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SKYLAB LESSONS LEARNED AS APPLICABLE TO
A LARGE SPACE STATION
by William C. Schneider

National Aeronauties and Space Administration
SUMMARY

The Skylab Program was established as a precursor
space station with the multiple objectives of proving the
worth of a permanent space station, of exploring the physio-
logical limits of man's endurance in space flight, and
conducting a series of space oriented experiments. The
program has been successfully concluded and, in addition
to the above, has left a legacy of lessons, of a technical
and managerial nature, to be followed by the developers
of the next space station. It is the purpose of this report
to record some of the lessons from Skylab to be added to
the previous reports as well as to document the observations
of the Program Director.

The technical and scientific results of the Skylab
experiments have been documented and published by the
individual investigators as a part of their experiments.

From the point of view of the value of a manned space station
in the achievement of scientific objectives, numerous examples
are chronicled in those reports. In summary, the value

of a continually manned space station has been shown in

the solar observations (where fine-grained geometric and

color details were observed when none had been anticipated),
in the medical experiments (where subtle additions to the
experiments added to the scientific results), in the ground
observation programs (where the trained observers detected
phenomena not predicted), and in the general conduct of

the experiments where the trained operator was able to correct,
adapt, and change the experiment procedures and, thus, improve
the seientific output.

The unique capabilities of man to repair and fix equipment
and experiments 1is well known and in Skylab proven to be
true in space as well as on the Earth. The primary advantage
of a manned space station as compared with an automated
spacecraft is the ability to respond to previously unforeseen
anomalies. The ability of the manned operator to respond
to unprogrammed events was clearly demonstrated during the
9-month operating period of Skylab. Beginning with the
difficult activities associated with the deployment of the
thermal shield and the freeing of the solar panel, and con-
tinuing on through the repair of the coolant system, the
Skylab erews repeatedly demonstrated that the ability of
man to repair, fix, and correct the flight systems was
invaluable and essential.



The value of man in space expioration was clearly
demonstrated.

The inherent value of a long-duration space observation
platform is almost axiomatic and has been demonstrated
repeatedly in the automated satellite programs. Skylab
reinforced that conclusion and added the dimension of manned
flexibility. The presence of the trained astronauts gave
the ground-~based scientists the freedom of changing their
desired observation program to respond to earlier results.
Unmanned programs are limited in the ability to reprogram
events by the size and capabilities of the spacecraft computer.
Having a man onboard permits a flexibility of opebation
comparable to that available to an investigator in a ground-
based laboratory.

The medical experiments on Skylab were designed to
produce data which would permit the detailed analysis of
the response of the body functions to long-duration flight.
All of the experiments performed properly and the data has
been analyzed. It is beyond the scope of this paper to
report the details of the medical experiments, but is appro-
priate to record that, for the 84 days of Skylab, no
physiolegical limitation to manned flight was found.

A manned space station has no serious physiological
limitation, although obviously the presence of man must
be taken into account in the system designs.

- The development of a“space station is a complex problem
which requires a variety of technical and managerial expertise.
SKkylab pointed the way in a variety of areas: habitability
results point toward the correct designs; the control moment
gyros proved that this type of attitude contreol is practical
and possible; the integrated solar power systems demonstrated
the principles needed for a large, solar-powered electrical
system, and the principles of the passive/active thermal
control system have been shown; the principles of management
for a complex and far-reaching development program have
been evolved and demonstrated. This paper intends to record
and explain some of these technical and managerial lessons.

-.In summary, Skylab has proven that a long-duration,
manned space station is a practical and desirable step in
space exploration. The experiences and lessons of Skylab
have pointed the way to design, develop, and manage a large
gpace station project.
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INTRODUCTION

A. Purpose and Scope of Paper

The development activities of a major .space project
are generally hectic, filled with crises and trauma, and
rapidly paced. The records left behind for follow~-on programs
tend to be factual reports (i.e., References 1, 2, 3, 4,
5, 6, and 7), reports of accomplishments (i.e., References 8,
9, and 10), or results of investigations (i.e., Reference 11).
The files are generally filled with the records of the day-
to-day activities. Little or no time is set aside for analy-
sis and reflection on the lessons which were learned (frequently
the hard way). Such léssons are generally confined to personal
experiences and are used by the individuals involved as
they move on to the next project.

Skylab was destined to be no exception. However, near
the conclusion of the program the Program Director recognized
that since no follow-on space station projects were planned
in the near future, the unique experiences of this development
might never be passed on to future generation developers.
Consequently, a series of "Lessons Learned" documents were
requested and developed. These documents (References 12,

13, 14, 15, and 16) represent the view of the development
engineers. This paper is an attempt to summarize and record
the major program development lessons learned by the Program
Director, and as such, represents his personal views. Some
of the experiences mentioned in References 1 through 16

may be repeated herein, if similar lessons are applicable.

In particular, many of those included in Reference 13 were
those of the Director, although most of the lessons contained
here are recorded for the first time.

These experiences, while primarily aimed at lessons
applicable to space station development, should have a wider
application in the development of many large, complex projects.

B. General Description

The Skylab (Figure 1) was the Free Worlkd's first
experimental space station preceded only by a far less
sophisticated space station, also experimental in nature,
the Salyut of the Soviet Union. Both vehicles were similar
in many respects--both contained working areas, the experi-
ment descriptions were similar, both were revisited. However,
the space stations were dissimilar in size, Skylab containing
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Figure 1

SKYLAB SILHOUETTED AGAINST EARTH, DARK SKY, AS VIEWED FROM COMMAND/SERVICE MODULE




11,300 cubic feet and Salyut 3,500 cubic feet. Salyut
apparently has a propulsion system, whereas Skylab did not.
The maximum mission duration for Salyut was 26 days, whereas
Skylab extended manned space experience to 84 days. Skylab
was stabilized by attitude thrusters. Skylab proved the
utility of long-duration manned flight in low earth orbit.

A complete description of the Skylab hardware and facilities
will be given later (Appendix I), but a brief outline is in
order here to set the stage for what follows. The space
station, Skylab (Figure 2), consisted of several modules,
each with a specific function (at least originally) and
each manufactured by a different industrial organization.
The largest segment, the orbital workshop (Figure 3), served
as the main living area and contained eating, sleeping,
and waste management facilities. In addition, the workshop
contained the medical experiment area and storage of several
other experiments. Attached to this section was the section
known as the Airlock Module (Figure U4). This section served
as the "engine room," with the controls for the electrical
power and environmental control systems located here. It
also contained the hatch for the flight crews to egress
the space station in orbit for extravehicular activities,
hence the name, Airlock.  Connected to the Airlock Module
was the Multiple Docking Adapter (MDA) (Figure 5), which
contained the docking mechanism for accommodating the repeated
visits of the ferry module (the Apollo Command and Service
Module), as well as the auxiliary docking mechanism needed
for potential rescue missions. The MDA also contained the
ma jority of the earth resource experiments as well as the
control panels for the solar observation experiments. The
final module which contained these solar instruments was
designated the Apollo Telescope Mount (ATM) (Figure 6).

In orbit the ATM was solar oriented with its axis perpendicular
to the major axis of the space station. (During the launch
phase, the ATM was oriented along the major axis and was
covered, along with MDA and the Airlock, by a protective

shroud (Figure 7).)

The space station, that is the workshop, A/L, MDA,
ATM, all supporting equipment, all consumables and experiments,
was placed into orbit using the first two stages of the
Saturn V rocket (Figure 8). The launch was from Pad A,
Complex 39, Kennedy Space Center, Florida, on May 14, 1973,
at 17:30 GMT (Greenwich Mean Time).
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SKYLAB 1 LAUNCH

FIGURE 8



Skylab was manned for three periods by separate three-man
crews. The periods of occupancy were 28, 59, and 84 days,
all of which occurred during a 9-month active life of the
spacecraft. The crews were launched in a modified Apollo
Command and Service Module (CSM) using a Saturn IB launch
vehicle (Figure 9). The Saturn IB, a two-stage booster,
was launched from Pad B of Complex 39. Recovery of the
Command Module, the crews, and the returned experimental
data was in the Pacific Ocean in an area west of San Diego,
California. Launch of the first manned mission was at 13:00
GMT on May 25, the second launch was at 11:10:50 GMT on
July 28, and the final manned launch was at 14:01:23 GMT
on November 16, 1973.

