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Extravehicular Mobility Unit

ABSTRACT

A general technical description of the Extravehicular Mobility Unit (EMU) is
given. The description provides a basis for understanding EMU mobility capa-
bilities and the environments a payload is exposed to in the vicinity of an
EMU.

Introduction

The Crew Systems Division (CSD) of NASA/JSC has responsibility for the Space
Transportation System life support efforts. One such system, the Extravehicular
Mobility Unit, is planned to play a major role in servicing satellites and other
payloads. By correlating data from CSD on EMU capabilities, environmental
interfaces and new programs with Flight Operations Directorate (FOD) data on
timelines and crew training and also with Spacecraft Design Division (EW) data
on equipment and payload structural interfaces, the NASA plans to establish a
mwethodology for efficiently scheduling, and planning a satellite servicing
mission,

The Extravehicular Mobility Unit (EMU) is the device which permits the Shuttle
astronaut to use the most versatile tools known to man - the human hand and

eyes - in the conduct of a wide range of Shuttle space operations - both planned
and unanticipated. '

To work in space, the crewperson must be mobile and be able to live comfortably
in the vacuum environment. Environmental protection and mobility are provided
by the Space Suit Assembly (SSA). Life support functions are provided by the
Life Support Subsystem (LSS). These are the two main subsystems of the EMU.
The purpose of this paper is to provide a technical description of the EMU and
demonstrate that the EMU may be used as a safe, efficient EVA tool.

A description of the SSA hardware and resultant mobility will demonstrate
extravehicular/intravehicular capabilities of the suited crewperson. These
capabilities are described in detail in the paper titled "Crewman Suited IVA/EVA
Capabilities" authored by Mr. Jim Jaxx and contained in the Servicing Operations
Section of the Workshop Papers. A knowledge of the internal workings of the LSS
will help in understanding the EMU mission profile and environments which a
payload is exposed to when approached by an EVA crewperson. One purpose of this
EMU description is to answer the “How does it work?" questions that are important
to payload designers. It is expected that the information contained in this
document will assist the Shuttle user community in planning for the use of EVA
to effectively support payload and other Shuttle operations.

Space Suit Assenbly

The primary function of the Space Suit Assembly (SSA) is to maintain the pres-
sure required for safe operation in a vacuum environment while providing a high
deyree of mobility to accomplish a wide range of tasks. Other functions include:

A5



° Protection from the extremes of temperature encountered in space

° Protection from radiation and micrometeroid environments
These functions are provided by the SSA which is composed of sowe nine separable
corponents which are connected together by quick disconnects. Following is a
description of components and functions required of the SSA.

Pressure Retention

The pressure vessel is made up of the Helmet/Extravehicular Visor Assembly,
(Helmet/EVVA), the Hard Upper Torso (HUT), the Lower Torso Assembly (LTA), and
the Arms and Gloves (see Figure 1). These assemblies and components are all
connected together by pressure sealing quick disconnects which allow the crew-
person to don the LTA, then the HUT (which already has the arms attached) and
then the Gloves and Helmet/EVVA.

The suit pressure is maintained with oxygen at 4.3 psia pressure. This pressure
level is a compromise between several competing demands. An increased suit
pressure has the benefits of reducing or eliminating the prebreathe time re-
quired to denitrogenate the body to preclude the bends and of giving ample
margin between operating pressure and minimum emergency pressure. A decreased
suit pressure has the benefits of reducing space suit operating forces, pressure
loads, and structural bulk. For a given space suit design, lower pressure
results in increased mobility.

The Helmet/EVVA (Figure 2) provides pressure retention by means of a bubble-
shaped, one-piece polycarbonate shell which is attached to the metallic quick
disconnect. The HUT (Figure 2) is a conformed fiberglass structure which pro-
vides not only pressure retention but the mounting base on which the LSS com-
ponents are mounted. The LTA, Arms, and Gloves (Figure 2) are softgoods which
provide pressure sealing by means of a heat sealed polyurethane coated nylon
bladder. The bladder material is not designed to carry the structural loads.
The longitudinal structural loads are generated in two ways: (1) pressure area
loads and (2) man-induced loads. These longitudinal structural loads range from
a lTow of 150 1bf at the outside of the boot to a high of 1400 1bf at the waist
and are carried by a primary restraint which is made of sewn webbing for the LTA
(Figure 3), arms, and gloves. To provide high reliability, a secondary restraint
system is also provided which remains unloaded unless the primary restraint
lines fail. The circumferential loads are carried by a layer of polyester
cloth. This material completely encloses the bladder material and provides the
structural support required, The restraint waterials are selected to minimize
stretch since they also determine the shape and size of the SSA under pressure.
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Mobility

The essential challenge of SSA design is to maintain pressure integrity as
described above while providing mobility. A feel for the magnitude of this
challenge can be obtained by looking at what forces would be required to

operate a SSA which contained no mobility elements at the body joints (see Table
1). The current Shuttle SSA specifications are also shown in the table for
comparison of mobility joint performance. The torques and forces required to
bend a suit element are generated because bending the joint causes an internal
volume change. For example, the volume change associated gith bending the knee
joint 90° if it does not have a mobility element is 242 in s The allowed volume
change to stay within the 12 in 1bf specification is 2.8 in”, From this it can
be seen that the ideal joint mobility characteristic is one in which the volume
stays constant as the joint is articulated, and ideally approaches capabilities
by existing SSA joint designs.

Mobility elements are located at the shoulder, elbow, wrist, and fingers in the
upper torso area (Figure 2). The lower torso includes mobility elements at the
waist, hip, knee, and ankle (Figure 3). Except at the shoulder, where a rolling
convolute is used and at the wrist and fingers where tucked fabric joints are
used, the mobility elements of the Shuttle suit are flat pattern designs which
are tailored to give a stable joint with mininum torque.

Another aspect of mobility is rotation, To allow rotation of the shoulder, arm,
and hand, there are pressure sealing ball bearings (Figure 2). There is also a
waist bearing (Figure 3) which allows upper torso twisting motions which are
very effective in increasing the available reach envelope of the suited crew-
person,

The best mobility elements and bearings are of 1ittle help, though, unless the
bending or twisting axis corresponds with the respective axis of the crewpersons'
body. To assure this correspondence, the SSA must fit the crewperson well. The
Apollo and Skylab programs used spacesuits which were custom procured for the
crewnian; this is not feasible for the Shuttle Program because of the expense
associated to accommodate the larger number of astronauts and 15 year program
lifetime., Consequently, the Shuttle SSA incorporates provisions for modular
sizing. Table 2 lists the quantity of sizes of the various components, Vernier
sizing of the arms and legs (Figure 3) is incorporated with a sizing insert
system which assures that the elbow and knee mobility element bending axis
corresponds with the bending axis of the crewperson's joints.
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TABLE 1

TORQUES & FORCES REQUIRED TO BEND A
4,3 PSID PRESSURIZED CYLINDER THROUGH 90°

(NO JOINT)
Cylinder Joint ' Force Needed At Shuttle SSA
Diameter Represented Torque Required End Of Cylinder Torque Spec.
_em_ (Inches) cm-dynes105 (in-1bf) dynese10% (1bf) cm-dyne-10°® (in-1bf)
2.54 (1) Finger 9,04 (8) .0134 (3) --- ---
10.16  (4) Elbow 599 (530) .201 (45)  13.6 (12)
12,70 (5) Knee 1,180 (1,080)  .267 (60)  13.6 (12)
40.64 (16) Waist 38,400 (34,000) 4,23 (950) 54.2 (48)

Torque, in-1bf

Suit pressure, psid
deflection angle, degrees
cylinder diameter, inches

T = pad’
I

aew v-—-
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TABLE 2
QUANTITY OF SIZES

COMPONENT NUMBER OF SIZES
Hard Upper Torso 5
Waist 3
Lower Torso 4
Boots 2 (1)
Gloves 15
Liquid Cooling & 5
Ventilation Garment

Communications Carrier 6
Assembly

Arm 6

(1) Slipper-like inserts are provided to accomodate a wide range of foot sizes.
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Thermal & Micrometeriod Protection

A1l elements of the EMU are covered with a thermal/micrometeriod garment (TMG)
which consists of 5 layers of reinforced aluminized mylar (Figure 4). This type
of insulation is a function of operating environment. This insulation limits
the EMU heat leaks into or out of the EMU to 330 Btu/hr, whether in full sun or
deep space shadow. The outer layer is ortho fabric (expanded teflon yarn sur-
face weave with a nomex/keviar weave sublayer) and acts as an abrasion resistant
layer. These layers provide effective solar radiation protection for the crew-
person except for face and eyes. The Extravehicular Visor Assembly (EVVA)
provides movable shades to allow eye and face protection from solar glare
(Figure 2).

Ventilation Gas Distribution

To assure adequate removal of exhaled gases fsom the crewpersons oral/nasal
area, the LSS provides a minimum rate of 6 ft“/min of ventilation flow. This
fresh incoming gas is directed over and around the crewpersons head by the
helmet vent pad (Figure 2). The flow around the crewperson's head directs
exhaled gasses to the neck area, where the flow goes between the suit inner
layer and the crewperson providing the additional benefit of some cooling and
removal of sweat. The flow goes to the hands and feet where it is picked up by
a ventilation duct, which is part of the liquid cooling/vent garment (LCVG)
(Figure 5). The flow is gathered together in a manifold and returned to the
Life Support System,

Metabolic Heat Removal

Although this gas flow distribution does provide the crewperson with some

cooling - the majority of the cooling is provided by a 1iquid transport 1oop which
is also part of the LCVG. This 1oop consists of four parallel paths of small
plastic tubing sewn into a full body garment which gently presses the tubes next
to the crewpersons skin. As cool water flows through the tubes, it is warmed by
the crewperson's metabolic heat. This warmed water is returned to the LSS where
it is cooled and returned to repeat the process.

Communications Interface

To allow a redundant communications interface, the crewperson wears a cap (Figure
2) which contains two microphones and two earphones. This unit is called the
Communications Carrier Assembly (CCA) and it connects electrically via the HUT

to the radio located in the Primary Life Support Subsystem (PLSS) by way of an
electrical cable.
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Food & Drink

The crewperson may take a drink from the Insuit Drink Bag which is a urethane
film bag RF heat sealed together in the shape of the volume available in the
front of the HUT (Figure 6). The bag contains a valve which is activated by a
sucking motion so the crewperson obtains a drink as if he were using a straw.
The valve precludes spillage caused by pressing on the bag. The bag is attached
by velcro into the front of the HUT so the drink tube is easily available,
Additionally, a food stick is located between the IDB and the HUT. The food
stick is in a paper sheath which allows the crewperson to grip it with his teeth
and pull it up and take a bite.

Waste Control

Liquid waste is collected in a urethane coated nylon bag which is worn by the
crewman under the LCVG (Figure 2). Females wear a disposable containment
device which collects liquid waste in a super absorbent material.

Hopefully this gives you an idea of what it means to get dressed to go to work
in space. To maintain life in the vacuum environment of space is the job of the
LSS which will be described next.

LIFE SUPPORT SUBSYSTEM

The Life Support Subsystem (LSS) supplies a pressurized flow of breathable
ventilation gas to the helmet inlet and removes the metabolic heat from the
liquid cooling loop of the LCVG. Functionally, the LSS is very simple.

It consists of two separate closed flow loops which are interconnected in order
to maintain fluid phase separation. The two main loops are the ventilation loop
and the liquid cooling loop. Both loops have make up supplies in order to
maintain their operating pressures at the prescribed levels (Figure 7).

