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FOREWORD

The National Aeronautics and Space Administration served as a co-
sponsor of the Sixth Space Simulation Symposium. These proceedings
were published as a NASA Special Publication in order to give the
participants and attendees of the conference a permanent record of the
material presented and to make the technology of space simulation
available to others who may find in this technology solutions to problems
extant in their respective fields.

Space exploration has posed the most challenging technical diffi-
culties man has yet faced and solved. The technology evolved by the
space program has relevance to many other fields, especially to the area
of environment control and modification. This latter field promises to
be one of extreme importance in this decade. The technology of space
simulation has evolved many solutions to problems of a similar nature
to those now affecting our environment.

NASA is pleased to cooperate with the Institute of Environmental
Sciences, the American Institute of Aeronautics and Astronautics, and
the American Society for Testing and Materials in advancing the
frontiers of knowledge in the important area of space simulation and to
make these proceedings available to other areas of science and
technology.

John F. Clark
Director
Goddard Space Flight Center
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PREFACE

These Proceedings are the sixth of a series of conferences jointly
sponsored by the Institute of Environmental Sciences (IES), American
Institute of Aeronautics and Astronautics (AIAA), and the American
Society for Testing and Materials (ASTM). Also, the National Bureau of
Standards (NBS) was a co-sponsor for the fifth conference in this series
and the National Aeronautics and Space Administration was a co-
sponsor for the sixth conference of the series. Each of the above
societies assumes, in turn, the responsibility for organizing and con-
ducting the conferences. These societies joined in this cooperative
effort for several reasons. One, to reduce the number of conferences
in this field with the resultant economies to both participants and socie-
ties; two, to provide a mechanism by which a majority of the papers in
this field could be published in a single volume; and three, to provide a
forum for presentation of results from this field to a larger audience
than would otherwise be possible,

The Technical Committees of the sponsoring societies which are
involved in space simulation assist in organizing the technical program
of the conferences. These committees are:

IES - Solar Radiation Committee
ATAA - Ground Testing and Simulation Committee
ASTM - Committee E-21 on Space Simulation

The technical program committee is formed of members from each
of the above committees.

The three societies have a Permanent Policy Committee, made up
of two members from each society, to formulate general policy for the
organization and conduct of the conferences. In this manner, the rules
and regulations of each society for the conduct of meetings are adhered
to as much as possible.

v

A General Committee is appointed for each conference which has
the responsibility for arranging and conducting the meeting and publish-
ing the Proceedings. The Sixth Space Simulation Conference, for which
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the Institute of Environmental Sciences was the host society, was held
concurrently with the Annual Meeting of the IES. The facilities, pub-
licity, and outside program for this meeting were arranged by the
respective representatives of the IES Annual Meeting Management
Committee. For this meeting, the General Committee consisted of the »
General Chairman, John D. Campbell, the Technical Program Chairman,
and the IES Publications Vice-President, R. T. Hollingsworth.

The Sixth Space Simulation Conference was held in New York City
at the Americana Hotel on May 1-3, 1972, These proceedings were
published by the NASA which was a co-sponsor for the meeting, Mem-
bers of the Technical Program Committee performed the function of
editor for papers presented in sessions which they organized,

Charles H. Duncan
Chairman, Technical
Program Committee
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SPACE SIMULATION
ABSTRACT

This volume containg either the final draft or the abstract of all the
papers presented at the Sixth Space Simulation Conference held in
New York City at the Americana Hotel on 1, 2, 3 May 1972. The general
scope of the conference was the area of space simulation: facilities,
effects, measurements, and applications. The range of topics covered
is indicated by the session titles which included:

High Energy Light Sources

Contamination

Thermal Technigues: Solar Simulation and Radiation
Thermal Control Materials

Spacecraft Tests and Facilities

Novel and Unique Facility Utilization

Ablative Reentry Materials

Special Topics (Predictive Testing, Physical and
Mechanical Properties, Computer Simulation)

Mass Spectrometry and Vacuum Measurements

Solar Constant and Solar Simulation Testing

Three sessions were held on contamination and two on manned ef-
fects and weightlessness, The remainder of the topics were covered in
a single session, Included in these proceedings are two items produced
by the IES Solar Radiation Committee and the ASTM E21.70 Subcommittee
on Solar Simulation, These are: Recommended Practice for Solar
Simulation for Thermal Balance Testing of Spacecraft; and Engineering
Standard for the Solar Constant and Air Mass Zero Solar Spectral
Irradiance.

Key Words: ablation, contamination, computer simulations, mass
spectrometry, vacuum measurements, solar simulation, facilities,
spacecraft tests, manned effects, weightlessness, high energy light
sources, radiometry, thermal techniques, heat transfer, thermal control
materials,



INTRODUCTION

The purpose of this conference, as stated in the Call for Papers,
was to provide a meaningful exchange of information on advances in the
space simulation field with major emphasis placed on ingenuity and new
techniques. This technology encompasses all aspects of simulating the
space environment and the effects of this environment upon man and
matter. Much of this technology is applicable to ecological studies and
to the development of methods to control pollution of the environment.
The conference was held concurrently with the IES Annual Meeting which
was primarily concerned with these matters. This provided a mechanism
for an interaction between those working in aerospace technology and
environmental control which would not otherwise have been possible.

The papers accepted for presentation were separated into fourteen
sessions and are grouped by session in the order presented at the meet-
ing. The final drafts of these papers were not reviewed by the session
organizers for possible changes before the volume went to press.
Therefore, each author must assume full responsibility for the content
of his paper.
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Paper No. 1

OPERATION OF SOUTHWEST RESEARCH INSTITUTE’S HIGH-INTENSITY
ARC-IMAGE FACILITY

E. Jack Baker, Jr., Southwest Research Institute, San Antonio, Texas

ABSTRACT

The arc-image furnace was primarily designed as
a high-intensity pure thermal radiation test facility,

INTRODUCTION

The high-intensity, pressurized, arc-image facility, lo-
cated at Southwest Research Institute (SwRI), is capable of de-
livering pure radiant thermal flux in excess of 4,5 X 10/ watts/
m< to the face of a 1.,6-cm diameter specimen, The facility was
designed, built and tested in 1958 under the sponsorship of the
National Aeronautics and Space Administration, During thelast
13 years, SwRI has made many changes in the design and opera-
tion of the facility which have improved its performance.

Originally the facility was intended for use in the evalua-
tion of candidate materials for ablative heat shields on NASA's
Mercury, Gemini and Apollo programs. It has continued to be
an evaluation tool for NASA over the last decade, and a great
deal of valuable information has been generated in the field of
high-temperature ablation,

Several additional uses have developed during this period.
These include the simulation of nuclear weapon effects and the
general field of high-temperature physics. To our knowledge,
this facility has the highest pure thermal flux capability of any
laboratory tool of its type in the world. This paper describes
its operation, characteristics and potentialities.

DESIGN PRINCIPLES AND GENERAL DESCRIPTION

The SwRI arc-imaging furnace utilizes twin parabolic
searchlight mirrors to collect thermal radiation from a direct-
current arc and to focus it upon a test specimen held in a con-
trolled environment remote from the arc, It was designed to
provide pure thermal radiation at the highest possible flux den-
sity for at least 15 sec on material specimens of the largest
practical size. In accord with these design objectives, the
mirror system has a magnification of unity so that the region of
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high thermal flux at the specimen location is about equal in vol-
ume to the volume of the '"anode ball' (the region of gas just be-
yond the anode which has the highest temperature in the electric
arc), The optical system is normally focused upon the center of
the anode ball, which is near the plane containing the rim of the

anode crater,.

The arc (and, incidentally, the whole optical system) is
operated in a pressurized environment of from 2 to 10 atm, in
order to increase the density and voltage drop of the arc and to
decrease its size., Tests have been made at SwRI comparing
arc outputs at different pressures, which indicate that radiation
output does increase with pressure, in this ''convection stabi-
lized' arc as it does in '"wall stabilized' arcs. Air is the only
medium which has been used for arc pressurization.

During operation, the arc is continuously '"blown'' with
converging streams of high velocity air., Approximately 450
grams of air per second are injected at sonic velocity around the
arc in a converging cone which is coaxial with the anode. The
air blast serves to oxidize and cool ionized matter, thus re-
moving flame and ionized gas layers so that the collecting mir-
ror receives radiation directly from the '"anode ball" portion of
the arc, which is therefore not obscured by absorbing matter at
lower temperature. In addition, the air blast apparently ''con-
vection stabilizes'' the arc and greatly increases the voltage
drop across it,

The resulting arc, as seen through filters by means of
periscopes and windows installed in the pressure vessel, is a
blue-white brush about 1 in. long and 7/8 in. in diameter. It
produces a rushing sound audible above the subdued roar of the
enclosed air blast. At current settings of 2500 to 3000 amperes,
more than 1 megawatt of electrical power is dissipated in the
arc and electrodes, of which about 350 kW are unaccounted for
by electrode resistances and are probably dissipated in the arc.
The corresponding thermal radiation power delivered to the
target region totals about 16 kW, with an average flux density up
to 1000 gram—ca.lories/cm2 sec or 3700 BTU/sq ft sec, at the
present time.

MAJOR COMPONENTS

Arc-Imaging Optics

Figure 1 shows a simplified schematic diagram of the arc-
imaging system enclosed in the pressure vessel. It consists of
two 37-1/4-in. diameter, 15-in. focal length parabolic mirrors
(from searchlights) facing one another, with the arc positioned
at the focus of one paraboloid and the target, or specimen, at
the focus of the other. There are 6-in. holes cut in the center

of each mirror. Figure 2 shows the physical arrangement of
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various components; one mirror is shown at the right on the
rolling stand used to remove it from the tank. Accurate align-
ment of both mirrors, the arc, and the specimen on a common
axis is essential to prevent coma in the image. Both stellite
and back-silvered glass mirrors have been used. Because they
are heavier and thinner, the stellite mirrors require some
warping adjustment, by means of shimming the clamps in the
steel support frames, to reduce coma. With both types, '"good"
images (1/16 in. in diameter) have been produced from a "point"
test source at the arc position,

The diameter of the image of the anode ball, or "hot spot",
is approximately 7/8 inch, Consequently, the limiting diameter
of a disc specimen is 3/4 in. if fairly uniform irradiation is re-
quired. Defocusing the specimen by moving it toward the arc-
imaging mirror permits an increase in specimen diameter while
maintaining uniformity of radiation flux density; however, the
flux density falls off sharply because the 130-deg angle sub-
tended at the focal spot by the imaging mirror produces a limit-
ed depth of field.

Specimen Environment

The specimen is contained in a pressure-and-vacuum-
tight steel housing and is irradiated with thermal energy through
an optical-glass dome. The steel specimen housing is provided
with connections to the outside of the arc furnace pressure ves-
sel such that the housing can be evacuated or pressurized. The
glass dome, sealed with an O-ring, can support somewhat more
than 5 atm of internal pressure in the vessel; hence, the present
upper limit of specimen pressure environment is approximately
15 atm. A usual low pressure value is of the order of 0.05 mm
Hg, at the present time.

The specimen housing is so designed that it can contain
alternatively a circulating-water, black body cavity calorimeter
for the measurement of thermal flux under experimental condi-
tions, Within the housing, immediately under the glass dome,
are high-speed, rotary-solenoid-operated, clam-shell shutters
which permit the duration of specimen exposure to be controlled,

Electrodes, Holders and Controls

The arc stand and electrodes originally used were taken
from an Army surplus 60-in. searchlight. However, at oper-
ating currents above 500 amperes, it was found that electrode
erosion was too rapid for the available motor drive to handle it
and that toothed-wheel electrode drivers were unreliable, A
series of modifications finally produced electrode holders oper-
able up to 3000 amperes.

The anode holder is of brass, assembled with bolts, having
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a Rhodium plated brass faceplate, graphite nozzle and graphite
radiation-shield ring. The current contacts are four copper
filled graphite generator brushes, cooled and pressed with a
force of about 15 1b each against the anode by air pressure from
the nozzle feed chamber. The anode itself forms the inside of
the inner annular nozzle; hence, it is air-cooled. Furthermore,
the portion between the brushes and the crater end is only 1 in,
long, so that, during active feeding, the resistive heating and
spalling should be reduced,

The anode is rotated at about 200 rpm by a small motor to
insure symmetrical erosion and crater development. It is re-
tracted or fed into the arc by the hydraulic cylinder. This cyl-
inder is controlled by a two-way electrical valve operated either
manually or automatically by a photocell located in the arc
chamber and connected in a bridge circuit, viewing a leading
edge of the anode, By these means, the anode ball is custo-
marily maintained within 5 mm of the focus of the collecting
mirror, despite consumption of the anode at rates up to2 cm/sec.

As anodes, National Carbon Company '"Ultrex' electrodes
16 mm in diameter, having a 12-mm misch-metal core, rated
at 325 amperes, are customarily used. It was found that solid
graphite anodes produce much less radiation. Copper and alu-
minum-cored anodes unfortunately spray molten drops which
adhere to the arc mirror, However, a 16-mm anode machined
from solid misch metal (rare-earth oxides) has given an ex-
cellent radiation output without any spalling on prolonged runs at
3000 amperes, and has no more electrical resistance than
"Ultrex'' or graphite anodes. With all anodes, the combined
(cold) resistance through the anode holder, from cable to anode
tip (measured by a four-probe method) is only 0.012(), and the
electrical power losses and resistive heating in this part of the
circuit (presumably up to 100 kW) are considered relatively
minor at this time.

As cathodes, 11-mm solid "H-I Projection'' carbons, from
National Carbon Company, have been used almost exclusively.
These small, hard rods have a relatively high cold resistance
(0.015 Q/in. ), and they glow brilliantly, erode rapidly, spall and
curl somewhat at currents above 2000 amperes, but they have
the advantage of casting a relatively narrow shadow on the arc
mirror,

The cathode holder employs a reliable chain drive with an
insulated setscrew clamp. The angle between the cathode and
the anode axis is adjustable, but 47 deg gives good cathode
sculpturing and reasonably small mirror shadowing without as
much tendency for the arc to blow out as is found at larger
angles with present values of current and air-jet flow. It has
been found necessary for the cathode tip to extend completely
through the annular air stream into the '""anode brush' to avoid
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frequent blowing out of the arc.

Current to the cathode is carried as close to the arc as
possible without excessive mirror shadowing by means of
twelve cantilever-spring contacts of 0,1-in, tungsten rods,
These are protected from overheating and oxidation by a re-
placeable graphite cap which is continuously filled and flushed
with argon or dry nitrogen during operation., Unfortunately, the
(cold) contact resistance is 0.020{ or higher, despite reasonably
high contact pressures {2 lb per spring) and a large total (3 sq
cm) ground and lapped contact area. Further improvement is
probably needed to reduce what appear to be excessive power
losses (up to 250 kW) in the present cathode and cathode holder.

Cathode erosion rates range up to about 2 cm/sec. The
position of the cathode tip is controlled automatically by a vari-
able-speed electric gearhead motor with an electric clutch.
Upon application of the arc voltage, this mechanism advances
the cathode until current begins to flow., When the electrodes
burn away until the voltage drops to a predetermined level, the
mechanism advances the cathode further in short bursts in an
attempt to maintain the arc voltage within 5% of this value. At
present, the automatic feed can maintain the arc voltage within
this range. The current is maintained by setting the firing level
of the power supply. Therefore, we have complete control of
the current and voltage, and thus the power dissipation across
the arc.

Rectifier

The rectifier which supplies d-c power to the arc is a
three-phase, full vase type using six GE type GL5564/507
ignitrons. The continuous rating of the unit is 500 kVA corre-
sponding approximately to the theoretical maximum d-c line
voltage of 560 volts and an arc current of 900 amperes., For
1 min, an overload of 2400 amperes is permissible. For an
arc duration of 1.4 sec, overload currents up to 9000 amperes
are permissible. The firing times of the ignitrons can be ad-
justed by means of a small, ''synchro'' three-phase transformer,
whose outputs are clipped and differentiated to provide six
trigger pulses in a definite phase relationship., By adjusting the
angle between the rotor and stator of this synchro, the arc volt-
age and current can be continuously varied from zero to the
maximum permitted by circuit resistance (about 3000 amperes
at this time).

Because of the high power requirements for operating the
arc, a separate substation was constructed to service the facil-
ity. The substation is powered by a 13, 800-volt primary trans-
mission line.



Compressed Air System

A three-stage air-and-water-cooled compressor system
with an average capacity of 26 SCFM and a discharge pressure
of 1000 psig is used to charge a 52-cu ft accumulator, A fast-
acting pressure regulator on the discharge of the accumulatoris
used to reduce inlet pressure to the arc nozzles to a constant
value which may be adjusted up to about 250 psig. Two fast-
acting solenoid-controlled pneumatic valves operate simulta-
neously to turn on the air blast at the arc and to open the tank
exhaust, which is metered with an appropriately sized orifice.
It has been found to be very important to maintain a constant
pressure in the arc chamber so that a cloud of water vapor is
not formed due to sudden decompression, This is true even
though the air used to charge the vessel is passed through a
drier.

The pressure vessel housing the imaging furnace has been
tested to 250 psi, but is operated at half that pressure, It is
equipped with two 8-in. access portholes opposite the arc and
the specimen region, three 3-in. windows, and a hinged access
door held by forty-four 1-in. bolts.

When the facility was first put into operation, a great deal
of difficulty was encountered because the tank gases become
heavily contaminated with brown nitrogen oxides and grey smoke
consisting mostly of lanthanum and cerium carbonates coming
from the anode core., These combustion products reduced the
radiation flux available at the target to 30% of its initial value
after 4 sec of operation. This restriction was overcome by re-
designing the exhaust and scavenging system.

FACILITY CALIBRATION

The amount of energy incident on any diameter focal point
in the specimen chamber, where the front surface of the speci-
men would be installed, can be measured during calibration
tests using a water flow, black body, spherical cavity calori-
meter, This calorimeter has been used for a number of years
in conjunction with the arc-image facility, with very good re-
peatability and accuracy.

The basic design of the calorimeter is simple and straight-
forward. A 1-1/2-in. diameter spherical, thin shell, brass
cavity is chemically blackened. Copper tubes are soldered to
the outside of the brass cavity, assuring good thermal contact.
During a run, water is circulated through the copper tubing, and
the temperature differential of the water entering and leaving
the calorimeter is continuously recorded by using a differential
Thermopile. The total water that flows through the calorimeter
is collected and recorded along with the time lapse. From these
data, the average flow is calculated.
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The calorimeter is designed so that any aperture up to
1 in, in diameter may be used in conjunction with it, This is
done by machining a hole the diameter of the desired aperture
in a 3/8-in. -thick graphite disk., A 130-deg included angle
taper from the front to the back of the disk is then machined.
With this geometry, none of the energy that should reach the
calorimeter is blocked, This leaves a razor edge on the back
surface of the disk which is the diameter of the desired aper-
ture. For this program, the aperture was 4/8 in. in diameter,
the same as the specimen diameter., The aperture disk is
thermally isolated from the rest of the calorimeter so that only
the energy passing through the aperture is absorbed by the
calorimeter.

During a calibration run, the arc is allowed to run long
enough to allow the calorimeter to reach equilibrium, Since the
water flow and aperture are constant during a given run, the
indication of equilibrium is a constant temperature differential.
From the aperture area, water flow rate and the equilibrium
temperature differential, the energy per unit area and the unit
time entering the calorimeter are easily calculated.

A correlation is made of the flux measured during calibra-
tion runs between the water flow calorimeter and the signal
from an asymptotic calorimeter (HyCal #C-1135) located in the
collimated beam between the two parabolic mirrors, The signal
from the asymptotic calorimeter is then used to determine the
incident flux on the face of a specimen during an actual test run.
The output from the asymptotic calorimeter is thus recorded,
along with the thermocouple records during a test, to give the

incident flux level.
TEST INSTRUMENTATION

The results of the test conducted in the SwRI arc-image
facility are measured and recorded during the course of experi-
ments. Some of the measurements that have been made are
surface time-temperature and internal time-temperature
histories, strain-gage measurements, ion emission and natur-
ally thermal degradation which is visually observed. In order
to record the effects of the intense thermal flux, we must use
high-speed recording equipment such as oscillographs, oscillo-
scopes and motion picture cameras.