The achievements of Skylab are well documented and,
when viewed in retrospect, are noteworthy and significant.
With respect to the statistics, Table I lists the achieve-
ments by experiment group. A total of 69 experiments were
planned preflight, and of these, 66 were performed during
the missions. Four experiments were added during
the life of Skylab. In addition, 20 detailed test objectives
(DTO's) were performed, as well as 25 student investigations
and 20 science demonstrations. A total of 238,600 feet
of magnetic tape and 46,146 frames of film were used to
record the results of the earth resources exptriments.
One hundred and seventy-five thousand, forty-seven frames
of film were used for data recording for the solar experiments.

The length of the manned periods of Skylab, 28, 59,
and 84 days, was selected to investigate the effects of
the space environment on the physical and psychological
well-being of man. Previous long-duration manned flight,
the 14-day Gemini VII flight, showed that the proposed 1l4-day
duration of the Apollo lunar flights posed no problem for
the crew, but medical data from this mission and from later
Apollo missions gave confusing indications when extrapolated
to very long missions. The Skylab missions, with the step-
by-step increase in duration, were planned to give evidence
of any physical limitation of man when exposed to zero gravity.
(This paper will not cover the results of the experiments,
however, it is worthy to note that no serious physical
limitation on manned missions was found through the 84-day
missions.) Not only were the crew examined soon after the
completion of a flight, but also for the first time, through
the medical experiments, the behaviors of the body systems
were monitored at regular intervals throughout the missions.

13
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TABLE 1 - Experiment Summary

Manhours Number of investigations
Experiment group Percent
Crew 1 |Crew 2 Crew 3 Total Planned | Actual deviation
Solar physics 117.2 305.1 519.0 941.3 880++ 941++ 7.1
Astrophysics 36.6 103.8 133.8 274.2 168 345 105
Earth observation 71.4 223.5 274.5 569.4 62 99 60
Life science 145.3 312.5 366.7 824.5 701 922 32
Engineering and technology 12.1 117.4 83.0 212.5 264 245 -3.4
Materials science and 5.9 8.4 15.4 29.7 10 32 220
manufacturing in space
Student 3.7 10.8 14.8 29.3 44 52 18
Totals 392.2 |1081.5 1407.2 2880.9 ++Manhoursg
*Film, frames 28,739 |24,942 73,366 127,047
**Fjilm, frames 9,846 116,800 19,400 46,046
Magnetic tape, feet 45,000 193,600 {100,000 |238,600
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The technology required to accomplish Skylab was also
a significant legacy to future designers. Very few critical
systems represented significant advances in the technological
state-~of-the-art (notable among these were the control moment
gyros which stabilized the workshop). However, many critical
systems were unique simply because of their size and reliability
requirements. Others, such as the waste management system,
represent innovative ‘and imaginative applications of relatively
simple ftechnology.

The third achievement of Skylabd is in the area of technical
management of diversified groups of engineers, scientists,
and technicians into an effective team--a team which responded
to the challenge and created the success of Skylab in the
face of seeming disaster.

At about 1 minute after 1liftoff, the micrometeorite
shield was torn from the workshop. This in turn caused
one workshop solar array to be ripped off and the other
array to be jammed in the stowed position (Figure 10}.
As a result, the underpowered, overheated workshop (the
meteoroid shield served also as a part of the thermal system)
seemed destined to be a $2.4 billion hulk in space. The
Skylab operations team was able to stave off total disaster
for 10 days while the development team conceived, designed,
built, tested, and launched the equipment needed to correct
the problems. (Further details follow under Mission Summary.)
The outstanding performance of the flight crew in these
eritical operations is well known and well documented.
This ablility to respond quickly by the ground and flight
teams was repeated several times throughout the mission
and saved the Skylab workshop several times.

Skylab was not completed without a considerable investment
in both costs and resources. A total of over $2.4 billion
dollars was appropriated by Congress for Skylab over a 12-year
period.

The first activity leading directly to Skylab began
in 1961 with studies of the usage of Apollo hardware and
the final activity is éxpected in 1977/1978 with the completion
of the analysis of the Skylab experiment data. The efforts
required to develop and operate Skylab included major efforts
by three of the NASA Centers, the George C. Marshall Space
Flight Center, the Lyndon B. Johnson Space Center, and the
John F. Kennedy Space Center. 1In addition, corollary
activities were located at the Langley Research Center,
the Ames Research Center, the Goddard Space Flight Center,
the Wallops Flight Center, and the Lewis Research Center.
The direction of this national activity was centered at

the Office of Manned Space Flight, NASA Headquarters,
Washington, DC.

16
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Major development activity was carried on at industrial
plants located throughout the United States. Prime contracts
were executed at the McDonnell-Douglas Astronautics Company
at Huntington Beach, California, for the Orbiting Workshop
and at St. Louis, Missouri, for the Airlock Module; the
Multiple Docking Adapter was developed by the Martin-Marietta
Corporation, Denver Division. The Saturn V launch vehicle
was a product of The Boeing Corporation, Michoud, Louisiana
(for the first stage SIC), the -Rockwell International Corpora-
tion, Seal Beach, California (for the SII second stage),
and the International Business Machine Corporation, Huntsville,
Alabama, (for the Instrument Unit); the Rockwell International
Corporation, Downey, California, was responsible for the
Command and Service Module. The Chrysler Corporation, Michoud,
Louisiana, produced the first stage of the Saturn IBj;
McDonnell-Douglas, Huntington Beach, California, also
produced the S-IVB stage, the second stage of the Saturn IB
manned vehicle.

In addition to these prime contractors, other major
activity was also conducted at the Ball Brothers Corporation,
Boulder, Colorado; General Electric Corporation, Valley
Forge, Pennsylvania; the Bendix -Corporation, Teterboro,

New Jersey; Honeywell Corporation, Lexington, Massachusetts;
the Navel Research Laboratory, Washington, DC; the High
Altitude Observatory, Boulder, Colorado; Harvard College
Observatory, Cambridge, Massachusetts; the Dudley Observatory,
Albany, New York; and Westinghouse Electric Corporation,
Pittsburg, Pennsylvania. A complete list of all Skylab
contracts can be found in Reference 17.

Skylab was designed and operated as an experimental
space station and as such, a number of specific seientific,
application, and medical experiments were performed (Table II
and Appendix II). It is not the intent of this dissertation
to report on the results of these investigations in any
but a summary manner. The detailed results of the investi-
gations are being reported by the Principal Investigators
in a variety of scientific journals and meetings. Summaries
of the results have been presented at the Skylab Medical
Symposium (Reference 18) held at the Johnson Medical Center,
Houston, Texas; the Materials Processing Symposium (Reference 19),
Marshall Space Flight Center, Huntsville, Alabama; the Comet
Kohoutek Conference (Reference 20), MSFC; the Earth Resources
Conference (Reference 21); and the Skylab Science Symposium,
MSFC (Reference 22).
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MO71
MO73
MO74
MO78
MO92

MO93
M11l1

™M112
M1l13

M114
M115
M131
M133
M151
M171
M172
5015+

5071+

S072+

*¥5020
5052
5054
5055A

S056
s082a

S082B

5190A

S190B
5191
5192
5193

5194

Table II - Skylab Experiment Complement

Life sciences*

Mineral balance

Bioassay of body fluids
Specimen mass measurement
Bone mineral measurement
Lower body negative pres-
sure

Vectorcardiogram
Cytogenic studies of the
blood

Man's immunity in vitro
aspects

Blood volume and red cell
life span

Red blood cell metabolism
Special hematologic effect
Human vestibular function
Sleep monitoring

