an achievable landing site for the
ACRV. The Phase II analysis determined the L/D of the vehicle to be
1.8, thus requiring the use of a 1ifting body for reentry. 1t was
also determined that shuttle tiles would be used for the Thermal
Protection System. In addition, a parachute sequence for further
deceleration was included, namely a ringslot drogue chute, a pilot
chute, and finally a ringsail main parachute. This sequence was
found to be capable of slowing the vehicle to a descent velocity of
9-10 m/s, which is the required velocity for aerial recovery. The
Phase III analysis proved that a Sikorsky CH-53E helicopter is
capable of retrieving the ACRV at 5.5 lm altitude with minimal
g-forces induced on the ACRV and minimal induced moments on the
helicopter upon hookup. The helicopter would be modified such that
it could stabilize the ACRV close to the bottom of helicopter and

carry it to the nearest designated trauma center.
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ACRONYMS AND HOMENCLATURE

Acronyms:

ACRY - Assured Crew Return Vehicle

CERY - Crew Emergency Return VYehicle
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INTRODUCTION

Space Station Freedom (SSF) is one of NASA's latest projects,
with the goal of establishing a permsnent manned presence in space.
As with all of NASA's programs, crew safety is of the utmost
importance. To guarantee the safety of SSF’'s crew, NASA has begun
to search for a vehicle that will return the astronauts to Earth in
the event of an emergency. This vehicle has been given the name:
Assured Crew Return Vehicle (ACRV). The specifications for the
design of the ACRV are given in the Systems Performsnce Requirements
Document (SPRD).

To begin the analysis of the design, the requirements listed
below were examined to determine which were most important for this
application.

1) Crew training for operating the ACRV would be kept at

a minimum.
2) The maximum g-loading on the vehicle cannot be greater
than 4.

3) The time required for the vehicle to reach a health

facility from SSF must be under 6 hours.

4) Heating of the vehicle must be minimized.

5) To ensure reliability, system components should not

be excessively complex.

B8) The weight of the system should be minimized.

One of the major subsystems of the ACRV is the braking and
landing system, which is the focus of this report. The main
objective of this system is to enable the crew to leave SSF and

reach the ground without violating any specifications listed in the



SPRD.
In order to simplify the analysis of the braking and landing
system, three definite phases have been defined. They are:
1) Phase I - From SSF departure to a point just beyond
naximum heating
2) Phase II - From a point just beyond maximum heating
to an altitude of 5.5 km
3) Phase III - From a 5.5 km altitude to a landing on Earth.
Having defined these distinct phases, each phase can be analyzed
separately. The results of each phase can then be combined to form
a complete design that e;;;éﬂghéyiimitations and restrictions

dictated by the SPRD.



(2.0) Phase I

Phase I in the braking and landing design of the ACRV is
defined as the time from vehicle release from SSF to the 100 km
altitude at reentry. Phase 1 concepts were examined for three
reasons. They were’assessment of potential landing sites and
lateral range requ{?ements arising from SSF orbital track,
assessment of potential for propellent mass reduction, and analysis
of requirements for beginning reentry conditions to occur.

The analysis of orbital mechanics addressed these concerns as
well as some numerical snalysis of certain concepts. It is desired

to identify trends in Phase I operations which could benefit the

braking and landing system design.

(2.1) Mass Reductions in Propellent Use

Two vehicle transfer concepts were examined for Phase I: a
conventional rocket propelled transfer and a tether released
deployment (TRD) along a reentry path. As a baseline spproach, a
Hohmann-1like transfer from a circular SSF orbit to some lower
altitude (100 km) was contrasted with a tethered deployment from
SSF. The propellent considered was bipropellent N204-MMH with
an Isp of 300 seconds [Agrawal, 1888]. This propellent was chosen
for two reasons. The first consideration was the reliability of a
hypergolic propellent; the second was the common use of the
propellent. The Hohmann-like transfer was used solely for
analytical purposes; it is not necessarily the best transfer
spproach for this application.

The rocket propelled transfer proceeds as follows. After



separation from SSF, the ACRV uses a braking burn to set itself onto
a transfer orbit with a periapsis at a 100 km altitude. At
periapsis, the ACRV performs another braking burn to align itself
with the proper flight path angle to begin reentry.

The analysis of the conventional rocket propelled reentry
showed that relatively little propellent was used in placing the
vehicle on its transfer orbit. The major use of propellent involves
the flight path velocity angle change at periapsis.

The TRD proceeds as follows. After separation from SSF, the
gravity gradient experienced by the tethered ACRV and SSF system
causes the tether to unreel. Due to the higher velocity experienced
by the ACRV at a lower altitude it begins to swing ahead of SSF.
When sufficient tether has unreeled, the tether is stopped, and the
system begins to experience pendulum-like librations. The ACRV is
released from the tether at the lowest point of the swing to proceed
onto its own transfer orbit which has a periapsis located at 100 km
altitude. All of this occurs without the use of any propellent.
Like the rocket transfer, a burn is made at this point to align the
ACRY along the desired reentry conditions.

The TRD needed to behave satisfactorily in four areas for the
purposes of the Phase I braking and landing system. First, it was
desirable for the tether not to exceed 150 kg mass, which limited it
to approximately S50 km in length. Second, tether deployment time
was required to be under one hour or one-third of the allowable
flight time of the ACRV [SPRD]. Third, deployment swing should not
exceed a 85 degree in-plane swing or the tether would go slack

[Tethers in Space Handbook]. Finally, a propellent savings near 10%



over the propellent cost of the conventional rocket propella%

el IV

ot il LRGP

transfer was desired to offset the mass of a—degtoyer ané logistiéal
costs associated with a new technology.

Tether length was found to be approximately 44 km (see Appendix
1), which met one of the criteria. With very minimal damping,
libration during deployment reached a maximum of 45 degrees which
met the third requirement. The time for deployment to reach 44 km
was found to be 45 minutes with 10 additional minutes for the ACRV
to swing into the required location. This met the second criteria.

Propellent use was analyzed in a manner similar to the
conventional rocket. The conventional rocket was found to arrive at
the reentry point with a velocity of 7.932 km/s while the TRD ACRV
has a velocity of 7.812 km/s (see Appendix 1). Figure 1 depicts the
results of this analysis. There is a definite mass reduction
arising from the TRD, which increases as inclination angle is
decreased. For the ACRV, this reduction amounts to approximately
4%, which is 240 kg of propellent. The principal reason for this
low savings is that the magnitude of the propellent needed for “J— ) .
flight path angle change exceeds the t»eiefer massgg; ;,;;;;t 55;;. o
This does not meet the criteria for placement into the ACRV braking

and landing system. Table 1 summarizes the results of the TRD. A

full treatment of the analysis is given in Appendix 1.

(2.2) Reentry Concerns
Since the TRD failed to meet the criteria, it was decided to
use a conventional rocket propelled transfer and maneuver of the

ACRV into the reentry alignment described in the Phase II section.

ORIGINAL PAGE IS
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A propellent mass of about 300 kg of N204-MMH was found to be
needed for the entire maneuver (see Figure 2). This mass represents
sbout 3% of the total mass of the ACRV. Transfer time was a little

over 45 minutes (see Appendix 1).