An example of a thermecouple- instrumented specimen
installation and a typical oscillograph record obtained for a
specimen is shown in Figures 3 and 4.

We have designed a special three-color pyrometer for use
in this facility. Its design and location are shown in Figure 5.
It can be seen from this schematic that we may simultaneously
measure the surface temperature, take motion pictures of the
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test exposure and view the test in real time.
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SUMMARY AND CONCLUSIONS

This paper has described an enclosed, air-blown, arc-
imaging furnace operating at up to 10 atm of arc pressure, dis-
sipating on the order of 1 MW of electric power, and delivering
thermal radiation to 2 5/8-in, diameter disc or rod specimen
held in a controlled environment, at an average flux intensity up
to 1000 gra.rn-ca.lories/crn2 sec. Details of its construction and
operation have been given, Several associated measuring instru-
ment systems and a few examples of typical test results have
also been described.

It is suggested that this extremely versatile facility is pre-
sently or potentially suitable for the following types of scientific
work:

(1) Studies of the properties of materials at high temper-
atures.

(2) Development of new high-temperature materials
through controlled melting and freezing, by vapor
deposition of refractory substances, and by high-
temperature chemical reactions.

(3) Laser and other optical studies requiring an intense
source of prolonged illumination.

It is anticipated that the versatility and available radiation

intensity of this facility will continue to be improved as it is
used for present and future research programs.
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Paper No. 2

HIGH INTENSITY LAMPS

Len Reed, /LC, Inc.

ABSTRACT

The spectral tailoring of gas discharge lamps has been practiced
since the turn of the century, and more recently the use of new mate~
rials of construction such as sapphire, niobium and active metal brazes
has resulted in a wider range of metal gas vapors being used.

Often a noble gas such as argon or mercury or both, are "doped"
with an active metal or metal halide vapor, which since it possesses
lower excitation energy levels will be predominately present in the
emigsion spectra of the lamp. Thus, for example, indium and gallium
additions are used for blueprint lamps, bismuth and thallium for under-
water sources, high pressure sodium for visible illumination,
potassium-rubidium mixtures for Nd:YAG laser pumping and cesium for
covert illumination.

The principles underlying the selection of a source for a particu-
lar application is outlined. The considerations involved in the con-
struction of typical C. W. and pulse long arc and short arc sources are
given,

Finally, a review of the various categories of sources presently
in use will be made and the direction for future efforts to produce yet
more efficient and long life lamps will be charted.
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Paper No. 3

TIME, PEAK POWER, AND SPECTRAL ADVANTAGES OVER CONTINUOUS
DISCHARGE LAMPS AND A MARGIN OF SAFETY STANDARDS FOR
FLASHTUBE DESIGN

Louis R. Panico and Gene Magna, Xenon Corp.

ABSTRACT

Shorter pulse durations at fixed energy levels produce higher
peak powers and higher current densities. The increased current densi-
ties generate hotter color temperatures resulting in a spectral shift
towards the Ultra-Violet, The Ultra-Violet output of the flashtube is in-
creased with shorter pulse durations at fixed energy levels. Flashtube
designs requiring both short pulse and infra-red are limited by this
characteristic. The pulse duration is a function of the wavelength being
observed; the pulse rise time is heaviest in the Ultra-Violet with the
pulse fall time shifting towards the infra-red.

Design standards for reliable flashtube operation based upon
starting characteristics can be determined from the anode voltage/
trigger voltage curve. As the anode voltage is increased the trigger
voltage required can be reduced. However, the curve can vary from tube
to tube and a margin of safety must be determined for each lamp design.
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Paper No. 4

DEVELOPMENT OF A HIGH POWER, HIGH RELIABILITY
SHORT-ARC XENON RADIATION SOURCE

J. J. Malloy, International Telephone & Telegraph, Electron Tube Division,
and Clifton S. Fox, Night Vision Laboratory

ABSTRACT

The objective of the work covered by this paper was to increase
the power handling capability, efficiency, and reliability of the liquid
cooled short-arc xenon lamp for military searchlights and solar simu-
lation radiation sources.

The work involved the application of new techniques to increase
power handling, efficiency, and reliability. This included use of new
fabrication and inspection techniques not used before, such as electron
beam welding and ultrasonic braze inspection procedures to provide
reliability and consistency of the lamps. The work also covered the
problems of anode dissipation, cooling efficiency, cathode design, and
quartz problems which have caused reliability problems in solar simu-
lation applications in the past. A new method of seal assembly was also
investigated, A unique mechanically designed depressurization system
was developed to be used with a fully sealed liquid cooled lamp to provide
safety during storage and handling, which should provide a retrofit design
for existing simulators with little system modification.
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Paper No. 5

A 400 KW ARC LAMP FOR SOLAR SIMULATION

Arthur J. Decker and John Pollack, NASA, Lewis Research Center

ABSTRACT

At Lewis Research Center, an arc lamp has been operated at
400 kKW in argon. The arc lamp has radiated 80 kW of directed radiation,
The optical train of the lamp consists of a parabolic collector of 4 feet
aperture and an optical integrator made from two lenticular arrays of
124 lenses each., The arc lamp has been designed for use in a vacuum
chamber with a collimator 100 feet away, The design allows a uniform
irradiance over a 15 foot by 30 foot rectangular beam. The nominal beam
size is 580 feet.,2 This paper summarizes the design, operation, and
evaluation of the performance, of the arc lamp.
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Paper No. 6

DEVELOPMENT OF A HIGH IRRADIANCE SOURCE

A. R. Lunde, The Boeing Company, Seattle, Washington

ABSTRACT

Irradiance levels up to 17.27 I'J.‘U/ine-uc.
with a non-uniformity ratio of 1.07 have been
developed to simulate high heat flux loads on
the surface of different materials. This has
been achieved by an arc image furnace utilizing
a 50 kw xenon short arc lamp mounted within an
elliptical collector.

INTRODUCTION

Structural integrity of materials subjected toiextrem
heating rates (15 BTU/in2-sec. and sbove) is presemtly a prime
problem in the development of turbine blades, rocket nozzles,
and reactors. Transpiration cooling, 1.e., the use of ([gaseous
fluid to assist in the transfer of these emergies through the
material presents an attractive approach to the solutions of
these problems. Porous materials with very uniform continuous
porosity have been developed. These materials offer a means
of utilizing the transpiration cooling technique, Tests have
been conducted at high heating rates to obtaln insight into heat
transfer and fluid flow mechanics in systems of this type. A
50 kw xenon short arc lamp provides the kmown radiant source
which is free of problems assoclated with comvection such as
found in high temperature flows.

The original requirement speciflied peak irradiance levels
to 25 BTU/in2-sec. over a 0.75 inch diameter target; but after
achieving this, it was determined that the uniformity was not
acceptable. This required additional modification to the
optical path of the light rays by some type of energy condenser.
A schematic of the final system setup is illustrated in Figure 1
and the system operational schematic in Figure 2.

This facility was developed under a joint effort of NASA-
Lewis Research Center, Tamarack Scientific Company, Inc., and
The Boeing Company for use on contract NAS3-12012, Fundamental
Study of Transpiration Cooling.

The numbers in parenthesis refer to references listed at the
end of this paper.
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This paper describes the faclility that was developed to
produce high and uniform irradiance levels. It is presented
in four sections: 1) arc image furnace description and capa-
bility, 2) calibration techniques and instrumentation, 3)
approach to uniformity improvement of the arc image furnace
performance by use of energy condensers, and 4) final system
performance using the hexagonal light pipe.

Arc Image Furnace

A model HIF-50 arc image furnace was procured from
Tamarack Scientific Ccompany for the high energy source. It
consists of a high radiance lamp and collector. The lamp is
tungsten tip copper electrodes within a double tubular quartz
envelope as shown in Figure 3a. The special feature of the lamp
is its 6 millimeter arc gap (see Figure 3b). This small gap
provides the high radiance and small source required to produce
e high irradiance and small image at the target from the 22.0
inch diameter collector. The arc is jet-pinched by high
veloclity xenon gas passing around it from cathode to anode.

The collector is a water cooled cast aluminum, nickel coated,
aluminized reflector. Figure U is a photograph of the arc
image furnace system.

The arc image furnace was cperated at different power
levels, lamp/collector focal distances, and collector to target
distances. The different values were selected experimentally
to optimize irradiance levels and uniformity at the target plane.
These measurementes were made by recording the irradiance level
versus radial distance at the target plane with a Hy-Cal Model
C-1312-A calorimeter mounted on an X-Y scanner. The distance
fram the collector to the target plane is 18.5 inches. A
reference plane was established 3.0 inches in front of the target
plane for ease of locating the calorimeter and scanner mechanism.
This reference plane will be identified by the reference dimen-
sion of Z = 3.0 for a collector to target plane distance of
18.5 inches. Throughout the remainder of this paper, the target
plane will be measured from the reference plane.

The test results from the arc image furnace are tabulated
in Table 1. The term "Non-Uniformity Ratio” (RUR) is introduced
and defined as follows for simplicity of data presentation:

NUR = PI vwhere PI = peak irradiance normally at the
ET center of the beam

and EI = edge irradiance or the lowest
irradiance level within a radius of
0.375 inches from the center of the beam

Two typlcal energy distribution scans are shown in FPigure 5.
Scan number 24 exemplifies maximum irradiance and large center to
edge non-uniformity ratio while scan number 3 exemplifies low
irradiance and small non-uniformity ratio.
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TARLE 1
ARC IMAGE FURMACE TEST RESULTS

Target Focal System PI
Scan Distance Length Power BTU
Nuaber (Z) (Imches) (Inches) (W) InZ-sec. NUR

1 5.0 1.0 23.4 1.47 1.35

2 35.5 2.30 1.22

3 53.9 3.77 1.22

4 1.52 23.6 3.33 1.7

5 36.0 5.06 1.60

6 53.9 7.88 1.46

T 1.62 23.8 6.00 2.33

8 35.8 8.97 2.12

9 5h.2 13.5 1.76
10 k.0 1.h0 23.6 4.83 1.92
1 35.8 T.59 1.78
12 54,2 1.7 1.70
13 1.52 23.4 8.62 3.74
1h 35.8 12.7 2.39
15 54,2 18.h 2.12
16 1.62 23.4 9.90 3.58
17 35.8 144 3.17
18 sh,2 22,7 2.77
19 3.0 1.hbo 234 10.8 3.48
20 35.5 15.5 3.07
21 53.9 2.7 2.7h
22 1.52 23.2 13.5 4.87
23 35.5 19.1 k.15
2k 53.9 26.6 3.30
25 1.62 23.4 1.2 3.46
26 35.5 4.7 2.85
27 53.9 20.1 2.50
28 2.0 1.ko 23.h4 10.7 4.04
29 35.5 k.7 3.24
30 53.9 20.1 2.92
3 1.52 23.% 6.50 2.40
32 35.5 9.15 2.09
33 53.9 13.4 1.93
34 1.62 23.4 5.17 2.25
35 35.5 T.01 1.95
36 53.9 9.90 1.81
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A typical system power versus peak irradiance curve is
shown in Figure 6. This curve represents data taken at a
reference plane to target distance (Z) of 3.0 inches and a
reference focal adjustment screw length of 1.52 inches, which
was found to be the point of maximum peak irradiance. The focal
adjustment screw length represents a reference dimension that
relates the change of the lemp position within the fixed
collector. This reference dimension will be identified through-
out the remainder of this paper as the focal length (F.L.).

System voltage versus current is plotted in Figure 7. The
spectral energy distribution from the lamp and collector is
plotted in Figure 8.

The maximum performance of the arc image furnace provides a
peak heat flux at the center of the target of 26.6 BIU/in°-sec.
with & non~uniformity ratio of 3.30 over a 0.7T5 inch diemeter
target at a lamp power of 50.8 kw as shown in Figure 5, scan
nunber 24. The uniformity of the energy distribution over the
0.75 inch disk target can be improved by defocussing the lamp
at a loss of peak irradiance while keeping the input lamp power
constant. For example, at 50.8 kw input lemp power, the non~
uniformity ratio is improved fram 3.30 to 1.76 by defoeussing
vhile the peak irradiance at the beam center is decreased fram
26.6 to 13.5 BTU/in2-sec. as tabulated in Table 1, scan mmber 9.

Calibration and Instrumentation

The calorimeters used to measure the high heat flux are
Hy=-Cal Model C-1312. The calorimeters were initlially calibrated
by the manufacturer against a grsy body to approximately 400
BTU/t2-sec. (2.78 B’I‘Ué:lnz-sec.) and then linearly Sxtrapolated
to 2000 or 4000 BTU/ft-sec. (13.89 or 27.78 BTU/in“-sec.
respectively), depending upon the specific operational range of
the calorimeter. The face of the calorimeter was coated with
a special coating of known absorptivity. However, after a short
period of time exposed to the high irradiance, it was visually
evident that the absorptivity of the coating was changing.

It was therefore necessary to re~calibrate the calorimeters
at higher irradiance levels. The sensitivity of the calorimeters
was then determined with the use of an electron beam heeter and
the coating removed from the sensor surface leaving the bare
material as the exposed surface. This heater is a modified
camercial electron beam welder used as the basis of a system
which functions as a simulator of total heat flux for development,
test and calibration of heat rate instruments used in advanced
aerospace programs. (1) This equipment has been used for the
sbove purposes over a range of a few BTU/ft2-sec. to greater
than 4500 BTU/ft2-sec. (31.25 BTU/in-sec.). In the use of the
electron beam heater all of the incident energy from the heater
ig absorbed since it is known that surface characteristics have
no effect on the electron beam. Incorporated within the electron
beam heater is a slug calorimeter. Attached to this calorimeter
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is an absolute thermocouple traceable to the NBS. The rate of
change in temperature of the slug calorimeter provides an abso-
lute irradiance level. In the calibration procedure the slug
calorimeter and the calorimeter to be calibrated are mounted on
a rotary mount. The electron beam is started and adjusted at
different flux levels and the two calorimeters are alternately
intercampared and output readings recorded. This provides an
aebsorbed sensitivity for the calorimeter. Figure 9 is a plot
of the sensitivity of calorimeter serial number 36008. It shows
the manufacturer's provided sensitivity, the absorbed sensitivity
fram the electron beam, and the actual arc image furnace
irradiance level with an absorptivity of 0.785.

The next step in calibration of the calorimeter was to
determine the surface absorptivity as a function of the energy
distribution from the arc image furnace. Absorptivity measure-
nments were made by first placing the calorimeter with a clean
and bare detection face at the test plane and obtaining an output
signal at same fixed irradiance level. Then, utilizing the beam
douser without interrupting the beam operation, the calorimeter
was coated with a 0.95 absorptivity material and replaced
exactly at the same test plane location. The output signal was
again obtained. With this data the bare surface absorptivity
was calculated. The bare absorptivity is equal to 0.95 times
the ratio of the bare signal to the coated signal. For example,
the absorptivity was observed to increase after initial exposure
from about 0.50 to 0.785 on calorimeter serial number 36008,
This was due to oxidation of the sensor surface under the high
heat load. After initial exposure and during the scans taken
for determining the operating characteristics of the arc image
furnace the absorptivity remained constant and was measured to
be 0,785 with a maximum deviation of #2 percent. This value was
confirmed by a post run absorptivity measurement. Figure 10
shows the change in absorptivity with exposure time. Because of
this effect on the calorimeter at the high irradiance levels, a
pre~test and post-test measurement of the absorptivity was deter-
mined each time the calorimeter was used. The calibration
results of the calorimeters used are tabulated in Table 2.

Performance Improvement

Analysis of the specimen configuration to be used for tests
on the Transpiration Cooling Program indicates that the non-
uniformity ratio of 3.3 at 26.6 BTU/in-sec. fram the arc image
furnace 1s unacceptable. A non-uniformity ratio of 1.5 was
analytically determined to be the maximum tolerable for the test
samples. Seven possible approaches were considered to determine
the best method for improvement of the uniformity. They were:
1) refractive wedge blocks near the collector, 2) dispersion
lens near the target plane, 3) oscillation of the arc image
furnace to obtain a rastered output, 4) new contour collector
and improved optical quality of the lamp quartz envelope,
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5) uniformity filter, 6) single bounce pyramidal reflector,
and T) rectangular light pipe. After considerable analysis
and discussion, approaches 6) and 7) appeared to hold the best
pranise as energy condensers fram & conservation of energy
outlook and for this particular application. It was estimated
that as meny as five iterative configurations would be required
to establish a final configuration. Two configurations from
each of the two methods would be constructed and its performance
measured. A final configuration would be chosen from the results
obtained. Tamarack Scientific Company, the manufacturer of the
arc image furnace, would build each energy condenser and Boeing
would test it using the arc image furnace. Then the results
would be analyzed and discussed between Tamarack and Boeing

and the next iterative configuration generated.

The prineciple of the energy condenser is to sccept a maximum
smount of energy available at the entrance, reflect it through
the condenser with a high efficiency and uniformly redistribute
the energy at the exit. This can be accamplished by either one
of the two methods chosen. The first method considered is a
single reflection of the rays from a highly reflective contoured
surface that redirects the energy that would normally fall out-
side the target area to 11l in the edge of the target circle.
This concept is referred to as the flux trap. The contour is
established by & ray trace process. A model of the arc of the
lamp is established and different rays weighted according to
the radiance of the arc and collector magnification. Through
the ray trace process a contour is established that will reflect
the maximum amount of energy that falls outside the target
towards the edge of the target. This energy would raise the
existing irradiance at the edge of the target without contribut-
ing any more to the center of the target. The result would be
improved uniformity at high irradiance levels.

The second and final method considered in this study 1s a
multiple reflection of the rays from highly reflective surfaces
that produce & mixing effect of the energy at the exit. This
concept is referred to as the straight taper light pipe. Deter-
mination of the light pipe configuration is based on the desired
beam dlameter and the subtense angle of the energy from the
source. (2) The light pipe theory indicates the more reflec-
tions that e light pipe generates before reaching the target
plane, the more uniform will be the energy distribution. Further
mixing is accomplished by making the cross section of the pipe
a polygon. (3) It can be seen that the light rays from a
concentric beam which strike the centerline of one of the flat
surfaces will be directed toward the center of the target. 1In
& similar manner, the light rays that strike off the centerline
will be directed away from the target center.

A total of five energy condensers were built and evaluated
on the basis of non-uniformity of irradiance and maximum
irradiance. A summary of the description for the five energy
condensers is tabulated in Table 3. Photographs of four of the
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energy condensers are .shown in Figures 11 through 14%. The first
energy condenser was similar to the fourth except for the
entrance diameter. The reflective surface of the condensers
consisted of a nickel substrate with vapor deposited aluminum
and MgFs> overcoating.

The equipment used originally to calibrate the arc image
furnace was used to evaluate the energy condensers. The primary
difference was the placement of the energy condenser entrance
at the target plane. This established a new target plane at the
exit of the condenser. The calorimeter was aligned with the exit
surface of the condenser with epproximately 0.025 inches clearance
to prevent any damage to the calorimeter detector surface. In
order to insure traceasbility to the original calibration data,
repeatability of condenser evaluation and eliminate any possible
errors that result fram the calorimeter, a scan was made with
the energy condenser removed at the end of each condenser evalua-
tion. This information allowed for uniformity and irradisance
compearison.