Time and motion study
Metabolic activity

Body mass measurement
Effects of zero gravity on
human cells

Cirecadian rhythm, pocket
mice

Circadian rhythm, vinegar
gnat

Seolar physics

X-ray and ultraviolet solar
vhotogranhy

White light coronagraph
X-ray spectrograph
Ultraviolet scanning poly-
chromator spectroheliometer
X-ray telescope

Extreme ultraviolet spec-
troheliograph

Spectrograph and extreme
ultraviolet monitor
Hydrogen~-alpha

Earth observations*

Multispectral photographic
facility

Earth terrain camera
Infrared spectrometer
Multispectral scanner
Microwave radiometer,
scatterometer, & altimeter
L-band microwave radiometer

5009
*5019

*5063
S073
#5149
5150
5183
5228
5230

5201
5232

5233

M512
M551
M552
M553
M518
M556
M557
M558
M559
M560
M561
M562
M563
M564
M565

M566
M479

Astrophvsics

Nuclear emulsion
Ultraviclet stellar
astronomy
Ultraviolet airglow horizon
photography
Gegenschein and zodiacal
light
Particle collection
Galactic X-ray mapping
Ultraviolet panorama
Transuranic cosmic rays
Magnetospheric particle
composition
Cometary physics )
Barium Plasma Observations
Comet Kohoutek Photography
Materials science and
manufacturing in space

Materials processing in
space
Metals melting
Exothermic brazing
Sphere forming
Multipurpose electric
furnace
Vapor growth of II-VI
compounds
Immiscible alloy compo-
sitions
Radioactive tracer dif-
fusion
Microsegregation in
germanium
Growth of spherical
crystals
Whisker-reinforced com-
posites
Indium antimonide crystals:
Mixed III-V crystal growth
Metal and halide eutectics
Silver grids melted in
space
Copper-aluminum eutectic
Zero gravity flammability

*Johnson Space Center
development responsibility

+Johnson Space Center )
integration responsibility
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Table II - Skylab Experiment Complement (cont.)

Engineering and technology

*DO08+ Radiation in spacecraft

D024
M415

M487
*M509

*M53i6+

TOO2

TOO03
TO1l3
TO20

*T025

TO27

ED11

ED12
ED21
ED22

ED23
ED24
ED25
ED26

ED31
ED32
ED33

ED41
ED51
ED52

ED61-62

ED63
ED72
ED74
ED75
ED76
ED77
ED78

20

Thermal control coatings
Thermal control coatings
(1IU)

Habitability of crew quarters

Astronaut maneuvering
equipment

Crew activities and main-
tenance

Manual navigation sight-
ings

Inflight aerosol analysis
Crew vehicle disturbances
Foot-controlled maneuvering
unit

Coronagraph contamination
measurements

Contamination measurements
Proton spectrometer

Student investigations

Atmospheric attentuation
of energy

Volcanic study

Libration clouds

Objects within Mercury's
orbit

Quasars

X-ray stellar classes
X-rays from Jupiter
Ultraviolet emissions from
pulsars

Bacteria and spores

In vitro immunology
Microorganisms in varying
gravity

Motor sensory performance
Chick embryology

Web formation

Plant growth and plant
phototropism

Cytoplasmic¢ streaming
Capillary study

Mass measurement
Brownian motion

Neutron analysis
Universal gravity

Liguid motion

*SD1
*SD2
*SD4
*SD5

*SD6
*5D7

*SD8
*SD9
*SD9

*SD10
*SD11l
*5D12
*SD13

*SD14
SD15
SD16
Sbl7
Spls
SD19
SD20
SD21

SD22
SD23
SDh24
SD28
SD29
SD30
Sbh33
SD34
SD35

Science demonstrations

(TV107)

(TVv115)
(Tv1ll)
{(Tv1iz)
(Tv113)
(TV102)
(TV101)
(TV106)

(TV103)

(TV116)
(Tv114)
(TV104)
(Tv118)
(TV110)
(TV105)
(Tv108)
(TV117)

Gravity gradient effects
Magnetic torgue
Momentum effects
Energy loss and angular
momentum

Bead chain

Wave transmission re-
flection

Wilberforce pendulum
(Part I) Water drop
(Part II) Fluid
mechanics series

Fish otolith
Electrostatic effects
Magnetic effects
Magnetic electrostatic
effects

Airplane

Diffusion in liquids
Ice melting

Ice formation
Effervescence
Immiscible liguids
Liguid fleoating zone
Deposition of silver
crystals

Ligquid films

Lens formation
Acoustic positioning
Gyroscope

Cloud formation
Orbital mechanics
Rochelle salt growth
Neutron environment
Charged particle
mobility

*Johnson Space Center
development responsibility

+Johnson Space Center
integration responsibility



C. Scope of Paper

The references and bibliography listed provided the
documented results of the Skylab Program and form the founda-
tion of this dissertation. However, this analysis is a
result of the author's experiences as the Director of the
Skylab Program. These experiences cover program conception,
proceed through design, development, fabrication, test,
and assembly, and continue through launch operatlons, flight
operations, and finally, crew recovery.

(A1l aspects of the program planning and execution
were encountered. Finaneial, schedule, and resource management
problems, as might be expected, were part of the develop-
ment. However, this paper will not attempt to cover financial
and resource management except as is relevant in the area
of program management.)

The analysis of the program lessons contained herein
is that of the author, and the conclusions reached may or
may not coincide with those of other individuals, either
who have or have not been associated with Skylab. The
conclusions do not necessarily represent those of NASA.
This is not to imply that they are consciously different
from any official position of NASA, but does mean that no
attempt has been made to coordinate, integrate, or assimilate
the conclusions and analysis with any other group or individuals.
The discussion is, again, that of the author.

An attempt has been made to keep the conclusions general
in nature and applicable to large technology programs in
general. Certain of the conclusions are in themselves generally
applicable to development programs of any scope. However,
the conclusions should be applied on a selective basis when
all development factors are included. That is to say, the
size, cost, and scope of the activity will dictate the degree
to which the conclusions should be applied. However, the
conclusions expressed here should be directly and completely
applicable to the development of a large permanent space
station.

THE HISTORY OF SKYLAB

Skylab was an evolutionary program; that is, it did
not spring forth as a fully developed concept. The initial
concepts were studied under the Apollo Extension Systems
Program, which was a systematic examination of uses of
potentially excess Apollo hardware. By 1962 a concept of
using an S-1IV stage as a laboratory in space began to emerge.
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Several distinct program steps led to the final configuration
in 1969. The evolutionary development naturally resulted

in some inefficiencies, compromises, and appendages, and

many remained until the completion of the program. (An
evolutionary development should be avoided since the resulting
system is an inefficient compromise.)

The development program was a complicated one despite
the fact there was little high-risk ftechnology involved.
Skylab technology was primarily current "state-of-the-art."
However, the individual modules were complex, contained
a large number of items, such as experiments, and, therefore,
had many interfaces. At the same time, the interaction
between the modules was relatively complex.

The development and test of space systems and missile
systems has evolved over the years and has resulted in a
systematie and logical sequence of testing which normally
begins with verification and qualification at the lowest
component level and proceeds through subelement, subsystem,
system, module, and finally integrated testing. 1In this
manner, the final vehicle, as it is on the launch pad, has
had many hours of test to verify each element at its lowest
level and to predict how it will behave in the presence
of a myriad of other components. Off-nominal testing is
employed to examine the behavior when the component is sub-
jected to unusual stresses, and finally, qualification testing
is designed to prove the system will operate properly in
the expected flight environments.