(2.3) Groundtrack Analysis
Due to mission time constraints, it may be necessary for the
ACRV to cover considerable distances in its descent to a landing
CG”)IJU'f‘ ’//' ,“\—l{
site. From successful,gnalysis of lifting body reentry
characteristics in Phase Il tsremcomputer—puegran, it is possible to

b/ \i}-
estimate a meximum vehicle range in all directions veind integratiaé

oﬁ/ggzations for lateral range [Hankey, p.28].

Since NASA has stated that the ACRV can remain at SSF up to
eighteen hours from the time of an emergency, the space station will
have passed over approximately 75% of its orbital corridor (see
Figure 2). In the worst case, 12.5% of the uncovered area would
fall in the region of the United States where the landing site is
anticipated to be located. Therefore, a worst case footprint
centered at the landing site and stretchigg 15 degrees south !
latitude and 45 degrees east and west/Yasi;éé;,,;é;;ectively, was
investigated. Orbital maneuvers by an ACRY occurring early in the

18 hour time limit are not considered, in order to conserve

propellent.

(2.4) Summary of Phase I
In general, it was necessary to examine the Phase 1 impact on

the ACRV braking and landing system in order to look for required

ORIGINAL PAGE IS
OF POOR QUALITY



vehicle abilities and potential area for mass reductions. No
attempt was made to perform an analysis of the likely inclination
change at SSF separation or propellent requirements needed for a
second deorbit opportunity. These problems were deemed to be beyond
the scope of this analysis. It was found that the conditions in
Phase I matched very well with the requirements for Phase II with

regard to entry velocity, inclination angle, and propellent use.



(3.0) Phase II

For the analysis of Phase II, the deceleration of the vehicle
will be studied in two stages, the upper stage and the lower stage.
The upper stage encompasses deceleration during initial reentry to a
point beyond maximum heating. The lower stage includes deceleration

during the remaining flight.

(3.1) Upper Stage Deceleration

To decelerate the vehicle during reentry, it was decided to
wodify the L/D for a lifting body trajectory. An analysis of the
reentry of a vehicle was achieved using a computer code developed to
model the entry of a vehicle into the atmosphere from 100 km. To
accomplish this, the equations of motion of a vehicle in
twoXdimensions were integrated using a fourth-order Runge-Kutta
method (see Appendix 2). From this simulation, the effects of
varying the following parameters were studied:

1) The initial velocity at 100 km

2) The initial flight path angle

3) The ballistic parameter

4) The 1ift to drag ratio.
After varying each parameter, with the others held constant, an
optimal trajectory for the ACRV was achieved. To determine this
optimal trajectory, the problems facing a vehicle reentering the
atmosphere were examined.

When designing the braking and landing system of an ACRV, the
problems of g-loading on the crew and the heating at the stagnation

point on the vehicle were given primary concern. The maximum



g-loading was limited to 4 g's, a specification made in the SPRD (p.
21]. As specified, the limit of decelerations are: 4 g's in the
x—direction, 1 g in the y-direction, and 0.5 g°'s in the

z—direction. These directions are shown in Figure 3 with reference
to the orientation of a crew member. With these limits placed on
the g-loadings of the vehicle, some limits on the heating of the

vehicle were determined.

(3.2) Thermal Protection Systems

Initially in the design of this vehicle, two types of thermal
protection systems (TPS) were considered. First, the use of an
ablation shield was examined. This type of shield protects the
vehicle by slowly disintegrating and dissipating mich of the energy
that would normally increase the temperature of the vehicle. The
ablation shield has been proven effective in the Mercury, Gemini,
and Apollo programs and was considered at the onset of this project.

The second type of TPS was the tile used on the space shuttle.
These tiles, known as Orbiter LI-2200 tiles, have a maximum
temperature limit of about 1,925 degrees Kelvin and can be used only
once [NASA Conceptual Design of a CERV, 1883]. A maximum convective
heating was set using Stefan’'s Law to convert the temperature to a
convective heat rate. By calculating the heat rate in the program,
the use of tiles could be proven feasible if the convective heating
was low enough. The maximum convective heating on the vehicle would
have to be less than 620,000 Watts/meter at the stagnation point.
This would permit the use of the simglé&=use tiles. The temperature

at the other points was assumed to be less than that at the



stagnation point.

(3.3) Additional Concerns

Further study of the heating on the vehicle can be done once a
shape is established. With the heating and deceleration problems
identified, other concerns for the ACRV during reentry were
addressed. Problems that were forseen in Phase II were:

1) The final velocity at the end of Phase II

2) The maximum lateral and longitudinal range of the ACRV

3) The amount of time required for reentry.

The first problem listed above was of major concern due to a
need for a deceleration system to be deployed at an altitude of 10
km. This altitude of 10 km would allow the vehicle to slow down
enough for aerial recovery at a 5.5 km altitude. In order to
decrease the extent of the deployment system, the Mach number at 10
km should be as low as possible.

The second problem facing the ACRV would be its range. From
the analysis of the ground track of SSF in Phase I, the ACRV would
need to either burn fuel for a flight path angle change in its orbit
or use its lifting characteristics to execute a banking turn to
increase its lateral glide distance. Establishing a sufficient
lateral range is vital if a landing site in the continental United
States is desired. Therefore, since as little propellent as
necessary should be carried by the ACRV, the L/D of the ACRV should
provide enough range to reach the United States mainland. With the
range of the vehicle being directly related to its L/D, more

consideration was given to using a lifting body for the ACRV.

10



The last problem in the ACRV design for Phase II was that of

time. In the SPRD, specifications define the maximum amount of time

allowable for various missions. The worst case, the medical

mission, limits the time from deorbit to landing at a trauma center

to 6 hours. From the analysis of Phase I, a Hohmann transfer from
SSF to an altitude of 100 km requires 45 minutes. By limiting the
reentry from deorbit to arrival at the health facility to

approximately 1 hour, about 4 hours will be left for recovery and

transport of the ACRV and its crew. Thus, the time required for the

vehicle to pass through Phase II should be about 1 hour.
Summarizing the three problems, five objectives were set for
Phase II:
1) Limit the g-loading to 4 g's in the x-direction

2) Minimize the convective heating rate
v

—

3) Slow the ACRV to a subsonic velocity bofore the 10 km

/!
’

altitude

4) Maximize the lateral and longitudinal range of the vehicle

5) Allow the vehicle approximately 1 hour to reenter.
By using the above five criteria to analyze the trajectory of;ap_
ACRV, some characteristics of an ACRV could be determined;ingz;de:

1) The L/D of the vehicle /

2) The ballistic parameter of the vehicle

3) The minimum radius of the vehicle at its stagnation point.
Finally,the computer simulation was repeatedly run to find the
appropriate characteristics.