Ventilation Loop

The ventilation loop receives warm, moist oxygen and exhalation products (mostly
€0.,) from the SSA and directs it to the Contaminant Control Cartridge (cce)
(ngure 8). This gas is filtered by a layer of nomex felt and directed into a
bed of Lithium Hydroxide. The carbon dioxide reacts with the Lithium Hydroxide
(LiOH) to form Lithium carbonate, This process also adds heat and moisture to
the flowing gas stream, Activated charcoal follows the LiOH bed and removes
trace contaminants and odors. Finally, the gas passes through an exit nomex
felt filter which precludes the migration of LiOH particles.
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The ventilation gas then flows from the CCC into the fan (Figure 9) which main-
tains the flow velocity. The fan provides a winimum of 3 in of H,0 pressure
rise. The fan is driven by a Hall sensor commutated DC motor at ?9,000 rpm,
The motor draws 2.3 amps at 16.3 volts. The fan directs the flow into the
sublimator. The sublimator is the heat sink for the entire EMU. In the sub-
limator, the ventilation gas is cooled and the moisture it contains is con-
densed. The outlet dry bulb and dewpoint of the gas leaving the sublimator is
about 55°F.

The condensed moisture is removed from the sublimator ventilation passages
through a series of holes located at the end of the cooling fins. This is
called a slurper (Figure 10). The driving potential for this flow is the delta
pressure across the fan because the slurper header is connected to the fan
inlet. This allows a small percentage of the gas flow to be used to carry the
condensed moisture to the water separator (Figure 8). At the water separator,
the mixture of gas and water is forced to impinge on a rotating drum, The drum
is mounted to the fan shaft and receives its driving power from the same motor
as the fan. The drum is shaped so that the rotation causes the water to flow
into a trough where it (by now rotating at the same speed as the drum) impinges
on a stationary pitot tube. This arrangement pumps the water pressure up to
the 15 psi required to flow past the back flow check valve (item 134, Figure 7)
and into the water reservoir. Thus the condensate removal process is a two-stage
phase separation process which begins in the sublimator and is completed at the
water separator, where the water 1s putiped to the storage tank and the gas used
to carry the water from the sublimator is returned to the ventilation loop.

After the ventilation flow leaves the sublimator it goes through a ventilation
flow sensor {which also acts as a backflow check valve), and past the makeup
supply inlet. A differential pressure sensor (Item 114, Figure 7) and a CO
sensor (Item 122, Figure 7) measure suit to ambient differential pressure aﬁd
the partial pressure of CO, just prior to the ventilation flow reentering the
SSA at the helmet inlet. ﬁ mechanical gage backup to the pressure transducer
(Item 311, Figure 7) is placed on the display panel in front of the crewperson.

The makeup supply of the ventilation loop comes from the primary 0, bottles
which hold 1.2 1bm usable oxygen at 850 psi for the 7-hour EVA miséion. This
oxygen flows from the bottles into the primary oxygen control module which
contains a flow limiting orifice (Item 113B, Figure 7), a shutoff valve

(Item 113C, Figure 7) and a single stage demand regulator (Item 113D, Figure 7).
This regulator maintains the ventilation loop (including the SSA) at a pressure
of 4.3 psi above ambient pressure. A pressure transducer, (Item 112, Figure 7)
is used to keep track of remaining oxygen.
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Liquid Cooling Loop

The 1iquid cooling 1oop receives warm water from the LCVG and directs it into a
gas trap to remove any gas bubbles. The gas trap separates gas from the liquid
cooling loop by means of a hydrophilic (water 1ovingg screen, The screen is a
fine mesh and since 1t is hydrophilic requires more pressure than is available
for gas bubbles to go pass but very little pressure drop for water to go through
it. The collected gas is continuously bled off through an orifice which con-
trols the flow rate of water to be carried out of the gas trap when no gas is
present. The mixture of gas and water then goes past an isolation valve Item
125, Figure 7 which is used to isolate the 1iquid cooling loop from the venti-
lation Toop when the water separator is not open and flows into the water sepa-
rator for the final stage of phase separation.

Returning from this subloop to the main liquid cooling loop, the water flow goes
from the gas trap through a back flow check valve (Item 128, Figure 7), past the
makeup inlet and into the pump (Figure 9). The pump is a centrifugal type
(Barske to he specific) which is connected to the fan motor shaft by a magnetic
coupling, The pump operates at fan speed (19,000 rpm) and flows 240 1bm/hr of
water at a pressure rise of 4.8 psi. From the pump, the flow goes toward the
cooling control valve. Along the way, the flow is split into two parallel
paths, Part of the flow goes to the sublimator to be cooled and the remainder
continues on to the cooling control valve. The continuing flow has been warmed
by the crewman and so constitutes a warm water input to the cooling control
valve. The part that has gone to the sublimator constitutes a cold water input.
These two inputs are mixed in the cooling control valve to obtain a comfortable
temperature and returned to the LCVG to remove the crewpersons metabolic heat.
The cooling control valve is manually operated by the crewperson.

The makeup water which is used to maintain 1iquid cooling 1oop pressure comes
from the water tank assembly, The water tank assembly consists of three tanks,
two of which are connected together. The third tank is connected to the others
through a relief valve (Item 142, Figure 7) which assures the third tank is the
last one to be used. To drive the water out of the tanks, a soft neoprene
rubber bladder is pressurized with oxygen from the primary oxygen bottles
through a 15 psid demand regulator (Item 113F, Figure 7). This pressurant gas
is supplied through a back flow check valve (Item 129, Figure 7) to the tanks.
But, since the flow rate of pressurant needed is very small, the regulator would
tend to cycle from closed to open and back again causing unwanted pressure
variations. To keep this from happening, a constant demand is placed on the
regulator through an orifice (Item 113F, Figure 7). To preclude water tank
overpressurization in the event of a failed open regulator, a reljef valve (Item
113G) has been included. There is also a pressure transucer (Item 132A, Figure
7) to monitor pressurant gas pressure. A similar transducer (Item 132R, Figure
7) is used to monitor the pressure of the water in the tanks. When these pres-
sures are different by the 4 psid setting of the water tank isolation relief
valve (Item 142, Figure 7) the crewperson is given a warning that there is only
1/2 hour of water supply left.
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The makeup water supply comes to the liquid cooling Toop from the water tanks
and is also pressurized to 15 psid. Water leaves the liquid cooling loop at the
gas trap to carry gas to the water separator. But after the water separator has
completed the phase separation process, it returns the water to the water tanks,
So, on an average basis, the liquid cooling loop is not a consumer of water and
the water tanks acts only as an accurulator to maintain the pressure in the
liquid cooling Toop at a constant value. This completes the description of the
Liquid Cooling Loop along with its makeup water supply. The interconnection
between the ventilation loop and the liquid cooling loop has been described in
order to define the fluid interfaces. Left undescribed in this section is the
water consuming device, the water sublimator, and its associated hardware.

Feedwater Loo

The sublimator is supplied from the water tanks through a regulator which regu-
lates the pressure to 2.9 psid. The flow then goes past a shutoff valve (1tem
137, Figure 7) and a pressure transducer (Item 138, Figure 7) to the sublimator
(Figure 11). The sublimator is a stack up of heat exchangers where the venti-
lation loop is cooled by the liquid cooling 1oop and the 1iquid cooling loop is
cooled by the sublimation process which works as follows. Water enters from the
feedwater supply and flows down the feedwater distribution channel. From there
it spreads out under the porous plate and turns to go through the plate out to
the vacuum which is on the outlet of the plate. But as the water pressure drops
below the triple point pressure the water freezes to an ice layer in the plate,
Heat is added to this ice from the flow loops and it sublimes away (i.e. goes
from the solid to gas phase without again becoming 1iquid) into the vacuum,
carrying with it the heat. If the ice layer is sublimed away completely, the
feedwater again starts up toward the vacuum and is frozen forming a new ice
layer. In this manner, the sublimator is a self-regulating, demand heat rejec-
tion device with a near constant heat sink temperature of about 32°F. The flow
rate of steam to the vacuum is dependant on metabolic rate, equipment heat load,
and heat leak into the suit. For the Shuttle LSS with a 330 Btu/hr heat leak
(maximum) the steam output rate is

W = (M/1027) + 0,75

where W = water use rate 1bm/hr
M = metabolic rate Btu/hr
(300 - 2,000 Btu/hr range with
1,000 Btu/hr average over 7 hours)

This completes the functional description of the Life Support System for normal
operations,

The rest of the items seen on the schematic (Figure 7) are associated with the
caution and warning system or are there to handle either emergency situations or
to accomplish recharge between EVA's, For recharge, the service and cooling
umbilical (SCU) connects the EMU to the vehicle from which water and oxygen are
received to refill the respective tanks. Power is also received to recharge the
silver-zinc battery, The CCC is removed and replaced with a fresh cartridge.
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The warning system takes inputs from all of the instrumentation shown and pro-
vides the crewperson warnings when an expendable is within 1/2 hour of being
expended and also indicates any malfunction, Displays are located on the Dis-
play and Control Module (DCM). The DCM also contains all of the controls
necessary to operate the LSS. Included are relief valves (Items 134, 145, 146
and 147) to preclude any overpressure situations from damaging any of the LSS
hardware as well,

In the event of primary life support subsystem (PLSS) malfunction the secondary
oxygen pack (SOP) provides a 1/2 hr supply of oxygen which can be directed over
the crewpersons face and exhausted to space through either the NCM located purge
valve (Item 314, Figure 7) or the redundant helmet located purge valve (Item
105, Figure 7). This flow provides some cooling and carbon dioxide washout as
well as suit pressurization, thereby allowing the crewperson to make an emer-
gency return to the airlock.

Payload Interface(l)

Now that the reader is well on his way to being an EMU engineer, its time to
turn our attention to alterations of the free space environment generated by the
EMU. These alterations fall into two categories: (1) the nominal alterations
and (2) those associated with EMU contingency operations. The latter are nor-
mally limited to 1/2 hour duration and the larger frustration associated with
that situation will probably be loss of EVA capability.

The sources of environment altering products for EMU are:
1) Water vapor from the heat rejection system

2) EMU leakage which includes water vapor, gases (i.e., 02, COZ) and
trace organics.

3) Parti;]es from EMU surfaces. (0.5 to 500 micron dust, lint, and
metal

The first of these was discussed earlier and for a nominal metabolic rate of
1000 Btu/hr which results in a steam production,rate of 1,68 1bm/hr. Water
vapor from leakage is estimated to be 5.4 x 10 ° 1bm/hr. The rates for gases
and organics are estimated to be 0,016 1bm/hr and 9.5 x 10 = 1bm/hr respec-
tively.

Particles
The amount of particle disposition is unknown but the EMU particle generation

surface area is 1/500 of the Shuttle so the EMU will not alter the environment
when near the Shuttle vehicle.

(1) The authors are indepted to Mr. S. Martin NASA/JSC for use of the payload
interface material. -
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TABLE II1
LOCAL CONTAMINATION BY PARTICLES

Estimated Time To

Particle Size Altitude Clear 40 ft Area
5 micron 100 nm 1.8 sec.
100 micron 100 nm 7.8 sec.
5 micron \ 300 nm . 50 sec.
100 micron 300 nm 181 sec.
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TABLE IV
" SCATTERING, ABSORBTION AND EMISSION
BY PARTICLES WITHIN ORBITER WAKE

Estimated Time To

Particle Size Altitude Sweep over Horizon
5 micron 100 nm 15 min.

100 micron 100 nm 66 min,

5 micron 300 nm 9.4 hrs.

100 micron 300 nm 34.4 hrs.
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Water Vapor

Water vapor freezing on cold surfaces obscures sensors, This type of contami-
nation is dependent on sensor surface temperature, distance from water source
to sensor, and water flow rate. Water contamination can occur on a surface
which is below 150°K and occurs within fractions of a second. Therefore, any
payload with optical systems colder than 150°K must be shielded or suffer the
effects of permanant water contamination (again the majority from the Orbiter
as well as EMU unless Orbiter HZO dumps are specifically controlled).

For average metabolic rate (1000 Btu/hr), history and analysis indicate that the
EMU steam cloud dissipates within 3 feet of the PLSS. This is an upper limit
with envelope size being a function of heat rejection rate.