The Skylab development did goﬁ completely ignore this
evolution, but several innovative steps were adopted. Since
mary of the components had been used in previous programs
(e.g., Gemini, Apollo, and ERTS), the verification cycle
could be accomplished by examining the similarity of use
and environment and only testing where engineering analysis
and judgement indicated a need. Secondly, many components
did not represent significant new applications and verifica-
tion could be accomplished by analysis and calculations.
Thirdly, where components were new and unique, but where
sufficient design margin could be employed, testing was
elinminated or reduced. And finally, where testing was
considered essential, systems level qualification was
considered in lieu of component qualification.
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Because of the physical size of the modules, it was
not possible to conduet all of the customary integrated
tests in the Skylab development and verification cycle.
Also, the various modules did not meet until delivery
to the launch site (with the exception of the MDA and
Airlock) since their development, fabrication, and check-
out were accomplished at a number of locations throughout
the Nation and, in some cases, the World. This necessitated
a sequence of interface control verification methods and
simulator tests to minimize the testing time at KSC.
Improperly designed modules would have resulted in excessive
delays in correcting physical, electric, and electronic
mismatches. A careful examination of thése verification
sequences will give future developers an insight as to the
effectiveness of the Skylab methods as well as an assessment
of the potential of improved methods and techniques.

The multidisciplined set of experiments and activities
planned and accomplished on the space station had a variety
of often conflicting and interacting requirements. For
example, the solar instruments required that the vehicle
be oriented in a solar inertial attitude while the earth
resource experiments needed to be pointed along the earth
radial vector (termed Z local vertical). The demands for
crew time, electrical power, and attitude peculiarities
created an operational challenge which represented a unique
step forward in flight planning and execution.

There 1is no date which can be said to mark the beginning
of the Skylab Program. The evolution of the program can
be traced back to the early days of the Apollo Program,
although the ideas concerning space stations go back many
years prior to that. Indeed, the ideas about space stations
fill science fiction and were discussed by Dr. Oberth in
1923. However, the specific configurations which led to
Skylab began in 1960 with early studies of other uses for
Apollo hardware.

The Apollo Program was initiated by President Kennedy
in 1960, and a versatile set of hardware was developed.
The launch vehieles (Saturn IB and the larger Saturn V)
provided the Nation with a heavy lift capability which
was unparalleled. The Command and Service Module (CSM)
was a highly maneuverable vehicle for manned use in both
earth orbit as well as in translunar space. It has proven
to be a versatile spacecraft. The Lunar Module was a more
specialized craft which, while it was not utilized for other
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purposes, provided components and techniques which have

been applied in a number of programs. Equally important,
The resources applied to the lunar landing provided the
Nation with a range of facilities which made possible a

wide range of future programs. The Kennedy Space Center

has provided the buildings and facilities needed to assemble,
test, and launch the space ventures of the future. At the
Johnson Space Center (initially the Manned Space Craft Center)
the data handling and computing facilities of the mission
control center, as well as the thermal vacuum chambers,

crew trainers, simulators, centrifuges, and other testing
devices, permitted the control of a variety of missions.

The manufacturing facilities, testing complexes, and labora-
tories of the Marshall Space Flight Center were available

to undertake whatever future tasks were identified. The
Goddard Space Flight Center contributed the world-wide
network of microwave, cable, land-line, and satellite links
which permitted monitoring, control, and access to the space
ventures. Equally important, the space and missile develop-
ment programs of the Nation provided the industrial base,
the manpower, tooling, technology, and skills needed for
future space activities.

The most important requirement, the know-how, existed
in a limited number of people, and it was the availability
of those individuals which primarily dictated the timing
of the program which began as the Apollo Extension System
or AES. Studies were conducted under this early (1961)
project which examined a wide variety of uses for the Apollo
hardware. Quite early the Command and Service Module (CSM)
was ldentified as being adaptable to a wide varlety of earth
orbiting missions for scientific purposes. One of the early
missions identified was the use of the C3SM as a carrier
for a variety of solar telescopes which would be placed
in orbit. The astronauts were to deploy and operate them
in a study of the Sun and its activities. This cluster
of solar telescopes was called the Apollo Telescope Mount
or ATM. (For the remainder of Skylab, the instruments changed,
the ATM configuration changed, the mode of operation changed,
but the name remained.)

At the same time, other studies examined the use of

the upper stage of the Apollo launch vehicles, the S-IVB,

as a workshop. By 1965, the concept of the "spent stage"

workshop had been formulated, while at the same time, the

Gemini experience with extravehicular activity (EVA) indicated

the need for the study of man in weightlessness. Thus,

an early version of the workshop consisted of a scheme for
2
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permitting an astronaut to open a hatch in a "spent™ S~IVB
stage in orbit after it had performed its primary mission
as a propulsive stage. There, the study of man in space
could proceed under relatively controlled and confined
conditions.

The problems of easily opening a hatch which would seal
the liquid hydrogen tank of the stage while it was a pro-
pulsive unit led the Apollo Applications Program Office (formed
in August 1965) to solicit the Douglas Aircraft Corporation
proposal to develop an S-1IVB Orbital Workshop involving an
"in-orbit" conversion of the propulsive S-IVB into a shelter
suitable for habitation.

Late in 1965 and early in 1966, studies showed that
the spent stage concept needed services (i.e., power,
consumables, etec.) which might be supplied by the proven
Gemini components. Consequently, a fixed price contract
was negotiated with the MeDonnell Aireraft Corporation to
produce an airlock for the S5-IVB spent stage workshop. During
that same period, the planning for the Apollo Applications
Program firmed up, assignments were made, experiments were
selected, and some hardware was fabricated.

By December 1965, the cluster concept was officially
scheduled. The cluster concept (at that time) envisioned
the launch of a "wet workshop" (i.e., the use of the S-IVB
as a propulsive stage first) followed by a manned launch
with a subsequent rendezvous, docking, and entry into the
workshop for experimentation. Six months later, a second
crew was to visit the workshop to be followed immediately
by the launch of an unmanned modified Lunar Landing Module
(LM) which was equipped with an ATM solar observatory.

Thus, the relatively simple concept of using the empty
S-IVB stage to study the weightless maneuvering of an astronaut
had evolved into a complex set of hardware developments and
operational concepts. By this time, habitability requirements
had been added (i.e., crews quarters, two floors, walls),
environmental systems provided (i.e., a two-gas atmosphere,
thermal systems, pressurization systems), as well as mission
expendables (i.e., food and water). The operational concepts
envisioned a series of timed launches and rendezvous, inecluding
two launches a day apart, one of which was to be an unmanned
rendezvous. A total of 22 Saturn IB launches, and 15 Saturn V
launches were called for by this schedule!



(At the completion of the Gemini Program in January 1967,
Charles W. Mathews of the Johnson Space Center, the former
manager of the Gemini Program, was named Director of the
Apollo Applications Program (AAP), and the author was named
Mission Director, having served in this capacity on Gemini.)

For the next 2 years there was a great deal of "activity"
within the AAP, but little real progress. Many experiments
were assighed and some hardware delivered. Roles and missions
were clarified and altered, and contracts were negotlated
and modified. However, because of the pressures of the Apollo
lunar program, and because of the tragic Apollo fire at
KSC which cost the lives of three astronauts, the AAP
was continually rescheduled, replanned, and reassessed.

A side effect of the AS-204 fire was to delay all follow-on
programs in order to concentirate manpower and know-how
on the announced national program, Apollo.

(In May 1968, Mr. Harold Luskin was appointed Director
of AAP, succeeding Mr. Mathews. (The author had been reassigned
as the Apollo Mission Director in the fall of 1967.))

By the end of 1969, the circumlunar mission, Apollo 8,
was scheduled, the Saturn V rocket was proven ready for
flight, the Apollo Command and Service Module had been tested,
and an unmanned Lunar Module had flown. It was appropriate,
therefore, to divert some additional effort on the follow-on
Apolilo Applications Program and full funding was released.

(Unfortunately, in November 1968, Mr. Luskin died
suddenly before the program could get fully underway.
The author was named to succeed Mr. Luskin at the conclusion
of the Apollo 8 circumlunar mission in the first week in
January 1969.)