A summary of the energy condenser performance for the five
energy condensers is tabulated in Teble 4. The arc image furnace
was operated at & nominael 19 kw for all conditions of each
condenser evaluation. This power level was high enough to main-
tain a stable arc and yet low enough to not significantly affect
the lamp life. Also included in Table 4 is an estimation of
the maximum irradiance obtainable while operating the arc image
furnace st maximum power. This assumes that the peak perform-
ance is linear with system power. This appears to be a good
approximation based on the arc image furnace performance data
presented earlier in this paper. The energy distridbution for
the five condensers is shown in Figure 15. The effects of the
energy condensers are quite spparent by the redistribution of
energy from the arc image furnace.

It is important to note that the energy distribution fram
the second energy condenser is not typical of this type as
illustrated by the fifth energy condenser performence. Analysis
of the total energy delivered by the second energy condenser
revealed that only 57 percent of the energy that entered the
condenser was delivered to the target with an estimated surface
reflectance of 0.83., The surface reflectance is calculated by
estimating an average number of reflections each light ray will
have as it passes through the light pipe. This is accomplished
by directing a laser beam at different positions and angles to
the condenser entrance and counting the number of reflections
the laser beam encounters. The average surface reflectance is
then equal to the decimal efficiency raised to the power of the
average number of laser beam reflections. An important develop-
ment resulting from the study of this problem was the improved
optical quality and high reflectance surfaces of condensers 3,
4, and 5. This is shown by comparing the efficiency of the
third condenser of 80 percent and a surface reflectance of 0.93
to the second condenser of 5T percent and surface reflectance of
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TARLE 3
ENERGY COMDENSER DESCRIPTION-SUMMARY

Entrance Length

Number Description ameter ‘111! Maneter ‘h[ g !

1 Flux Prap No. 1 2.T5 0.80 1.90

2  Hexagonal Light 13 > 0.80 T 2.8
Pipe No. 1

3 Square Light Pipe 1. 35 |:> 0.75 3.45

k Flux Trap No. 2 3.90 0.87 % 2.ho

5  Hexagonal Light 1.35 >  o0.15 h.28
Pipe No. 2

[3>Acro-s flats DAcrou flats of an octagom

1 Flux Trap No. 1 12.0 k.76 3.2 h.23
2 Hexagonal Light k.05 1.63 11.5 1.hks
Pipe No. 1
3 Square Light Pipe  5.66 1.05 16.1 1.01
b Flux Trap No. 2 20.2 7.80 57.5 5.10
5  Hexagonal Light 5.T1 1.00 17.3 1.0{ >

Pipe No, 2
D?erfomance at lamp power of 19 kw
[Z=>Estimated performance at lamp power of 50 kv
Dmt\ml performance
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0.83. This is seen in Figure 16 where the percent of total
energy available from the arc imsge furnace versus beam radius

is plotted and compared to energy condensers number 2 and 3.

Of the 65 percent of the total energy available 20 percent 1is
sbsorbed by the reflecting surfaces or 80 percent of the collected
energy 1is measured at the target. This means that only 52 per-
cent of the total energy availlable fram the arc furnace is
delivered to the target by the square light pipe. It is con-
cluded that the energy distribution of the fifth condenser was
greatly enhanced by the improved surface reflectance.

It seems possible that more energy could be delivered to
the target by simply increasing the light pipe entrance dimen-
sion. However, the entrance opening is limited for the light
pipe configuration by having a fixed exit dlameter and convergent
angle from the arc image furnace. In fact, if the entrance is
enlarged it can be easily demonstrated by ray trace that this
additional energy will be reflected back out the entrance.

Evaluation of the first four energy condensers was made in
an attempt to choose a final configuration. The original
requirements specified an improvement in the non-uniformity
ratio with a design goal of 1.5. Therefore, the flux trap
configuration (condenser mmbers 1 and %) was eliminated because
of the energy distribution as seen in Figure 15. However, it
is apparent that the pesk irradiance from the flux trap was
increased significently and that a greater percent of the total
energy available was delivered to the target.

Based on the performance of the second and third light
pipes, the hexagonal light pipe was chosen as the final configu-
ration. It was felt that the same distribution would be pro-
vided but that the maximum irradiance would increase due to
improved surface reflectance. The low non-uniformity ratio for
the square light pipe of 1.05 would provide a lower peak
irradiance than the hexagonal light pipe as indicated in Figure
17. Camparison of the energy distribution curves, Figure 15,
the percent total energy available versus beam radius, Figure 16,
and the percent total energy available versus non-uniformity
ratio, Figure 17, indicates that a maximum peak irradiesnce and
specified non-uniformity ratio would be obtained with the hexa~
gonal light pipe.

System Performance with Hexagonal Light Pipe

An evaluation of the final configuration energy condenser was
performed to determine the maximum operational characteristiecs
of the arc image furnace with the hexagonal light pipe. Optimum
performance was established by varying the lamp power, lamp focal
position, and target plane distance. The test setup was similar
to all previous discussed systems.

The light pipe configuration is hexagonal in cross section
with dimensions of 1.35 inches across the flats and 1.55 inches
from point to point at the entrance. The exit dimensions are
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0.75 inches across the flats and 0.86 inches point to point.

The overall length is 4.28 inches. The reflecting surface is a
nickel substrate with vapor deposited aluminum and MgF, over=-
coating. The light plpe entrance was located at the target
plane of the arc image furnace. All scans of the energy distri-
bution were taken across the flats of the light pipe.

The test results of the hexagonal light pipe are tabulated
in Table 5. A plot of system power versus maximum irradiance is
shown in Figure 18.

The test results from the second hexagonal light pipe
revealed an unexpected energy distribution. The energy distri-
bution was identical to that of the square light pipe. Re-
evaluation of the ray traces and the data obtained with the
laser beam in determining the number of reflections relative to
centerline displacement and incident angle revealed that more
reflections occurred for the rays that exit the light pipe near
the edge. The poor reflectance of the first hexagonal light pipe
could then account for the energy drop off at the edge of the
exit beam. IJmproved reflectance of the light pipe merely in-
creased the irradiance level at the edge with only a slight
increase in the overall irradiance, as indicated in Table L.

Conclusion

The maximum irradiance obtainable from the Tamarack Model
HTF-50 arc image furnace with the hexagonal light pipe is
17.27 B‘J.‘U/inz-sec. with & non~-uniformity ratio of 1.07. The
energy condenser had to be designed to be campatible with the
dimensional constraints of the arc imasge furnace because it was
developed first. It is felt that a new system could be designed
and fabricated that would be more efficient and deliver a greater
percent of the energy on the target from the furnace. This is
obvious from Figure 16 because 35 percent of the energy from the
arc image furnace is lost at the entrance of the light pipe.
For example, only T5 percent of the total energy available is
required to produce 25.0 BTU/inZ2-sec. with a non-uniformity
ratio of 1.00 on a 0.75 inch diameter target with an overall
light pipe efficiency of 80 percent. It is conceivable that
the performance could be further improved by using even higher
power lamps such as TO or 100 kw and designing the system for
optimum performance. Important aspects to be considered in the
specifications would be irradiance level, non-uniformity ratio,
target diameter, and target plane to arc furnace distance.
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TARLE 5
FINAL CORFIGURATION-HEXAGONAL LIGHT PIPE
TEST RESULTS

Target Focal System PI
Scan Distance Length Power BTU
Number (Z Inches) (Inches) (XW) inZ-gec.  NWR

1 3.0 1.52 18.7 5.38 1.09
2 k.0 1.72 18.7 5.71 1.01
3 4.0 1.72 26.6 8.27 1.02
" k.0 1.72 3%.8 11.15 1.04
5 .0 1.72 k2.9 13.76 1.07
6 k.0 1.82 51.1 14.19 1.06
T k.0 1.62 51.1 16.31 1.10
8 5.0 1.62 51.1 13.27 1.10
9 5.0 1.72 51.1 16.18 1.08
10 5.0 1.82 51.1 15.50 1.05
1 k,0 1.72 S1.1 17.27 1.0T

Calorimeter S/N 38169
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Paper No. 7

DESIGN AND PERFORMANCE OF THE RASTA
HIGH POWER LASER

George W. Sutton and Arne C. J. Mattsson, Avco Everett Research
Laboratory

ABSTRACT

The RASTA (Radiation Augmented Special Test Apparatus) laser,
the first to exceed 100 kW, was designed to supply radiation energy to
determine material effects in a high flux environment, This paper
describes the design concept and initial testing. Basically it is a CO2
gas dynamic laser, which uses the combustion of cyanogen and oxygen at
15-20 atm., diluted with nitrogen cyanogen, to form the lasing media.
Population inversion is achieved with quick-freeze (0.7 mm throat)
nozzles and expansion to Mach 4, reducing the temperature to about
300°K. The cavity is 80 em wide, 20 cm high, and about 20 em in the
flow direction, and operates at about 0.1 atm, static pressure, A split
supersonic diffuser is used to recover the pressure to exhaust directly
to the atmosphere. Although this laser was later operated both as a
MOPA and single mode, for the purposes of providing a heating source,
multimode operation was selected.
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Paper No. 8

EXPERIMENTS WITH THE SKYLAB FIRE DETECTORS
IN ZERO GRAVITY*

R. M. F. Linford, McDonnell Douglas Corporation, St. Louis, Missouri 63166

ABSTRACT

The Skylab Fire Detector is the first known device for alerting the crewmen of
a manned space vehicle to the presence of an on-board fire. The detector is extremely
sensitive to the low-level ultraviolet radiation emitted by burning materials. To
evaluate the sensitivity of the detection system, it was necessary to record the
detector output while viewing typical spacecraft materials burning in the appropri-
ate environment. The zero-gravity environment of space flight eliminates the
convection associated with an earthbound fire, and therefore, it was essential that
the experiments be conducted under weightless conditions.

To conduct the test, small samples of spacecraft materials were ignited ina 5
psi oxygen-rich atmosphere inside a combustion chamber. The chamber free-floated
in the cabin of a C-135 aircraft, as the aircraft executed a Keplerian parabola. Up to
10 seconds of zero-gravity combustion were achieved. The Skylab fire-detector
tubes viewed the flames from a simulated distance of 3m, and color movies were
taken to record the nature of the fire.

The experiments established the unique form of zero-gravity fires for a wide
range of materials. From the tube-output data, the alarm threshold and detector
time constant were verified for the Skylab Fire Detection System.

INTRODUCTION

An ultraviolet detector has been selected as the basic sensor for the NASA
Skylab Fire Detection System. The detector package has been developed by
McDonnell Douglas Corporation and Honeywell, Inc. around a detector tube manu-
factured by the latter company.

This device is extremely sensitive, responding to picowatts (10-1 2W) of
radiation in the 185 to 270 nm wavelength band. With such a sensitive detector,
extensive investigation and exacting design has been necessary to exclude all possible
sources of false alarms.! From the results of the analyses, the alarm-threshold has
been set to preclude such false alarms, due either to weak ultraviolet sources in the
Skylab or the proton fluxes encountered in near-earth orbit. The alarm threshold,
as dictated by the false alarm studies, determines the sensitivity of the fire sensor,
or, more importantly, the size to which a flame must grow before it is detected.

*This paper reports work performed under NASA Contract NAS9-6555.
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A prediction of the detection capability from the known spectral calibration
curve of the detector-tube is rendered impossible by a complete lack of spectral
radiance data of fires at applicable wavelengths. Further, any such data obtained in
the laboratory under normal gravitational conditions would inadequately represent
a fire burning in the low-pressure, oxygen-rich, zero-gravity environment of the
Skylab. Convection currents are established around earth-bound fires maintaining
supplies of fresh oxygen to the flames but in the weightless condition there will be
no such convection. As the fire burns a cloud of undisturbed combustion products
will surround the flame and may lead to eventual extinction. In addition to their
self-extinguishing action, these particulate and gaseous combustion products will
be in the optical viewing path of the detectors. Small particles will scatter the
short wavelength ultraviolet radiation, and some radiation may be absorbed by
the gases produced. Both mechanisms will reduce the output of the fire-detector
tube.

Knowledge of the size of fire that would trigger the Skylab Emergency Alarm
was important in determining crew procedures in the event of such an alarm. An
incipient fire might be extinguished while a larger fire might necessitate an immediate
evacuation of the vehicle. Therefore, to evaluate the capabilities of the Skylab
detector, a series of experiments was conducted in an aircraft flying zero-gravity
parabolas in an attempt to simulate the type of fire a detector must sense. In this
paper we shall describe these experiments and briefly summarize some of the results
which demonstrated the performance of the device, and confirmed that the thresh-
old and time-constant settings had been optimized.

FIRE SENSOR

The basic element of the sensor used in the Skylab fire-detection system is an
ultraviolet-sensitive tube manufactured by the Research Division of Honeywell, Inc.,
Minneapolis. This tube has been incorporated into the Skylab sensor through the
cooperative efforts of McDonnell Douglas Corporation and the Honeywell Aerospace
Division, also in Minneapolis. A diagram of the tube is shown in Figure 1. The
principle of operation is similar to that of a Geiger-Mueller counter: Photo-electrons,
liberated from the cathode by incoming ultraviolet radiation, initiate an avalanche
ionization of the gas in the tube, the driving capacitor discharges and a voltage pulse
is generated at the output. As the pulse-rate is roughly proportional to the intensity
of the incident ultraviolet radiation this rate is used to indicate the presence of a fire.

The spectral sensitivity of the detector is shown in Figure 2. Short-wavelength
response is limited by atmospheric absorption of radiation, and the work function of
the photocathode material sets the upper limit. With the cathode used in the Skylab
sensor the tube is insensitive to all radiation at wavelengths longer than 270 nm.
Thus, the tube is “blind” to most sources of background ultraviolet radiation such
as the spacecraft lighting and the filtered solar energy penetrating the spacecraft
windows. As the curve in Figure 2 indicates, the device will generate approximately
60 counts per second in response to 1 pW em=2 of radiation.

Extensive investigation of the Spacecraft environment, to determine the risk
of false-alarms, resulted in the selection of a 35-count-per-second alarm-threshold.
Thus, a fire which results in approximately 1 pW em=2 of radiation (in the 185 to
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270 nm wavelength band) at the fire detector, will initiate an alarm in the Skylab
Caution and Warning System.

Photon

Fused Silica
Envelope

Anode Grid
T —

72 X

Photo-cathode
— Low Pressure
Gas Mixture
—Ve - +
""N‘"‘T Output
High Voltage Load Resistor % Voltage
f T Pulse

FIGURE 1 BASIC OPERATION OF THE HONEYWELL ULTRAVIOLET
FIRE-DETECTOR TUBE

100
o~ \
€ 10
'.I-“

s
2
a
i
Q
g
2
5 10
Q
k)
z
2
3
s
8 o
)
Q
0.01
200 220 240 260 280

Wavelength {nm)

FIGURE 2 SPECTRAL CALIBRATION OF TYPICAL HONEYWELL
ULTRAVIOLET FIRE-DETECTOR TUBE

43



ZERO-GRAVITY SIMULATION

The USAF zero-gravity aircraft was selected as providing the longest and best-
controlled period of weightlessness. The aircraft, a C-135, flies the trajectory
illustrated in Figure 3. During an ideal maneuver, up to 30 seconds of zero-gravity is
available, but, in reality, the limitations of the weather and pilot skill reduce this
period to as little as 20 seconds, and minor perturbations from zero-gravity often
will occur during that period. To eliminate some of the effects of these small g-forces,
the combustion chamber was released to free-float in the cabin, until it collided with
the walls, floor or ceiling, or until the 2 g’s occurred at the pull-out of the maneuver.

ar- 320 mph

—

32

30 -

28 |- o
*

Altitude - 1000 ft

26

' 520 mph
24 |-
2G Zero G 2G
b3 miles —f 2.4 miles t— 3.3 milesj
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S NS U I Y N ([N (S (S N oy N T |
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Seconds
FIGURE 3 TRAJECTORY OF C-135 DURING ZERO-GRAVITY
MANEUVER

The average combustion period lasted 10 seconds, the rest of the time being used for
getting into position, the decision-time on the potential for free-floating, and the
delay before ignition of the sample. However, this was adequate time for the fire-
detection experiment in which the first 5 seconds after ignition were of particular
interest.

A photograph of a chamber during such a free-float is included as Figure 4.

EXPERIMENTAL TECHNIQUE

The equipment was designed so that a small fire could be ignited in a 5 psi
atmosphere under zero-gravity conditions and be monitored both by the fire detec-
tors and a movie camera.

Eight zero-g combustion chambers were available at MSC-Houston? and these
were modified to provide an optical viewing window, detector optics and a camera
mount. An over-all picture of the chamber is shown in Figure 5. Both the detector
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FIGURE 4 FREE-FLOAT EXPERIMENT

FIGURE 5 ASSEMBLED COMBUSTION CHAMBER, DETECTOR MOUNT
MOVIE CAMERA AND UMBILICAL CORD
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and the camera were mounted so they could be easily removed for transfer between
chambers after each zero-g burn. All of the controls were mounted on an instrument
package bolted to the aircraft and connected to the chamber by a 20-foot “umbilical
cord”. Ground support equipment was also assembled for reduction of the data
between flights.

Combustion Chambers

The aluminum combustion chambers were of 25 ¢m internal diameter, and
37.5 cm long, with a volume of approximately 15 liters. One of the end-plates was
fitted with a 7 cm diameter, 6 mm-thick Suprasil 2* window through which the
ultraviolet radiation was monitored. The other end-plate supported the sample
holder and ignition coil. A 6-inch length of 18-gage nichrome wire provided both
support for the sample and the source of ignition. Large samples were slipped inside
the turns of the coil, and small samples were mounted on a third wire support in
contact with the igniter.

Prior to each flight the eight chambers were loaded with a sample, evacuated
and backfilled to 5 psi with premixed 75% N,/25% O, gas.

Ignition of Samples

As the aircraft entered the zero-gravity phase of the maneuver, and the chamber
floated up from the floor, a judgment was made as to the stability of the free-floatand
the decision was taken whether or not to ignite the sample. Approximately 30 amps
was passed through the igniter coil from the aircraft 28 volt d.c. supply, until the
detector output, as monitored on an oscilloscope, indicated ignition of the sample.
The current was then switched off to prevent failure of the coil and the resultant
perturbation of the environment of the flame. All the samples used in these experi-
ments ignited within 3 seconds of the closure of the igniter switch.

To ensure that the igniter coil could not excite the fire-detector tubes, several
tests were run in which the coil alone was heated until it burned out. Only in those
instances in which an arc was drawn by the failing wire, did the detectors respond.
However, in most of the flight experiments the igniter coil was not burned out and
therefore could not have affected the data in any way. In the few cases in which
the wire did separate, the data was rejected.

Detector-Tube Optics

When installed in the Skylab, the fire sensors must detect flames at distances
up to, and sometimes in excess of 3 meters (10 feet). All specifications and previous
experiments utilized this distance as a standard, and ideally the detector would have
been placed 3 m from the fire in these studies. Because of the need to free-float the
apparatus a 3 m fire-to-detector separation was impractical and had to be simulated
optically. A diagram of the optical arrangement is shown in Figure 6 and a photo-
graph of the detector mount is included in Figure 7.

*Trademark of Amersil, Inc. for their synthetic fused silica.
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FIGURE 6 OPTICAL TRANSFER SYSTEM

Radiation emitted by the flame, emerging through the fused silica window was
incident upon the beamsplitter, This component was designed to reflect 10% of the
ultraviolet radiation. A thin aluminum film was deposited on a soda-lime glass sub-
strate and, as this glass is opaque at the wavelengths of interest (185-270 nm), it
acted as a front-surface reflector only. Ninety percent of the visible radiation was
transmitted and was recorded on the color-film in the 16 mm movie camera. The
reflected ultraviolet radiation was then further attenuated by the neutral density
filter which had a density of 1.0, i.e., a transmittance of approximately 10%. Each
of the three optical elements was measured and their properties are summarized in
Figure 8. The net transmission of the system was close to 1% throughout the band-
width of the detectors. As the actual separation between the detector and the fire
was about 30 cm the effective range was ten times this, or 3 m, on the basis of the
inverse-square law. An experimental check of this distance simulation showed that
the arrangement was equivalent to a separation of about 2.9 m.