To conduct this study, each of the four parameters: initial

velocity, initial flight path angle, ballistic parameter, and L/D

11



were varied while the others were held constant. The default values
of the variables which were held constant were defined in a baseline
configuration:
V(o), initial velocity, 6.5 km/s
{(o), initial flight path angle, -1.0 degrees
A, ballistic parameter, 370.0
CL, lift coefficient, 0.6.
With the baseline configuration set, each parameter was varied to
measure its effect on achieving each of the five objectives. The
range of the variations of the parameters was kept to what was
characteristic of reentry vehicles that are obtainable at the
present time. The range of each of the parameters is listed below:
V(o) from 5.0 km/s to 10 km/s at 0.5 km/s steps
{(0) from -5 degrees to 5 degrees at 0.1 degree steps
A from 135 kg/m? to 1481 kg/m? at 14.8 ka/m? steps
CL from 0.1 to 0.8 in steps of 0.1
From this analysis, the results that show a highly measurable effect
on the vehicle’s performance are plotted in Figures 4 through 16 and
listed in Tables 2 through 5. After close examination, the
appropriate range for each parameter was chosen.
The effects of changing the deorbit velocity are shown in Table
2. The reentry velocity effects on g-loading (Figure 4), Mach
number (Figure 5), vehicle range (Figure 6), and deorbit time
(Figure 7) were analyzed by the previously mentioned numerical
integration of the trajectory equations. The results indicated that
a deorbit velocity between 7.5 km/s to 8.0 km/s was sufficient to

fulfill all the study objectives.
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With the range of velocities found by the study above, an
analysis was done to determine the velocity the ACRV would naturally
have as it reached deorbit. A Holmann transfer was used from SSF to
an altitude of 100 km. The velocity at perigee of the transfer was
found to be approximately 7.9 km/s. Since the desired range was
from 7.5 km/s to 8.0 km/s and the velocity at the end of the Hohmann
transfer was 7.9 km/s, the velocity range for the ACRV to reenter
the atmosphere was set from 7.8 km/s to 8.0 km/s. This allows for
an uncertainty of +0.1 km/s in the deorbit velocity.

Because the range of deorbit velocities has been determined,
optimum values of the flight path angle can be calculated. The
results are shown in Table 3. Only the maximum g-loading and the
convective heating rate seem to be significantly affected by the
variation. As seen in Figure 8, the maximum g-loading reaches a
minimum when the deorbit flight path angle is close to zero degrees
with the same result occuring for the convective heating rate.
Therefore a flight path angle close to zero degrees is desired to
minimize the g-loading and the heating. The range determined for
the ACRV was set at -0.5 degrees to 0.5 degrees.

When designing a reentry vehicle, the ballistic parameter plays
a major role in its performance. The effects of varying the
ballistic parameter are presented in Table 4. For all the ballistic
parameters, except for the highest one, the Mach numbers are
subsonic at a 10 km altitude. Thus, the Mach number data was not
plotted because it seemed insignificant, except when the ballistic
parameter is 1,481 kg/m=2.

Maximun g-loading seems to be a strong function of the
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ballistic parameter as depicted in Figure 10. In order for the
g-loading to be less than 4.0, ballistic parameters greater than or
equal to 83 kg/m2 are desired. This limit, however, was just a
first spproximation. The convective heat rate is shown in Figure 11
to increase as the ballistic parameter increases. Therefore, a high
ballistic parameter could cause a high heating rate. The effect of
the ballistic parameter on the range of the ACRV is presented in
Figure 12. This range is important if the vehicle needs to glide a
large distance during reentry. The reentry time is found to
increése almost proportionally to the ballistic parameter (Figure
11). From these results, a moderate ballistic parameter in the
range of 200 to B00 kg/m2 is desired.

The final parameter, the CL of the vehicle, was varied to
allow for an L/D of 0.25 to 3.0. The results of this part of the
study are shown in Table 5. Three significant trends were
observed. First, in Figure 14, the maximum g-loading is shown to
greatly increase for L/D’s lower than spproximately 0.75, which
eliminates a ballistic trajectory. In Figure 15, the heating
approachs a minimum when the L/D was greater than or equal to one.
The range appears to be directly proportional to the L/D of the
reentry vehicle, as seen in Figure 168. By examining the results of
this data, an L/D in the range of 1.0 to 3.0 appears feasible.

With this range of L/D selected, research was initiated to
determine the sppropriate values of the L/D. For high L/D lifting
bodies, the Cp can reach a mﬁximum of about 0.4, and the CrL can
reach a maximm of about 1.0. Using these limits, the simulation

developed was used to achieve the five objectives stated
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previously. When repeated simulations were conducted, the results
of the previous analyses were validated for the Co and CL

limits. At this point in the design, the vehicle was determined to
have an L/D greater than 1.0.

Because this indicated that the ACRV should be a lifting baody,
an ablation shield for the ACRV was ruled out due to the
instabilities that an ablation shield would create. In using this
thermal protection system, the shield ablates and causes particles
to be released into the flow around the vehicle. This affects the
Reynold ‘s number of the vehicle and will result in the shifting of
the transition points. Because of this, the use of an ablation
shield was rejected. Since this type of TPS was not acceptable, it
was determined that shuttle tiles would be used.

Shuttle tiles have several advantages. These advantages
include availability, utility, and the prevention of instabilities
caused by an ablation shield. Thus, shuttle tiles were selected for
use in the design.

Due to the use of the tiles, sn additional requirement was that
the maximum convective heating rate should be 820,000 Watt/m2.

With this limit defined, the computer simalation was repeated to
find the optimal L/D of the vehicle. In all the simulations run,
the stagnation point radius was set at 0.5 meters. It was observed
that heating became the most important problem.

Table 6 shows the performance of a reentry vehicle with a
Cp=0.4, a flight path angle of -0.5 degrees, and a ballistic
parameter of 370 kg/m2. Varying the Cr and the initial velocity

allowed determination of an appropriate L/D and a range of initial
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velocities for the vehicle.

From the results presented in Table 6, the major concern was
found to be the heating of the vehicle. When the L/D of the vehicle
increases, the maximum heating decreases. While this indicated a
good reason to make the L/D as high as possible, raising the L/D
results in a longer reentry time. Therefore, the L/D of the vehicle
could be increased, but the time for reentry had to be watched
closely.

From the preliminary design done for the ACRV, the required
time for reentry was set to approximately 1 hour. An analysis was
done on the time needed for a Hohmann transfer from SSF's orbit to
an altitude of 100 km; this period was found to be about 45
minutes. Because the time for the Hohmann transfer was shorter than
originally thought, the time required for reentry was allowed to be
a maximum of 2.5 hours for the simulation. With this increase in
the reentry time allowed, higher L/D’s for the vehicle can be used.
By examining the results in Table 6, an L/D of 2.0 will allow the
vehicle to reenter safely with respect to heating for a deorbit
velocity between 7.8 km/s and 8.1 km/s. The only drawback to using
this L/D is that the reentry time begins to exceed 2.5 hours.
Because of this, an L/D for the vehicle was chosen to be 1.8. A
compromise for the value of L/D was made between the range of
reentry velocities allowable and the time required for reentry.

The L/D of 1.8 would allow the vehicle to reenter over a range
of deorbit velocities and still allow for the use of shuttle tiles.
From the results in Table 6, the velocity range can be between 7.85

km/s and 8.1 km/s. The time required for reentry for this velocity
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range is between 1.16 and 2.32 hours. While the time does begin to
get large, an optimum trajectory for the deorbit velocity would be
7.9 km/s. This design allows for an uncertainty in the deorbit
velocity and flight path angle. The envelope for an ACRV with
Cp=0.4, Cr.=0.72, a ballistic parameter of 370 kg/m2, and a
ninimum nose radius of 0.5 m would be:

Deorbit velocity: 7.85 km/s < V(o) < 8.10 km/s

Flight path angle: -0.5 degrees < ¥ (o) < 0.5 degrees.
By using this design, the performance of the vehicle would be as
follows:

1) Maximum g-loading less than 1.28

2) Maximum convective heating rate less than 620,000 kg/m2

3) Mach number at 10 km altitude less than 0.5

4) Range of the vehicle greater than 20,000 km

5) Time needed for reentry less than 2.4 hours.
Since this performance meets the criteria for an ACRV, the
characteristics stated before were used for the final design of the
vehicle.