At the same time, the remarkable success of the Saturn V
launch vehicle permitted serious consideration of diverting
Saturn V vehicles from Apollo to AAP. None of the original
plans for Apollo had anticipated the rapid development of
the Saturn V. Two unmanned launches, Apollo 5 and Apollo 6,
were followed by the manned Apollo 8 circumlunar flight.

As confidence rose in the prospect of achieving an early
lunar landing, the possibility of an early use of a Saturn V
for the Apollo Applications Program became a more attractive
option.
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Also, as the understanding of the "wet workshop" concept
came more into focus, the difficulties involved in converting
a spent rocket stage into an orbital workshop were beginning
to be faced. It appeared as if a major share of the available
crew time would be needed just to outfit the workshop.

The enthusiasm for the "wet workshop"™ began to diminish

and ground outfitting of the workshop began to receive serious
study. Finally in May 1969, the Directors of the Johnson
Space Center (then the Manned Spacecraft Center) and the
Marshall Space Flight Center recommended that a Saturn V

be used to launch a "dry workshop" into orbit. (4 full

record of the documentation of the Skylab history can be

found in Reference 24.)

The Program Managers from the three affected NASA Centers,
JS3C, MSFC, and KSC, and the Program Director met in a closed
door, weekend session at the Michoud Facility of NASA in
New Orleans to develop the plan for implementing this Saturn V
option. The agreed upon approach called for the launch
of the workshop, fully outfitied and including the ATM,
from KSC's Launch Complex 39 using the Saturn V. (This
required minor changes to the Saturn to enable the two stages
to propel the workshop inté orbit.) The following day,
three crewmen were to be sént to the workshop, using the
smaller Saturn IB rocket, for. a 28-day stay.. In total,
three manned visits were planned, launched on 90-day intervals
for stays of 28, 56, and 56 days, respectively. (Fifty-six
days was chosen for the last mission because preliminary
analysis indicated that consumables, food, water, oxygen
and nitrogen, would limit the duration. Also, the early
medical opinion was that all physiological effects would
have stabilized in that time.) The orbital attitude and
inclination were set at about 240 nm and 50°. (The inclina-
tion was set at 50° since it would result in coverage of
all the United States except Alaska and was within launch
safety limits. The altitude was selected to minimize any
disturbing effects the atmosphere might have on the attitude
stability of the workshop. Higher altitudes were desired
also to extend the orbital life of the workshops, but lower
altitudes would result in less exposure of photographic
film to the effects of radiation. The selected altitude
was a good compromise.) In order to meet the scheduled launch
date, 1t was decided to minimize changes from the basic
"wet workshop" configuration. (From time to time, devia-
tions were made from this fundamental configuration as the
issues became clear. However, these changes were carefully
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weighed and analyzed for effect before they were adopted.
For example, the workshop floor was inverted in order to
facilitate manufacture and assembly. Changes of this type
were made to increase the efficiency of the development
program. Other major changes, such as the addition of the
Earth Resources Experiment Package (EREP), were made to
improve the capabilities of the program.)

(As these decision were being made, a major national
decision was made by the Depariment of Defense when on June 10
the Manned Orbiting Laboratory (MOL) program was cancelled.
This left the NASA program as the only national space station
activity.)

The "dry workshop" concept was approved by the NASA
Administrator, Dr. Thomas O. Paine, on July 18, 1969, just
2 days after the successful launch of the first lunar landing
mission, Apollo 11. The program was finally fully funded,
fully supported, and fully underway.

Detailed instructions were issued gquickly, and the required
contractual changes were negotiated with each of the program
contractors. In December, a Cluster Systems Review was
held at MSFC to review the various systems. As a typiecal
example of how major changes were made in the program, the
development of the configuration of the electrical power
system is classic. The initial "no change™ deciszion made
when the dry configuration was first described, resulted
in two separate electrical power systems: (1) The ATM system
which consisted of the ATM solar panels, the ATM power con-
ditioners, chargers, batteries, and distribution system.

This power was used to support the ATM and its electrical/
elecironic components, including the attitude control system;

(2) The workshop solar panels provided the energy for the
workshop electrical system. The solar panels, power condi-
tioners, charger, battery, and regulator provided the electricity
for the workshop, airlock, and docking module. Each systen
provided approximately the same level of power (3-4 XW) into

the independent systems. At the Cluster Systems Review,

a formal question was posed challenging this design (the

formal vehicle for question was the Review Item Discrepancy
(RID), which raised the question, proposed corrective action,
and required a written answer disposing of the issue).

In this case, the proposed sclution was to buss the two

systems together to permit load sharing. The disposition

of this RID was to request that the contractor propose a

system for sharing the load. In due time, the proposal
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was made and analyzed by the NASA technical team. The agreed
to solution was proposed to the Level III (module level)
configuration control board, referred to the Level II (project
level) board, and finally, referred to the Level I (program
level) board. Here, the Program Director weighed the increased
cost and complexity against the increased flexibility and
probability of success and decided to implement the change.

The contractual change implementation was initiated, and

the design was incorporated.

In retrospect, this specific decision saved the Skylab
Program. Without the ability to share the electrical power,
the flight failure experienced on launch of Skylab 1 would
have been fatal to the program (see Mission Summary).

Throughout the early days of the Apollo Applications
Program, the program name, AAP, was felt to be uninspiring.
During the early phases, it was necessary to identify the
program with the use of the Apollo hardware and know-how.
But, after the program had been accepted, it was desired
that the program be uncoupled from the lunar program to
give it a purpose and visibility of its own. Consequently,
a list of appropriate titles was sent by the program to
the NASA Project Designation Committee. They selected Skylab,
and, thus, the Skylab Program was named. (The name Skylab
had been initially proposed by Col. Donald Steelman, USAF,
while o? duty with NASA in the Apollo Applications Program
Office.

Early in 1970, the full assessment of the modifications
to launch pad 34 became available. Pad 3% was old, required
significant refurbishment, and needed contractor support
for several years for the sole purpose of maintaining the
launch complex. Consequently, a study was undertaken to
design the modifications needed to Complex 39 to accommodate
the smaller Saturn IB. By keeping the Command Module,

Saturn S-IVB stage, and the Instrument Unit at the same level
as for a Saturn V launch, modifications were minimized and
resulted in the "milkstool" launch platform. Design-studies
showed a savings of $10 to $12 million by using this approach,
and on May 15 it was officially adopted.

In the middle of 1970, a major change was made to the
contractor responsibilities in Skylab. Originally, the
MSFC role included the in-~house development, fabrication,
and test of major modules, without contractor support.

The solar observatory, the docking module, the medical



experiments, and several smaller elements were to be developed
by the Center. As the program progressed, more and more
equipment was placed in the docking module, and the development
effort shifted from being predominantly structural engineering
and fabrication to being predominantly system engineering

and electrical design and fabrication. After a review of

the in-house capability to do all of the jobs, it was properly
decided to contract for the docking module. MSFC continued

to build and supply the struecture, but it was to be shipped

to the Martin Marietta Corporation (MMC) in Denver for the
cabling plumbing, and systems integration. (This represented

a major change in the role of the Martin organization. Pre-
viously, MMC had an integration and analysis role with all three
Centers and Headquarters. Now, MMC was to be responsible

for more than paperwork. Their responsibility now included

a key hardware element. In retrospect, the assignment of

the tasks of an integration contractor to an organization
without an in-line hardware responsibility was not correct.
The integration contractor was not really considered,

nor treated, as a full partner. With the assignment of

the docking module to MMC, gave them an integration role

and a key hardware role and put them in an advantageous
position to carry out their integration assignment.)