Two detectors were used in the experiments to provide reliability in the event
of breakage and also to determine the performance of tubes of different sensitivity.
As calibrated by Honeywell, their response to the “standard flame”* at 3 m was 62
counts/second and 85 counts/second. A low range tube will register a minimum of
50 counts/second. A high range tube will register a maximum of 100 counts/second;
thus, the tubes used in the experiments were representative of those to be used in
the Skylab. They were installed side-by-side, symmetrically about the axis of the
optical system, but carefully shielded from each other to eliminate “‘cross-talk” and
errors due to reflections from neighboring surfaces. A cylindrical shield was installed
around the window to prevent the detectors’ viewing the flames by reflection from
the inner wall of the chamber.

*The standard flame is a methane diffusion flame with an ionization current of S0uA.
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FIGURE 7 DETECTOR MOUNT SHOWING DETECTORS,
TEST LAMP AND OPTICAL COMPONENTS

Each combustion chamber was equipped with a permanently installed silica
window, but all the other optical components were mounted in the detachable
detector mount, which was moved to the next chamber after each test run. This
optical assembly was shock-mounted to protect the fragile glass components.

Detector and Data Recording Circuits

All the electrical and data recording circuits were controlled from an instrument
package bolted to the deck of the aircraft (Figure 9). Twenty feet of umbilical cord
provided a nonrestricting link between the controls and the chamber.
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FIGURE 9 INSTRUMENT PACKAGE AND CONTROLS
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Each of the detector-tubes was connected to an independent power supply
which was carefully shielded to prevent electrical interference between the two
circuits. The electrical circuits are illustrated in Figure 10. Data was recorded on an
FM tape recorder and was monitored on an oscilloscope and frequency counter.

One track on the tape was used to maintain a verbal record of the experiment. The
operator of the experiment maintained a running commentary on the salient features
of each float, including details of collisions with the interior of the aircraft.

A pulse generator was included to provide a series of 0.1 second timing pulses
to the timing lights in the movie camera. This timer was switched on as the igniter
switch was closed, and the pulses were recorded on the film throughout the duration
of the burn.

For in-flight testing of the system, a small Honeywell neon source-tube was
installed in the detector mount. This source could be activated by a switch on the
instrument control package and provided a means of checking the operation of the
complete detector control and recording systems.

20’ of Free-Floating Equipment
ey Flexible VT
r T Leads [T
| Camera Switch l
22 Vde ~Ignition Switch 1
rom -I——E: -
Aircraft -
i I o— Timer i 2 lgniter
Microphone | VAN = /-gzmbgmon
amber

ot

Tape Detector
Recorder [*] P/S

i

Oscillo-
scope

EQQ“Izip

'D¥- Detector

Tubes

Camera

r——-—.———-——

110 Vac
400 HZ
Counter
Airoraft ' ounting Plate

(Attached to Chamber)

—————— d | I

Fixed Equipment - Bolted to Aircraft ; Notes: &This Equipment was Battery Powered

FIGURE 10 ELECTRICAL CIRCUITS

Photographic Recording

A Milliken DBM 4C 16 mm movie camera installed on the chamber frame was
used to photograph the burning samples. Pictures were taken at 24 frames/second
on Kodak Ektachrome EF Type 7241 daylight film. The lens of the camera was
approximately 35 cm from the flame.
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Data Reduction

After each flight the data tapes were reduced to a form in which they could be
analyzed. Ground-support equipment assembled for this purpose included a frequency
counter and a digital recorder with a monitoring oscilloscope. The tapes were played
back into the counter, which was set to gate for 0.1 seconds, 4 times per second. To
ensure that data were not lost in the dead-time of the counter-printer combination,
this play-back procedure was repeated five times. The counter was started at a differ-
ent point in the tape each time and the average of the five readings for each period
was calculated.

MATERIALS TESTED

Selection of the materials to be burned was made on the basis of flammapbility
and the quantity of the materials used in the Skylab, and with the advice of fire-
protection personnel at NASA and McDonnell Douglas Corporation. The materials
are listed in Table I. Sample configurations were determined by the form of the
available material, and the combustion time and intensity of trial burns during
laboratory tests. Sufficient material was required to maintain combustion through
the 10 to 15 seconds of the zero-gravity expected but not much beyond the return
to normal gravity. Ground-based experiments were run with each of the materials
and, following these tests, the sample sizes listed in Table I were selected.

TABLET SAMPLE CONFIGURATIONS

Material Use Sample Dimensions

Constant Wear Garment Cloth Astronaut Underwear — 5 x 1cm - loosely rolled

Teleprinter Paper — 20x 1cm-loosely rolled

Mosite Sponge (1062) Insulation for Coolant Lines | —4x 0.5x0.5¢cm

Coolanol-soaked Mosite Sponge | Heat-transfer Fluid —4x05x05cm

Polyurethane Foam OWS Insulation —1x1x1lcm

Photographic Film (Estar Base) —10cm x 16 mm - loosely
rolled

Epoxy Potting Compound OWS Electrical Wiring —05x05x05cm

{Stycast 1090)

Silicone Potting Compound AM Electrical Wiring —1x1x05cm

(EC1663)

Epoxy-Polyurethane (EMS 369) | AM Water Bottles ~-05x05x05cm

Silicone Rubber (RTV 90) Adhesive —Ix1xtcm

P8I Cloth Sleeping Bags —10x 1 cm - loosely
Rolled

Durette Cloth Sleeping Bags — 10 x 1 cm - loosely
rolled
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SUMMARY OF EXPERIMENTS

The statistics of the experiment are given in Table II. A large number of
parabolas were flown to achieve stable conditions for 22 free-floats. This number
of burns was dictated by the need to get at least one good set of data for each
material. Although some of the free-floats were marred by collisions with the walls
of the vehicle, sufficient data was obtained within the first few seconds after
ignition to demonstrate the capabilities of the detector tubes.

TABLEII STATISTICS OF THE ZERO-GRAVITY EXPERIMENTS

® 8 Combustion Chambers ® 22 Successful Burns ® 146 Parabolas
® 3 Flights ® 12 Materials ® 2 Detectors

RESULTS OF THE EXPERIMENTS

It would be inappropriate to discuss all the results of the experiments in this
paper but data from two successful burns is included to demonstrate the nature of
the results. Figures 11 and 13 show two series of photographs from individual frames
of the movie film. These indicate the unique nature of zero-g combustion, the
spherical flame growth and the starvation of the fire by the combustion gases. The
self-extinguishing phenomenon is emphasized by the detector output curves
(Figures 12 and 14) generated by the fires shown in Figures 11 and 13. Compared
with the one-gravity fires the zero-g flames diminish quickly after the initial flare-up
and might have extinguished completely if the free-floats had not been perturbed.
The curves also show that the fire detector would have detected the ignition of the
fires within a second or two from a distance of 3 m. A complete analysis of all this
experimental data has shown that all the materials studied will emit sufficient
ultraviolet radiation when ignited such that this will be readily detected from across
the spacecraft. Alarm-threshold and time-constant settings for the Skylab Fire
Sensors were thus confirmed and calibrated units are now being installed in the
flight vehicles.
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Paper No. 9

TRAINING AND CERTIFICATION PROGRAM OF THE OPERATING
gTAFF FOR A 90-DAY TEST OF A REGENERATIVE LIFE SUPPORT
YSTEM

W. P. Waters, McDonnell Douglas Astronautics Co., Huntington Beach,
California

ABSTRACT

Prior to beginning a 90-day test of a regenerative life support
system, a need was identified for a training and certification
program to qualify an operating staff for conducting the test. The
staff was responsible for operating and maintaining the test facility,
monitoring and ensuring crew safety, and implementing procedures
to ensure effective mission performance with good data collection
and analysis. The training program was designed to ensure that each
operating staff member was capable of performing his assigned
function and was sufficiently cross-trained to serve at certain other
positions on a contingency basis. Complicating the training program
were budget and schedule limitations, the high level of
sophistication of test systems, and the fact that the individuals
preparing for the test were required to take time from their duties
to spend in the classroom. These complications tended to present a
dilemma of having either a well-trained crew or holding to the test
schedule,

INTRODUCTION

The operational 90-day manned test of a regenerative life support system
was conducted to provide data on crewmen and equipment performance in a closed
ecology approximating that of an orbiting spacecraft.! The test began on June 13,
1970, when four crewmen entered the McDonnell Douglas Astronautics Company
(MDAC) Space Station Simulator (SSS), and was successfully completed 90 days
later.

As indicated in Reference 1, the 90-day test was preceded by tests of
complete, manned life support systems conducted by MDAC for a period of 60
days, by the National Aeronautics and Space Administration (NASA) for 28 days,
and by other tests of short duration, A team of representatives from Governmental
agencies, industrial organizations, and universities was formed for planning and
participating in the program. Government agency representatives were drawn from
five NASA Centers; the Navy, Army, and Air Force; the Atomic Energy
Commission; the Department of Transportation; and the committees of the
National Academy of Science. They were joined by representatives of more than
30 industrial contributors and 7 universities. Close coordination among these
representatives enhanced the exchange of valuable scientific and technical data.
The SSS and its facilities and support systems are described elsewhere.?
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Successful Major Milestones

At the moment the simulator hatch closed for the start of the test, the
following major milestones were successfully realized.

Internal Crew Selection—From an original pool of approximately 50 graduate
students, a primary 4-man crew and backup 3-man crew were selected based upon
the results of questionnaires, personal interviews, medical examinations, and
psychological evaluations.?

System and Subsystem Readiness and Checkout—A representative, but not
exhaustive, list of systems and subsystems installed and functionally evaluated
prior to test start included (1) the life support system,* (2) oxygen recovery
subsystem,® (3) waste management subsystem,® (4) water management
subsystem,” and (5) trace contaminant analysis.®

Development of Normal, Contingency, and Emergency Procedures—These
procedures and their integration with the personnel protective system are discussed
in Reference 9.

Selection, Training, and Certification of the Operating Staff—These aspects are
discussed herein.

OPERATING STAFF

The operating staff consisted of four teams of five men each which were
responsible for operating and maintaining the test facility, monitoring and ensuring
crew safety, and implementing procedures to ensure effective mission performance
with good data collection and analyses. The staff of 20 men comprised four
rotating shifts of 5 men per shift to provide continual coverage during the test.
Four of the five positions for each shift were filled by MDAC employes, while the
fifth position was held by a contract physician who acted as medical monitor.

Staff Positions and Duties

The staff positions and staff member duties are described in the following
paragraphs.

Test Conductor—The test conductor was responsible for the operation of the SSS
and the overall function of the operating staff. He was required to man the test
conductor’s console which controlled the normal and emergency operational
functions of the SSS. He was required to man his station at all times, except for
short periods of time when he was relieved by the engineering monitor.

Communications Monitor—The communications monitor, who reported to the test
conductor, manned a communications console continually throughout the test,
except for short periods of time when he was relieved by the engineering monitor.
He was responsible for the audio-visual operations of the communications console
and for all SSS crew communications. His responsibility also encompassed
day-to-day monitoring of behavioral aspects of the test,
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Engineering Monitor—The engineering monitor, who also reported to the test
conductor, was responsible for the operation of all SSS controls, monitoring of the
life support system, and the acquisition of all pertinent engineering data. In
addition to these duties, he was trained and certified to act as a temporary operator
at the test conductor and communications monitor consoles.

Technician—A mechanical or electrical technician supported the operating staff
members and provided maintenance of the test facility and supporting equipment.
The technician reported to the engineering monitor.

Medical Monitor—The medical monitor was a qualified physician licensed to
practice medicine in California and was responsible for monitoring the health of
the SSS crew.

OPERATING STAFF TRAINING PROGRAM

The objective of the training program was to produce four qualified and
certifiable teams with one individual trained as backup for each position. In
addition, varying degrees of cross-training among staff members was required. For
certain general operations, the test conductor, the communications monitor, and
the engineering monitor had to be capable of interchanging positions with no loss
of effectiveness. The engineering monitor also was required to substitute for either
the test conductor or the communications monitor when they left their stations.

Complicating the training program was the high level of sophistication of
the test systems and subsystems, and the fact that the individuals designing,
evaluating, and installing them also were required to participate in the training
program. Further, their participation was dual. For some portions of the program,
a given individual may have been the instructor while for others he was the student.
These complications tended to present the dilemma of having either a well-trained
operating staff or holding to the test schedule. It was clear that a disproportionate
amount of classroom time would inhibit realization of other test objectives.

Tending to resolve this dilemma, however, was the fact that a considerable
pool of experienced personnel was available from which to select operating staff
members. Many individuals had participated in previous extended manned tests in
the SSS. Thus, a significant contribution to the production of a certifiable
operating staff was achieved through management personnel coordination in
identifying knowledgeable individuals. The goal of the selection process was to
minimize training requirements and to produce autonomous operating staffs,
Especially important to the training program was the test management’s insight in
cutting across various scientific and intracompany disciplines in its selection
process.

Staff roles and requirements were analyzed early in the selection process.
Five men were then selected for each of the staff positions. (Medical monitors were
supplied from a contract pool of licensed physicians and did not participate in the
training and certification program.) The communications monitors were given
screening tests identical to those used for initial onboard crew screening since their
task was central to all inside-outside communications and, thus, necessitated a
compatible individual for the role. Attempts were made to match characteristics of
the communications monitors with those of the onboard crew to minimize
personality-biased incidents of intercrew hostility.
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The test conductors and engineering monitors were selected by the test
program manager on the basis of experience, system knowledge, and specialty area.
Shift assignments were made to equalize distribution of areas of specialty across
every shift.

The electrical or mechanical technicians were selected on the basis of their
familiarity with the facility and previous experience in manned simulator tests.

With selection of the proposed staff members complete, specialists in the
appropriate disciplines were assigned to develop curricula, lectures, and tests and to
direct practice sessions until appropriate proficiency levels were realized.

There were varying degrees of cross-training required among the staff
members so that the test conductor, the communications monitor, and the
engineering monitor would be adequately trained to interchange positions with
equal effectiveness. Emergency training required cross-training to assure high
reliability in the execution of various modes of test operations.

Training Courses

There were nine specific training courses developed. Each course consisted
of classroom sessions and practical, on-thejob instruction. The courses, their
duration, and the required operating staff attendance are indicated in Table 1. A
synopsis of each of the courses is given in the following paragraphs.

Table 1—-Operating Staff Training Plan

Operating Staff Position

Test Com Engr Course
Course Conductor Monitor Monitor Tech Duration*

SSS Familiarization X X X X 41
Communications Control X X X 8(7)
Console
Life Support Monitor X X 8(4)
Console
Gas Analysis Console X X 12(8)
Test Conductor’s Console X X 8(8)
(Chamber Operations)
Lock Control Console X X X 2(DH
(Lock Operations)
Data Systems Operations X X X 12(8)
Maintenance Procedures X X X 8(6)
Operating Procedures X X X X 12(8)

*The numerals in parentheses represent the number of hours of practical instruction per course.
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Space Station Simulation Familiarization—This course provided familiarization

with test objectives and conditions, operating staff functions in the various
operating modes, and overall facility and support equipment orientation. It is
beyond the scope of this paper to discuss the complexity and sophistication of the
test which is discussed more fully in Reference 1. However, some inferences may
be drawn by referring to Figures 1 through 9, which represent handouts presented,
and some of the materials discussed, during the familiarization course.

Communications Control Console Operation—This course provided familiarization
with the closed circuit TV system, the audio-video tape, and special effects
systems. It provided an opportunity for each potential staff member to operate the
console under the supervision of the instructor.

Life Support Monitor Console Operation—This course defined the console’s
monitoring capabilities while emphasizing critical parameters, limits, and special
operating procedures.

Gas Analysis Console Operation—This course enabled potential staff members to
operate and calibrate the gas analysis console and to gain experience in its
operation.

Test Conductor’s Console Operation—This course provided class and practical
instruction in vacuum and pneumatic systems operation, and normal and
emergency abort functions.
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Lock Control Console Operation—This course familiarized potential staff members
with Tock operations for introducing and removing the crew from the SSS while
maintaining it at reduced pressure.

Data Systems Operation—This course provided familiarization with acoustical data
link, analog measurement system, physiological data system, low speed data
system, data logger, and strip chart recorder. Each potential staff member was
required to operate and troubleshoot the data system.

Maintenance Procedures—This course was oriented toward the daily, routine
maintenance tasks required in support of long-term facility operation.

Operating Procedures—This course instructed the potential operating staff members
in the procedure appropriate for each of three operating modes and each
individual’s responsibility in program protocol. It was intended that each member
be exposed to the procedures to such an extent that he was able to act
instinctively, but rationally.

CERTIFICATION

Upon successful completion of the training program, a dry-run was
conducted in which the members of the operating staff demonstrated proficiency
during simulated normal, contingency, and emergency operations. Satisfaction of
test management resulted in the formal certification of each staff member for a
particular staff position. The formal record maintained for each certified staff

member is shown in Figure 10.
DISCUSSION

The operating staff training and certification program was considered
adequate. The practical or on-the-job portions appeared to be more valuable than
the class room sessions. This may have been because the on-the-job portions were
conducted when all systems were completely or nearly completely finalized, while
the classroom portions occurred much earlier in the program. Handout material,
prepared by each instructor for his particular course, proved of great value. This
material was used not only as a training aid, but, after assembly into appropriate
notebook form, as a reference manual for use throughout the test.

Significantly aiding the training and certification program was the test
management’s early and continuing interest in it. In addition, an Operational
Readiness Inspection Committee (ORIC), consitituted according to NASA
guidelines, had been formed during the planning stages of the test. Timely review
of the proposed training program by ORIC, its recommendations for training
program improvement, and its continued interest throughout the conduct of the
program resulted in a well-trained and certified operating staff.
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FACILITIES OPERATION TRAINING AND CERTIFICATION RECORD

Name: Loc/Dept: Emp No.:

I (we) attest M the individual named sbove
satisfied the criteria established for the following co-nn(l)

Course Instructor Date

S8S Familiasization
Comm Control Console
LSM Conscle
Gas Analysis Console
Test Conductor Console
Lock Contral Console
Data System Operations
Maintenance Procedures
Operating Procedures

In view of the above, I hereby recommend cextification of this
individual for the following operating staff position(s).

Date Training Coordinator

1 hereby certify this individual is qualified to perform the function
of the afs tioned position(s).

Date Branch Chief, Space Simulation Lab
End d by:

Training Director
Space Station Simulator Program

Program Manager Chief Engineer Medical Director
Space Station Simulator Advance Biotechnology Space Sta Sim
Program & Power Sys Program

Fig. 10—Space Station Simulator facilities operation
training and certification record
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Paper No. 10

FACILITIES AND SUPPORT SYSTEMS FOR A 90-DAY TEST OF A
REGENERATIVE LIFE SUPPORT SYSTEM

Robert L. Malin, McDonnell Douglas Astronautics Co., Huntington
Beach, California

ABSTRACT

Rigid reliability and safety requirements were imposed on the
facilities and support systems to assure successful completion of a
manned 90-day test of a regenerative life support system.

INTRODUCTION

A 90-day test of a regenerative life support system was recently completed
by McDonnell Douglas Astronautics Company (MDAC) in a Space Station
Simulator (SSS). The long duration of the test and the fact that it was manned,
combined to impose rigid reliability and safety requirements on the facility systems
as well as the regenerative life support systems. Consequently, where adequate
reliability could not be built into essential facility systems, either backup systems
or components were provided.

The SSS had been used for similar tests of 60 and 28 days, and other
shorter tests. However, these earlier tests were conducted in a facility essentially
dedicated to the single aspect of conducting a manned test within the SSS. For the
90-day test, the SSS was relocated from the MDAC Santa Monica location to
Huntington Beach, and integrated into the existing Space Simulation Laboratory
facilities.