The only guaranteed method of insuring near zero steam contamination is in
removing the water sublimator loop and providing thermal control via either an
umbilical or heat transfer device. The umbilical, while apparently a simple
solution, proves unattractive due to the management problem associated in zero
gravity., Considering that in many instances the EVA crewmember will be required
to transverse a distance of many meters, the umbilical becomes impractical in
length due to the possibility of snag and eventual puncture. In addition, for
distances greater than a few meters the umbilical becomes cumbersome and diffi-
cult to manage.

EMU Leakage

Since the bulk of the gases have low condensation temperatures (€0, 167°K, N
90°K, and 02 77°K) they present no problem on uncooled sensors. FBr cooled
sensors the“primary problem is water condensation.

EVA Crewmember Safety

Payload users have expressed concern for crewmember safety in areas of microwave
radiation and ionizing radiation. Microwave radiation originates from the
orbiter antennas, which produce a radiation beam, Nuring flight the following
antennas are active:
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s-Band (1.7 - 2.2 ghz) Locations Aperture Power

Payload Bay (PLR) Cabin Top - 1 watt
Hemi Cabin Top 1 - 3 in. rectangular 10 watts
cavity
Hemi Cabin 1 - 3 in. rectangular 10 watts
Bottoms cavity
Quads - Phase Array Cabin Sides 7 - 3 in. rectangular 50 watts &
Steerable 5db within 5°
of beam C/L

Ku-Band (15 ghz)

Tracking & NData Relay Forward PLB 36 in. dish 30 watts &
Satellite (TDRS) Bulkhead 38 db within 1,5°
of beam C/L

Hugan safety limits are: unlimited expgsure to power densities below 10 mw/
cm-, and exposure to less than 25 mw/cm™ for up to 25 minutes. Thus, there
is a minimum distance from the antennas which guarantees exposure to less
than the safety limits. The minimum long term safe distances from the S-Rand
hemis, quads and Ku-Rand and TDRS antennas are 4 in,, 55 in., and 324 ft
respectively considering near and far field effects.

A mission rule is in place that requires turning off nearby antennas during EVA.
Discussion of microwave radiation safety procedures is planned to be addressed
in the "Ionizing Radiation Evaluation Study". Payload designers may wish to
contact Mr. M. Rodriquez of CSD for this information,

Ionizing Radiation

Planned or backup EVA in equatorial orbit will be timed to minimize exposure to
the South Atlantic Anomaly (SSA), even though it may miss the highest energy
portion of the SAA for approximately 18 out of every 24 hours. Timing in polar
orbits is less practical because the orbiter will pass through the polar horns
approximately every 15 to 30 minutes,

Other EMU Factors

The EMU is designed and has been tested to meet a requirement to operate in
the presence of an RF field intensity of 1 volt/meter over the frequency range
of 10 KHz to 10 GHz, The EMU does not present any EMI anomalies and is not
foreseen to affect any payload electronics.
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Payload Interfaces Summary

EMU environments can only be a problem to an uncovered sensor system and of such
systems only cooled systems have a known definite problem. The significance of
EVA contaminants compared to the Shuttle Orbiter is as follows:

° Particulate generation surface area of EVA equipment 1/500 Shuttle
° Water vapor from EVA equipment 1/30 Shuttle
° EMU leakage gas 1/25 Shuttle cabin leakage
This shows any EMU contamination is negligible when compared to the contaminant
envelope produced by the Shuttlie Orbiter. Payload designers who are planning
payloads sensitive to currently defined contamination levels should contact Mr,
James Jaax of NASA/JSC Crew Systems Division for evaluation of requirements.

Supplemental EMU Capabilities

Analysis and tests have demonstrated that the present EMU is capable of performing

the standard satellite servicing tasks (e.g. module replacement, appendage
retraction, override of latches and release mechanisms). However, satellite
servicing tasks need not be constrained by current capabilities, since the EMU
is flexible enough to adjust to a myriad of satellite servicing operating condi-
tions. RED prograns currently exist to demonstrate concepts for prebreathe
elimination and water vapor venting elimination. The following paragraphs
describe conditions and program status of each.

“No-Prebreathe" EMU

Early EVA planning for supporting STS flights and satellite servicing calls for
conducting EVA at 4.0 psia from a 14.7 psia Shuttle Orbiter cabin. To preclude
“the bends", a painful and potentially dangerous physiological condition, STS
crewmenbers prebreathe pure 0, for 3 to 4 hours to purge hody tissues of dis-
solved N,, the prime constitugnt of bends buhbles. However, prebreathing has
several grawbacks: the crew considers the Portable Oxygen System (P0S) res-
trictive to intravehicular activity (IVA), and denitrogenation effectiveness can
be significantly reduced during EMU donning by inadvertently taking just one or
two breaths of air, increasing likelihood of bhends considerably unless specific
(and cumbersome) procedures are followed rigorously.

Planning for OFT side-steps prebreathing by requiring reduction of cabin pres-
sure to 9 psia for approximately 12 hours prior to EVA, which promotes suffi-
cient washout of dissolved gases from tissues to minimize likelihood of bends.
This is not a permanent solution, hecause it does not address many Orbiter,
payload, operational, and EVA issues relevant to both operational STS flights
and satellite servicing.

7!



The present Shuttle EVA baseline combines use of a 10.4 psia cabin pressure with
a 4.3 psia EMU to eliminate the POS and prebreathe. This status will not harm
payloads or orbiter electronics, yet still requires that the cabin remain at
10.4 psia for 6 hours prior to EVA.

However, raising the EMU pressure to 8.0 psia will permit use of 14,7 psia cabin
pressure even during EVA support. This would 1ift current constraints and
resolve conflicts in assigning pressure sensitive payloads to flight with planned
or backup EVA. An 8.0 psia EMU will provide mission flexibility as EVA events
increase.

Additionally, an 8 psia EMU will provide "quick reaction" EVA and additional
crewmember safety. NASA has been directing 8 psia soft goods assembly CR&D
programs to provide alternates and evaluate technologies for the necessary SSA
mobility for 8 psia.

Non-Venting Thermal Control Subsystems

The only significant alteration of the free space environment caused by the EMU
is due to the venting of the steam used for cooling. Specifics concerning water
contamination have already been described in the payload interface section,

NASA has conducted many programs to develop non-venting thermal control subsys-
tems, with the most recent being an on-going program to provide a 4-hour non-
venting thermal control subsystem. This regenerative system will have the dual
benefit of eliminating potential payload EMU HZO contamination and reduce the
expendable mass required by the EMU system,

Enhanced Glove Development

NASA is also developing technology which will significantly improve the mobility
of the EMU glove. This effort comes from the realization that hand mobility is
the key to effective EVA work.

Summary

The EMU will serve as an important tool for both planned and contingency EVA,

The EMU is capable of performing the standard satellite servicing tasks (e.q.,
module replacement, appendage retraction, override of latches and release mechan-
isms). However, satellite servicing tasks need not be constrained by current
capabilities, since the EMU is flexible enough to adjust to a myriad of satellite
servicing operating conditions.

The technology used in the EMU system is by no means static. The technical
solutions to manned utilization of space are dependent on the vehicle services
available, the understanding of the needs, and the resources available. Payload
designers in planning for satellite servicing should not presuppose EMU operating
conditions and capabilities, but be advised to contact appropriate NASA personnel
before solidifying payload design concepts. None of the technology elements of
the EMU are static and continued refinement of EMU technology shall proceed in
concurrence with satellite servicing demands.
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Platform Assembly Support and Servicing

ELECTROPHORESIS
RESUPPLY UNIT

MATERIALS

EXPERIMENT CARRIER

MODULE

ASSEMBLY SUPPORT

TMS BERTHING PORT
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AUTOMATED RENDEZVOUS AND PROXIMITY OPERATIONS
TECHNIQUES FOR RENDEZVOUS AND CLOSE-IN OPERATION
AND FOR SATELLITE SERVICING

RoBERT W, BECKER
JOHNSON SPACE CENTER

AND

RoBERT L. ANDERSON
LinCoMm CORPORATION
18100 Upper BAY RoaD
Houston, TX 77058
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INTRODUCTION

BACKGROUND

TEN YEAR TRAFFIC MODEL

REFERENCE TARGET VEHICLES REQUIREMENTS

ACTIVE VEHICLES

SOFT DOCKING SYSTEM

NAVIGATION SENSORS

6 C SENSORS

AUTOMATED CONTROL TECHNIQUES

AUTOMATED SCENARIOS AND SOFTWARE OPS MODES
AUTOMATED PROXIMITY OPERATIONS TIMELINE EXAMPLE



BACKGROUND

“DEVELOPMENT OF AUTOMATED RENDEZVOUS AND PROXIMITY
OPERATIONS TECHNIQUES FOR RENDEZVOUS AND CLOSE-IN
OPERATIONS AND SATELLITE SERVICING"

TYPE: RTOP

OBJECTIVES: TO DEVELOP FREEFLYER AND ORBITER FLIGHT PROFILES
" AND RECOMMEND HARDWARE/SOFTWARE REQUIREMENTS
THAT WILL PROVIDE AN AUTOMATED RENDEZVOUS,
STATION KEEPING, AND DOCKING CAPABILITY

112




TEN YEAR TRAFFIC MODEL

* A SURVEY OF THE MOST LIKELY RENDEZVOUS TARGETS WAS CONDUCTED
USING GRUMMAN’S “SATELLITE AND SERVICES USER MODEL.”

- INPUT DATA FOR DEVELOPING THE SATELLITE USER MODEL INCLUDED:

- NASA 5 YEAR PLAN (1981 - 1985)

- STS FLIGHT ASSIGNMENT BASELINE

- BATTELLE LOW ENERGY MISSION MODEL

- FUTURE PLANNING DOCUMENTS (LSTA, 0SS, ETC)
- OAST SPACE SYSTEMS TECHNOLOGY MODEL

- DOD MISSION CATALOG

- NORAD SPACECRAFT IDENTIFICATION LISTING -

« ALTHOUGH THE MODEL CONTAINS 4 CLASSES OF SATELLITES, ONLY

2 CLASSES WERE USED IN LINCOM’S SURVEY:
1) APPROVED AND FUNDED VEHICLES (A)
2) VEHICLES PLANNED FOR START IN NEXT 5 YEARS (P)

N3



o
W
O«
< O
o o
- o
=8
AIMP
[« TR
(o No]
tn
(SSON) «
(43071 (S9Y3). (SSON)
(1S) (15) (SSON) 1S
(SSON) « (s9¥3). (SSON) « 1S (SSON)
" 3307 SVd3) (33071 (SYdS) 3307
2661 1661 0661 6861 8861
(SSON) « I
(33071 1S =
1S CYYON) = Q.
(3807). (sg¥3) s 1S
IAN3e (QOW 13y W3HD)+ 4307
(S¥dS) L0 LYSaNYT. S¥dS | (QOM 13¥ WIKD). SVdS
£86T 9861 6861 h86T ¢86T

(Q3aNIINI 10N S3LINT3LVS aod)
(S3LITN3LYS A3A0YddY ANV AIANND)

YYANITVI SNOAZIANIY




ORIGINAL PAGE IS
OF POOR QUALITY

R «:U:.NNO.