With an L/D of 1.8, the ACRV would have an added bonus of a
greater lateral range. To determine the lateral range, the equation

derived by Hankey was used with Ay being the lateral range:

L/D¥ Vg
gcot ¢°Pt

The optimum banking angle can be found by using:

Aymax =

Cot $opy = 52 A1 + 0.106 L/D?
Using an L/D of 1.8 and a bank angle of 40 degrees, the lateral

range of the vehicle was found to be about 3,355 km. When this

distance is translated into latitude, it allows the vehicle to reach
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an additional 30 degrees of latitude. This range becomes useful for
the groundtrack of SSF. Because the highest latitude of the
groundtrack is 28 degrees, a maximum latitude for an ACRV with an
L/D of 1.8 would be about 60 degrees. This allows for most of the
continental United States to be covered. Due to the lateral range
of this vehicle and its performance, the design of the ACRV will
allow the vehicle to be slowed by its own aerodynamic

characteristics.

(3.4) Lower Stage Deceleration

For the lower stage of Phase II, it has been determined that:

1) An L/D of spproximately 1.8 will be used

2) A lifting body trajectory will be used

3) The deceleration device deployment Mach number will be 0.5.
Because it was found that a lifting body trajectory will be used and
a subsonic Mach number would be achieved, several deceleration
devices initially considered for the lower stage of Phase II were
eliminated. Such devices include ballutes, Hemisflo, and Hyperflo
parachutes (see Table 7).

Upon further analysis, the following sequence of events has
been adopted. At a 10 km altitude, a ringslot parachute could be
deployed as a drogue, if necessary. The function of the drogue
chute is to initially slow the vehicle, stabilize it, and provide
attitude control. This parachute would be ejected by means of a
mortar ejection system. It is this type of system that is
frequently used when extraction by a pilot chute device is not

feasible [Recovery Systems Design Manual, 1978].
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The second parachute, a pilot chute, would be used to extract
the main parachute. A pilot parachute may be a conventional
ringslot, of the ribbon and ribless guide surface types, or a
specialized design with ribs and vanes to ensure good opening
reliability [Recovery Systems Design Manual, 1978]. The factors
which affect the pilot chute’s stability include the distance from
the main parachute and the chute size and type. These factors for
this design hsve yet to be determined. The pilot chute would
extract the main parachute, a ringsail parachute.

The ringsail parachmte is required to have a total surface aresa
of 2,410 m2 to ensure a descent velocity of 8 to 10 m/s at a 5.5
km altitude, which is the required descent velocity for the planned
aerial recovery. The use of a ringsail parachute is advantageous
due to its past performance in the Apollo missions and because it is
easily modified with vanes, reefing, and porosity. A search for
modified designs of these parachutes has not been performed, but it
will be necessary to modify the ringsail parachute with vanes to
create a forward velocity, thereby simplifying the aerial recovery.
For our analysis, though, these parachutes are assumed to be
unreefed with little porosity. This is because porosity causes a
reduction in the drag coefficient of the parachute, and reefing
ensures better stability of the parachute. In addition, the main
parachute should be connected to the vehicle at three points, not
only for stability but also for support during serial recovery.

Determination of the parachute opening forces was attempted
after a preliminary analysis of system terminal velocities (see

Appendix 3), and estimation of the required parachute sizes was
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performed (see Table 8). When solved using a numerical method, such
as Runge-Kutta, the following equations would generate the opening
forces, velocity, deceleration, filling time, and altitude [AIAA

Aerodynamic Deceleration Systems Conference, 1870].

Parachute Force: Fp = CpSq + Vg + (ma + mplV + Wpsin ©
Change in Altitude: % = Vsin ©
Acceleration: V = -(Fp + Dy + Wysin €)/my,

Chanae in Flight Path Angle: © = -(g casOI/V

By including parachute characteristics inté the program, such as
surface area, drag coefficient, filling time, and system weight, ghé
particular system could be checked for feasibility. Results would
provide analytical verification of preliminary estimations of
filling time, deceleration, and operational altitude.
(3.5) Summary of Phase II

In sumnary, the performance of an ACRV designed with the
characteristics of: an L/D=1.8, a ballistic parameter of 370
kg/m2, and a nose radius greater than or equal to 0.5 m will meet
the performsnce criteria set for the ACRV. The performance of an
ACRV with an.L/D=1.8 has been found to:

1) Limit the maximum g's to 1.5

2) Limit the maximum convective heat rate to less

than 620,000 W/m2
3) Obtain a Mach number of 0.5 at an altitude of 10 km
4) Have a lateral range large enough to resch a large part

of the continental United States
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5) Allow the vehicle to reach the surface of the Earth from SSF
in less than sivemt 3.0 hours.
Since these attributes surpass the criteria set earlier, this ACRV
design will allow the vehicle to slow via aerofgynamic effects as a
consequence of the shape. Because this design also uses shuttle
tiles, an existing techno}pgy, the protection of the vehicle from

high temperatures is assgﬁéd. A lifting body'with the
S e tae R

et

characteristics listed above should be gﬁénd‘and utilized s4mee it
meets the requirements of the SPRD and allows for the use of an
existing thermal protection system. If this is done, the evidence
presented here would allow for most of the braking to be done by the
vehicle itself and require no other deceleration system except in
preparation for aerial recovery.

The preparation for aerial recovery involves using a system of
parachutes deployed from the top of the vehicle. In order of
deployment they are: a ringsail drogue chute, a pilot chute, and a
ringsail main parachute. This would slow the ACRV to approximately

10 m/s, which is the preferred velocity for the aerial recovery.
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(4.0) Phase III

The final area of investigation is the recovery and
transportation of the ACRV to a trauma center. The ACRV has gone
through the deceleration phase and its descent rate has been reduced
to approximately 10 m/s at an altitude of 5,500 m. In approximately
8.5 minutes the ACRV will land either on land or water. This
section will evaluate the landing/recovery possibilities and explain

the analysis for the chosen recovery system.

(4.1) Ground Landing

A ground landing has many positive attributes, but as with any
design, there are negative tradeoffs. Ground landing ideas were
evaluated to compare positive and negative attributes.

One of the first ideas evaluated was the possibility of an SSF
crew member acting as a pilot in order to control the ACRV for a
ground landing. This idea was eliminated due to the requirement in
the SPRD stating that the crew must be minimally trained [SPRD,
p.39].

The next idea includes the use of onboard and ground control
flight systems as used in the first ground landing of the U.S.S.R.
Space Shuttle, Buran. This plan was eliminated due to the high cost
of onboard equipment and the large number of personnel necessary to
accomplish this mission.

Positive attributes to a ground landing include ability to
select a landing site that would be close to a trauma center and
ease of recovery in comparison with a water landing. These

attributes were considered important factors and would be integrated
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into the final recovery design as were some of the positive

attributes of a water landing.

(4.2) Water Landing

In general, the complexity of a water landing is much less than
that of a ground landing. Water landings have been successfully
performed in the past. While targeting a landing zone remains a
problem, terrain will not be a concern, therefore minimal flight
control systems are needed.