Consequently, in addition to the normal personnel protection systems!
present for crew safety and the training of the operating crew? required for the
safe and efficient conduct of any manned test, additional problems were
encountered in integrating the test and facility. These problems were basically ones
of creating a continuing awareness among all the personnel in the building that all
activities had to be planned and executed in regard to their possible impact on the
90-day test.

Awareness was intensified by (1) placing signs on every piece of equipment
whose operation could directly or indirectly affect the 90-day test, (2) painting
switches on all breaker panels a bright contrasting color when they serviced the
facility directly or indirectly, (3) restricting access to the test control area to the
maximum extent possible, and (4) holding frequent meetings with personnel in the
building other than those directly in support of the test to inform them of these
warnings and their significance.

The procedures proved to be effective and during the 90-day test, no
ongoing operation of the Space Simulation Laboratory occurred which could have
compromised the 90-day test objectives in any way.

Basic facility improvements from previous test runs included a substantially
upgraded communications system, the addition of an autoclave sterilization
system, new cold traps for backing the waste management system, and an upgraded
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vacuum capability. Because of a life support unit in the chamber utilizing
radioactive isotopes, access to the test area was restricted. This restricted access
requirement was new to the facility but proved to be beneficial in promoting an
essential test procedure of having the test conductor aware at all times of the
personnel within the test area and of their functions. :

FACILITY ORIENTATION

The SSS is a chamber 40 feet long by 12 feet in diameter, double-walled,
and covered with thermal insulation. Its double wall construction permits a
pressure to be maintained in the annulus which is lower than that in the test
volume even though it is maintained at an equivalent altitude of 10,000 feet. This
setup permitted the more realistic situation of having the leakage outboard. The
SSS is shown in Figure 1.

The SSS contains an airlock and two pass-through ports which allow for the
ingress and egress of personnel and equipment while the chamber is maintained at
altitude. The interior configuration of the SSS has been described in other papers®
dealing with the aspects of the test and will not be discussed herein. .

The primary facility controls were centered in the test conductor’s console
(Figure 2) and were under the direct control and observation of the test conductor.
Secondary control of each facility item was located at its site. The test control area
layout is shown in Figure 3.
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ELECTRICAL POWER SUPPLY AND DISTRIBUTION SYSTEM

Electrical power supplied to the SSS consisted of 400-cycle, 120/208-volt,
three-phase; 60-cycle, 115-volt, single phase; and 28 vdc.

The 400-cycle power was supplied by two motor-generator units, one
serving as a backup for the other. In case of a failure of the primary unit, the
switchover to and startup of the backup unit was to be accomplished manually.
The five minutes it would take to accomplish the switchover were easily allowable,
thus, an automatic system was not required.

During the course of the test, the primary unit wore out several drive belts
necessitating switchover to the backup unit. However, these switchovers, due to the
maintenance inspection procedures, were anticipated and accomplished without
significant interruptions in the power supply.

The 28-vdc supply was provided by a 300-ampere capacity rectifier with a
200-ampere capacity rectifier as a backup. These power supplies were powered by
the building’s 440 vac system, a failure of which would prevent any 28 vdc being
supplied to the SSS. Since 28 vdc was critical for the continued operation of
essential facility functions, a third backup was provided in the form of wet cell
batteries. The batteries provided sufficient power to continue operation for
approximately 10 hours.

Failure of either of the rectifiers automatically put the batteries on line,
and restoration of supply by either rectifier automatically put the batteries back in
a trickle charge mode which maintained them at full capacity.

The 115-vac was supplied through normal facility circuits. The primary
problem to be solved was to properly size fuses to prevent circuit overloads which
could act as ignition sources and yet permit operation without numerous blown
fuses.

Several power failures occurred during the test resulting in interruptions of
3 to 8 seconds in length. These power failures occurred outside the building and
were not associated with the testing activities. During the interruptions, the
batteries provided essential power which prevented possible premature test
terminations.

In addition, 440-vac was used, but only for support equipment exterior to
the SSS. This power was used for various pumps and chillers and was not provided
with a backup system.

VACUUM SYSTEM

The vacuum system was composed of a primary system and two auxiliary
systems. The primary system was used to establish the initial vacuum level in the
SSS and to maintain the desired pressure level, and for elevator operations in the
airlock. Auxiliary vacuum systems were used for (1) operation of the pass-through
ports and (2) a utility vacuum system servicing various onboard life support units.

Primary Vacuum System

The primary vacuum system was pumped by two Stokes 300 CFM
Microvac pumps and Roots blowers and a Gast 39 CFM roughing pump. The Gast
pump ran continuously to maintain the chamber at the desired pressure level. The
two Stokes pumps were used for all other primary operations and also ran
continuously during the test. All pumps ran continuously to provide a means of
evacuating the SSS quickly to extinguish a fire and for performance of emergency
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lock operations if necessary. Since the pumps required nearly 1/2 hour to start, it
was better to run them continuously rather than to risk getting them started
quickly in case of an emergency.

The primary vacuum system was controlled by manual and electro-
pneumatic gate valves. The electro-pneumatic valves were operated by switches in
the test conductor’s console. Lights installed next to each switch indicated whether
the valves were opened or closed.

Fisher pneumatic valves were used to control cabin and annulus evacuation
rates. The cabin vacuum control valve was operated manually by a hand loader.
Two AP control valves were operated manually in unison by the hand loader, or
automatically by a AP controller. The large AP control valve was used for coarse
adjustments and the small AP control valve was used to maintain the set
differential pressure. The AP valves controlled the amount of ambient air bleeding
into the annulus vent line. The Gast pump then pumped the ambient bleed plus the
cabin leakage to achieve the desired annulus pressure level. The AP controller
operated from a signal manually selected from one of two AP transmitters which
measured the cabin-to-annulus AP.

Operation of the lock vacuum system was entirely manual. One-inch valves
located in the lock control console permitted fine control of the lock pressure
through adjustments in the evacuation rate and in the ambient bleed. An altimeter
and rate-of-climb meter and an absolute pressure gauge provided the lock status to
the console operator.

The inner and outer airlock doors each contain seal guard vacuums which
were evacuated by a small mechanical roughing pump. Controls in the lock control
console were used to vent each void to ambient, to the lock, or to the cabin as
appropriate for lock operations.

Two electro-pneumatic valves operated from the test conductor’s console
permitted equalization of the cabin and lock pressures, or the annulus and lock
pressures. A manual override valve was provided in case of a failure of the electrical
circuit on these valves. Operation of the manual override valve opened the
cabin/annulus equalization valve and closed the lock/annulus equalization valve,
notwithstanding the position of the switches on the test conductor’s console and
the possibility that electrical power may not be available. Thus, the inside crew
members were assured access to the lock and to safety regardless of the nature of
any emergency situation taking place. As a further safety measure, all of the
electro-pneumatic valves in the vacuum systems were on the emergency power bus
supplied by the wet cell battery pack previously described.

Auxiliary Vacuum Systems

The two auxiliary vacuum systems are described in the following
paragraphs.

Pass-Through Ports—Two pass-through ports, each 18 inches in diameter and 24
inches long, permitted passing material and equipment in or out of the SSS cabin
while the cabin was evacuated. Both ports were equipped with inner and outer
doors sealed with two O-ring seals and a guard vacuum between the O-rings.

One of the two ports was equipped with an autoclave. The sterilization
system included the autoclave, its boiler, and controls and provided the capability
for sterilizing equipment passed into or out of the cabin or for sterilizing itself to
allow a sterile interface between the cabin interior and the outside.
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Utility Vacuum_System—The utility vacuum system consisted of two 15 ¢fm

roughing pumps, two cold traps, interconnecting tubes and valves, pressure and
temperature gauges, and the cold trap temperature control network. One vacuum
pump was operated continuously to back the cold traps and the other was held as a
backup. The traps were operated at -40° to -80°F to trap the water vapor.
Operation was cycled between the two traps so that one was being thawed and
drained when the other was in use. Gaseous nitrogen at 80° to 120°F was flovied
through to thaw the traps and the resultant water was manually drained from the
bottom of the trap.

PNEUMATIC SUPPLY SYSTEM

The pneumatic supply system was used to provide 100 psi air to operate
the pneumatic valves on the vacuum systems. The primary supply was the normal
plant air system of compressed air at 115 psi. A standby compressor was provided
to start automatically and provide compressed air if the plant air supply fell below
80 psi. An aidio alarm was provided to warn personnel when the plant air supply
fell below 85 psi. The horn could not be silenced manually but would stop
automatically when the standby compressor had built the system pressure above 85

psi.
HOT AND COLD COOLANOL SYSTEM

Thermal transport for SSS interior systems was provided by two Coolanol
systems. The hot Coolanol system delivered Coolanol 35 at 350°F to provide
thermal energy for the silica gel and molecular sieve beds during desorption cycles
of the carbon dioxide concentrator unit. The cold Coolanol system supplied
Coolanol 35 to the SSS at 37°F for numerous life support units.

In operation, the Coolanol 35 was heated in a reservoir to the desired set
point temperature, normally 350°F, by a 440-volt immersion heater, and was then
pumped into the SSS by a circulation pump. The circulated fluid returned to the
reservoir, where a nitrogen blanket was maintained to prevent contact with oxygen.

Several failures of the circulation pump seal occurred during the test which
necessitated removal and repair of the pump. A second pump was available as a
backup and since the hot Coolanol system could be shut down for several hours
without risking the test objectives, the backup pump was not permanently installed
but was held on-the-shelf. When a seal failure occurred, the primary pump was
removed from the system, the backup pump installed and the primary pump was
then repaired and held as the backup unit.

The cold Coolanol was chilled by two refrigeration units and held in a 90
gallon insulated storage tank. The two chillers could be operated individually to
provide a standby capability for reliability or together to provide additional
capacity. Both units had their own pumps and controls and both used water as a
heat sink.

Two identical circulation pumps were provided for reliability and were
operated singly to deliver the cold Coolanol to the chamber. Since cold Coolanol
was more essential to the life support units, both circulation pumps were
permanently installed. No failures occurred on this system during the entire test.

Isolation valves were provided on both systems to permit removal and/or
repair of the major components without draining the entire system.

All lines and major components were insulated to reduce thermal leaks.
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ELECTROLYZER SYSTEM

A Stuart electrolytic hydrogen plant was used as a backup to the two flight
type electrolyzers. The plant is capable of producing up to 12 cubic feet of
hydrogen and 6 cubic feet of oxygen per hour. The unit operated continuously and
switchover to it was accomplished automatically by the onboard two-gas
pneumatics control system. Numerous failures of the flight units necessitated
frequent reliance on this system. This plant consists of an air-cooled transformer
and rectifier, three Stuart electrolytic cells connected electrically in series, a water
seal, and, for each gas, a low pressure gas-holder, an air-cooled electrically driven
compressor, a purification system, and storage and reserve tanks. In addition,
interconnecting piping, various protective devices, and controls for automatic
operation were provided.

GAS SUPPLY SYSTEM

The gas supply system consisted of an oxygen and nitrogen supply and
distribution network. The gases were used to backfill the cabin with the specified
partial pressure of each gas and as a backup for the onboard atmospheric gas
generation and supply system. In addition, the nitrogen was used as a pneumatic
pressure source to operate pneumatic valves and to pressurize bladders in several
onboard units.

The oxygen system consisted of a supply of four K bottles of aviator
breathing oxygen manifolded through pigtails and valves to a regulator where the
system pressure was adjusted to 50 psig. A sample port below the regulator allowed
samples to be taken for purity testing. The supply line was then divided into two
lines. One line entered the chamber through a solenoid valve which was controlled
by the onboard two-gas control system. The other line passed through a hand valve
and was vented into the cabin for use to establish the initial partial pressure level of
oxygen.

The nitrogen supply system consisted of two supply lines and one return
line. The cabin backfill line was supplied from a liquid nitrogen boil-off. The
second nitrogen supply was identical to that described for the oxygen system.

To preserve the mass balance of the interior atmosphere, a return nitrogen
line was provided to carry the vented nitrogen gas from the pneumatic valves and
regulators to the annulus where it was removed by the Gast pump.

COMMUNICATIONS SYSTEM

The communications system was an audio-video monitoring and recording
system. A block diagram schematic of the system is provided in Figure 4. Control
of the entire system was centered in the communications console (Figure 5). This
system included remote camera/microphone units, video monitors, a special effects
unit, standard and time lapse video tape recorders (VTR’s), an audio recorder, an
intercom, and a public address (PA) system.

The remote camera/microphone units consisted of a closed circuit
television (CCTV) camera mounted with a nondirectional microphone attached
below it. Six of these units were placed in various parts of the SSS. Each camera
was connected to its own video monitor in the control console and to several video
switchers. The microphones were wired to an amplifier system and to several of the
switchers. A seventh TV camera remained outside the cabin.
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Eight small screen monitors and one large screen monitor/receiver were
mounted in the control console. Seven of the small monitors were used with the
seven cameras in the system and the remaining small monitor showed the output of
VTR No. 2. The large screen receiver/monitor supplied Off-the-Air signal monitor
for VTR No. 1. Two small screen monitors were located inside the cabin and could
be connected to any standard broadcast TV channel or to any of the closed circuit
cameras.

Two standard VTR’s were included in the system to provide a record of the
visual and audio data gathered by the console. VTR No. 1 was used to record any
significant portions of the experiment. VTR No. 2 was used to record reactions of
the subjects during an emergency condition. Two time lapse recorders were
provided to allow time study comparisons.

The intercom permitted up to 16 stations to have up to 3 independent
simultaneous conversations. Also, it permitted any entertainment source to be fed
to the subjects via earphones or on the PA. Any of the three intercom channels
could be recorded by the audio tape recorder or connected to an outside telephone
line, and calls could be originated or received. A standby battery power supply
provided power to the intercom.

The PA system did four jobs (1) the operator of the console could page via
loudspeaker into the SSS, (2) any station in the SSS or the control room could
page to the control room, (3) any intercom station outside the SSS or any
conversation on the intercom busses could be fed to the SSS PA system by the
operator, and (4) the audio channel of VTR No. 1 could be fed to a speaker in the
SSS.

A smoke detection system interfaced the communication system. Six
smoke detection units located in the cabin were interconnected with three
annunciator panels and the video system. When a smoke detector unit was
actuated, the following functions were performed (1) an identifying light
illuminated on each panel, (2) two buzzer alarms sounded in the cabin, (3) a bell
alarm sounded in the test control area, (4) the appropriate camera for viewing the
suspect area was selected and its output sent to VIR No. 2 and to the large
monitor screen, and (5) a signal was sent to the plant security center which
automatically dispatched the plant fire department.

CONCLUSIONS AND RECOMMENDATIONS

The successful completion of the planned 90-day test, without significant
interruption in essential facility services, warrants an overall conclusion that the
basic facility is satisfactory for conducting long-duration manned tests.

Another conclusion is that a manned chamber test may be successfully
integrated into an existing, multi-faceted laboratory without compromising the
safety of the manned test or the efficiency and operation of the other laboratory
activities. This conclusion is based on the fact that during the 90-day test,
numerous other tests were conducted in the MDAC Space Simulation Laboratory
without any loss of efficiency or flexibility. Some of these tests, which were of a
classified nature, were conducted in a 39 foot space simulation chamber which
shared its pumping system with the SSS. Successful completion of these
simultaneous operations required only a minimum of coordination and planning.

Notwithstanding the conclusions noted above, several recommendations
can be made to improve the facility for future tests.

The biggest single improvement would be to integrate all the monitor and
alarm functions into a single operation. As used for this test, each facility unit
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which utilized alarms had them localized at the unit. Despite the fact that each
alarm was selected so that it could be distinguished from all the others, and that
extensive training of the operating staff was accomplished prior to the test, when
an alarm sounded, it was time-consuming and nerve-wracking to identify the source
of the problem. It would have been much better to place all the monitor functions
in a computer and have one centralized CRT for displaying the alarm and its cause.
In addition, such a computer would permit real-time display of data from the life
support units as well.

Another recommendation would be to change the Coolanol 35 thermal
transport system to one utilizing water as a transport medium. Leakage of Coolanol
into the chamber would seriously jeopardize the continuance of a run, whereas the
leakage of water, even in significant quantities, probably would not.

REFERENCES

1. J. P. Valinsky. Safety Aspects of a 90-Day Manned Test of a Regenerative
Life Support System. McDonnell Douglas Paper No. WD-1748,
November 1971.

2. W. P. Waters. Training and Certification Program of the Operating Staff for
a 90-Day Test of a Regenerative Life Support System. McDonnell Douglas
Paper No. WD-1533, November 1971.

3. Preliminary Results From an Operational 90-Day Manned Test of a
Regenerative Life Support System. NASA SP-261, November 1970.

78



Paper No. 11

SAFETY ASPECTS OF A 90-DAY MANNED TEST OF A REGENERATIVE
LIFE SUPPORT SYSTEM

J. P. Valinsky, McDonnell Douglas Astronautics Co., Huntington Beach, Calif.

ABSTRACT

A system of operational readiness reviews and pretest activities was
directly responsible for identifying many hazards and potentially
unsafe conditions which could have made the successful 90-day
manned test a catastrophy.

INTRODUCTION

The operational 90-day manned test of a regenerative life support system
was planned to provide data on the performance of equipment and crewmen in the
closed ecology approximating that of an orbiting spacecraft.! In order to meet this
general goal, several objectives were established. These objectes were (1) operate a
regenerative life support system for 90 days without resupply, (2) evaluate
advanced life support equipment and processes, (3) determine the ability of the
crew to operate, maintain, and repair equipment, (4) reach a microbial and
chemical equilibrium in a closed environment, (5) obtain data on physiological and
psychological effects of long-duration confinement on the crew, (6) determine the
precise role of man in performing in-flight experiment, and (7) obtain a material
balance, a thermal balance, and power requirements.

The Space Station Simulator (SSS) in which the test was performed is a

_double-walled horizontal cylinder, 12 feet in diameter and 40 feet in length
(Figure 1). The 4,100-cubic foot chamber is designed for operation at reduced
atmospheric pressure to duplicate proposed space vehicle cabin atmosphere
composition. An annular space between the inner and outer walls normally is
operated about 5 inches of water below cabin pressure, ensuring that all leakage is
outboard, to provide realistic testing and evaluation of environmental control and
life support equipment. The chamber is provided with 4 inches of insulation to
minimize thermal and acoustic transmission.?

An airlock is provided at one end of the chamber, with a volume of
160 cubic feet for entrance and egress of the crew. A pass-through port containing
an autoclave was used weekly for passout of samples for analysis. The autoclave
was sterilized before each use to ensure microbial isolation of the test chamber. A
second pass-through port is installed in the chamber but was not used during the
90-day test. The airlock and pass-through ports are normally held at annulus
pressure (slightly below cabin pressure) when not in use.

The intent of this paper is to identify the safety aspects of the manned SSS
test, the methods used to satisfy safety requirements, and to evaluate the safety
systems and procedures in light of the test results.
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Fig. 1-Space Station Simulator

SAFETY ASPECTS

It was felt that the most critical hazard to which the onboard crew would
be exposed during the test was an uncontrollable fire. The Apollo fire clearly
indicated that emergency systems, procedures, and careful planning specifically
aimed at eliminating a possible fire are mandatory for manned testing in simulated
spacecraft environments. The two main objectives to prevent potential fires were to
eliminate combustibles and ignition sources. Both otp these objectives are idealistic
and impossible to achieve in a Research and Development (R&D) manned testing
situation. To approach them, however, a system of documentation, quality control,
and safety reviews was initiated.

Two initial primary documents were (1) a Test Plan and Procedure which
detailed the test plan, objectives, and procedures, and (2) a Design Requirements
Drawing, which included material, cleanliness, inspection, and performance
requirements.

The two documents were drafted early in the program to allow
management and safety reviews before systems and procedures were finalized.
Upon approval, these documents were used by system and quality control
engineers as guides in accomplishing their respective tasks.