Since the Skylab could remain in orbit for long periods
of time and could sustain stranded crewmen, it became possible,
for the first time, to consider developing a rescue capability.
The Skylab Director of Reliability, Quality Assurance, and
Safety, Mr. Haggai Cohen, proposed a study of the rescue
potential. As a result, in December 1970 a crew rescue
capability was base lined by the Program Director and approved
by the NASA Administrator. This limited rescue capability
assumed that the workshop was the "storm cellar" to which
the crew would retreat in the event of a problem. (In the
event of a workshop problem, the crew was expected to retreat
to the Command Module and return to Earth. Multiple failures
which incapacitated the CSM and the workshop could not be
accommodated.) The rescue vehicle was to be the next vehicle
in line (i.e., Skylab 3 was the rescue vehicle for the
Skylab 2 crew). An additional two seats were to be added
to the CSM if needed, and a two-man rescue crew would be
launched to bring back the stranded three-man crew. The
key requirement was, of course, that the emergency did not
require an immediate rescue, since up to 48 days could be
required from call-up to launch of the rescue craft.

The development of the NASA portion of the Fiscal Year
1972 budget made it clear that there were not enough funds
available for the full Apolld and Skylab programs as planned.
As a result, an integrated Apollo/Skylab schedule was
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developed which slowed down the Apollo schedule and, more
importantly, shifted Skylab until after Apollo was completed.
The net result was a decrease in the NASA requirements to
within the President's budget, although the Skylab portion

of the budget increased due to the delay of the launch from
November 1972 to April 1973. (0Officially, the launch was
scheduled for mid-1973, but the internal schedule was April 30,
1973.) This was the last major schedule change for Skylab.
Indeed, there was no schedule change until the spring of

1973 when a 2-week delay was announced.

For the next 2 years Skylab proceeded in the traditional
manner for development programs. Detailed problems arose
from day to day. Solutions were found and the program
proceeded. Details of the development program can be found
in the Skylab Preliminary Chronology (Reference 23). However,
several unique items should be noted herein because of the
unusual circumstances or importance.

In the spring of 1971, a review of the proposed mediecal
experiments was held for the Deputy Administrator of NASA,
Dr. George M. Low. He expressed concern about the lack
of base line data with which to compare the in-orbit medical
results. At his request, a 56-day medical test was scheduled
in an altitude chamber at the Johnson Space Center. The
test was completed on September 20, 1972. Astronauts Crippen,
Thornton, and Bobko spent 56 days simulating the Skylab
mission. They consumed Skylab-type food and water, breathed
the Skylab atmosphere, and to a first approximation, dupli-
cated the 56~day mission (without the effects of zero gravity).
The test showed no change in the physiological characteristics
of the crew, and left zero gravity as the primary variable
for the flight tests.

The medical experiments continued in the next 2 years
to be the most contentious element of the program. In June
1971, private medical conversations were base lined by the
Program Director after an affirmative decision by the
Administrator of NASA. While the ability of a patient to
talk privately to his doctor may seem to be fundamental
to the doctor/patient relationship, it was not at all accepted
by the news media. There was continual friction throughout
the program with the assertion by some that private conversa-
tions represented a censorship of the program. In truth,
the program was conducted in the open, with full disclosure
of all events. =
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Also in the area of medical experiments, the urine
collection system design was in serious contention for
almost a year. The original design called for urine to
be sampled at each urination, the sample to be dried in
orbit, returned to Earth, reconstituted, and analyzed.
Unfortunately, while this process preserved the chemical
constituents of the urine, the hormonal constituents were
lost in the process. The original medical experiment
objectives were not clear on whether the hormonal balance
was a part of the protocol. However, since these hormones
seemed to be key in deseribing many of the physiological
(and psychological) responses to weightlessness, it was
clear that all reasonable efforts should be made to recover
these more complex constituents. After much analysis,
discussion, and argument, it was concluded that since the
basic system destroyed the hormones, a change in the collec-
tion system was needed. In July 1971, a centrifugal separator
urine collection system was base lined. The new system
required that each crewman's urine be pooled for 24 hours
and a sample be taken, frozen, and be returned for analysis.
(This problem was very difficult to solve because the desired
solution crossed normal jurisdictional lines. The require-
ment was the responsibility of JSC, and the hardware implemen-—
tation the responsibility of MSFC. The final sclution,
the centrifugal collector, was the result of research and
development by J3C and was built by MSFC.)

The whole body shower issue in SKylab represents a
case where the author, acting on personal feelings, guessed
wrong. Early in 1970, it was decided that the crews would
desire a whole body shower for morale purposes. As a result,
proposals were solicited. The initial propositions were
complex and expensive and were rejected. The Program Director
challenged the in-house design groups to design a simple,
inexpensive shower. Finally, in mid-197l, the MSFC design
group proposed a simple pressure-fed whole body shower.
A pressurized bofttle of water fed a shower head located
in a simple collapsible cloth shower area. The water was
collected at the base by a version of the Skylab vacuum
cleaner. The system was accepted, base lined, and built.
It worked in orbit, but, to the surprise of the author,
many of the astronauts did not feel it was required nor
needed. Because of the time to operate and clean up,
few of the crewmen thought i1t worth the effort. Future
systems should be simpler to operate.
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In mid~1971, one of the more gratifying experiences
in Skylab was initiated-~The Skylab Student Project.
It began with a request by the MSFC Program Manager that
a way be found to encourage the participation of high school
students in the Skylab missions. After a brief analysis,
a Headquarters contract was let with the National Science
Teachers Association (NSTA) in Washington, DC, to conduct a
nationwide contest among high school students for the selection
of a number of experiments to be flown on Skylab. Over
15,000 proposals were received and evaluated by the NSTA.
Finally, by April, the NSTA and NASA agreed upon 25 student
experimenters. The enthusiasm of these young people was
gratifying and satisfying. The experiments were real,
not contrived, and some had remarkably sophisticated
scientific content. Each sftudent investigator was linked
with a NASA scientist as an advisor. Each advisor was
instructed to ensure that the experiment remained the product
of the student, and, within the bounds of visibility, these
instructions were followed. It should be noted though,
that the teenagers selected had a wide variety of interests,
some who had a deep and lasting interest in scilence and
some who happened to propose good experiments but whose
interests changed between the initial contest and the
publication of the final results.

In January 1972, the Skylab flight crews were named
after several months of discussion and debate over the
proper composition. The elements of NASA associated most
closely with the realities of flight operations were most
conscious of the fact that Skylab was a new, technical,
and operational venture and as such it required flight
crews which were operationally and test oriented. Their
proposal was for a dominance of the pilot-astronaut, at
least until the system was mature, which might be accom-
plished by the third mission. On the other hand, the elements
of NASA associated with the science and experiment ambitions
of Skylab argued strongly for active participation and
in some cases for dominance by the scientist-astronauts.
In the end, the crews for each of the three missions were
composed of two from the pilot-astronaut category and one
from the scientist-astronaut pool. By cross training (and
by inclination in most cases), the flight crews became
very versatile; the pilots were reasonable "scientists"
and the scilentists were capable "pilots." In retrospect,
the composition of the first crew was probably correct,
but the second and third crew could have substituted a



scientist for a pilot. Astronaut Kerwin (medical doctor),
for example, helped Astronaut Conrad (pilot) deploy the
solar panel, and his performance probably could not have
been improved if he had had more pilot training and less
medical training. Conversely, without any intent to demean
their significant achievements, the third crew may have

had an even greater contribution if, for example, an

earth scientist had been added to the crew.

The names of the crews were announced on January 18.
They were Charles Conrad, Jr. (Commander), Dr. Joseph Kerwin,
and Paul Weitz for the first manned mission; Alan Bean (Commander),
Dr. Owen Garriott, and Jack Lousma for the second manned
mission; and Gerald Carr (Commander), Dr. Edward Gibson,
and William Pogue for the third and last mission. The
backup crews were also named at the same time.

The development and fabrication and test of the Skylab
hardware, experiments, and equipment proceeded. Several
times there was internal rescheduling of events, but
basically the schedule was maintained, with one important
trouble spot. The largest element, the workshop, had
the most experiment interfaces and was subjected to the
effects of many minor changes. Rather heroic efforts
were necessary to come close to maintaining the schedule
and the installation of parts, cables, experiments, and
equipment required tight scheduling and control. Most
importantly, the assembly plan had to be very flexible
to accommodate the relatively frantic part of the
development. It was very fortunate that the initial planning
called for the workshop to be available more than 6 months
prior to the KSC need date. In fact, the workshop was
delivered to the KSC facility about 2 weeks late--the
6-months schedule reserve was needed.