Disadvantages of a water landing are weather conditions and the
recovery operations, which need naval support. In the 1860°s as
many as 20 naval destroyers and one aircraft carrier were involved
in recovery operations [NASA Manned Spaceflight Center, 1962].
Terrain may not be a concern, but bad weathii conditions at sea will

be a major concern. Reentry will be depen t on avoiding harsh

weather conditions if an effective water landing is to be

. AL
(o)

coﬁsidered. Since weather conditions play an important role in
recovery operation effectiveness, all naval and recovery vehicles
have to be reliable in all weather conditions.

The best attribute of a water landing is the safety of the ACRV
and its crew. This positive aspect)of 8 water landing was
integrated into the final design/;é&oégi;féystem, which consists of
both the positive attributes of a ground and water landing. The
recovery will take place over water, but the ACRV will not normally
land in the water. :}i”\aerial recovery system has been designed that
Wwill catch the ACRV and carry it to a trauma center. This is the

recovery system that is the simplest, safest, and most cost
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(4.3) Aerial Recovery

The idea for this recovery system came from similar missions in
the 1860°s that involved Lockheed C-130H s with Fulton Star Recovery
Equipment (see Figure 17). For this system, each JHC-130H was
equipped with two 4.42 meter tines, hinged forward to form a
V-shaped fork on the nose of each aircraft. The object to be
recovered was attached to a 152.4 meter line which was connected to
a Helium balloon. The JHC-130H would snag the recovery line in
flight with the nose fork, and the cable was hooked and placed into
a winch. The recovered object could then be loaded into the
aircraft through the rear door.

Some problems existed with this system that made it
inappropriate for the recovery of the ACRV. The slowest recovery
speed for the JHC-130H is 62.6 m/s [Marshall, 1988]. Recovery of
the ACRV would have to be at high speeds, and a system would have
to be designed to stabilize the ACRV against a spin rate of less
than 5 rotations per minute while being winched into the rear of the
aircraft. The limitation of 5 rotations per minute is a requirement
listed in the SPRD. Another problem is that the clear cargo volume
of the JHC-130H is 12.2x3x2.7 meters. If the ACRV is wider than the
dimensions of the cargo hold, a system would have to be designed to
stabilize the ACRV outside the aircraft. The problem that
terminated the possibility of the Fulton Star Recovery System was
the weight limitations. The average weight of the ACRV is between

5,443 kg and 6,804 kg. The maximum allowable weight for the
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internal payload of the Fulton Star Recovery System in the JHC-130H
is 227.27 kg. Thus, the Fulton Star Recovery System was rejected
for the aerial recovery.

Though the JHC-130H is incapsble of carrying the ACRV after
retrieving it, there is at least one aircraft that is able to carry
the ACRV. This aircraft is the Sikorsky CH-53E Super Stallion

Helicopter.

(4.4) Chosen Aerial Retrieval Aircraft

An aircraft was required that had the capabilities of being
used in all weather conditions and that had the power to catch and
carry a 6804 kg payload. The Sikorsky CH-53E Super Stallion
Helicopter is a heavy—duty, multi-role, search and rescue/transport
helicopter that has many advantages that make it the perfect aerial
recovery vehicle for the ACRV (see Figure 18). More information on
the CH-53E is supplied in Appendix 4.

Possibly one of the most important features of the CH-53E is
that it has a mid-air refueling capability. Not only will the
helicopter be able to remain in the air for extended periods of time
(up to 2076 km unrefuelled), but the pilots will also be trained for
mid-air refueling. The pilots of the CH-53E’s must become
proficient at this activity. So if a catching device were designed
and placed in the area of the refuelling prod, the pilot could
maneuver the helicopter such that it could catch a trailing chute on
the ACRV and retrieve the ACRV. To design such a system it is
required to be able to predict the behavior of the helicopter when

it catches the ACRV.
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(4.5) Stability and Control

Information was obtained from Sikorsky Aircraft that permitted
a stability and control analysis to be performed (see Appendix B).
The worst loading and moment condition would be after the aerial
retrieval was completed and the helicopter has increased power to
decelerate the ACRV's vertical descent and forward velocity. The
descent rate from the Phase II design is 10 m/s.

Two programs were written to calculate the forces the
helicopter would experience during deceleration. The first program
assumed the cable attached to the ACRV was directly underneath the
center of gravity of the helicopter. The ACRV was assumed to be
6000 k€. The helicopter’'s center of gravity was assumed to be at
the 164 water line, and the helicopter could remain parallel to the
ground (see Figure 18 and Table 10). The results of this program
are presented in Figures 27 through 30. When the helicopter retards
the motion of the ACRV, the cable will swing forward. The distance
is travels forward is shown in Figure 27. Figure 28 demonstrates
how the tension in the cable increases as the helicopter
decelerates. Induced moments about the center of gravity produced
as the load swings forward (during deceleration) or aft (during
acceleration) are shown in Figure 29 and 30. These figures were
compared to the maximum nose down moment the helicopter can
control. The maximum nose down moment calculated is 172,180 N-m.
The helicopter would be able to decelerate at approximately 10.5
m/s2 without losing control (see Figure 29). This corresponds to
an angle of approximately 46 degrees (see Figure 30).

The program described above simlated a load directly under the
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center of gravity. As the helicopter is flying, the center of
gravity moves due to fuel expenditure. The second program
calculates the induced moments as the load is moved along the
horizontal axis away from the center of gravity (see Appendix 5).
These results can be seen in Figure 31. This program also assumes
the flight to be horizontal at all times. Figure 31 is a
performance chart used to determine the maximum required power for
retarding the ACRV’'s motion. If the helicopter is using power to
control the induced moment, then it is power lost for lifting
abilities. Therefore, if the pilot can pitch the aircraft as the
load swings forward, then the power required to control the induced
moment will be minimized. The minimization of the moment control is
dependent upon the deceleration and location of the load with
respect to the center of gravity. As the pilot pitches the
helicopter, the controls of the helicopter will provide the pilot
with a sense of the effect of the load of the ACRV on the
helicopter.

The recovery zone will be limited to 5,455.82 meters. The
service ceiling for the helicopter is 5,638.8 meters, and the rate
of climb for the CH-53E is approximately 30.5 m/s. A "no-go zone"
has been determined at which the pilot will not attempt an aerial
recovery (see Figure 22); this altitude has been established at
335.3 meters. From Figure 23, the helicopter could decelerate up to
10.5 m/s? with no factor of safety. Using the constant
acceleration eguation:

Ve2 = Vo2 + 2a(Ay)

yields a stopping distance of 58.73 meters, which provides a
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comfortable margin of safety. Multiplying by a factor of safety of
3.0 gives a stopping distance of 183 meters. This distance was then
added to a 152.4 meter safety zone measured from sea level.

An important note at this stage is that the helicopter is
capable of accelerating 10.24 m/s2 with a gross estimated weight
of 68,000 1lbs, which includes the ACRV weight. This acceleration
(or deceleration for downward flight) is less than the maximum
allowable deceleration to maintain helicopter moment control (see
Figure 29). This means that the helicopter does not have enough
power available to lose induced moment control with a load
connection of +1.22 meters from the horizontal center of gravity
location. It does have the power to retard the vertical descent
short of 61 meters. If the pilot is unable to connect by an
altitude of 335.3 meters, then the pilot will follow the ACRV down
to a water landing and then hookup to the ACRV and transport it to

the nearest trauma center.

(4.6) Aerial Recovery

The néxt area investigated was the aerial connection. A system
had to be designed that would not induce any unnecessary moments on
the helicopter. The simplest design was a hook and cable system.