Since it is generally known that a test system composed of R&D hardware
does not always satisfy the ideal of absolute safety, potential problems were
identified and emergency systems, procedures, and training were incorporated into
the test system to satisfy the goal that no single point failure could cause a
catastrophic incident.

In addition to the recognition of fire as a serious potential incident, also
identified were atmospheric contaminants, radiation hazards (isotopes were used in
the Life Support System), electrical power failures, space cabin pressure changes,
pressurized system rupture, electric shock, and crew medical problems.
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FAILURE MODE, EFFECT, AND CRITICALITY ANALYSIS

The failure mode, effect, and critically analysis (FMECA) is a technique for
determining the qualitative and quantitive effects of each failure mode of each
component in all subsystems and their effect, in turn, on mission operations.
Use of FMECA permitted the classification of each failure mode according to a
safety/realiability index which, in turn, identified undesirable single point failures.
Further, the FMECA permitted a quantitative evaluation of each failure mode as a
function of its probability of failure and its importance or criticality in the
subsystem. 3

Results of the analysis indicated that there was no evidence of the existance
of a potential single point failure which could cause a crew member fatality or
immediate test abort.

However, mission rules were established which demanded a test abort if (1)
an uncontrollable fire occurred and/or (2) if all means of communication, both
audio and visual, were lost simultaneously.

Although it was recognized that an uncontrollable fire was unlikely due to
the control of allowed combustibles in the SSS and the elimination of potential
ignition sources, extensive training of a rescue crew, the installation of a fire
detection and suppression system (water spray system), and the capability of a
rapid rate of SSS repressurization were additional factors in ensuring crew safety.

With the redundancy of the audio and visual systems, plus the line-of-sight
capability to view the crew through the SSS view ports, the possibility of
simultaneous loss of all communication was very remote. Any external malfunction
of the intercom or television systems could, in most cases, be repaired by the
operating staff.

QUALITY ASSURANCE PLAN

The purpose of the 90-day mission quality assurance plan was to ensure (1)
documentation of material and configuration control, (2) control of workmanship,
quality, and safety, (3) verification of installation and operation of equipment,
components, systems, and instrumentation, (4) certification of all checkout
operations including both preruns and postruns, (5) inventory control, (6)
resolution of all Operation Readiness Inspection Committee (ORIC) discrepancies,
and (7) equipment certification control.

SAFETY REQUIREMENTS

The 90-day manned test was conducted according to the policy and
procedures as specified in the National Aeronautics and Space Administration
(NASA) Management Manual Instructions 1710.2 and 1710.3, dated
November 17, 1969, from the Langley Research Center (LRC). These documents
replaced the NASA, Manned Spacecraft Center documents (MSC1 8825.2 and MSC
Safety Manual, Part 7) by a contract change on March 9, 1970. The requirements
of the McDonnell Douglas Astronautics Company (MDAC) policy (Company
Policy CP 5.061-C) for manned tests were also satisfied.*

All test procedures, plans, operating manuals, and electrical/mechanical
installation drawings were reviewed by the Operational Readiness Inspection
Committee (ORIC) which had been constituted according to NASA requirements
and whose members represented the disciplines of engineering, safety, quality
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assurance, aerospace medicine, employe relations, and legal. The training and
certification plans for the operating staff and onboard crew members also were
reviewed by the committee. Crew and staff proficiency was observed during
dry-run and system checkout tests.

Meetings of the ORIC during the design phase were held monthly and, after
installation and prior to system checkout, the committee met weekly. Many
potential safety problems were corrected without major hardware rework or
procedural changes as a result of early recommendations made by the ORIC. A
total of 21 meetings were held.

A series of pretest activities and readiness reviews were held to establish
that the entire test system was ready for the 90-day manned test. This series of
events is shown in Figure 2.

TEST OPERATIONS

Test operations were classified as normal test operations, contingency test
operations, or emergency test operations,

Normal test operations included all the preplanned activities associated
with accomplishing the test objectives.

Contingency test operations were initiated in the event of abnormal test
conditions that did not activate emergency test operations, such as a system/partial
system malfunction, medical problem, smoke alarm, abnormal trace contaminant
buildup, or the inability of the test to meet major program objectives. The
contingency test operations mode could be initiated only by the test conductor.
This mode of test operation provided for the use of ad hoc procedures to correct
any unforeseen situations that could affect crew health and safety or test
objectives.

TEST PLAN
AND
PROCEDURE
UNMANNED
8§ DESIGN SYSTEM SYSTEM AND
DESIGN REQUIREMENTS el [YSILN o Jmmd  ASSEMBLY m MANNED 90 DAY TEST
REQUIREMENTS ESTABLISHED AND C/0 BASELINE
TESTS
ORIC
ORIC ORIC ORIC
REVIEW PER APPROVAL
CP 5.081.C REVIEW REVIEW
NASA
REVIEW NASA |
PER APPROVAL
LRC 243

Fig. 2—Safety review flow chart
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Emergency test operations (ETO) were divided into three categories — test
conductor’s ETO, medical ETO, and fire abort ETO. The test conductor’s and
medical ETO were time-phased procedures utilizing emergency and supporting
equipment as required to provide maximum safety for the crew consistent with
varying conditions. The fire abort ETO was an automatic operation used only in
the event of a fire when it was anticipated that conditions would not allow for
planned staff/crew reaction time.

RESULTS

A need for thorough unmanned checkout test prior to the manned tests
was clearly identified by events which occurred during unmanned baseline
preliminary tests.

During one such test, a quick-disconnect failed and sprayed 20 gallons of
350°F heat transfer fluid in the simulator. This failure was caused by the
incompatibility of the heat transfer fluid with an esoteric aluminum alloy used in
the quick-disconnect.

Another incident occurred when a failure in the electrolysis unit allowed
hydrogen to leak into an oxygen line causing the oxygen purifier to overheat and
ignite. This resulted in an intense, but localized fire outside the simulator.

Both of these incidents were caused by interactions that were not
identifiable by the previously discussed failure and safety reviews. Thus, these
incidents serve to indicate that it is virtually impossible to predicate all undesirable
possibilities by analysis alone.

During the 90-day test, 55 contingencies occurred. Of these, 49 were alarms
triggered by smoke detectors and were found to be false alarms, 2 were
short-duration electrical power failures and the emergency systems functioned as
planned without loss of control of primary functions, and 4 were caused by
atmospheric contaminants in the form of high hydrocarbon and carbon dioxide
levels,® however, in all four instances the situation was quickly rectified by the life
support systems.

Because of the number of false smoke alarms, it became increasingly
difficult for the operating staff to respond effectively to them. Moreover, they
were unreliable. During the 5-day manned checkout run, an air pump motor
overheated and produced a small amount of smoke in the cabin. The crew smelled
the smoke and identified the problem, yet the detectors failed to detect the smoke.
This was one of the factors which led to a procedure that only two of the four
onboard crewmen would be allowed to sleep at any given time.

EMERGENCY SYSTEMS

The emergency systems used for the 90-day test were developed during the
past seven years of manned testing in the SSS. These systems have been upgraded
over the years and also modified to meet the individual test requirements. The
primary systems and equipment used are listed in Tables 1 and 2. The arrangement
of the test system is shown in Figure 3.

SUMMARY
Previous manned testing at MDAC indicated a deficiency in documentation

and change control. These deficiencies hindered both safety reviews and fault
isolation activities.
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Table 1

EMERGENCY SYSTEMS AND EQUIPMENT INSIDE
THE SPACE STATION SIMULATOR

Unit/Purpose

Description

Quantity/Location

Survivair Sac-Pac Air
Pacs to provide protec-
tion from smoke
inhalation.

CO, Hand-Held Fire
Extinguishers for fire
fighting.

Water Spray Nozzles
for crew protection
from heat and flames
in event of major fire.

Two Fire Hoses for
fighting small fires.

Smoke Detectors to
detect and notify of
smoke within the
cabin.

Toxic Gas Level
System to detect levels
of atmospheric con-
tamination and
immediately notify the
crew and test
conductor.

Emergency Lighting
System for backup
system during power
failure or abort
procedures.

Packs contain a quick-
donning, lightweight,
full-face mask, and
approximately 15
minutes air supply.

Units contain five
pounds of CO,.

Nozzles supplied from
regular sprinkler
system water supply
for the building and
energized from the
main control console
by the test conductor.

Two l-inch diameter
water hoses equipped
with an adjustable
nozzle.

Smoke detectors
coupled with an
inside/outside alarm
and video recording
system.

System in operation
continually for detec-
tion of carbon dioxide,
carbon monoxide,
total hydrocarbons,
oxygen, methane, and
hydrogen. Periodic
analyses prepared for
other trace con-
taminants.

Battery-operated lights

illuminated automat-
ically upon loss of
primary 110-vac

lighting circuit power.
Four cabin lights are
28-vdc, 25-watt sealed-
beam lamps.
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5 units inside cabin, 4
at air pack stations and
1 under bunk.

4 units in cabin
adjacent to air pack
stations.

11 nozzles near cabin
ceiling, above air pack
stations, and along
central aisle of cabin
and bunk area.

2 hoses, one near
command area and one
near airlock area.

6 detectors in area
near electrical equip-
ment and potential fire
hazards.

1 system, adjacent to
SSS.

4 lights in cabin over
main aisle.



Unit/Purpose

Description

Quantity/Location

Alpha Survey Meter
for radiation detec-
tion.

Air Sampler for radia-
tion detection.

Personnel dosimeters
for radiation
detection.

Portable count-rate
meter with alpha-
detecting scintillation
probe.

Constant volume air
sample with lower and
upper limit alarms.

One tissue equivalent
and one neutron insen-
sitive, 0 to 200 mrads,

1 meter stored inside
SSS.

1 sampler installed

inside SSS.

1 set maintained on
each crewman’s
person.

Table 2

ADDITIONAL EMERGENCY SYSTEMS AND EQUIPMENT USED

Unit/Purpose

Description

Quantity/Location

Emergency Power
Supply; 28-vdc Battery
for power source for
emergency systems
during power failure.

Emergency Lighting
System for backup
system during power
failure.

Cabin Repressurization
System to rapidly re-
pressurize the cabin.

Cabin Pressure Relief
Valves to relieve cabin
over-pressure.

Cabin Power Emer-
gency Shutoff Switch
to terminate all elec-
trical sources to SSS.

Standby battery
28-vdc power source.

Battery-operated
6-vdc, 25-watt sealed-
beam lamps energized
automatically upon
loss of primary power.

Actuated from the test
conductor’s console.
System pressurizes the
cabin from 10 psia to
sea level within 55
seconds.

Relief valves to relieve
any sudden over-
pressure condition.

Switch actuation ter-
minates all electrical
power to cabin
interior, except power
for intercom and tele-
vision cameras.
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1 battery and charger
outside and under the
SSS.

Various lamps located
to illuminate all crit-
ical operating areas.

I system on SSS.

2 valves on cabin vent
line.

1 switch on test
conductor’s main
control console.



Unit/Purpose

Description

Quantity/Location

Emergency Abort
Switch to initiate
emergency abort pro-
cedures with various
cabin simulator
systems.

Hot Line Emergency
Telephone to obtain
immediate support
from the MDAC Fire
Department and Dis-
pensary.

Lifting lever guard and
placing switch to ON
position accomplishes:

® All inside power,
except to the intercom
and television cameras,
shuts off.

@ The inside,
battery-operated emer-
gency lights illuminate.

o Power to the out-
side Coolanol-35
pumps shuts off, and
valves in supply and
return lines close.

® The water spray
system is actuated.

® The Lock-Annulus

Equalization valve
closes.
® The Lock-Cabin
Equalization valve
opens.

® The hydrogen and

oxygen accumulators
are vented.
Telephone connected

to MDAC Main Secu-
rity Desk; if removed
from hook, an imme-
diate alert is establish-
ed at MDAC Fire
Department and
Dispensary. Fire trucks
and an ambulance
crew are dispatched
without necessity of
conversation,
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I switch on
conductor’s
control console.

test
main

1 telephone on test

conductor’s
control console.

main



Unit/Purpose

Description

Quantity/Location

Fire and Smoke
Protective Equipment
for protection for the
rescue crew during fire
abort procedures.

CO, Extinguisher for
fire fighting.

Emergency Medical

Coats, hats, boots,
gloves, fabricated with
Gentex (rayon/mylar);
air packs, consisting of
a full face mask and an
approximate 15-
minute air supply.

CO, nozzle connected
to a 75-1b CO, supply
by means of a 50-foot
hose on a reel.

Facility equipped with

2 sets at outer airlock
door, outside SSS.

1 extinguisher at outer
airlock door, outside
SSS.

1 facility in immediate

Treatment Facilities an internal/external area of SSS.
for on-site medical defibrillator, a heart-
treatment of injured or pacer, an EKG
incapacitated crew machine, therapeutic
members. O,, a manual resus-

citator, a stretcher,

and resuscitative drugs.

Also available nearby

is the MDAC Dispen-

sary and ambulance.
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CONSOLE MEDICAL TREATMENT
. 'AREA
!
LEGEND Egml{lEICATIONS
€D WATER SPRAY NOZZLES
Q  AIR PACKS
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Fig. 3—Space Station Simulator arrangement
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Considerable effort was expended early in this program to improve the
noted deficiencies and satisfy the more stringent safety and program requirements,

The contractual safety requirements stipulated documentation, training,
facility, quality control, systems analysis, medical surveillance, material control,
and checkout operations. The design requirements drawing was initiated to
integrate the safety and program requirements into a single document that would
be useful to the design and testing engineers, and also to provide visibility for
quality control and safety reviews. A drawing section list also was created to
maintain a current list of all the latest drawing changes to preclude the use of
obsolete documentation.

The efforts stated in the previous paragraph were successful in fulfilling
both the safety and program requirements.

CONCLUSION

Based upon the experience of the 90-day manned test and previous manned
testing at MDAC, the importance of the selection of competent personnel to serve
on safety review committees cannot be over emphasized. The ORIC members for
the 90-day test were a definite asset to the program. Their technical competence
allowed excellent communication and cooperation which was essential in
completing the program within the budget and schedule constraints.

The design requirements drawing has resulted in a basic manned testing
document which is presently being upgraded for future manned tests at MDAC.
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Paper No. 12

GE UNDERWATER TEST FACILITY STUDIES IN ZERO G SIMULATION

Ruth H. Fry, General Electric Company, Space Division, Valley Forge,
Pennsylvania

ABSTRACT

The Underwater Test Facility is an indoor controlled environ-
ment test facility designed specifically for zero G simulation,
hydrospace manned and unmanned equipment development, and
personnel training for both space and underwater exploration.

INTRODUCTION

The General Electric Underwater Test Facility is unique in the
nation in that its capabilities range from controlled buoyancy experi-
mentation to the development of Closed Cycle Rebreathing units which
are operable to 1500 feet underwater for a maximum duration of 8
hours, to zero G simulation blood transfusions underwater. All of
these programs are conducted in an indoor controlled environment.

UTF Capabilities

Before describing some of the programs in zero G simulation
which have been performed at the UTF, a brief explanation of the
Facility itself is in order to give a better understanding of the type of
simulation projects conducted there and of the general environment in
which the projects were completed (see Figure 1). The Underwater
Test Facility (constructed in 1968 and operational in January 1969) was
built specifically for the testing and evaluation of astronaut subjects
and to provide information for the design and development of crew pro-
cedures, the design and development of spacecraft subsystems and
equipment that interfaces with the crew, and the checkout and evaluation
of unmanned spacecraft and manned spacecraft equipment in a zero G
or controlled buoyancy state underwater. The main test tank is capable
of docking three S-4B's simultaneously and of containing two or three
different projects at any one time, depending of course on the area re-
quired for each program in the tank, The main tank contains 315,000
gallons of chlorinated, purified and filtered water. The diatomaceous
earth filtration system requires a 24-hour period for complete turnover
of the main tank capacity. The surface environment of the UTF main
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and secondary tank areas is controllable from approximately 45 to

98°F dependent upon the type of requirements of the individual program.
During normal operating conditions the air temperature is maintained
at 90°F,

The main test tank is 25 feet deep by 60 feet long by 28 feet wide,
with water temperature controllable from ambient (about 60°F) to
1100F, Adjacent to the main tank is a smaller circular tank 12 feet in
diameter by 8 feet deep, temperature controllable from 34 to 2120F,
which is affectionately called the "wine vat" (Figure 1A).

Built into the main test tank is a water manifold pressurization
system, i.e., a self-contained water supply for water pressurizing
space suits. Above this system is an air manifold pressurization sys-
tem (bottle or tube trailer supplied) extending 60 feet along one wall of
the tank which is used for hookah breathing, air pressurization of
Apollo suits, or in performing shirt-sleeve zero G tests.

Basically, most of the programs conducted at the UTF since
1969 have been in the water pressurization mode of zero G simulation
(Figure 2). However, the UTF is equipped to perform in the air-
pressurized zero G mode. This mode was used on the M-508 Astronaut
Performance Program and also on Experiment A & B which were air-
pressurized Apollo suit programs (Figure 3).

To supplement the air ~pressurized mode and to meet NASA
specifications, a 4~man recompression chamber is available with fully
certified Navy trained chamber operators (Figure 4).

In order to meet safety regulations and to further document and
enable topside personnel to observe a project being conducted under-
water, a closed circuit TV system is available which includes audio
communication with a videotape recorder for surface and underwater
use simultaneously. The system comprises two underwater cameras,
one mobile and one stationary unit, one topside camera, and three sur-
face monitors; each one can be independently connected to the video re-
corder if desired. The audio system for underwater useage is a
""'snoopy" type helmet with a bone knocker and a mouthpiece communica-
tor in the second stage of the regulator. The air supply is hookah, for
ease of operation by the TV cameraman while underwater. All topside
monitors and electronic equipment are located in a 70°F Test Control
Room with a 10 foot by 4 foot viewport overlooking the main tank test
area. This enables topside personnel to work more efficiently and
safely in a cooler temperature-controlled area separate from the main
tank area. Also available is an inhouse underwater photographer who
specializes in underwater motion picture photography but who also does
slide photography. The major problem encountered in an indoor under-
water test facility relative to quality photography is adequate lighting.
To alleviate this problem, a movable cross bar of 6 Colortran quartz
lights with three underwater quartz lights is used throughout both test
tanks. To date, no serious problems have been encountered relative to
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underwater lighting at the UTF. However, we have found that for such
projects as thermal pollution and underwater telemetry studies, a
Milliken camera mounted on the highbay area catwalk over the main tank
is a most efficient method of obtaining accurate data (Figure 4A).

To further explain UTF Safety Regulations, a medical staff is on
hand at all times when a program is in progress underwater, with a fully
equipped medical dispensary immediately adjacent the UTYF briefing
room.

Other auxiliary systems and surface test support areas include:

® Available underwater support systems and surface preparation
areas in addition to the ones already mentioned.

e Scuba support equipment and a fully equipped pressure suit
and Scuba maintenance area.

e A staff of engineers, designers, technicians and certified
divers, including Navy and NASA qualified underwater safety personnel
and a Professional Associated of Diving Instructors (PADI) Certified
Scuba Instructor.

For equipment preparation such as unmanned spacecraft testing
(docking and maneuvering), deep sea submersibles, or underwater cock-
pit escape tests from a jet, there is a highbay area 61 feet by 25 feet by
20 feet high leading from the exterior of the building in the UTF area to
the edge of the main tank area for equipment transportation and prepa-
ration. Supplementary to these areas there is an overhead trolley crane
rated at 4000 pounds which is movable the length and width of the main
and secondary tank areas. There is also a 10-ton cherry picker mobile
throughout the Facility, available for placing equipment in the main and
secondary tank areas.

Additional areas include Fabrication and Assembly Areas, a
Briefing Room where personnel can relax and discuss problems or have
lunch in the comfort of bathing suits and work clothes, an office area,
and Men's and Women's Locker and Shower Rooms.

The entire Underwater Test Facility is a Closed Area which is
secure for all classified and proprietary testing.