S3I9VNIVd NOISINAO¥d 037 VIA QIWd0443Id 38 LSNW (%L1) 2 ¢

SLIN SWO HLIM ¥3118Y0 NV A8 Q3Wy01¥3d 39 NvI (%/9) 8 @
JINVWHOSY3d SWO TVY9ILNI HLIM ¥3LI19¥0 NV A8 QIWHOIY¥3d 38 NVI (X/L) 2 @

1SYYIA N3L LX3IN
3IHL Y04 aua==w=um (SINIA3 TWAIIYLTY 40 3)1AY3S) .m=o>Nwazu¢ 031311N3GI ¥3SN ,03A0¥ddY. KL 1V 40
. 39NV
6 2 S - 9 8 d0yd 031
+ 4311940
(S)LIN SWO
-- '] S ) L ) +
4311840
, ; INOTY
3 2 -- -- £ 2
¥311940
031411N301 . Q31411N301 031414N301
a3WNSSY 43N Q3WNSSY ¥3sn ISy . ¥3sn
SNOISSIW TWAIINLIY SNOISSIW 3D1AY3S SNOISSIW A01d30

SNOISSIW @3A0Y¥ddV (Mv d3dNnd
Z66T HONOYHL £86T WOY4 SIN3AI AIINAIHIS

:Eﬂvz.u |

N5




IS
LITY

]
5
5o (dX3 90d0L).
25 (SdOONYT) w
Z o (AON3 IH) s
g o (NG OZH)
5 (MWMY) (YYON) (SOONYD)W|  (dX3 WITD/3DD)a
(SAOONY ) 404d AVY9 «0 LYSANYT. TWIL AVHX.
(WIL AVEX) . vyxY V4" 1YSENS o LYSANY T4
(YYON) 4 1¥SENS (AYNS HLYY3). L ERVREIN
V4 1¥SENS (WYIHL AQY)» (MWMY) (SOONY D)
(¥3d). AYNS 1314 9YW) (43d)» (SAOUNY D) (ANI_TH) .
(dX3 W11/ 10W YMd (SAOONYT) w SOWLY ¥3ddNe SONLY ¥3ddN.
(1¥S Y15%0)) (13W_d0). (dX3_W1713/3ID) (YYON) . C¥na_0ZH) .
(WYIHL AGY)w (AYNS_HL¥YI)w (WTL AYEX) w (1¥S_1¥1SY0J) (YYON)
(SAOANY D) s (dX3 W113/301)% SYVNa 4084 AVY9 (1¥S_Y1SV0D) |«
SV Ne SHYN. (1vS_1v1SY0D) yaXY 404d AVY9 |=
vIXY (1¥S TYLSY0D) (A¥NS 1314 9YW) | (A¥RS QT31d 9VM) vaxy
10W YMd 10W YMd 10W ¥Md 10W ¥Md 10K YMd
dsvys dSvS dsvs dsvs dsvs
2661 1661 0661 6861 8861
(dX3_W112/321).
(N1 AVHX) W
A0 LYSANYTe
10W ¥Md
dSyS
(1YSOYW) » V4 1YSEns
¥4 1¥SEns #0 LVSANY . XYW ¥V10S.
1861 9861 6861 h861 ¢861

(GIANTONT 10N SILITILYS a00)

(SYV3IA S LX3IN NI 1¥VLS ¥04 31440 Wvyo0dd A QINNVId SILITIILYS)

¥VANITYI SNOAZ3ANIY




ORIGINAL PAGE IS
OF POOR QUALITY

e :\ﬁﬁswo

$39VNIVd NOISINGO¥d 037 VIA 3W40JY3d 38 LSO (%£2) 2L 0
SLIX SWO HLIM Y3LIBYO Nv A8 QIWHOJ¥Id 38 NvD (%6€) LL @

JINVWYO04¥3d SWO TVYIILINI HLIM ¥ILIGYO NV A8 Q3IWHO4H3d 39 NvI (XPE) SL @

$SYV3IA NIL LX3IN
3HL ¥04 03ING3HIS (SIN3AI TVAIIYLIY 4O IDIAYIS) (SNOAZION3Y QITJIIN3IGI ¥ISN 4Q3NNVId. 3HL 1V 30

. 39VIVd
vl ¢ 22 6 ot 92 4040 031
+ 4311840
(S)LIX SWO
-- ¢ v Pl t . 2 +
¥3L1940
t IO
é 9 € (3 9 91
¥311840
G31411N301 31411N301 Q31411NI0T
QINNSSY T Q3NNSSY en Q3WASSY i5a
SNOTSSIW TVAIT8L3d SNOTSSIW 31AU3S SNOTSSIN A01d30

(SHY3A 9 1X3IN NI LuVLS %04 301340 WvYI0Ud AG QILVNIIS3A S3LITIILVS)
266T HINOYHL £86T ¥04 SINIAI A37INAIHIS

w Qﬂu ur

117



ORIGINAL PAGE E‘v
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RENDEZVOUS TRAFFIC
SUMMARY TABLE

FUR LEQ

YEAR APPROVED | PLANNED || TOTAL ]| PROPULSION
1983 1 1 2 1
1984 1 1 2 2
1985 3 - 3 -
1986 5 2 7 5
1987 3 7 13 7
1988 4 14 18 10
1989 4 14 18 9
1990 2 19 21 13
| 1991° 5 15 20 11
| 1992 3 10 13 7
TOTAL - 34 83 117 A5
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TARGET VEHICLE REQUIREMENTS

* REPRESENTS A LARGE CLASS OF SIMILAR TARGET VEHICLES
* ACTIVE ATTITUDE CONTROL SYSTEM
+ PASSIVELY COOPERATIVE

- REQUIRED RETRIEVAL COMPONENTS IMPLEMENTED PRIOR
TO LAUNCH
ﬁgAL COMPONENTS ARE EXTERNAL TO SATELLITE

EVAL COMPONENTS REQUIRE ONLY A PHYSICAL ATTACH

* FIRM RENDEZVOUS REQUIREMENT

TARGET VEHICLES SELECTED

* LEO - LANDSAT/MMS
* HEO - GPS (NO RENDEZVOUS REQUIREMENT)
* GEO - TDRSS (NO RENDEZVOUS REQUIREMENT)

)19



ACTIVE VEHICLES
- TELEOPERATOR MANEUVERING SYSTEM (TMS)/VOUGHT
- ORBITAL TRANSFER VEHICLE (OTV)/BOEING/GENERAL DYNAMICS
- MANNED ORBITAL TRANSFER VEHICLE (MOTV)/GRUMMAN
- MANEUVERABLE TELEVISION SYSTEM (MTV)/JSC/LOCKHEED
- SPACE PLANE/USAF/SRI

)20




ORIGINAL PAGE 1S
OF POOR QUALITY

SOFT DOCKING SYSTEM

. [ ] . L] L[]
worr» X0— mr— OXr o>

"SOFT DOCKING” SYSTEM IS REQUIRED FOR
OCKING OPERATIONS

“SOFT DOCKING* SYSTEM REQUIRES ZERO VELOCITY TO EFFECT
APTURE

HE RMS SNARE TYPE END EFFECTOR IS AN EXAMPLE OF A

IGHT WEIGHT SOFT DOCKING SYSTEM
HE SOFT DOCKING SYSTEM WILL “DRIVE” THE DOCKING SENSOR
EQUIREMENTS

PRELIMINARY SET OF SOFT DOCKING SYSTEM REQUIREMENTS WERE
ENERATED BY JIM JONES/JSC/EW4 AND EARL CRUM/JSC/EW4 IN
UPPORT OF THIS STUDY
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G&C SENSORS

* ACCELEROMETERS
* GYROS

- WHEELS

- LASERS -

ORIGINAL PACE IS
OF POOR QUALITY

SER TICALLY
RAL R A
P-D0O A PLA
SUPERIOR RELIABILITY
NO MOVING PARTS
LOWER UNIT COST

LEAST OPERATIONALLY COMPLEX

ICA OFFERS

OVE STANDARD
LED TFORM IRU:
1)
2)
3)

4)
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AUTOMATED CLOSE-IN CONTROL TECHNIQUE

ROTATION - ROTATION DAP - RCS
TRANSLATION - TRANSLATION DAP - RCS

ROTATION ALWAYS LEADS TRANSLATION
EXAMPLES
- V STATIONKEEPING
= FLYAROUND
- FINAL APPROACH
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ORIGINAL PAGE 1S
OF POOR QU ALITY

AUTOMATED SCENARI 0S

 REFRENCE MISSIONS

- DELIVERY
RETRIEVAL
SERVICING
REMOVAL
TRANSFER

. %;aE EETRPERATI(O)NS - COMMON OPERATIONS CAN BE USED
T L et sl et
REEE?%@%YOEET 0%0% ODEE & C l8 S 18 ﬁ

- RNDZ MANEUVER TARGETING

- MANEUVER EXECUTE

- COAST

- BRAKING

- STATION KEEPING

- FLYAROUND

- FINAL APPROACH

- DOCKING -

- SEPARATION

! uct
é ETHE

0C
0
N
OMPL

TR
h

==

|
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A “SEQUENCER* IS REQUIRED TO:

1) PERFORM PREPLANNED SEQUENCE OF MAJOR MODE
TRANSITIONS

2) ENSURE PROPER DATA TRANSFER AND INITIALIZATION
BETWEEN MAJOR MODE TRANSITIONS

3) ASSEMBLE NECESSARY HARDWARE/SOFTWARE SYSTEMS
4) PROVIDE FOR THE MAN/MACHINE INTERFACE

! SOME SOFTWARE NOTES . . .

- ANY GIVEN MISSION WOULD CONSIST OF A SUBSET OF THE ABOVE
MAJOR MODES

« ALL CURRENT AND CONCEIVE
E PERFORMED WITH TH

FOR THE

" FOLLOWING IS A SELECTED SYSTEM DIAGRAM AS AN EXAMPLE.,
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« RESULTS OF MAJOR MODES CONCEPT . . .

- EASILY IDENTIFIES THE SPECIFIC ITEMS THAT NEED TO BE
WORKED, BOTH HARDWARE AND SOTWARE, AS A FUNCTION OF
MISSION PHASE.

- PROVIDES OVERALL SYSTEM DEFINITION

- SERVES AS A FRAMEWORK FOR ORGANIZING DETAILED SYSTEM
REQUIREMENTS
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TIMELINE EXAMPLE
AUTOMATED PROXIMITY OPERATIONS
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= Ty

/ ORIGINAL PAGE 18

-y

CONCLUSTONS

 ALTHOUGH THE U.S. HAS NEVER PERFORMED AN AUTOMATED
RENDEZVOUS AND DOCKING, MOST OF THE "PIECES” REQUIRED
TO BUILD AN AUTOMATED SYSTEM CURENTLY EXIST.

MAJOR EXCEPTIONS ARE:

- CLOSE IN REL ATT SENSOR SYSTEM

- CLOSE IN REL PQS SENSOR SYSTEM

- TRANSLATION DAP SOFTWARE

- SEQUENCER SOFTWARE

- SOFT DOCKING SYSTEM .
AUTOMATED -RENDEZVOUS TECHNIQUES AND OPERATIONS ARE
GENERIC IN NATURE AND APPLICABLE TO MANNED AS WELL AS
UNMANNED SYSTEMS
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COARSE SUN SENSCRS
.l THEAMAL

L 14‘ . ENCLOSURE

= s ELECTRONICS
ENCQLOSURE

INSTRUMENTS

INSTRUMENT SUPPORT
PATE

BASE STRUCTURE
ASSEMBLY

SOLAR ARRAY
SYSTEM (SAS)

SOLAR ARRAY

oMM

MISSION ADAPTER

ACS MODULE TRUNNION PIN

TRANSITION ADAPTER

MOOULE SUPPOAT
STRUCTURE

LATCH PINS (3

SMM OBSERVATORY EXPLODED VIEW
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ORIGINAL PAGE IS
OF POOR QUALITY

SHUTTLE /AUTOMATED PAYLOAD PROCESSING FACILITIES

SRB nouﬂoul

PROCESSING FACILITY
l 3URGE BUILDING
PAD B \

w = /cfff’dl~ \
g4 /Lu|

SHUTTLE LANDING FACILITY

VERTICAL PROCESSING FyFribai
FACILITY (VPF) - FACILITY

ORDNANCE STORAGE AREA
& NON-DESTRUCTIVE LAS

T DELTASPIN )g
_TEST FACILITY

FACILITI YOUT A

PAYLOAD ARRIVAL, CHECKOUT, HAZARDOUS SERVICING
MATE TO UPPER STAGE

INTEGRATE WITH OTHER PAYLOADS

INTEGRATE INTO ORBITER

INTERFACE VERIFICATION CHECKS

LAUNCH

o O O O O o
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ORIGINAL PAGE 1S
OF POOR QUALITY

PAYLOAD PROCESSING FACILITIES

PAYLOADS MAY ARRIVE BY LAND, SEA, AIR
(USUALLY SPACECRAFT REQUIRING UPPER STAGES)

PAYLOAD PROCESSING FACILITY ASSIGNED FOR SPACECRAFT
OPERATONS

- FINAL ASSEMBLY OR BUILDUP
- INSPECTIONS, CLEANING
-  FUNCTIONAL TESTING

“CLEAN ROOM” CONDITIONS, CRANES, SERVICES, OFFICES,
ETC. AVAILABLE
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ORIGINAL PAGE IS
OF POOR QUALITY

DELTA SPIN TEST FACILITY

ESA-60 AND DELTA SPIN TEST FACILITY (DSTF) BOTH
USED FOR HAZARDOUS SPACECRAFT OPERATIONS (LOADING
HYDRAZINE, CRYOGENS, ORDNANCE, ETC.)