A Kevlar cable would be attached to the ACRV in three
locations, one forward and two aft, for in-flight stability. The
cables would splice together and climb up through the main parachute
to the pilot chute. At the pilot chute, the cable would circle the
circunference of the chute, and attach to itself very similar to a

lasso. This would enable any device to catch the pilot chute, and
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if a force was applied, the pilot chute would close itself and the
cable around the device.

At first, the hook device was placed underneath the helicopter,
but the pilot could not see the hookup, and the downwash from the
main rotor blades could adversely effect the pilot chute and
hookup. An idea was developed that would put the hooking device
away from the downwash of the main rotor blades and also in the
vi;izﬁhggnge of the pilot. By placing the hooking device at the end
of the fueling probe, it would satisfy these conditions. The
refueling probe can withstand a 454 kg load at the tip, so a
hook-cable system could be attached just behind the refueling probe
tip, with a 45.4 kg breakaway string (see Figure 21). The CH-33E
will be able to refuel during flight since the hook-cable system
would be attached behind the refueling probe tip. When the hook
catches the pilot chute, the pilot can retard the motion of the
helicopter enough to allow the string to break, and the hook and
cable will fall away from the helicopter. The ACRV will then be
connected to the helicopter by the Kevlar cable.

At this stage the hookup forces are negligible. The helicopter
will have matched the descent rate of the ACRV at 10.4 m/s and will
have a slight forward velocity compared to the forward drift of the
ACRV parachute system. Figure 23 shows how the helicopter could
hookup to the ACRV. The angle the cable makes with the vertical
Wwill not be as great as in the fifth position of Figure 23. Both
the helicopter and the ACRV are descending at 10.4 m/s. The loads
will gradually increase as the pilot increases power to retard the

motion, as discussed earlier.
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(4.7) Flight Stability

The next step will be to arrest the verical descent and hover
the helicopter. This will be done to winch the ACRV closer to the
helicopter for flight stability. It would be difficult to stabilize
the ACRV during flight if it was permitted to hang below the
helicopter while supported only by the cable. To eliminate this,
the four CH-53E's will be equipped with winches to raise the ACRV
close to the bottom of the helicopter. After the ACRV is winched
under the helicopter, three pressure jacks will be extended to the
ACRV from the helicopter bottom. They will apply reweese pressure
against the tension of the cable and stabilize the ACRV for flight
(see Figures 24 and 25).

Only four helicopters are considered necessary for this
mission. The helicopters will all have Very High Frequency
Omni-directional Radio (VOR) receivers that will track the ACRV by
using a VOR emitter located in the ACRV. They will also be equipped
with Distance Measuring Equipment (DME) which will allow each

helicopter to locate the exact position of the ACRY. They will also

RN

be equipped with-g~meters to monitor the deceleration rates during
hookup. With this egquipment and the help of ground tracking
stations and a USAF E-3 Sentry or Navy E-2 Hawkeye (see Appendix 6),
the helicopters could be waiting for the ACRV. The helicopters will
form a diamond pattern in the direction of the ACRV's flight. A
helicopter will be on the right side, and one on the left side of
the entry direction, one will be forward of the entry window, and
one will be short of the entry window, all df vhich are at an

altitude of 5,500 meters. This will enable the four helicopters to
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cover the entrance zone for quick recovery.

The only people specially trained for this mission are the
helicopter crews. Extensivﬂ%é?itional training will not be
necessary because they will aléiady be active search/rescue crews.
The crews of the ground tracking and the military AWACS are
professionally trained. Thus, the aerial recovery system will not
require highly specialized equipment or extraordinary technological
developments.

When not in use, the helicopters could be used as modified
search/rescue helicopters until they are needed for the aerial
recovery. Furthermore, the helicopters can fit into Air Force C-5's
for quick transport anywhere in the country. Special crews can be

reserved and rotated throughout the years to remain proficient at

the task of aerial recovery.

(4.8) Aerial Scenario

The following is a scenario to show the simplicity of this
design. An emergency takes place on SSF and eight people must be
evacuated. The possible landing zone is the Gulf of Mexico, and the
reentry window is eight hours away. Crews are flown in to Hurlbert
AFB, Florida, a USAF E-3 Sentry from Randolph AFB is detailed for
air control, and a KC-135 refueling plane is detailed from Pensacola
Naval Air Station. The four CH-53E's are stationed at Hurlbert AFB,
Florida. Both Johnson Space Center and Kennedy Space Center ground
tracking crews are put on full watch. The KC-135 and E-3 form into
a holding pattern at 10,000 meters in the Gulf of Mexico and in the

general vicinity of reentry for the ACRV at 5,500 meters. The four
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helicopters refuel and receive word from Johnson Space Center that
due to strong tailwinds, the ACRV will be 161 km dgvnrange of the
first estimated reentry window. The helicopters go to the area and
wait in the diamond pattern. The E-3 spots the ACRV on radar at
10,000 meters and provides coordinate information to the helicopter
pilots. The forward diamond helicopter establishes visual contact
at 5,300 meters and attempts the hookup. Hookup is established and
vertical descent is retarded in 61 vertical meters from the location
of the hookup. The ACRV is winched up to the helicopter and is
braced by the pressure jacks. The pilot goes to maximum power for
maximum duration of velocity to Panama City Trauma Center, Florida.
The trauma center was previously alerted, and the technical
personnel are on hand for extraction of ACRV crew members. The
helicopter hovers over the trauma center helipad and lowers the ACRV
to the pad. The ACRV is detached and the crew is extracted.

At this point the ACRV is retrieved from the trauma center’s

helipad and returned to a designated location.

(4.9) Summary of Phase III

The analysis of the data received from Sikorsky Aircraft
Company shows that the aerial recovery system using a modified
Sikorsky CH-S3E could easily catch the ACRV during its descent and
transport it to a trauma center. The success of its mission is
completely dependent on the tracking accuracy of ground and air
units. The ACRV will not be within the flight envelope of the
helicopter for very long, and it is essential to be as close as

possible to the ACRV at 5,500 meters, which is 305 meters below the
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CH-53E ‘s service ceiling. Parachutes could be designed for slower
descent rates, but proximity of the helicopters to the ACRY at 5,300
meters altitude will prove to be the most important factor in the

aerial recovery system.
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(5.0) CONCLUSIONS

The final design of the ACRV's braking and landing system has
achieved the goals set for it. In Phase I a simple analysis of the
ground track established a criterion for which the ACRV would have a
sufficient lateral range to reach landing sites within the
continental United States. In addition, a comparison between a
tether released deployment and conventional rockets for reentry
proved the latter to be more efficient. It was determined that 300
kg of the propellent N204-MMH would be needed for the reentry of
a 6,000 kg vehicle.

The Phase II analysis yielded a preferred L/D determination of
1.8, thus assuring the utilization of a lifting body trajectory. In
addition, the deceleration device deployment Mach number of 0.5 was
achieved at an altitude of 10 km. At this altitude, a ringslot
drogue, a pilot, and a ringsail main parachute would be deployed in
that order thereby sufficiently decreasing the descent velocity of
the vehicle to 9-10 m/s at an altitude of 5.5 km.