A1l hardware was delivered to KSC during the fall
and winter of 1972 as was the necessary ground support
equipment and test equipment. Unfortunately, it did not
always arrive in the precise order as the plan had called
for and there was some replanning necessary. As a result,
the prelaunch preparations fell about 2 weeks behind
schedule. In February 1973, a review of the progress
was conducted, and it was concluded that for a variety
of reasons, the launch date should be delayed for 2 weeks
from April 30 to May 1l4. There was considerable -consi-
deration given to maintaining the April 30 date since
it had been held for over 2 years and it would have been
a significant management and technical accomplishment to
have been able to forecast the effort needed to prepare
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a project of the complexity of Skylab. However, a careful
assessment of the overtime -and exireme effort which would
be necessary to regain the lost time indicated that while
it was possible, the effort would have been too large

to accommodate any subsequent problem and would not have
permitted the careful attention which seemed needed.

As stated, a more cautious scheduling was adopted with

the launch date May 14.

Subsequent preparations went ‘as planned with the
various tests as planned with no serious ancomalies being
found.

The Countdown Demonstration Test began on April 25
and lasted until May 2. "All final procedures were rehearsed
as 1if the test was a real launch. On May 7, the T-day
countdown sequence was initiated in preparation for the
May 14 launch.

MISSION SUMMARY

By NASA definition, the operational phase begins a
few weeks before liftoff at the completion of the Countdown
Demonstration Test (CDDT) which oceurred-on May 2. From
that time on any and all changes to the flight hardware,
ground complex, test procedures, crew check lists, or
flight plan required the written approval of the Program
Director.

As part of the final approval of the mission operations
and hardware preparations, a series of Flight Readiness
Reviews were held at JSC, M3FC, and KSC from April 9
through 12. These Center oriented reviews were in prepara-
tion for the mission Flight Readiness Review (FRR) held
at KSC on April 18-20. The results of preparations and
tests to this point were reviewed by the Associate Adminis-
trator for Manned Space Flight (Dale Myers), the three
MSFC Center Directors (Drs. Kraft, Petrone, and Debus),
the Program Director, and other NASA program officials.

The readiness of the flight hardware, ground systems,
flight crew, ground support crews, procedures, communica-
tions network, and recovery crews were reviewed and found
to be satisfactory.
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One area was found to be deficient.- The computer
program needed for operation of the mission control center
at Houston was not completely operational. Two important
subroutines were not completed. The program which was
to convert the ultraviolet data from the S-055 spectro-
heliometer into images of the Sun was not completed.
(These images were to be used for redl time flight planning
and, while usable images were available during the first
mission, the principle investigator was not satisfied
with the program until January 1974). The other deficient
program was to permit the transmission of data from the
computers at JSC to the computers at MSFC. Because of
transmission line losses and data dropouts, the data could
not be sent real time. Instead, the data was recorded
on magnetic tapes and flown to Huntsville each day. Also,
a remote terminal of the Houston computer was installated
at MSFC to permit the designers to see the Houston data.
This program was available for use before the end of the
first mission.

It is appropriate to observe here that this is an
gxample of what can occur when thé ground systems are
not afforded the same attention as the flight systems.
The software review board, chaired by the Program Director,
did not review and examine the ground software progress
regularly and systematically.

The final countdown began 1 week prior to launch
and proceeded at a relatively leisurely pace. Few problems
were encountered, none were of a serious nature. Ordnance
devices were installed; the batteries were installed and
activated on schedule.

The launch-minus-2-day meeting was held on May 12.
The responsible official for each element of the program,
workshop, Command and Service Module, recovery, network,
flight crew, security and public affairs, summarized the
final preparations and the readiness for flight. A detailed
weather assessment and forecast was made by NOAA. Based
upon these statements and the previous reviews, acceptances,
and studies, the Program Director assessed the mission
as ready for launch and he so appraised the Associate
Administrator for Manned Space Flight. The launch of
SL-1 was scheduled for 1330 on May 14, 1973. -
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The launch countdown proceeded without a hitch.
Minor problems were resolved quickly and without impact
to the schedule (based upon Gemini and Apollo experience,
built-in periods of inactivity, i.e., "holds," were incor-
porated in the count to provide time to resolve problems.
For the most part, these built-in holds were not required
- for Skylab, but are recommended for any program in the
future). Propellant loading for the Saturn V began on
schedule at T~5 hours 30 minutes, with range safety checks
90 minutes later. All tests proceeded normally until
finally at T-0 hours 8 minutes, Skylab was switched to
internal power. After final systems checks, the terminal
automatic sequences began (at T-0 hours 3 minutes 7 seconds)
and the launch sequence was subsequently controlled by
the launch processor computer. Internal power transfer,
sequence verification, swing arm retraction, final checkout
and launch commit occurred as planned.

At 1730 GMT (1330 EDT) on May 14, 1973, Skylab was
Launched.

The Saturn V launch vehicle lifted off and, as the
tail fins of the S-1C stage cleared the top of the launch
tower, control shifted from the launch director at the
Kennedy Space Center to the flight director at the Johnson
Space Center.

At 63 seconds, as the vehicle passed through Mach 1
and was approaching maximum dynamic pressure, the meteoroid
shield which covered the cylindrical portion of the workshop
was ripped from the main structure. As it separated,
solar array number 2 was unlatched and only air pressure
kept it from deploying. Solar array number 1 'was fouled
by debris from the shield which subsequently prevented
that array from deploying.

Failure analysis identified the most probable cause
as a "sneak path" for aerodynamic pressure which lifted
the auxiliary wire tunnel into the airstream. This tunnel
had been assumed sealed at the aft end when the structural
load calculation was made. Unfortunately, a poor design
(omission of a cap or seal on hollow structural stringers,
a poor nmetal-to-metal seal, and unplanned venting around
a boot seal) resulted in unexpected air flow and a resultant
burst pressure at the forward lip.
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Examination of the telemetry data showed abnormal
vibration, a change in telemetry power, a roll rate, and
movement in the torsion rods attached to the shield.
However, the flight controllers in Houston only received
a TM indication that solar array 2 had deployed. This
anomaly was reported as it occurred and the reports were
monitored at KSC. However, primary attention was focused
on the trajectory as the Saturn continued on its flight
path.

At the completion of the second stage burn (591.1
secs.) the two retro rockets separated the launch vehicle
from the workshop. It is probable that the plume from
one in-line rocket impinged upon solar array number 2.
Vehicle motions support this theory and the forces were
calculated to be sufficient to swing the released array
to where the momentum would cause the wing to reach the
90° stop, and tear completed free at the hinge line. All
telemetry from array number 2 ceased at about 594 seconds.
The workshop experienced yawing motiocns at this time, which
also supports the analysis.

In retrospect, it was fortunate that solar array number
1 was fouled by the meteoroid shield debris.

After 599 seconds of powered flight, Skyvlab was injected
into a near perfect orbit, U435 km above the Earth.

After insertion, the automatic sequencer was designed
to cyele through the deployment and activation activities
to place the cluster in its orbital configuration. Reports
of a possible failure were beginning to be discussed and
the deployment was awaited to prove or disprove a malfunction
of some sort. The deployment sequence jettisoned the
refrigeration system radiator shield, maneuvered the work-
shop to a gravity gradient orientation, activated the
refrigeration system, and then jettisoned the large payload
shroud which covered the solar observatory, airlock, and
multiple doeking module. The sequencer maneuvered the
vehicle to a solar inertial attitude and the solar observatory
was rotated 90C from along the thrust axis of the vehicle
to where it faced the Sun. The solar panels attached to
the solar observatory were deployed and electrical power
was generated.
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The final automatic commands were to have deployed
the workshop solar arrays and the meteoroid shield. No
signals were received indicating these events occurred
and no electrical power was generated by the large panels.
As the workshop came into view of the Goldstone tracking
station, a backup command was transmitted from Houston
and, while the vehicle acknowledged receipt of the command,
no action resulted.