A few of the programs conducted at the UTF and some of the prob-
lems encountered therein are presented next.

HEMAR

The HEMAR Program, i.e., Human Engineering Criteria for
Maintenance and Repairs of Space Stations, in particular Experiment B,
required that EVA and IVA activities be simulated in which a subject
removed and replaced modules representing equivalent earth weights of
25, 50, 118 and 228 pounds. Package sizes ranged from 0.3 feet to 7
feet 3 inches. The entire experiment was conducted in zero G in the
water-pressurized mode under 3.5 psi (gage) with the subject in a Gemini
space suit (Figure 5). The value of the module replacements of HEMAR
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lies primarily in being able to state with authority the mass that was
simulated and the force required to overcome the hydrodynamic drag
problems. After conducting HEMAR Phases I and II, including Experi-
ment B, all of which were performed in zero G in the water-pressuriza-
tion mode, it was found that the subject appeared to be in a state closer
to zero G than he would be in the air-pressurized mode. This is be~
cause the subject is effectively flating inside the suit under water-
pressurization, not as in air pressurization ""hanging from his armpits
in the Apollo suit. "' Depressurization in the water mode is also easier
and quicker to accomplish than air depressurization and there is a
greater degree of safety, as the safety diver can get air to the subject
in approximately 8 seconds as compared to the apparent hazards of air
depressurization underwater. This is discussed further below.

M-508

Another program conducted in zero G but in an air-pressurized
mode with the subject in an Apollo suit was the M-508 Astronaut Per-
formance Program. The pressurization system for the neutral buoyan-
cy simulation consisted of an air bank, 2 stage regulator, backpack,
surface flowmeter, and pressure gage., The backpack was originally
designed and developed by the General Electric Company as a water
pressurization device to be used in conjunction with a specially designed
quick-disconnect helmet. This system proved to be safe, reliable, and
efficient as used in previous tests (reference the HEMAR, NAS 8-21429,
15 June 1969). The backpack was easily modified to be used as an air
pressurization device without destroying its capability for water pres-
surization. The backpack compensates for pressure differentials as the
subject descends to working depth, i.e., 15 to 20 feet. However, the
pressure could also be controlled manually by the safety diver to assist
the subject's ingress and egress. The air flow rate and pressure were
maintained at 10 ¢fm and 3.5 psi (gage) respectively and continually
monitored on the surface to ensure the safety of the subject (Figure 5A).
The M-508 Program (NAS 9-8640) or Astronaut Zero Gravity Perform-
ance Evaluation Program was designed to fill a gap in our knowledge of
man's capabilities to perform complex tasks in the zero-gravity en-
vironment. The resultant experimental program involved an evaluation
of the major facets of astronaut performance while restricted to a
limited work-site area. The program was performed during the period
July 1968 through February 1970 and encompassed: (1) the definition
and preliminary design of Experiment M-508, an experiment concerned
with astronaut worksite performance evaluation; (2) the fabrication of
prototype hardware and collection of simulated astronaut worksite per-
formance data using various ground based zero-gravity simulation
modes; (3) the collection of additional data on man's force emission
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capability to establish 1-G and zero-G baselines; and (4) the preparation
and publication of a Handbook of Human Engineering Design Data for Re-
duced Gravity Conditions.

Helmet Distortion

The use of water buoyancy or underwater zero G testing for re-
duced gravity simulation necessitates the employment of means to re-
store natural vision to the subject in the underwater environment. Dur-
ing the zero G simulation tests conducted underwater, certain visual
differences between the space flight situation and the underwater simu-
lation have been detected. In order to alleviate this problem, the UTF
staff instituted a program entitled "Space Suit Helmet Development for
Neutral Buoyancy Simulation.' The primary objective was to analyze
and describe the optical distortion that results from use of an air-filled
Apollo pressure helmet underwater. The second objective was to
develop and evaluate a molded, form-fitting spinoff of a Scuba faceplate
for use with a water-filled pressure suit and for utilization during under-
water simulation of shirt sleeve testing. The third objective was to test
air-filled scleral contact lenses for underwater simulation. Test results
revealed that peripheral vision was less than anticipated and that the
lenses expose the subject's eyes to water with the risk of physical,
chemical, or biclogical damage.

Underwater Telemetry Studies

With regard to the field of underwater equipment testing, a series
of underwater tests of the GE Pressure Transducer and Telemetry Sys-
tem which was developed in 1965 have been conducted at the UTF to
measure the base/drag characteristics of water entry models during
descent. A sealed transducer and telemetry system have transmitted an
unmodulated FM signal during descent to a 25-foot depth of water. The
pressure sensor and telemetry system in a sealed vessel has been sub-
jected to an oscillating pressure, has successfully transmitted an intel-
ligible pressure-modulated FM signal, and has sensed underwater sounds
in the sealed vessel while submerged. The ultimate goal is to develop
a pressure transducer and telemetry package capable of withstanding
launch loadings of several thousand G's from the NOL gun launch facility
and to broadcast use base pressure data from 25 to 50 foot depths of
water during the model descent to the bottom of the tank. The telemetry
system is presently capable of withstanding launch loads; however, the
studies are to demonstrate the feasibility of transmitting a signal from a
25-foot depth of water.
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Tektite II

Further examples of other types of programs conducted at the UTF
have been the Tektite II 40-hour Scuba Training Course conducted for
GE Ocean Systems personnel who were scheduled to participate in the
Tektite II Underwater Habitat Program. This program was conducted
on St. John Island in the Caribbean in 1970. A majority of the students
in the GE Underwater Test Facility Scuba Certification course went on
to receive their PADI internationally recognized Scuba Certification.

Thermal Pollution

The Lake Michigan Thermal Pollution Test Program, which in-
volved applying the thermal effluent modeling techniques to the predic-
tion of a specific power plant's operating conditions, concentrated on the
examination of the thermal effects due to the operation of a single unit
with a vertical discharge. These tests were simulated in the UTF main
and secondary tanks by introducing heated water with a 20° gradient
from the secondary tank (110 to 112°F) into the main tank (90°F) through
PVC piping and a flow meter, thus over the thermocouples at specific
locations around the outlet pipe (see Figure 1A).

Blood Transfusions in Zero G

With regard to the zero G simulated underwater blood transfusions,
this particular project was part of the Integrated Medical and Behavioral
Lahoratory Measurement System (IMBLMS) nicknamed "'the chicken
machine. " In effect, the subject was strapped into a chair (Figure 6)
(which had a bottled supply of compressed air connected) and was then
given simulated blood transfusions by injecting colored fluid into a
chicken breast strapped to the subject's arm. Other medical tests such
as electrocardiograms were given to determine the feasibility of perform-
ing such operations in space. Additional equipment tests were conducted
utilizing microscopes, blood cultures on slides, using vacuum suction to
anchor syringes and medical supplies to consoles during the underwater
tests, and developing a new system of rubber foot restraints for the sub-
ject's utilization while in zero G.

Mark 10 Closed Cycle Rebreather

The UTF has been used extensively since January 1969 for the de-
velopment and checkout of hardware for the GE Ocean Systems Programs
Department, Re-Entry and Environmental Systems Division. The Mark
10 UBA Program has utilized the Facility during development testing of
new hardware concepts and for the checkout of all hardware prior to
delivery to GE customers (Figure 7).
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The Controlled Oxidation Heater Program has utilized the main
and secondary cold tank Facilities for development and proof testing of
heater components. Other types of equipment which have been evaluated
in the Facility include diver communications and diver physiological
monitoring hardware, as well as customer utilization of the Mark 10
units in the UTF main tank.

The Mark 10 Mods 0 and Mod 3 are an example of UTF capability
to evaluate aquanauts and aquanaut equipment under controlled conditions
simulating either tropical or cold environments such as 80 to 110°F air
and water temperatures or 34°F water and 45°F air temperatures.

Supplemental utilization of the UTF has been by TV networks, such
as for an educational show in Japan explaining the Mark 10 Closed Cycle
Rebreather Unit. The Nipon Japanese TV Network filmed a 1-hour show
in both the UTF Briefing Room and the Main Tank Area. The Gene Crane
show, a local TV station, filmed an interview with GE and U.S. Navy
personnel utilizing the Mark 10 unit and a National Geographic Special,
later filmed in Alaska, was partially prepared at the UTF.

Thus, the excellent visibility and photographic qualities of the tank
areas create an ideal setting for not only testing of personnel and equip-
ment but also for documenting various projects and experiments (Figure
TA). Additional information on programs conducted at the UTF or infor-
mation about the Facility itself may be obtained from GE UTF personnel
or the Marketing Department, Space Division, Valley Forge, Pa.
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Paper No. 13

A MAN-RATED ALTITUDE CHAMBER FOR EDUCATION AND
RESEARCH — IN A HIGH SCHOOL

Robert A. G. Montgomery, Jr., Project SPARC Coordinator, Aero-Space
Activity Manager, Project SPARC — NEHS, School District of Philadelphia,
Cottman and Algon Avenues, Philadelphia, Pennsylvania 19111

Space simulation technology is now being introduced in both
theory and experiment to the high school level of education. A
unique program, Project SPARC (SPAce Research Capsule), has
been operating in the Philadelphia School District for eight years.
Specific design requirements have been established for a man-rated
altitude chamber to be occupied and operated by high school students.
The chamber will be used for research as well as educational pur-
poses. The configuration of this simulator matches the Apollo Com-
mand Module. Criteria for safety and program implementation will
be discussed for such an unusual application.

Problems of environmental control functions, oxygen enriched
atmospheres, pressure suit operation, medical monitoring, three-
axis motion, life support, and flight simulation are all approached
in this facility. A brief introduction to the philosophy of operation
will set the stage for a discussion of the chamber design and capa-
bility., The state-of-the-art now permits more serious application
of space simulation technology to a wider market in the areas of
education and research.
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“The paper work and background research are
it ing. You never iate them
until a full flight test is running.”

Flammability tests under varying altitude environments gualify
materials. A seemingly andiess number of checking procedures are

part of the quality control system.

Interim
Pictorial
Report
1970

Project SPARC, Northeast High School, Cottman and Algon Avenues, Philadelphia, Pa. 19111
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Those who are
familiar with the
ariginal Systems
Evaluation Facility
will be amazed at
this growth.

““High school was
never like this.”

Control room facilities are undergoing operational checkout
while the Apollo (Command Moduls) altitude chamber is
under ion, The Apollo si will also provide
three axis motion. Control stations inciude: Master Control,
Observation Board, Environmental Control, Medical Monitor,
Flight Simulation and Data Acquisition.

Spin table tests on the Student Astronauts provide
valuable medical detail for the continuing studies with
Jeanes Hospital. Careful design and planning are
paramount to any research activity.
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Paper No. 14

VACUUM STABILITY TESTING OF APOLLO 15 SCIENTIFIC INSTRU-
MENT MODULE (SIM} NON-METALLIC MATERIALS AND REVERSION
OF SILICONE RUBBER IN A MOTOR SWITCH

H. M. Clancy, North American Rockwell, Downey, California

ABSTRACT

Vacuum stability screening tests were performed on the
Apollo 15 Scientific Instrument Module (SIM) bay non-metallic
materials in accordance with the NASA document SP-R-0022.
The testing was necessary to support the evaluation to determine
the effect material outgassing contamination would have on the
SIM bay optical lenses and sensing devices. The Apollo 15 SIM
experiments were reported to be highly successful, therefore,
it is assumed that contamination due to the outgassing of non-
metallic materials did not affect equipment operation. A related
problem, the reversion of a silicone rubber grommet which
affected a electrical motor switch operation is also reported,

1. INTRODUCTION

The concern for materials outgassing under space conditions
and the subsequent contamination of windows or critical instru-
ments was expressed from the beginning of the space program,
1t took the problems of Gemiini, Apollo and the work of JPL to
demonstrate that optical surface contamination was real.

Gemini showed the''gross'' contamination potential of rocket
engine exhaust (See Figure 1) and convinced the Apollo designers
that a boost cover was necessary to protect the windows and
thermal control coating from the plume of the launch escape
tower when jettisoned.

Now that this gross contamination potential had been
resolved, more subtle problems arose. This was dramatically
illustrated when Apollo 8 orbited the moon for the first time
but was unable to take photographs or television pictures through
the large window as the result of contamination from silicone
rubber seals. The pictures were then taken from a less con-
contaminated but smaller window. Meanwhile, a test was developed
by JPL to demonstrate the materials contamination potential
for the unmanned spacecraft since it would be more sensitive
to operational problems not having the man present to provide
the correction factor.
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FIGURE 1

SPACECRAFT WINDOW CQVTAMINATION




With this test came a new space age acronym, "VCM!"
meaning volatile condensable material which describes the
contaminant deposited on the critical surface. While JPL
provided the impetus and set the course for materials testing,
it remained for a large program like Apollo to broadly imple-
ment the requirement for all nonmetallic materials used in
the SIM (Scientific Instrument Module) {See Figure 2) on Apollo
15, 16 and 17, The first such flight of Apollo 15 became fantas-
tically successful when for the first time the discoveries from
the orbiting spacecraft rivaled those made on the lunar surface.
However, as with the broad application of any principle, many
problems arose and deficiencies in the VCM testing concept
were identified, This paper describes the control of materials
within the SIM and the successful contribution of this effort
to the Apollo program,

The VCM problem was not limited to optics as shown
when Apollo 14 had a mysterious failure of a hermetically
sealed motor switch during flight. Another such failure occurred
while Apollo 15 was undergoing check out. The motor switch was
in general use throughout the spacecraft. Examination of early
supplier tests found several other such mysterious motor failures
wherein the switch would not transfer. An in-depth investigation
was initiated and showed contaminants which were the petroleum
based lubricant used on the motor bearings and a silicone oil
similar to that found on Apollo 8 windows. The silicone oil
contaminant was traced to a tiny wire grommet smaller than
a pea which had been cut from a sheet of cast RTV, The RTV
had received only a room temperature cure and under the heat
of the motor operation reverted, giving a low molecular weight
gas phase silicone which condensed on all internal surfaces.
Test motors were run with the petroleum based lubrication
intentionally applied to the motor armature. Similar tests were
conducted with the oil from reverted RTV. The operation was
normal if not slightly improved with lubricant but erratic with
the silicone oil and a varnish like track deposited on the armature
surface underneath the brushes, similar to that seen on failed
motors.
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This report is divided into the following phases:

Phase I. Outgassing Properties of SIM Bay Nonmetallic
Materials

A, Obtaining outgassing data on the Apollo SIM Bay
nonmetallic materials in accordance with the
requirements specified in the Reference (a)
NASA document,

B. Establishing groundrules for certain small
quantities of materials that could not meet the
outgassing requirements, but would not present
any contamination problem during flight.

C. Establishing preconditioning procedures for
relative large amounts of material that did not
meet the outgassing requirements.

Phase II. Motor Switch Problem - Silicone Rubber Reversion

A, Investigation of the failure of motor switch.
B. Development of a test to duplicate silicone
effect in erractic motor switch operation.

2, Phase I - Outgassing Properties of SIM Bay Nonmetallic
Materials

2.1 Testing ScoEe

Early in the plan to add a SIM to Apollo, NASA wrote a
specification, (Reference a) for the testing and acceptance of
materials, The test, patterned after the JPL test, consisted
of exposing a material sample to 250F under vacuum for 24
hours while collecting outgassed products on a plate at 70F,
The acceptance criteria was 1% weight loss and 0.1% VCM,
Early in the material test program three elements of the test
were found to be critical, One was the development of a
simple, low cost technique wherein a large number of materials
could be gang tested. The second consideration was test
accuracy providing for minimal handling of the samples and the
third was sample configuration. A test technique satisfying
these requirements was devised and consisted of using split
test tubes with lapped surfaces. The upper section of the test
tube (See Figure 3) was used as the VCM collector surface, the
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FIGURE 3 SPLIT TEST TUBE WITH ALUMINUM FOIL TEST SAMPLE



lower half of the test tube as a liner for the heating block con-
taining the samples. At the conclusion of the test, the block was
allowed to cool under vacuum and the system then back filled

to 1 atmosphere with dry nitrogen. Sample tubes and VCM tubes
were dessicated after test until the final weighings were made.
Specimen configuration was found to be particularly critical on
coating materials which had been applied to a screen, according
to the original procedure. The coating was usually too thick,
trapping thinners and giving high VCM results. This problem
was corrected by applying the coating to an aluminum foil sub-
strate per the applicable production specification and then placing
the coiled specimen in the test tube, Samples like tapes were
tested in their use configuration with the sticky side down on an
aluminum strip.

2.2 Special Considerations

Early in the material control program it became apparent
that many materials in wide use by both NR and its subcontractors
could not meet the VCM requirements. Most of these materials
were in limited use and constituted more of a nuisance than a
contamination potential, Typical of these materials was marking
ink which by the nature of its solvent would not meet weight loss
or VCM and yet whose total quantity was negligible. As the
result, the so-called "area rules' were generated by NR and
NASA for the disposition of applicable cases:

These rules are:

1. The material application is under 2 inches of surface
area; the material has less than 3% weight loss and 1%
VCM and is not in line of sight of critical surfaces or

2. The material application is under 0.25 square inches
and not in line of sight of critical surfaces. In this
case there is no limit on weight loss or VCM.,

Materials which exceed the basic criteria and area rule
are the subject of a program deviation.
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2.3 Special Tests

It is difficult to accept the restriction and narrow scope of
the standard VCM criteria as discussed above., Consider the
designer or program manager who says, ''Yes, I know its a
standard test that run at 250F but this material never gets over
130F", or who asks, "What amount of condensate can I expect
on my optics operating at 40F?" The area rule was the first
attempt to add some realism to the acceptance criteria. NR's
next solution, although on a limited scale, was to test four
selected materials at the sample temperature of 130F and with
the ¢ollector at 40F and measure the degree of contamination
with a nephelometer. These optic tests were conducted for NR
by Ball Brothers, Both organizations NR and Ball Brothers,
conducted vacuum stability tests on duplicate samples that
were prepared by NR for comparative purposes,

2.4 Standard VCM Equipment Operation and Description
(Reference b)

Vacuum system components consisted of an Ultek 400 liter
per second pump and a 15CFM Welch rough pump, The vacuum
chamber was an 18~inch diameter bell jar of 113 liters internal
volume. Base plate and collar were an integral unit from Ultek.
Cooling water, electrical power, thermocouples, and vacuum
gauge were led into the bell jar through vacuum feedthroughs
at the collar, A Phillips vacuum gauge was used for monitoring
chamber pressure., Chamber pressure for all tests was less
than 10-7 mm, ,

The heating and cooling blocks were fabricated from copper
with positions drilled for eleven sample tubes. The hot block
was heated by two 115 VAC Cal Rod heaters., Temperature
control was accomplished with a 115 VAC Variac. Prior to
beginning of testing, the Variac input setting was calibrated for
125 + 1C under simulated test conditions: pressure less than 10-7
mm, sample tubes placed in all heating block positions, The
Variac setting providing 125C was obtained by measuring tempera-~
tures from the thermocouples suspended into sample tubes at
depths simulating test specimens.

Cooling was accoinplished with non-recycled plant cooling
water, The water temperature of this system was usually

114



22-24C, but by restricting flow on the outlet side the cooling
block temperature was consistently maintained at 25 £ IC
with the chamber of test pressure and the heating block at
test temperature. Cooling block temperature was verified in
the same manner as the heating hlock, by two thermocouples
suspended into the centers of two sample tubes in the area of
cooling.