DSTF ALSO USED AS PAM-D BUILDUP AND TEST FACILITY
ALL PAM-D PAYLOADS MATED TO UPPER STAGE AT DSTF

ALL OTHER UPPER STAGES ARE MOUNTED TO SPACECRAFT
IN VERTICAL PROCESSING FACILITY
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

C_INDUSTRIAL ARE

“VERTICAL" PROCESSING FACILITY

“HORIZONTAL” PROCESSING FACILITY
(0 & C BUILDING)

SAEF-2
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ORIGINAL . PAGE -
BLACK AND WHITE PHOTOGRAPH

INTERIOR OF VERTICAL PROCESSING FACILITY

| TWO WORKSTANDS, EACH CAPABLE OF STACKING A FULL MANIFEST
PAM-D AND SPACECRAFT PREVIOUSLY MATED

PAM-A AND IUS TRANSPORTED TO VPF, THEN SPACECRAFT MATED
ELECTRICAL, MECHANICAL, AND CITE TESTING

INSTALL FULL MANIFEST INTO CANNISTER FOR TRIP TO LAUNCH PAD
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAYLOAD CANISTER

TRANSPORTED VERTICALLY FROM VPF
TRANSPORTED HORIZONTALLY FROM 0 & C
CARRIES FULL PAYLOAD MANIFEST

ENVIRONMENTALLY CONTROLLED, POWER, INSTRUMENTATION,
PURGE, ETC.

MOVED BY 48 WHEEL OMNI-DIRECTIONAL TRANSPORTER
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

INTERIOR OF 0 & C BUILDING

PAYLOAD MAY ARRIVE BY LAND, SEA, OR AIR AND IS
TRANSPORTED T0 O & C BUILDING

CONDUCT FINAL BUILDUP, TEST SYSTEMS, VERIFY
INTERFACES, CITE TESTING

NO ORDNANCE OR PROPULSIVE STAGES

LOAD INTO CANISTER HORIZONTALLY
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CRIGINAL PAGE
BLACK AND WHITE POTOGRAPH

LC-39 LANDING, PROCESSING & STACKING AREA

ORBITER LANDS ON RUNWAY, TOWED TO OPF

ORBITER PROCESSED IN OPF, SRB'S AND ET STACKED
SIMULTANEOUSLY IN VAB

ORBITER TOWED TO VAB AND STACKED WITH SRB'S/ET

SHUTTLE INTERFACE TEST TO VERIFY ALL CONNECTIONS/
SYSTEMS

STACKED STS VEHICLE MOVED TO PAD ON MOBILE LAUNCHER
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CRIGINAL PAGE
BLACK AND WHITE PHOTOGRAPY

e
Py 2. o - A o —

s vawa femrd \WURWA
VXN

“HORIZONTAL" PAYLOAD INTEGRATION

TRANSPORTED FROM O & C TO OPF VIA CANISTER/TRANSPORTER

REMOVAL/INSTALLATION OF FLIGHT KITS AND/OR SATELLITE
SERVICING EQUIPMENT

PAYLOAD HOISTED FROM CANISTER, LOWERED INTO ORBITER
BAY AND SECURED

SHUTTLE/PAYLOAD INTERFACES CONNECTED
ORBITER INTEGRATED TEST CONDUCTED TO VERIFY INTERFACES

PAYLOAD BAY CLOSED OUT AND DOORS CLOSED
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ORIGINAU PAGE
WHITE PHOTOGRAPH

BLACK AND

VEHICLE ASSEMBLY BUILDING OPERATIONS

0 "HORIZONTAL” PAYLOADS:

- ORBITER MATED TO ET/SRB'S

- DOORS REMAIN CLOSED

- NO PAYLOAD ENVIRONMENTAL CONTROL UNTIL
MATED WITH ET

- ENVIRONMENTAL CONTROL ON WAY TO LAUNCH PAD

0 “VERTICAL" PAYLOADS:

- ORBITER MATED TO ET/SRB'S

- DOORS REMAIN CLOSED

- PAYLOAD BAY EMPTY, PAYLOADS AND. CRADLES TO
BE LOADED AT PAD
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAD _OPERAT IONS
(RSS ROLLED BACK)

MLP HARD DOWN, CONNECT SERVICES

“HORIZONTAL” PAYLOADS ARE IN THE ORBITER BAY,
NORMALLY NO ACCESS, BUT DOORS CAN BE OPENED IF
NECESSARY

“VERTICAL” PAYLOADS ARE TRANSPORTED TO PAD IN
CANISTER AND OFFLOADED INTO ROTATING SERVICE
STRUCTURE (RSS). SOME PAYLOAD TASKS/TESTS
PERFORMED
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

PAD OPERATIONS
(RSS IN POSITION)

RSS PROVIDES ACCESS, PROTECTION

“VERTICAL” PAYLOADS INSERTED INTO ORBITER, INTERFACES
CONNECTED AND TESTED

SERVICING OPERATIONS (FUEL CELLS, RCS, OMS, ETC.)

FINAL COUNTDOWN
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" ORIGINAL PAGE T
BLACK AND WHITE PHOTOGRAPH

0 NO PAYLOAD ACCESS DURING FINAL 20 HOURS
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ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

SHUTTLE LANDING FACILITY

RUNWAY 15000 FT X 300 FT

AFTER LANDING, TOW ORBITER TO OPF FOR PAYLOAD
(OR CRADLE) REMOVAL, ORBITER SERVICING

CRADLES RETURNED TO OWNERS AT OPF., SPACELAB
TAKEN TO O & C. ABORTED PROPULSIVE STAGES
RETURNED TO VPF
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PAYLOAD IVA TRAINING AND SIMULATION
James H. Monsees, Orgn 62-91
IMSC, Sunnyvale, California
ABSTRACT

Training activities for the payload are the only Space Shuttle flight courses which are
not the responsiblity of NASA*. Payload training is conducted by the payload
developer. Lockheed, in this role, has implemented a training developmer;t methocic;-
logy, in support of its payloads, which is economical to the program while fulfilling
‘the contractual requirements. The major points of this paper describe Lockheed's
training and simulation development approach and contrast them with both the NASA
and the Instructional Systems Development approaches, to illustrate how economics
are achieved.

* Excluding those NASA payloads developed 'in-house'.

Challanges of Payload Training Development

Payload IVA training programs present some unique challenges to the contractor.
These tend to make the development of payload training relatively expensive
proposition. The four primary "unique" characteristics and the methods Lockheed is
using to meet the challenges they present are discussed below. They include (1)
compliance with established training standards, (2) meeting varied needs, (3) main-

taining security, and (4) accommodating changes.

Compliance With Established Standards

An initial consideration is that as the contractor, Lockheed, is developing training for

a clientele with very regimented procedures, operations languages, and document

1
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formats. Payload training development teams must be familiar with NASA docu-
mentation and the customer's preference (Military specifications, Military standards,
etc.) to insure development of acceptable training programs. The key to cost
reduction is for the contractor to be close to 'on target' with the early iterations of

the training plan and the first package of training materials.

Meeting Varied Needs

The Payload training programs are designed to familiarize all of the responsible crew
members with Space Shuttle payloads. All of the personnel who must become
familiar with the payload's characteristics, payload operations, and the materials
equipment and aides associated with those operations will be taught by the contrac-
tor. While the training is intended for the Payload Specialist, since he is the primary
operator, the courses must be given also to Payload Operations Control Center
(POCC) ground crews, NASA ground crews, and the NASA flight crew, to meet their
specific needs. Typically, while the Payload Specialist operates the payloads from
the aft flight deck, the Mission Specialist is his IVA back-up, the pilot provides EVA
support, the commander and pilot position the Orbiter and use the RMS to support
payload operations and the ground crews execute commands 'and monitor crew
activities and payload status. The instruction associated with payloads, then must be
packaged in several ways to meet the varied needs. The challenge to the contractor,
attempting to compete in the payloads market place, is to develop the fewest

programs possible for meeting everyone's needs.

Maintaining Security

Another unique characteristic of payloads is that some of them must be built, tested
and operated in secrecy. Classified payload training imposes many constraints on the

contractor as the training developer, and on all of the personnel who are to be
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trained. Payload courses which are classified must handle and control classified
materials, provide secure training facilities and secure simulation interfaces. Ob-
viously; classified training is a cost driver, but costs can be controlled through a
mature security program. The primary planning factor which is impacted by
classified training courses is response time. Because of the requirements for all
program participants, written materials and training aids to be controlled, there is a
slow-down effect on requirements analysis, course development, and course imple-

mentation and revision.

Accommodating Change

A second characteristic of payload training programs, in contrast to the NASA Space
Shuttle flight programs, is that the hardware and the operations tend to be uniquely
different for each payload. There is very little "generic" training in the payload
cirriculum. A second challenge, then, is to continue to develop totally new programs,

while maintaining quality in the curiculum.

LMSC Approach to Payload Training Challenges

The training development responsibility for each Lockheed payload falls on each
specific program office. The Program Training Manager staffs his training group as
efficiently as possible. The manager usually calls upon LMSC's Space System
Division's Crew Systems organization for providing an experienced Space Shuttle

interface team.

The Crew Systems group employs a variety of disciplines, which interface with
program engineers at various stages of program development. Figure 1 gives a
breakdown of the LMSC Crew Systems group and highlights the relationship to

training and simulation for each program. This approach of manning the program

3
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with a Shuttle oriented group, assures that a body of experience will be available to

each new program.

The Program Training Manager uses the Crew Systems personnel (who have usually
been involved in program proposals) to interpret both NASA and military standards
and specifications, to review standard NASA and Ground Crew operating procedures
and to assist in or lead the development of specific modules of the training program.
The availability of a body of personnel who are experienced in Shuttle Payload

development is invaluable in the eificient production of new training programs.

A vital element of new payload training program development is interface planning
Lockheed has established three levels of working groups to insure this interface. Th
working groups, as shown in Figure 2 consist of the Crew Training Committee (CTC
the Crew Activities Working Group (CAWG) and the Payload Operations Workir
Group (POWG). The CTC is an in-program group consisting of writers a
instructors, which regularly integrates training and simulation development actis
ties. The CAWG is an LMSC wide group which iﬁterfaces the Program Traini
Manager with course writers, editors, artists, and security personnel. This gre

meets to coordinate the production, evaluate and distribute course materials.

The POWG is an interface group in which the developers and all of the users have
opportunity to review objectives and status of the payload training progra
throughout their stages of development. The employment of planned interfaces
all personnel involved significantly reduces the amount of time lost in pursui

invalid requirements.
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Meeting Varied Needs

Several actions are taken to make training programs meet the needs of all the
personhel involved, while keeping costs to a minimum. The tasks of all payload
operations personnel are analyzed; a program which meets the most stringent needs
(those of the Payload Specialist) is developed, and a simple tailoring strategy (for

other personnel's training) is devised and implemented.

The multi-level task analysis of all ground or flight positions is essential. It provides
scope for the training developers. The data for most of the analyses are found in the

program proposal, the training plan and PIP annexes.