In Phase III, the aerial recovery will be performed with a
modified Sikorsky CH-53E Super Stallion helicopter such that a
hooking device will catch the trailing parachute on the ACRV, to
which a Kevlar cable is connected. A winch will raise the ACRV by
the Kevlar cable to the underside of the helicopter. At that time,
pressure jacks will be extended from the base of the helicopter to
the ACRV. The jacks will spply a slight force to the ACRV which
will serve to stabilize the ACRV in a fixed location below the
helicopter. The CH-53E will then transport the ACRV directly to a

trauma center. By using this design, the ACRV will meet all the
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requirement‘\ listed in the SPRD.
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FUTURE CONSIDERATIONS

For Phase II, several considerations still need to be
addressed. The mortar ejection system was chosen because of its
proven record. There are other ejection devices that may prove to
be more effective, such as a drogue deployment gun, a tractor
rocket, or a telescoping catapult gun.

Another consideration involves choosing an exact pilot chute
design which includes the vanes, the distance between the pilot
chute and the main chute, and the chute size and type. Also, the
modification of the main parachute to include reefing and porosity
could be investigated. The characteristics of parachute materials
such as nylon, rayon, polyester, fabrics, and Kevlar should be
analyzed. In addition, determination of the exact location of the
points of connection between the vehicle and the main parachute
should be calculated.

For Phase III, there are also areas that should be investigated
further. The only aircraft examined for this mission was the
Sikorsky CH-53E Super Stallion. It is the most powerful helicopter
adapted for search/rescue missions. Another aircraft may be more
practical and efficient. The Bell/Boeing Vertol V-22 Osprey (see
Figure 26) may be able to handle the forces and moments induced upon
hookup. The V-22 could then tilt its rotors forward for additional
speed to the trauma center. A modified Fulton Star Recovery System
may also be developed that would enable modern jets to recover the
ACRV.

The hook and breakaway cable could be further studied. The

cable may need to have a breaking strenth greater than 100 lbs, or
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the design of a release mechanism may be required.

The winch will also have to be further evaluated. A winch may
be found that can winch the ACRV up while the helicopter is still in
forward flight. This will reduce the forces on the helicopter and
helps reduce the flight time to the trauma center.

Another area of investigation is the backup system for the
aerial recovery. If the aerial recovery is not successful, or if
something goes awry, an abort system should be available for use.

The helicopter would then retrieve the ACRV from the water.
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First customer for a search-and-rescue
vanant of the Hercules was the US Coast
Guard. 12 modified C-1308s being orgered
from 1958 as Lockheed R8V-1G aircraft.
pecoming SC-130B aircratt before the first
delivenes n 1953 Later redesignated HC-
130B inhey featured additional crew posts
and two scanner statons offering an unres-
tncteg fhield of view. Space was provided for
74 stretchers The pasic avionics of the trans-
port version were retained. including the
APS-59 nose radar

On 8 December 1964 Lockheed flew the
first HC-130H. a rescue vanant powered by
Allison T7-56-A-15s Fony-three were ordered
for the USAF Ar Rescue Service and the
Coast Guard have recetved 23 aircraft, with
delivenes conunuing. The HC-130H was
ordered for a vanety of work focusing on the
recovery of downed aircrew but aiso incluc-
1Ng duties refated o the space programme
The HC-130H carned additional equipment
and two 6814-htre (1 800-US gal} fuel tanks in
the cargo hold Externaily it mounted a large
biister above the forward fuselage contaming
the Coox Electric re-entry tracking system for
use n conunclion with the Gemini space-
craft The most remarkable feature, however
1S the Fulton recovery system: two 4 42-m
(14 5-fti nose-mounted tines are normally
stoweg back along the fuselage. but hinge
forward to make a V-snaped fork. The aircraft

also carnes recovery kits, including rafts and
hewum dailoons The latter. when inflated
carry aloft 3 152-m (500-ft) ine which 1§
attached 10 a bogy harness Flying at 122kis
1225km.h. 140mpn) into wind the HC-130
snags the ine with its recovery yoke, snatch-
ing the maximum 227-kg (500-1b) load from
the surface The balloon breaks away at a
weak link and the rescued person of 10ad s
winched into the aircraft. the iine being
grapnelled to allow recovery into the cargo
bay Tefion lines from nose to fin and wing-
tips deflect the wire from the propellers in the
event of 3 missed approach. The US Coast
Guard’s HC-130s do not usually operate with
the Fuiton gear Four USAF HC-130Hs were
subsequently converted for space capsule
recovery as the JHC-130M version

To cope with the increased rescue
demands of the Vietnam War an additional 20
HC-130Hs were buift but with outer wing
pods for infight-refuelling of helicopters
Desigrated HC-130P these aircratt worked
most successiully with the Sikorsky HH-3E 1o
save many hves The iast rescue Hercules is
the HC-130N which differs from earher
modeis in having advanced arrection-finding
equipment but without the Fulton gear and
acainonal fuel tanks Fifteen were gelivered
to the USAF from 1969, ang with the earher
types these equ:p 10 squadrons across the
world

Specification: Lockheed HC - 130H Hercuies

Origin: USA
Type: rescue and recovery aircraft

Powerplant: four 3362-ekW (4.508-eshp) Allison T56-A-15 turboprop engines
Performance: maximum speed 325kts {602 km.h 374 mpn) a1 30.00011 19145 mj imial
rate of cimo 1 800111579 m) per minute, service ceiling 33.0001110060m). range with
maximum pavioad anc reserve fuel 3792km (2.356 miles)

Weights: empty 32936xg (72.6111b), maximum take-off 70307 kg (155.000 1bs
Dimensions: span 40 41m (132117:n): length 30 73m 10011 10w height 11 66m

(381 31 wingarea 162 16m*(1 745 5sqtt
Armament: none

Flaure 17:

Lockheed HC-
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This Lockheed HC-130B serves with the US Coast
Guard.

Lockheed HC-130P with Fulton gear (now rarely
carried)

This RAF Woodbridge-based HC-130P of the 67th
ARRS, US AirForce, is seen refuelling an HH-3
during a deployment to Keflavik, Iceland. The 67th

ARRS is responsible for Europe-wide combat
rescue.

The US Coast Guard operates a large fleet of HC-
130 Hercules for rescue and patrol missions. This

HC-130H does not carry the Fulton recovery
system, in common with most current examples.

130 Hercules
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Aitnougn botn the US Navy ana Manne Corps
had aamneqg 0000 service (N heavy 1ransport
ano minesweeping roles from tne Sixorsky
CH-53D ang RH-53D. it was clear by the early
1870s that an even more capabie helicopler
could be pbuit 10 fulfi such tasks In 1973 the
Sikorskv S-65 was selected for ceveiopment,
ana »n Mav of that vear the construction of
two YCH-83E crototypes was initiated. the
first of them fiving on 1 Marcn 1974 The first
of two pre-proguction aircraft tlew on 13
Decemper 1980, and imuial oroguction de-
ivernies of the Sikorsky CH-53E Super
Stallion 10 Manne Corps squaaron HMHR-
464, at New River North Carohina. began on
16 June 1981 Tne US Navy plans 1o procure
ulimately at teast 300 cf these nelicopters,
arg apout 100 hag peen delivered in mid-
1986 By comparison with the CH-53D the
new helicopler nas a lengthened luselage
three turboshatt engines, an increased Qia-
meter seven-piage mam rolor ang an uprated
frransmission qwing gouble the itl capabihity
of the twin-turpine H-53s win only 50 per
cent mare enaine powaer With a singte-point
carqo hook rated at 16329ka (36 0001b). the
CH-53E 1s sunable tor combal tasks such as
Iitting battic-damaged arcratt from carrner
aecks or the support of mobiic construction
pattalions. and tor verical onboard dehvery has

an mntemal cargo 10aa o! 13608«xg 130 0COlo!