Telephone conferences between K3C, J3SC, and MSFC
confirmed the reports. Some or all of the metecroid shield
was missing and there were indications that one solar array
was missing and that the other was released but did not
deploy. The meteoroid shield was alsoc part of the passive
thermal control system. Confirming its loss, the skin
temperature and the internal temperature began to rise
at a rapid rate since now the exposed surface was subjected
to the full solar radiation and the temperature rose about
2009F higher than the design temperatures.

A teleconference with the technical experts at the
three involved NASA Centers was held and it was determined
that, without corrective measures, the workshop internal
temperatures would be unbearable. There was debate as
to the advisability of launching the first crew as soon
as possible (on time the next day) to get an on-site report
of the damage. However, with each minute the postulated
failure was further confirmed by telemetry data and analysis.
If the crew was launched without a method for protecting
the exposed workshop from the solar heat, it was concluded
they could accomplish few of the experiments and certainly
could only stay a few days since the food was stored in
the workshop. Also, once they were launched, it would
take several weeks to prepare the next vehicle for launch.
It was certain the vehicle could not survive that long
without corrective measures.

The launch of SL-2 scheduled for the next day was
postponed for 5 days while corrective measures were planned.
(The altitude of the Skylab orbit was chosen such that
the ground track repeated each 5 days. Thus, a 5-day delay
resulted in almost no alteration of flight dynamics.)
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A series of assignments to the NASA Centers were
quickly made. MSFC was to analyze the effects of the
temperature on insulation, seals, and hardware while J3C
was to examine the effects on food and medicine. A failure
investigation was started and all were solicited for
potential fixes.

Throughout the night of May 14, the flight controllers
at JSC and the engineers at MSFC worked to save the workshop
from catastrophe. 1In the solar inertial attitude (the
design attitude) the maximum workshop area was exposed
to the full solar heat and the temperature soon reached
a critical level. The flight team maneuvered the workshop
such that the small end of the vehicle (the docking port
on the MDA) was pointed toward the Sun and the tempera-
ture of the workshop dropped since the exposed surface
was now parallel to the Sun's rays. However, 380 were
the remaining solar panels and the battery power began
dropping. Equally serious, the coolant fluid in the
auxiliary cooling system (which maintained the food at
freezing temperatures) approached the freezing level.

An iterative process was begun to try to find an attitude
which would result in a stable temperature which was not
excessive and which would alsc provide sufficient solar
energy for the electrical power system. By the morning

of the 15th a reasonably stable attitude was found which
resulted in internal temperatures about 130°F and a
satisfactory electrical power level. It cannct be stated
that a stable Yhands-off" attitude was ever reached, but,
about 14 hours after liftoff, the vehicle was under control.
For the next 10 days, the engineers and flight controllers
continually maneuvered the spacecraft to control the attitude.
The control was complicated by unfamiliarity with the
control moment gyro attitude system which required the
dumping of stored momentum at intervals to prevent gyro
momentum saturation. The design condition called for

a periodic update to the digital computer to correct the
reference attitude. An unexpectedly high drift rate on
the rate gyros caused the vehicle to drift and the flight
controllers occasionally lost reference and the vehicle
had to be maneuvered to determine its special reference.
By finding a means of monitoring the solar panel output
and the CMG momentum, the vehicle attitude was estimated
and attitude thrusting was used to keep the vehicle in

the proper attitude, inclined about 45° to the Sun.
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This constant and successful compromise between
electrical, thermal, and attitude requirements continued
for the first 10 days and the fact that control was not
lost is a tribute to the men analyzing and controlling
the flight. There were several "near misses" but no full
losses in control. However, the unusual maneuvering caused
a high usage of thruster attitude control gas. More than
two-thirds of what had been predicted as needed for the
entire 8 months of flight was used in those 10 days.
Fortunately, the system was overdesigned and margins
remained throughout the flight (although subsequent CMG
problems in the last mission resulted in a situation where
careful management was required.)

While the flight control team worked to keep the
workshop operable until a fix could be found, the design
teams looked at several potential sunshades to protect
the vehicle from the heat of the Sun as well as ways to
augment the electrical power.

To coordinate and direct the activities, a daily
teleconference was held between the Center program elements,
the Center Directors, and the Program Office. These
meetings served to keep the rapidly moving solutions
coordinated and as a means of exchanging information con-
cerning the fixes. Also, the progress reports formed
the information base for the daily press releases which
were 1ssued identifying each issue, all progress, and
the latest problems. The NASA Administrator had instructed
the Program Director to be open and public at each step
of the way. The press releases were complete and timely
and appeared to demonstrate that the NASA open information
policy was being followed.

Many original ideas for shielding the workshop from
the Sun were initially looked at by the design teams;
windowshade designs, umbrella-~like designs, inflatable
surfaces, awnings, spray-on materials, paint, and devices
which unrolled when pressurized (much like a party favor)
were examined in some detail. On the second day of the
mission, the development/management team decided to
concentrate on two designs.

The Johnson design team concentrated on an awning-like
device which was to be attached to the workshop by the
crew while they remained in the Command Module. While
maneuvering the CSM in close formation with the workshop,
and while standing in the open hatch of the CM, the
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crewman was to attach a pulley and ropes to the "bottom"
and "top" of the workshop using a long pole. By careful
maneuvering of the CM, the awning was to be draped over
the sun side of the workshop.

The Marshall design team was to concentrate on a
windowshade-like device which would require the crew'to
enter the workshop airlock and, while EVA, attach poles
the length of the workshop and, by ropes and pulleys,
pull the "shade"™ the length of the workshop, from "top"
to "bottom."

Simultaneously, a coordinated activity was initiated
to find the proper material for a sunshade. The material
had to be lightweight, be capable of being packed into
a small volume, have the proper thermal qualities, and
maintain its strength and properties after long exposure
to ultraviolet, heat, and vacuum.

Meanwhile, other design groups pursued independent
paths. At the Langley Research Center, a design and
fabrication group began the design of an inflatable flat
balloon which was to be deployed through the solar side
scientific airlock. (The scientific airlocks were provided
as a means of extending experiments outside the workshop
without having to depressurize the living quarters.
Cannisters containing the experiments were attached to
the 8"x8" aperture, and by proper opening of the doors,
the experiment could be extended into space). Once deployed,
the balloon was to be inflated and it would then provide
the needed thermal shield.

A separate Johnson Space Center group took a somewhat
similar approach and began the design of a parasol device
which was alsc to be deployed through the scientific airlock.
Once the telescoping rods to which the thermal material
was attached were fully extended, the rods were to spring
open, like an umbrella, and the shielding would be in
place.

Each of these later two approaches were constrained
to fit in a spare experiment cannister {(T027) since there
wasn't sufficient time to build a larger container. As a
result of this volumetriec constraint, extremely thin material
was necessary. (For the parasol, for example, a laminate
of nylon was bonded %o 0.05 mm aluminized mylar).
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The JSC parasol design group quickly demonstrated
the soundness of the design by the use of commercially
purchased fishing rods. Since this design could be
deployed from the interior of the workshop without EVA,
and since it did not require careful maneuvering of the
Command and Service Module, it was selected as the primary
JSC development while the "awning" was relegated to backup
status. The awning was continued since, while operationally
complex, it had simple design concepts and was not faced
with the packing problem which faced the parasol.

After 2 days of design effort, it was apparent that
more time was needed and the launch date of the manned
Skylab 2 was extended until May 25.

Maximum effort was made not to cut corners which
could Jeopardize crew safety. Full quality control was
used with inspection buy-off at every step. Expedited,
but complete, documentation was employed. A safety analysis
was made and documented and all procedures were written
and used for training. The possibility of causing a crew
fatality because of an error made as the team worked around
the clock caused management to be extremely cautious at
every step.

While the thermal d