The analysis can be multi-level, in contrast to ISD methodology which insists upon
rigorous task analysis for all tasks. Tasks which are understood and for which
training is straight-forward receives no more than a simple inventory. On the
contrary, critical tasks which are new, such as for example, IVA-EVA coordination of

a manual-override operation, undergo task-timelining in detail.

Training is developed using a moderately complicated Payload Specialist scenario,
which exercises all payload interfaces in the aft flight deck. The development
assures that the Payload Specialist understands his mission, all of his interfaces, his

equipment and the payload dedicated hardware. He experiences three stages of

training: information, part-task (hands-on), and rehearsals.

Training for other personnel is usually based extensively on the Payload Specialists
program. The cost effectiveness concern emphasizes the need for very minimal
changing of the core training program. In a recent payload training program, hands-

on training was deleted from the ground crew courses and instructors modified their
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presentations to provide details or overviews, based on what the different groups

required. Figure 3 summarizes the recent payload course development approach.

As a final step in keeping costs down, Lockheed has innovatively developed an
approach to reduce dedicated, hard training materials. That is, no texts, no films,
videotapes nor workbooks are developed specifically for payload training. The only
dedicated training products for the most recently developed course were a training
plan and viewfoils. The comprehensive training plan contains the course and lesson
objectives providing consistent direction for the course development. The training

viewfoils were used to guide the instructors and were used as handouts.

Maintaining Security

Security is a crucial concern for payload training developers. Security, which is
required for program training personnel, documentation, facilities and communi-

cations interfaces increases the cost of payload training programs.

Lockiheed classified programs use, in addition to internal personnel, personnel from
the editing staff who maintain program clearances. This editing staff interfaces with
the course production support functions such as artists, publishers, and photographers.
These editors are the primary interface between the draft course materials input by
the course writers and secure production support facilities. They,'as well as the
program course developers (writers) are familiar with the security constraints on the
materials developed., LMSC has learned that it is essential to use checklists to insure
that security provisions are included on the materials, that is that they are
appropriately stamped, given document numbers and are controlled. Also, forms are

used to pass course materials on its support functions for completion and to return
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them to the course writers. Close tracking of security details is essential to prevent

a time loss due to misplaced pages or improperly marked course materials.

Secure facilities are provided at LMSC for classroom training and for hands-on
operation. Economy is achieved through the muiti-purpose and multi-program use of
common facilities. In a later paragraph, the Advanced Vehicle System SATLAB is

described. It is one example of a secure training facility.
For future program requirements, there is a need to employ secure communications
for integrated training and simulation. These resources are in existance at Lockheed

_but are not currently used for Space Shuttle payload training.

Accommodating Changes

Since payloads for each program tend to be significantly different from one another,
the training courses themselves require unique efforts. The most effective way to
control training development costs has been to use experienced personnel, who
maintain source documents and lessons learned documentation and are familiar with
using reconfigurable simulation capabilities. Using this approach, the need to
reinvent is minimized.

Source documents for course development are maintained in data banks and readily
accessible to program course development personnel. Where experienced personnel
can short-cut analysis and training development time by using documentation from
previous efforts, this documentation is normally used as a starting point. Source

documents and lessons learned are a particularly valuable resource.
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Payload systems are rather complex and tend to be somewhat unstable until the final
stages of payload development. Lockheed has found that engineers who have skill in
presenting briefings are readily convertable into instructors and are well informed on
their subjects, due to their continuous involvement with the payload. A cost
reduction is achieved by eliminating the time required to train an instructor to be

totally conversant with spacecraft systems.

Reconfigurable Simulation

Lockheed uses the AVS SATLAB, mentioned earlier, as a hands-on Payload Specialist
procedures trainer, Figure 4. The SATLAB, therefore, is a vital element in Payload
Specialist training. The SATLAB layout is‘shown in Figure 5. A secure training
facility, the SATLAB supports many aft flight deck requirements, including Payload
Specialist training.  Payload Specialist requirements involve using interactive
monitoring/command panels. Use of the panel is normally moderated through
training scenarios: and it is operated only as directed by the payload flight data file
Orbit Opérations Checklist. Since visual feedback of the payload is required, video

monitors are positioned at the aft flight deck windows.

To assure a cost-effective, low risk implementation of the SATLAB, LMSC is using an
incremental development approach. The increments were planned in four stages,

each determined by payload program requirements and program funding.

The first stage uses actual flight Payload Specialist panels, and connects the panels
to the payload through hardwire cables. Also closed circuit TV is used to show

payload status visually.

10
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The second stage implements a computer simulation of the payload. The simulatio

provides Payload Specialist panel malfunction indications; a capability which i

generally not available using the actual payload.

The third stage incorporates computer Image Generation of outside visual scenes t

incorporating a low-cost four window system. At this stage the orbiter attitude

ephemeris and trajectory are modifyable.

The final stage of development involves including the RMS, if and when that t:

becomes an associated Payload Specialist responsibility.

Figure 6 shows the development stages of the SATLAB and some of the suppor:

programs which are driving the phased development.

Conclusion

STS payload training at LMSC is still in its nacent stages. However, the contir
growth of the Space Shuttle payload manifest, the growing involvement of ma
the-loop and Lockheed management's commitment to support payload IVA tra’
indicate that Lockheed's training development programs will grow in paralle] wit

shuttle payload program.

Through the aforementioned training approach techniques, Lockhead has been ¢
reduce the overall ‘classic' training program cost some 2 to & times fror.

experienced previously. Thus, this realized saving can be passed on to the cu

as a substantial cost reduction - so important in the overall responsibility
contractor in support of STS payload development.
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JREWORD

his study originated because concern was expressed by government space system
lanners that the potential capabilities of the space shuttle may not be fully
xploited in future space systems. -

‘hese space shuttle capabilities are expected to provide the following:
1. On-orbit mating of components, subassemblies and assemblies.
2. Satellite retrieval and return to earth.
3. On-orbit satellite check-out, repair, refueling and testing.

Because the shuttle has these capabilities it was postulated that reliability
and test requirements might be reduced for the entire acquisition cycle for
spacecraft.

The original paper was given at the Sixth Aerospace Testing Seminar at Los
Angeles on March 11 - 13, 1981, and covered spacecraft designed built and
tested by LMSC and flown using expendable launch vehicles over a ten-year
period through 1978. Today's paper is an update and an abbreviated summary
of that earlier paper. It covers additional history through 1981.

PURPOSE
The purpose of the study is to answer the following questions:

1. In the shuttle era, is it necessary and cost effective to provide highly
redundant spacecraft since they can be retrieved from orbit?

2. Are extremely extensive environmental tests still necessary at the system
level?

The experience of LMSC's many spacecraft over a 12-year historical period can

be extremely useful in providing data to help assess the value of redundancy

and systems test programs.

BASIS OF STUDY
The study analyzed the history of 67 spacecraft over a 12-year period. Each

of these were looked at in two different ways. For each spacecraft the follow-
ing assumptions were made:

.
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1. Redundancies but no environmental system acceptance testing. The study

estimated what the duration of spaceflight operating time would have been
without environmental system testing but with the redundancies of the
actual spacecraft.

2. Environmental systems acceptance testing but no redundancies. The study

estimated the duration of spaceflight operating days with the systems

environmental test performed but with the assumption that alldésdundancies
had been removed.

TESTING PROGRAM

Each of the spacecraft reviewed were subjected to comprehensive system environ-
mental acceptance tests in accordance with MIL-STD-1540 as amended by contractual
documents. A typical sequence is as follows:

1.

b et b ped d b b pesd b
W N OV N B W N =O
. . . . . . . . .

W 00 N Oy 0 & W N
e & s e e e s s

Serial System Test (verify component capability)
Baseline integration
EMC
Functional
Acoustic
Functional
Pyro shock
Functional
Mechanical Release Systems check
Functional
Pressure leak
Functional
Booster compatibility
Functional
Weight and CG
Alignment
Functional
Thermal Vacuum Cycling
2 temperature cycles minimum at +10°F to +100°F in a vacuum, 10'5 Torr.
First 4 days, thermal balance
(a) Verify equipment thermal design
(b) verify analytical thermal models
(c) Verify heating and cooling system performance margins
for hot and cold extremes for both primary and back-up
Circuits,
-2-
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19. Functional

20. Antenna deployment

21, Final functional

22. Mechanical preparations

23. Confidence tests

24. Shipping preparations

25. Ship

NOTE: During thermal vacuum testing redundant equipment is exercised
separately (an together if applicable), and, components are not
allowed to exceed acceptance test temperature levels.

In addition to the system tests, each component received an acceptance test prior
to being installed in the spacecraft. A typical test sequence is as follows:
1. Functional

2. Random vibration (3 axes)

3. Functional

4. Thermal vacuum cycling (5 cycles, 75 hours) at -10°F to +140°F

5. Functional

6. Leak

7. Functional

8. Burn-in thermal cycling (30 cycles, 330 hours) at -10°F to +140°F
9. Final functional

Ground Rules of Study (See typical methodology chart)
Case 1. Redundancy but no environmental testing. Each spacecraft history

was reviewed to determine the number of days in system environmental

acceptance testing until a critical equipment repetitive failure
occurred. (Ambient system test operating time was not counted
because we assumed it would be done even if no environmental
testing were performed). If no second failure occurred in system
test the spaceflight operating time was counted up to the second
failure. '

Case 2. Environmental testing but no redundancies. Each spacecraft operating
history was reviewed to determine the point at which the first mission
critical failure occurred on a redundant pair., The number of succes-
ful spacecraft operating days would have ended at this time if no
redundancy was aboard.

-3-
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CONCLUSIONS

Significant reductions in the number of achieved days would have occurred without
system testing or redundancies. The following is tabular summary:

67 SPACECRAFT CUMULATIVE TOTALS
ACHIEVED DAYS 29,270 ACTUAL
REDUNDANCY ONLY (NO ENVIRONMENTAL TESTING) 5,584 EST.
ENVIRONMENTAL TESTING ONLY (NO REDUNDANCY) 8,812 EST.
TOTAL SYSTEM FAILURES 357
TOTAL FLIGHT FATLURES 119

From the above it can be concluded that--

1.

Spacecraft with the same redundancies as used in the past, but eliminating
systems environmental acceptance testing would have to be delivered at 19% of
the current cost to provide the same effective on-orbit days.

Spacecraft without redundancies, but subjected to the current systems environ-
mental acceptance testing would have to be delivered at 30% of the current

cost to provide the same effective on-orbit days. :

Environmental testing appears to be more effective than redundancy in increas-
ing on-orbit mission days.

The present practices of providing redundancy of critical components and environ-
mentally testing the spacecraft are cost effective and should be continued into
the shuttle era.

357 potential on-orbit failures which could have been mission critical were
detected during systems environmental acceptance testing.

In the shuttle era, these spacecraft would need to be retrieved for repair 3 to
5 times more often if they did not have redundancy or system environmental test-
ing. This would be a significant economic impact in addition to the potential
misston time value loss that cannot be estimated in dollars.

The final result of this study is that LMSC is convinced of the significant value of
redundancy in spacecraft and systems environmental testing and such techniques should
be carried forward into the‘shutt1e era. '
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ANALYSIS OF SATELLITE SERVICING COST BENEFITS
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I INTRODUCTION

Projection of future costs depends very strongly on a series of assumptions,
which must be carefully stated so that the conclusions are not endowed with
more meaning than is justified. When the assumptions are clear the reader will
be able to alter those that are inapplicable to his special set of circumstances
and observe the results as tailored.

For the purposes of this paper, cost avoided in selecting one course of action
over another is defined as "Cost Benefit." This paper addresses the methodology
for preparing a cost benefit analysis pertinent to establishing the relative
values of performing satellite servicing in various ways. It further applies
the methodology to the benefits that could be realized by the user community

in the timeframe of 1983 through 2005.

II SUMMARY AND CONCLUSIONS

Under the auspices of NASA/JSC a methodology was developed to estimate the
value of satellite servicing to the user community. Time and funding precluded
the development of an exhaustive computer model; instead, the concept of Design
Reference Missions was involved. In this approach, three space programs were
analyzed for various levels of servicing. The programs selected fall into
broad categories which include 80 to 90y of the missions planned between now
and the end of the century. Of necessity, the extrapolation of the three pro-
gram analyses to the user community as a whole depends on an average mission
model and equivalency projections.