Furtner capapmity ennancement [or tne
mine countermeasures nelicopler was
explored first witn a prototvpe. mtially desig-
nated CH/MH-83E wnhicnh was a conversion
from a pre-proguction CH-53E and Howr tor
the first time on 23 December 1981 Eary
evaluaton ov tne US Navy resuited in tne
construction of 3 pre-production aircratt tnen
gesignatec MH-53E anc named Sea
Dragon whicn was tiown on | Seplemper
1983 Since tnen the Navy nas staleg its
requirement tor at least 57 ol these arcralt
ang the first production example was
scheduled for genverv auring 1986 The MH-
53E 1s easny :genuihied externally by 1ls eo-
larged sponsons containing additonal tuel
anag aliowing the nelcopler 1o aperale 1or up
10 Six hours or statuon, 111s also eyuipped
with an intuant-retueliing probe and 4t the
hover. can retuel by hose from a surtace
vessel Extenged capabity 1S provided by
cuplicated aintsl automanc thaht-cortrol
SYSICMS and automatic 1ow coupliers which
allow automauc approdach 10 and departure
from the hover Export versions ol the CH
53E and MH-5H3k arc peing ottered by Sior
sky under the respective desianations S-80E
and S-80M

Specification: Siorsky CH-53E Supcr Stathon

Origin: USA
Type: heavy-duty multi-role helicopter

Powserplant: threc 3266-kW (4.380-shpi General Electric T64-GE-316 turbosnaft cnaines
Performance: maximum speed 170kts (315«m h; 196mphiat scalevel cruising speed at
sealevel 150k1s(278kmvh; 173mph); initial chmo rate 2.5001t {762 mi per minute: service
cering 18.50011 (5640 m); unrefuelled self-ferry range 2076km 1 290 miles)

Weights: empty 1507 1kg (33.226 Ib); maximum take-off, internal payload 31638kg
{69.7501b) and externai payload 33339kg (73.5001b)

Dimensions: man rotor dinmater 24 08m (7911 0int length rotors lurring 30 19m

D368 500 ceght. tahoior
14,907 88sgft)

~rg8EnmI2BTL S mainater gies ar2a485 37y

Armament: none. but there are suggestions that AIM-9 Sidew:rders mighl be provided to

give a self-detence capability

A Sikorsky MH-53E Sea Dragon of the US Navy.
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Sikorsky CH-53E Sea Stallion Super

|
|
!

Two CH-53E Super Stallions of the US Marine
Corps, refuelling from a KC-130T Hercules. The
CH-53E differs from earlier variants in having three
engines and an uprated transmission.

Flaure 18: Sikorsky S-65 (CH-53E/MH-53E)
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INDUCED MOMENT ARMS CAUSED BY LOAD:
UNDERNEATH OF CG

FORWARD OF CG / AET OF CG

/
/

/
/

g
4 ' S
> /

/

DECELERATION

/ CG

/
/
HELICOPTHER FLOOR ;‘ /

FIGURE 200 INDUCED MOMENT CAUSED BY
DECELERATION AND MOMENT ARM
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Escape Vehicle

Figure2l:Air-to-Air Hook-up
Configuration
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SERVICE CEILING OF CH-33t

PICK-UP
Z0ONE

mm EEEEEREEN EEEEEENEENEEEEEEN

18,500 feet

600 Feet

NO GO (1927 feet at
Zone -3ft/second**2 )

////////////////////

00 feet Safety Zone

FIGURE 22: Service Ceiling
of CH-53E
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Figure 23: AIR-TO-AIR
HOOK-UP
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Figure 24: Deceleration to hover
and Retraction of ACRV

=

62



WINCH

O
— o
o -
WA
=
O
1l
=
" _4
< L
W

". S I
77
Am s :
SIS LIS

(]

VSLTSSSSLSLSSLSSLSSS LSS SS LSS Lo
L4 W N
YSILL.  VSLSSSLSIILSS LTSS S SSSTSS Y,

SLTARVRRTRRRRR NS -

PRESSURE

VI LTSI LS LI LTISSSLT LSS LS I LS I L LSS LSS SIS IS SS SIS STV

FIGURE 25: STABILITY IN FLIGHT BY

PRESSURE JACKS AGAINST ACRV TO OPPOSE

TENSION FROM WINCH

&3



Bell/Boeing V-22 Osprey.as itls expected to appearin US Marine Corps service.

The Das'C nenccoter has in s rormaliy ac-
cepted ccnhguraton iwith edner a single
man rolcr ana art-torque tail reter or twan
courter-rotaung rotors 1o overcome taorquel
1,0 Major SNCrccmings, its comoaratively

-~ 10orwarg speeg and high operaung coslts
1. any manutfaclurers nave expicreg means of
¢ ercoming these cisadgvantages. (o give im-
proved pertormarce and lower operatng
cos1s 10 an arcratt with the heiccoter s VIOL
~~2apilly "ut there s not the scace here 10
s ARIRTIRN e [l A
L oolem However set has Dec W o sind uf
4most 30 years on tirotar svsiems and as
cariy as 18 Decemoer 1958 dermorstrated
w0 1S secora ‘Jodel 200 orotstvpe (LS
Army designancr aV-3) that DOssIble
1y ke otf or lars vertcally wiern win rotors

1 Could be ! ey proaressive'y "anward 1o

R BV Cemey

Toas propetiers tor hanzorta foant Cun
SN TeSearen ard developme et ty Belbleg
oo the cempary s Madul LS Anmy
desiaeiahion AV U wmeh s .ol rotor
fLSEreh ateratt v DUTRG AW
11550 st Ly oo Lrposhatt

Specification: 5. oo oot v
rigin: LA

cype: Lt rotar myi role aecratt

Powarplant: o Ceneritlec n TH3 GF 7

HOWCT FAtinag ol AW L BSS < ~p1

ergines The first of the two XV-15 research
oretotypes was fiown on 3 May 1377 ang
tnev have sirce demonstrated heuccpter
‘orwarg speeds of up to 100 kts (185 km h,
115 mpnt. and wrin the rotors tilted fuily for-
warg honzortdl flight cruising speeds of
307 «151558 xm h; 347 mpny)

Bell teameg up with Boeing Verol to sub-
m:t 3 desigr proposal for the US govern-
ment § Joirt Services Advanced Vertical Lift
Lreratt UNVXE o ne Y6 Sl 138 eocam
FAS TVeG S g Larieact rovernrs, me pro

auray desiar phase Baseg on the XV-ib
tecnmques ire Bell/Boeing Vertol JVX,
wnen has s.ece been gesignated V-22
Osprey, 5.3 twin enaine uit rolor aircratt tor
Lepovmert Ly ol US armed services for
ATENDIOUS assdult Carning up to 24 troops
370 switable aiso for such rotes as combpat
SAR - erectrar wartare and special opera-
Cors 1HaGo anead tor tull scale devetopment
s aven guaea P985 Baell and Booing vertol
“ave ostrnated g hiest thant watl be inade
LA Auaunt Dl owih il entry oo
SRIVICe ToHowiragin 14991

srnposhatterares cach with amaximum

Performance: 2:ovisional mavmumerpsina speed 261 v 151343 km h, 300 imphi
e with oot arg 24 trocos /40 - mudb0 mides: it 3.000 