The value of the extimated cost benefits based on this approach depends largely
on how well the equivalency assumptions and the mission model match the real
world. A careful definition of all assumptions permits the analysis to be ex-
tended to conditions beyond the scope of this study.

Currently "reasonable" assumptions reveal that on-orbit servicing of a space
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resource, compared to the expendable spacecraft approach provides a positive
cost avoidance. Of the various servicing modes, on-orbit refurbishment of a
satellite is superior to returning it to earth for refurbishment and relaunch.
It is also found that making use of a space station as a service base, where
applicable, provides the greatest potential cost avoidance.

The study estimate indicates that on-orbit servicing can provide the user com-
munity with a potential cost avoidance of close to $1.5 billion in 1982 dollars
or $13 billion in inflated current dollars in the period of 1983 through 2005.

I11 METHODOLOGY

The development of a logical progression of tasks is second in importance
to the clear enunciation of consistent groundrules and assumptions. Figure 1
illustrates the steps established to guide the analysis of cost benefits per-
taining to satellite servicing. The objective of the study was to estimate
the total cost avoidance accruing to the space-user community through imple-
menting on-orbit servicing of satellites. The first step in accomplishing
this end was to define that user community. The Mission Model developed to
provide such a definition was derived from two basic sources:

1. NASA STS Mission Model, JSC-13829, Oct 1977

2. STS Flight Assignment Baseline, JSC-13000-6, Mar 1980
The first of these is the most extensive, with a cutoff date of 1993 (after
allowing for the STS schedule slip). Therefore, it was necessary to extend the
model for cost analysis through extrapolation. Conservative annual traffic
growths of 10 and 15% were used depending on the most recent published manifests.

In compiling the Mission Model the planned space programs were classified into
four groups: 1. Low earth orbit (LEO); 2. sun synchronous orbits; 3. geo-
synchronous orbit (GEO); and 4. all others. The final classification was too
diverse to be used in estimating the cost benefits. It is unrealistic to
develop individual costs for each identified space mission. The approach used
is to define a mission representative of each class and apply any cost benefit
realized in analyzing that mission to the entire class. Thus, the second step
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is to select the representatives or design reference missions (DRM's). The
Space Telescope is a well known example of a LEQ mission, though it is probably
much more cdmplex than the average LEQ satellite in the Mission Model. This
factor is taken into account by the normalization procedure explained below.

It is also apparent that the detail planning of the actual program does not
lend itself to generic comparative costing. For this reason certain liberties
were taken with the Space Telescope in defining the LEO design reference
mission. Figure 2 shows the parameters used.

For the Sun Synchronous class a hypothetical program representative of earth
resources and certain DoD space programs was defined. Figure 3 presents the
parameters for this design reference mission.

The GEO class is represented by a communications platform that is in the for-
mative stages of planning. Figure 4 shows its parameters.

The third step in the analysis, as shown in Figure 1, is the definition of
mission scenarios. These permit the costing of the service operations as
well as the hardware involved. Four service scenarios are considered:

1. Expendable satellite, i.e., no service

2. Return to earth, refurbishment, and relaunch

3. On-orbit service performed from the STS Orbiter

4. On-orbit service performed from a manned space platform.
This completes the framework and the cost analysis proceeds for each of the
design reference missions and for each of the applicable service scenarios.
For all classes of missions the expendable case is considered the baseline
against which cost avoidance will be judged. Once the gross program costs
are determined, the option providing the maximum cost differential is selected
as the optimum scenario for performing the mission. The avoided cost resulting
from selecting a servicing option in preference to the expendable baseline is
then "normalized" by computing a "Cost Avoidance Factor" which is simply the
cost avoided per unit spacecraft mass per year of mission operation.

250




To apply these results to the user community as a whole, an average spacecraft
mass and an average mission duration is selected. The kilogram years product
is then multiplied by:

1. The population for the mission class in a given year

2. The fraction of the total population designed for service

3. The applicable Cost Avoidance Factor.
The output is a time-phased cost benefit.

To this point, constant year dollars have been used to express the cost benefits.
The final step is to include projected inflation and present the results in
“Then Year" dollars.

IV GROUNDRULES, ASSUMPTIONS, AND MODELS

The need to reduce the analysis to a tractable level leads to some hard decisions
on the assumptions to be accepted. Figure 5 enumerates those pertinent to this
study. The term “"sunk costs* refers to the expectation that the charges for the
use of future NASA-developed space vehicles will be treated in the same way as
are those of the STS. That is, the user will not be charged for the develop-
ment of the vehicle but only for the recurring costs associated with its util-
ization.

A cost differential between expendable spacecraft and those designed for service
is necessary to account for the man interface and mechanisms required to allow
equipment changeout in orbit. The assumptions that the serviceable spacecraft
development is 25% more and that production is 10% more than the cost of the
expendable satellite are based on somewhat larger values for the Space Telescope
program, adjusted for the expectation that as the state-of-the-art matures the
cost differential will decrease.

The RCA "Price H" model was used to estimate parametrically the space vehicle
costs. "Price L" was used to estimate the on-orbit maintenance tasks. EVA
and other STS charges are derived from the NASA Space Transportation Cost Reim-
bursement Guide, 1980.
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Figure 6 tabulates the cost elements evaluated for the various mission classes
and the sources used in preparing the estimates. Other cost models are avail-
able and may be preferable for specific cases.

The RCA cost model "Price H" assesses the cost to develop and product space
hardware against required schedules. It uses a weight-based set of cost-
estimating relationships (CER's) and complexity of design factors as its infra-
structure. It also includes a computation of integration cost.

The Price L" computes the cost of operations and maintenance support from the
“price H" files. It is capable of detailing the maintenance and spares policy
based on input MTBF values.

The Richardson model computes the cost of facilities and site preparation based
on a dollar-per-square-foot construction data base.

The fraction of the space-mission population that will be designed for service
and, therefore, have planned service as part of the mission requiring costing

is estimated in Figure 7. The minimum fraction is taken to be 10% and the growth
is expected to be greatest for the low earth orbit missions reaching nearly

100% by the year 2000. The growth in the case of the sun synchronous missions

is expected to be lower but approaching 70% by 2000. " The added advantage of
space-platform based servicing is expected to result in a higher growth rate

for GEO satellites, but with their later start, 35% of the population is estimated
to be serviceable at the end of the century.

The complete definition of the missions to be costed must include an accurate
scenario. Figure 8 shows the events that make up the various options costed
for the LEO missions. Figures 9 and 10 define the Sun Synch and GEQ missions.

V ANALYSIS RESULTS
The total cost estimates for the three Des%gn Reference Missions and their
service scenarios are presented in Figure 11. In each case the cost avoided

is the difference between the cost of the expendable spacecraft mission and
the service option.
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The cost-avoidance factors computed from the individual avoided costs are shown
in Figure 12. This figure also defines the specific classes and scenarios
analyzed in this study. Figure 13 plots the potential cost avoided for each
type of mission vs time. The cumulative results for the three mission types
are also plotted. This figure gives the results in constant 1982 dollars. The
benefits returned by the GEO mission are seen to accrue starting in 1997, be-
cause the projected initial operating capability for both the OTV and the SOC
is 1992 (and the first benefits accrue 5 years later).

The potential cost benefit to the user community in inflated dollars is shown
in Figure 14.

VI EFFECT OF PARAMETER VARIATION

Since the cost model computes the cost benefits as a population multiplied

by the Cost Avoidance Factor (CAF), a change in either can dramatically affect
the results. A larger population leads to greater cost benefits and vice versa.
The CAF is the unit cost avoidance multiplied by an average spacecraft mass

and the average mission life. If the 2500 kg and 5years estimated were actually
5000 and 10 respectively, the cost benefit would quadruple.
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GLOSSARY OF TERMS

CAF COST AVOIDANCE FACTOR

EVA EXTRAVEHICULAR ACTIVITY

6FO GEOSYNCHRONOUS ORBIT

LEO LOW EARTH ORBIT:

LMSC LOCKHEED MISSILES & SPACE COMPANY, INC.
MTBF MEAN TIME BEFORE FAILURE

S&R SERVICE & REFURBISH

STS SPACE TRANSPORTATION SYSTEM
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ORIGINAL PAGE i§
OF POOR QUALITY,

® USER - NASA

e QUANTITY -1

MISSION MODEL NORMALIZED COST AVOIDANCE
LEO | SUN SYNCH | ce0 | oTHER (SM/KG/VR)
83 | xxx XXX xxx | XXX LEO SUN SYNCH GEO
o SELECT REPRESENTATIVES
85 LEO SUN SYNCH CEO DEFINE AVERAGE MISSION PARAMETERS
. SPACE M
: TE e EPE yPOT COMPLAT LEO SUN SYNCH CEO
- - KG -— —_
LAUNCH/SERVICE SCENARIOS YR — —
EXPENDABLE RETURN ON ORBIT SERVICE CEC
REFURBISH
STS SOC SUN SYNCH |
RELAUNCH | gasep | sasen T
— — — — AVERAGE COST AVOIDED
-— - — — vR | No. | cosT cum
_ _ _ _ AVOIDED
83
— —_— — — [1]
CEO | s USER COMMUNITY BENEFIT
SUN SYNCH . YR CONST THEN YR
LEO i $ $
PARAMETRIC COST ANALYSIS 1 s XXX XXX
EXPEND Ry ORBIT =" XXX XXX
R STS soC [ XXX XXX
DEV XXX XXX XXX XXX \M . XXX
PROD XXX XXX XXX XXX .
L4 SERVICE XXX \J .

Fig. 1 Satellite Service Cost Benefit Methodology

o ON-ORBIT MASS 10,553 kg (23,268 LB)

e PLANNED REVISIT CYCLE -~ 5 YEARS*

e PLANNED RETURN TO EARTH/REFURBISH CYCLE - 15 YEARS*

s ORBIT

- 28.5° INCLINATION
- 5§93 km (320 nmi) CIRCULAR ALTITUDE .

*SELECTED FOR COST COMPARAT!IVE PURPOSES

Fig. 2 Space Telescope Reference

Definition
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USER - U.S. COVERNMENT

CONSTELLATION
- 9 TOTAL (3 EACH IN 3 PLANES)

- 9.3 DEGREE INCLINATION

- ORBIT ALTITUDE 833 km (450 nmi) CIRCULAR
MASS QN-ORBIT 3400 kg (7500L8)
MISSION DURATION - 15 YEARS

PLANNED REVISIT CYCLE - S YEARS

OPERATIONAL ORBIT ATTAINMENT Fle LEO
-~ SELF CONTAINED TWO-WAY CAPABILITY

Fig. 3 HyPOT Mission Definition



ORIGINAL PAGE i3
OF POOR QUALITY

® USER - COMMERCIAL

e CONSTELLATION

- 3 (SEPARATE LONCITUDES)
~ 0° INCLINATION
- SYCHRONOUS ALTITUDE

® MISSION DURATION: 1S YEARS
® PLANNED REVISIT CYCLE: 5 YEARS
® MASS ON-ORBIT a,540 kg (10,000 LB)

e SERVICE

- DEPLOYMENT/CHECKOUT
~ REMOTE REFUELING
- ORU CHANCEOUT

Fig. 4 Communications Platform Mission Definition

THE TIME FRAME OF INTEREST TO THIS ANALYSIS 1S 1983 - 2000
- AVERACGE MISSION DURATION FOR THE USER MISSION MODEL IS 5 YEARS

- AVERAGE SPACECRAFT MASS IS 2500 kg (5500 LB)

- COST BENEFITS ARE REALIZED ONLY AT THE END OF THE PLANNED LIFE, i.e., S YEARS AFTER LAUNCH
ALL COSTS ARE COMPUTED IN CONSTANT 1902 DOLLARS
ALL OPERATIONS COST ARE BASED ON PLANNED OPERATIONS (NO EMERGCENCY SERVICE}

OBSOLESCENCE IS NOT EVALUATED

NASA SUPPORT SYSTEM DEVELOPMENT COSTS ARE SUNK
- §Ts - OTv - soC

BOTH SATELLITE ON-ORBIT SERVICE AND CROUND REFURBISHMENT RETURN THE SPACECRAFT TO ITS INITIAL
OPERATING CONDITION WITH ITS ORICINAL LIFE EXPENTANCY

STS IS USED TO LAUNCH BOTH EXPENDABLE AND SERVICEABLE SPACECRAFT

SERVICEABLE SATELLITE DEVELOPMENT COSTS ARE 20 PERCENT CREATER THAN THOSE FOR EXPENDABLE ON
THE AVERACGE

AVERAGE PRODUCTION COST OF THE SERVICEABLE SATELLITE 1S 10 PERCENT CREATER THAN FOR THE
EXPENDABLE

ON THE AVERACGE THE COST OF A SHARED STS FLIGHT, e.9., SATELLITE ON-ORBIT SERVICE OR EARTH RETURN
IS 1/2 THE DEDICATED COST

CROUND REFURBISHMENT OF SATELLITES AND ORuUs ARE 1/3 THE UNIT PRODUCTION COST
COS'!’ ESTIMATING RELATIONSHIPS ARE BASED ON THE USAF UNMANNED SPACECRAFT COST MODEL V, SEPT 1931

ESCALATION INDICES USED ARE FROM THE RCA "PRICE”" MODEL (NASA CONTROLLER INDICES END AT 1988)

Fig. 5 Ground Rules and Assumptions
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Va3 b

OF POOR QuALITY

HARDWARE

SATELLITE

ORBIT REPLACEABLE UNITS (ORU)
SERVICE KITS (ASE)

AGE

FACILITIES

SUPPORT

% SERVICEABLE

GROUND REFURBISHMENT - SATS, ORU, ASE
TRANSPORT — SATS, ORU, ASE, SPECIALIST
GROUND OPERATIONS

e LOAD/UNLOAD

o SIMULATION AND TRAINING

s POCC

e SATELLITE DOWN TIME

SPACE OPERATIONS

e EVA

MMU

SUPPORT VEHICLES

SOC

STAY TIME

SOURCE OF COST
ESTIMATE

RCA "PRICE H"
RCA "PRICE H"
RCA "PRICE H"
RCA "PRICE H"
RICHARDSON COST MODEL

“PRICE H"

COST REIMBURSEMENT GUIDE
COST REIMBURSEMENT GUIDE
COST REIMBURSEMENT GUIDE
LMSC

COST REIMBURSEMENT GUIDE
'PRICE L'

COST REIMBURSEMENT GUIDE
COST REIMBURSEMENT GUIDE
LMSC

“PRICE H" + "PRICE L" (JSC)
COST REIMBURSEMENT GUIDE

Fig. 6 Elements of Cost and Sources
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I-‘lg 7 Serviceability Growth Model
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ORIGINAL PAZE (3
CASE | - EXPENDABLE OF POOR QUALI?‘{

LAUNCH ST WITH §TS

ST EXPENDED IN S YEARS
REPLACE ST AT s YEARS
REPLACE ST AT 10 YEARS

CASE I - EARTH RETURN, REFURBISH, RELAUNCH

LAUNCH ST WITH STS

RETURN ST TO EARTH WiTH STS AT 5 YEARS
RELAUNCH REFURBISHED ST WITH STS
RETURN ST TO EARTH WITH 5TS AT 10 YEARS
RELAUNCH REFURBISHED ST WITH STS

ST EXPENDED AT 15 YEARS

CASE i1l - ON-ORBIT SERVICE + RETURN

® LAUNCH ST WITH SPACE TRANS SYSTEM (STS)
o SERVICE ST IN ORBIT WITH STS AT § YEARS
o SERVICE ST IN ORBIT WITH STS AT 10 YEARS
® RETURN ST TO EARTH AT 13 YEARS

CASE I11A - ON-ORBIT SERVICE

® LAUNCH ST WITH STS

o SERVICE ST WITH STS AT § YEARS
® SERVICE ST WITH STS AT 10 YEARS
® ST EXPENDED AT 1S YEARS

Fig. 8 LEO Scenarios

CASE | - EXPENDABLE

LAUNCH THREE HyPOTs FOR EACH OF THREE STS FLICHTS
HyPOTs HAVE FIVE YEAR LIFE

LAUNCH NINE MORE HyPOTs AT § YEARS

LAUNCH NINE MORE HyPOTs AT 10 YEARS

HyPOTs EXPENDED AFTER S YEARS

CASE Il - EARTH RETURN, REFURBISH, RELAUNCH

@ LAUNCH THREE HyPOTs ON EACH OF THREE STS FLIGHTS
@ REPLACE NINE HyPOTs AT § YEARS USING THREE STS FLICHTS

- 1ST REPLACES ) WITH 3 NEW
- IND REPLACES 3 WITH 3 REFURBISHED FROM FLIGHT NO. 1
- 3RD REPLACES 3 WiTH 3 REFURBISHED FROM FLICHT NO. 2

@ REPEAT REPLACEMENT AT 10 YEARS
@ HyPOTs EXPENDED AT 13 YEARS

CASE I}l

LAUNCH THREE MyPOTs WITH EACH OF THREE STS FLICHTS
SERVICE EACH MyPOT FROM STS AT § YEARS

SERVICE EACH HyPOT FROM STS AT 10 YEARS

HyPOTs EXPENDED AFTER !5 YEARS

Fig. 9 Sun Synch Scenarios

CASE 1 - EXPENDABLE

LAUNCH COMPLAT WITH OTV USING STS
LAUNCH THREE MORE AT S YEARS
LAUNCH THREE MORE AT 10 YEARS
OTV EXPENDED AT 10 YEARS

COMPLAT EXPENDED AT 15 YEARS

CASE 11t - STS BASED ON-ORBIT SERVICE

LAUNCH COMPLAT AND OTV USING STS

OTV PLACES COMPLAT INTO SYNC EQ ORBIT

OTV RETURNS TO STS

STS RETURNS OTV TO EARTH

OTV IS REFURBISHED

OTV IS REUSED TO LAUNCH COMPLATS NO., 2 AND 3

SINCLE OTV SERVICES THREE COMPLATS AT 5 AND 10 YEARS
OTV RETURNS TO §TS

STS RETURNS OTV TO EARTH FOR REFURBISH, REUSE
COMPLATS EXPENDED AT 1S YEARS

CASE 1V - SOC BASED ON-ORBIT SERVICE

LAUNCH THREE COMPLATS WITH STS

SOC HAS OTV AVAILABLE

OTVs PLACE THREE COMPLATS INTO SYNC EQ ORBIT

OTV RETURNS TO SOC AFTER EACH USE

OTV REFURBISHED AT $OC

SINGLE OTV SERVICES THREE COMPLATS AT § AND 10 YEARS
COMPLAT EXPENDED AT 15 YEARS

Fig. 10 GEO Scenarios
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BT i
N b

OF POOR QUALITY

na
QN-ORBIT
SERVICE

DEVELOPMENT

PROD |STS| StR

8

L1
ON-ORBIT
SERVICE

RETURN

1
RETURN
REFURBISH
RELAUNCH

1
EXPENDABLE

0.86%

0.6%1 0.723 0.82

DEVELOPMENT

1

508t

PROD STS { SER

0.25%

0.651 0.780 0.4

SERVICE
//- AND
REFURBISH

DEVELOPMENT

PROD ST

65.5M

0. 868

0.65) 0.7% 0.52

DEVELOPMENT

PRODUCTION

STS

4 A

a3

Al i

63 0.506

0.2 c.»

COST B

Fig. 11A LEO Cost Estimate

SERYICE
/ AND
l OrRY
e I 7 REFLRB
ON URBIT DEN PRODLUCTION STS 898M
SEP V'CL [
.09 .63 0.8« 0.97
HI
RETURN . SERVICE
ReFURBISH | DEV PRODUCTION sTS AND REFURB Fo— 3ow —ed
RELAUNCH l
0.09 c.8 1.13 1.508
EXPENDABLE oi PRODUCTION STS
0.07 1.5 1.868
1 1 |
0.5 1.0 V.8 2.0
COST 38
. .
Fig. 11B Sun Synch Options Cost
.
Estimate
sTS
3
w .
SOC BASED | pev | PRODUCTION oTv SR w?
OTV SERVICE
(X0 0.48 0.7% 0.9)
m A
CROUND BASED| DEV | PRODUCTION| STS oTv SLR ”s
OTV SERVICE
9.16 0.a0 0.66 °.93 1.07
! £ TION TS EXPENDABLE
expenpaBLE | OV PRODUCTIO s otV
0.1 1o .33 t.92
0.5 1.0 1.5 2
COST 8

Fig. 11C GEO Cost Estimate
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AL PASE 3
ORI COR QUALITY

COST AVOIDANCE FACTOR (CAF) IS/

THE COST AVOIDED RELATIVE TO THE EXPENDABLE SPACECRAFT
PER TONNE SPACECRAFT MASS
PER YEAR OF SPACECRAFT OPERATION

RETURN, ON-ORB!IT SERVICE
BASIS REFURBISH
RELAUNCH | STS BASED SOC BASED
LEO
CROSS (M) §5.5 168 -
CAF (M t/YR) 0.%2 1.06 -
SYN SYNCH
CROSS (%A4) 359 (1] -
CAF (M t.HR) 0.77 1.9% -
GEO
CROSS (sA1) - ns 987
CAF (SA1 t YR) - 8.8 4.83

Fig. 12 Cost Avoidance Factors

1.49%
3
Y o
s
an CUMMULATIVE
3a
32 X
- CEO
n
o o8k 0.511
b 7/
0/ 198
SUN SYNCH /~. A
- -
- . t
==~ &)

3% 90 92 9 % 9 00 02 08 05
YEAR

Fig. 13 Potential Cost Avoided by the User Community

COST AVOIDANCE %8

88 90 92 94 96 98 00 [ 04 05
YEAR

Fig. 14 Potential Cost Avoidance in Then Year Dollars
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OF POOR QUALITY.
DESIGN OF THE
MATERIALS EXPERIMENT CARRIER
FOR
ON-ORBIT SERVICING »

Waltz . Hans F. Meissinger
Field Operations Division Mission and Systems Engineering

TRW Space and Technology Group

and Technology Group
each, California Redondo Beach, California

1. INTRODUCTION

Materials Experiment Carrier (MEC) is needed to advance materials
ng in space toward a fuller, more effective and economical utilization

pace environment, starting with a broadened research flight program
huttle/Spacelab and thrusting to full scale commercial applications on

:e Platform.
najor facet of the orderly transition from crew tended Shuttle/Spacelab

to fully automated operations on MEC/Space Platform missions can be

d by planned, periodic on-orbit servicing events that are part of the
sion scenario. This will create the opportunity for timely replacement
materials processing payload units or payload samples. Design of MEC for
it servicing is feasible; the economics of on-orbit servicing looks
ing.
n-orbit servicing, like other MEC mission phases requiring repeated Shuttle/
Platform rendezvous and docking, will involve intricate, crew supported,
le operations that will gradually evolve into routine activities. This as-

of the MEC mission does not require novel technology, per se, but does in-
a build up of experience by Shuttle flight crews. Principal concerns

ding MEC design and mission planning for on-orbit servicing are: (1) an
sness of the inherent complexity of the orbital operations, (2) a practical
design approach that emphasizes simplicity and reliability, and (3) implemen-
on of interface design solutions that eliminates safety risks involved in

payload manipulation by Shuttle crewmen.
This paper discusses the MEC system and its mission from the viewpoing of
orbit servicing. Information is provided on MEC system requirements, design
‘tures for on-orbit servicing, on-orbit servicing operations and rationale and

~+lative servicing costs.
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