During the test, the heating block was monitored for
average temperature with iron-constantan thermocouples
mounted at the midpoint of the block face and equally spaced
along its length, The cooling block temperature was moni-
tored in a similar fashion, A two pen recorder was used to
monitor temperature continuously during test. A test system
schematic is presented in Figure 4 and the heating and cooling
block is shown in Figure 5,

2,5 Sample Preparation

Test sample preparation was carried out per Reference (a)
except for those cases in which a configurational test was
required. Solid materials were usually tested without further
processing, the sample being cut into approximately 1/16-inch
pieces. Coatings and related materials were processed per
applicable specification, applied by dipping to a cylinder
fabricated from 100 mesh stainless steel screen, and then
cured as required by the specification. Cylinder dimensions
were 1, 5~inches in length by 0, 5-inches in diameter, The
cylinders were vapor degrease and oven dried prior to coating,
Test sample weight was maintained between 100 to 200 mg in
all cases except configurational tests, The method used for
processing each of the materials tested is presented, for con-
venience, with the discussion of results in Tables I thru VII.

Configurational tests refer to samples prepared and/or
tested in a manner reflecting their usage on the spacecraft,
The following examples are typical of configuration tests:
Some of the configurations are shown in Figure 6.

1. Adhesives bonded between aluminum foil rectangles.

2. Double~back tape sandwiched between aluminum foil,
3. Half to one inch sections of elastomers and sealants.
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4. Silicone rubber wrapped with low VCM tape.
5. Tape bonded to aluminum foil.
6. Coatings applied to aluminum foil.

2.6 Test Methods

In the early part of the test program the samples were
suspended by a thin wire in a test tube. Cahn balance pans
were used for holding the small pieces of solid samples.

The samples were suspended from rigid aluminum rods

screwed into aluminum caps which had been machined to fit
loosely in the tops of the lipless test tubes. The length of

the support rods and the thin wires were such that the samples
were well within the area of the heating block, Tare weights

for the pans ard screens and sample weights were obtained on

a Mettler Microbalance. The VCM collector tubes were weighed
on a 0.1 mg Sartorius balance. The weight of the collector

tubes was greater than the 20 gm maximum capacity of the
microbalance.

In order to reduce the VCM tube weights to values
weighable on the microbalance, the test technique was modified.
The original VCM tubes were cut into two sections (See Figure
3). One section of 4-inches in length was used as the VCM
collector tube. The remaining 2-inch section was used as a
liner for the heating block. The position of the interface between
the two sections was one inch below the top of the heating block.
The liners and VCM tubes were numb ered with respect to each
other and their position in the heating block. Lapping the two
tubes together and maintaining position relative to each other
yielded a good butt joint seal. The VCM tubes were covered
loosely during test with a small piece of aluminum foil. A record
of VCM tube weights was also kept for the remainder of the test
program as a means of eliminating random weighing errors,
Percent weight loss and percent VCM were calculated in the
usual manner. The test period, 24 hours, was considered to
begin when heating block temperature reached 125C at a chamber
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pressure less than 10-7 mm, At the conclusion of test, the
block was allowed to cool to 50C under vacuum and the system.
then back filled to 1 atmosphere with dry nitrogen gas, Sample
tubes and VCM tubes were dessicated after test until the final
weighings were made.

2.7 Discussion of Results

Test results are presented in Tables I thru VII, For ease
in data comparison, the materials were organized in tables
based on one of the following generic types:

Table Generic Type
I Adhesive and Potting Compounds
II Elastomers

IIT Foams

v Lubricant

v Plastics

VI Primers, Coatings and Ink

VII Tapes and Films

A silicone rubber that serves as a clamp cushion is used
to secure wire bundlesin the spacecraft was tested in various
configurations 1/16'" pieces, one piece (1. 5 inches long) and one
piece covered with a pressure sensitive tape coat has low out-
gassing properties (See Table II).

Sample configuration was not a factor that decided if one
silicone rubber failed or passed the outgassing requirement,
but the particular piece of silicone rubber that was tested.
Both the 1/16" pieces and one piece samples passed and failed
the 1% weight loss and 0,1% VCM, Since a large number of
these clamps were used in the SIM Bay, they were preconditioned
at 275°F for 48 hours at a vacuum of 10~4 in order that they
would consistently meet the outgassing requirements. This pre-
conditioning was also necessary with a urethane door seal and
silicone rubber mount material (See Table III}). Table IV
lists different types of lubricants that were tested, dry film
and greases. With only one exception, one dry film coating
meets the outgassing requirements provided they were baked
between 300-400°F, The greases did not meet the outgassing
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requirements, The epoxy-~amine coating meets the outgassing
requirement by using an aluminum foil as a substrate in place

of a screen (See Table VI). Data variations in duplicate runs
were most pronounced with coatings and related materials that
required processing, Even though support screens were identi-
cal in surface area, the two samples were from the same coating
mix, uniform coating thickness could not be achieved when
meeting the sample weight requirement of 100 to 200 mg.

Besides non-uniformity, the coating thickness on the screen
is many times that specified for spacecraft usage., The Andrew
Brown coating (Table VI) at the 1 mil maximum thickness allowed
for the spacecraft, had an approximate weight of 4 mg on a support
screen.

With materials such as the Andrew Brown (Table VI) with
specified 24 hour air dry cures, the overly thick coating can
result in a material being tested which is neither completely
cured nor free of higher boiling solvents such as amyl acetate
or cellosolve acetate. Differential Thermal Analysis (DTA)
studies done in the Physical Chemistry Lab on several thick
air dry ablative coatings has shown this to be the rule rather
than the exception. After one month, one of the coatings
still had two high boiling solvents present.
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TABLE I

ADHESIVES AND POTTING COMPOUNDS
OUTGASSING TEST RESULTS

TESTED PER NASA SPEC. SP-R-0022 .. __ ..

TRADE NAME PERCENT(!)
IAND NUMBER MANUFACTURER | TYPE OF ADHESIVE SAMPLE EIGH
OR POTTING PREPARATION LOSs |VCM
COMPOIIND
Epoxylite 203 Epoxylite Epoxy Screen 1.76 |0.28
Epon 828/Versamide |Shell/General Epoxy#Polyamide Screen 1.00 |0.05
115 Mills
APCO 320/CORFIL |Bloomingdale Epoxy Sandwiched between 1.19 0
615 aluminum foil
APCO 320/CORFIL |Bloomingdale Epoxy 1/16'" pieces cut 0.47 |0
615 from production part
6-1015 Adhesive Organocerams Neoprene Screen 2,91 1. 32
DPS-142 Deutsch RTV Silicone Screen 0.20 (0,07
DPS-181 Deutsch RTV Silicone Screen 0.17 0
|
|
PR 1710 Adhesive Products Research | Viton Sandwiched between 19.1 0
f two pieces of
1 aluminum foil
! j
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TABLE I (CONTINUED)

TYPE OF ADHESIVE  PERCENT(]) |
TRADE NAME OF POTTING SAMPLE WEIGHT
AND NUMBER MANUFACTURER COMPOUND PREPARATION L.OSsS VCM
Corfil 615/DTA Bloomingdale Epoxy Sandwich between 2 0.80 |0
Adhesive pieces of aluminum
foil
HT 424 Adhesive Bloomingdale Epoxy/Phenolic Sandwich between 2 0.25 {0
pieces of aluminum
foil
Epon 954 Adhesive Shell Co. Epoxy Sandwich between 2 0.35 .04
pieces of aluminum
foil
RTV=-560 General Electric Silicone Rubber, RTV Screen 1.20 0, 44
| DC92-018 Dow Corning Silicone Rubber Screen 1.15 0.81

(1) Average of two specimens.
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OUTGASSING TEST RESULTS

TABLE II
ELASTOMERS

TESTED PER NASA SPEC SP-R-0022

TRADE NAME
AND NUMBER

MANUFACTURER

TYPE OF RUBBER

SAMPLE PREPARATION

PERCENT (1)

WEIGHT VCM
L.OSS

B612-70 Rubber

Parker Seal Co.

MIL-R3065 Rubber{Adel

MIL-R-3065
Rubber

MIL-R-3065
Rubber

MIL-R-3065
Rubber

MIL-R-3065
Rubber
Mystik Tape
7455

G=-2072=-4
Rubber

Adel

Adel

Adel

Adel

L., A, Standard

Butyl
Silicone

Silicone

Silicone

Silicone

Silicone

Silicone

1/16" pieces

1/16" pieces

1/16" pieces

1. 5" length of clamp
cushion

1. 5" length of clamp
cushion

1. 5" length of clamp

cushion wrapped with
mystik tape

1/16" pieces

0.76 0. 35
0.92 0.58
0.34 0,05
0.55 0.28
0.40 0.07
0.64 0

0.67 0.12
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TABLE II (CONTINUED)

PERCENT(1)

TRADE NAME MANUFACTURER |TYPE OF RUBBER| SAMPLE PREPARATION| WEIGHT VCM
LOSS

R-10470 Sponge Connecticut Silicone 1/16" pieces 0.06 0.03
AMS-3195
SM3500-41 Cannon Silicone 1/16" pieces 0,32 0.03
DPS-118 Deutsch Co. Silicone 1/16" pieces 0.11 0,02
DMSI-123-05 Deutsch Co. Silicone 1/16" pieces 0.22 0.04
DC6-1104 Dow Corning Silicone 1/16" pieces 0.10 0. 02
DC-651 Dow Corning Silicone 1/16" pieces 0.04 0
Fluorel Raybestos Fluorocarbon 1/16" pieces 1. 40 0.75
RL-2060 Manhattan
Florel Raybestos Fluorocarbon 1/16" pieces 0.30 -
RL-3603 Manhattan

(1) Results are an average of two specimens.
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TABLE III

FOAMS

OUTGASSING TEST RESULTS
TESTED PER NASA SPEC SP-R-0022

TRADE NAME MANUFACTURER |TYPE OF FOAM SAMPLE PERCENT(1)
AND NUMBER PREPARATION WEIGHT |VCM
L.OSS
9811-25 CPR Division Urethane 1/16" pieces 5. 86 3.96
Upjohn
9811-25 CPR Division Urethane 1/16" pieces, vacuum 0.56 0
Up.john baked at 125°C for 48
hours at 1 x 10-6 mm/hg
Barry Shock Barry Controls Silicone 1/16" pieces 1. 52 .35
Mount Rubber
Barry Shock Barry Controls Silicone 1/16'" pieces,vacuum 0.30 0.16
Mount Rubber baked for 24 hours at
125°C and 1 x 10-® mm/hg
Barry Shock Barry Controls Silicone 1/16" pieces, vacuum 0 0
Mount Rubber baked for 48 hours at
125°C and 1 x 10-6 mm/hg
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TABLE IV
LUBRICANTS
OUTGASSING TEST RESULTS
MATERIALS APPLIED TO 1" x 2" STAINLESS STEEL SCREEN

TESTED PER NASA SPEC, SP-R-0022

| PERCENT(])

TRADE NAME MANUFACTURER (TYPE OF WEIGHT

AND NUMBER LUBRICANT SAMPLE PREPARATION| LOSS VCM

Molykote 321 Dow Corning MoS; Inorganic RT - 72 hour 2,54 2.15
Binder

Lubeco 905 Lubeco MoS, Inorganic 260°F=-3,5 hour 2.04 0
Binder

Lubeco N35UA Lubeco MoS;, Organic 240°F - 3 hour 1.12 .19
Binder

Emralon 312 Acheson MoS,-Organic 300°F - 0.5 hour 0. 65 0
Binder

Molykote 106 Dow Corning MoS,-Organic 300°F -1 hour 1.23 .29
Binder

Electrofilm Electrofilm MoS2-Organic 400°F- 1 hour 0.32 0

5896 Binder
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TABLE 1V (CONTINUED)

PERCENT (1)

TRADE NAME MANUFACTURER | TYPE OF WEIGHT

IAND NUMBER LUBRICANT SAMPLE PREPARATION LOSS VCM

Everlube 620 Everlube MoS;-Organic 400°F = 1 hour 0.18 0
Binder 400°F = 1 hour

DAG 244 Acheson Graphite 300°F = 1hour 0.67 0

Krytox 240 AC Dupont Fluorinated None 7.68 6.01
Grease

DC20-057 Dow Corning Silicone None 2,28 .64
Grease

DC 55 Pneumatic |Dow Corning Silicone None 17.9 +5.97

(1) Average of 2 test samples.
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TABLE V
PLASTICS

OUTGASSING TEST RESULTS
TESTED PER NASA SPEC. SP-R-0022

TRADE NAME TYPE OF PERCENT(1)

AND NUMBER MANUFACTURER | PLASTIC SAMPLE PREPARATION | WEIGHT |VCM
LOSS

Laminate - Synthane - Taylor | Cotton Base - 1/16" pieces 0.41 0.06

MIL-P-79, Phenolic

Type FBG,

Grade CE

Thermofit RNF Rayclad Irradiated 1/16'" pieces 0.56 0.24

100 Heat Shrink

Tubing
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TABLE VI

PRIMERS, COATINGS AND INK
OUTGASSING TEST RESULTS
TESTED PER NASA SPEC, SP-R-0022

TRADE NAME MANUFACTURER { TYPE OF PRIMER, SAMPLE PERCENT (1)

IAND NUMBER COATING OR INK PREPARATION WEIGHT VvCM
LOSS

A423/T252 Andrew Brown Epoxy - Amine Screen 9. 46 0.25

Coating

A423/T252 Andrew Brown Epoxy - Amine Aluminum Foil 1. 00 0.02

X73 Marking Independent Ink - Screen 5.52 1. 45

Ink Co.

X73 Marking Independent Ink - Aluminum 6.8 0.7

Ink Co.

Fluorel, CTGL Raybestos Fluorocarbon Screen 1. 67 0.09

3202-6 Manhattan

Velvet Coat 3M Polyester Aluminum Foil 4,25 0.08

Torque Stripe Semco Polyester Aluminum Foil 2,17 0.09




T€T

TABLE VI (CONTINUED)

TRADE NAME MANUFACTURER |[TYPE OF PRIMER, S AMPLE PERCENT(1)
AND NUMBER COATING OR INK PREPARATION WEIGHT VCM
LOSS
DC92-007 Finch Aluminum Foil .25 0.3
Thermal Pre-conditioned
Coating 24 hours at 125°C,
10-" vacuum
M-602 Pittsburg Screen 0.84 .04
Bondmaster Plate Glass
Primer
Chemlock 205 Hughson Screen 5.29 1. 72
Chemical

(1) Average of at least two specimens




TABLE VII
TAPES AND FILM
OQUTGASSING TEST RESULTS

ger

TESTED PER NASA SPEC. SP-R-0022

FERCENT (1)
TRADE NAME MANUFACTURER |TYPE OF TAPE SAMPLE WEIGHT VCM
AND NUMBER OR FILM PREPARATI ON LOSS
Velcro, Hook, American Velcro Nylon Polyamide 1/16" pieces 1. 33 0.30
No. 65
Velcro, Pile American Velcro Nylon Polyamide 1/16" pieces 1. 96 0
Standard
Velcro, 80 American Velcro Polyester/Urethane 1/16" pieces 0.44 0.23
Hook Binder
[Velcro, 1000 American Velcro Polyester/Urethane 1/16" pieces 0.47 0.28
L.oop Binder
Mylar, Type A Dupont Polyester 1/16" pieces 0.20 0
Mystik Tape Borden Chem. Co. Two pieces mated 0.74 0
7455 together at
adhesive side
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TABLE VII (CONTINUED)

PERCENT (1)

TRADE NAME MANUFACTURER |TYPE OF TAPE SAMPLE WEIGHT VCM
AND NUMBER OR FILM PREPARATION L.OSS
Mystik Tape Borden Chem. Co Two pieces mated 0.45 0
7361 together at

adhesive side
467 Adhesive 3iM Tape placed between {0.96 0
Transfer Tape 2 pieces of aluminum

foil
Mystik Tape Borden Chem. Co. |Teflon Two pieces mated 0.10 0
No. 7503 together at

adhesive side
Nomex Tape Bentley - Aromatic 1/16'" pieces 0.56 0
TIE HT-30LOC=-B |Harris Polyimide

(1) Results are the average of two samples.




2,8 Comparative Study with Ball Brothers Research Co.

In order to determine the agreement or differences that
exist between data generated by NR and a recognized testing
agency such as Ball Brothers, both facilities conducted vacuum
stability tests on duplicate samples that were prepared by NR,
The program conducted by both facilities included testing their
samples at temperatures that simulate the environment; the
nonmetallic materials will be exposed to in the Apollo Scientific
Instrument Module (SIM). During space flight, the SIM materials
will be exposed to a maximum temperature of 130°F with critical
optical surface temperature of 40°F. As a result of the flight
temperatures being lower than the standard test temperatures,
four typical SIM nonmetallic materials were tested to obtain
the following information:

1. The effect of the lower material outgassing temperature
(130°F) on sample weight loss,

2. The effect of the lower collector temperature (40°F) on
VCM,

3. Determine the effects of forward light scatter caused by
outgassing products condensing on the collector (optical
surface), The Ball Brothers Research Corporation (BBRC
has developed a nephelometer to measure the ainount of
forward light scatter caused by outgassing products
condensed on the collector. Results obtained with the
nephelometer are used in addition to VCM data obtained
by the standard test to determine if a material is suitable
for space application, It was requested that nephelometer
data be obtained on NR test samples to determine how they
compared with BBRC material acceptance guidelines.

There is a considerably difference between the NR equipment
(see Section 2, 4) and the Ball Brothers vacuum testing equipment,
A schematic of the Ball Brothers vacuum exposure chamber is
shown in Figure 7, The NR sample is placed in the bottom part
of a split test tube and the VCM is collected in the upper half of
the test tube. The Ball Brothers sample is placed in a cup that
is heated and the VCM deposits on a collector disk that is in
sight of the heated material,
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Test results were obtained on Velcro, epoxy coating,
neoprene adhesive and silicone rubber. The lower flight
material temperature of 130 F significantly decreased the
epoxy coating and neoprene adhesive percent weight loss and
the VCM test results {see Table VIII). Both of these materials
would have a higher weight loss at the higher standard test
temperature of 275°F since they contain residual solvents.

The lower critical surface (collector)flight temperature
of 40°F did not affect the VCM results for all the materials
tested, The 77°F and 40°F collector temperature VCM results
were similar for materials heated at 130°F., This is important
data since the VCM is that portion of the material weight loss
that contaminates an optical lens during flight,

Both Ball Brothers and NR tested the same four materials
at simulated flight temperatures. Ball Brothers verified NR
results since data were comparable at both testing laboratories
(See Table IX) for the silicone rubber and Velcro material.
The nephelometer data (See Table X) indicates that there is a
greater amount of light scattering at the lower 5°C (40°F)
flight than the higher 25°C (77°F) test condensing temperatures
for only the Velcro and silicone rubber, Ball Brothers reported
in Reference (c) that the nephelometer data indicates that the
silicone rubber and Velcro did not meet their nephelometer
requirements, therefore, both materials should be baked prior
to installation in the spacecraft.
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TABLE VIII

VACUUM STABILITY TESTS - NR DATA (1)

MATERIAL (1)

°F _HEATING/COLLECTOR TEMPERATURES

Rubber, ZZ-R-765

% Weight Loss % VCM
257/77 | 130/77 130/40 257/77]130/77 130/140
Velero, Hook, Nylon 1.95 1. 83 1. 89 0 0.07 0.09
No. 65
Epoxy Coating, 9. 46 t 1. 89 1. 46 0.25| 0.03 (2)
MBO0125-033 :
Neoprene Adhesive, 2.89 0.72 0.75 2.09| 0.05 (2)
MBO0120-028
MB0120-028 Silicone 0.20 0.20 0.18 0,01 0.03 0.04

(1) Data - Based on the average of two test samples.
(2) Loss of temperature control during test.
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TABLE IX

NR AND BALL BROS, DATA VACUUM STABILITY TEST RESULTS

% WGT. LOSS % VCM

HEATING TEMP, CONDENSING TEMP,
MATERIAL 130°F +40°F +71°F

BALL _ NR(]) BALL|NR(1) | BALL|NR(1)

Velcro, Hook, Nylon No., 65 2.10 1. 86 0,07 0.09 0.04 0.07
Epoxy Coating, MB0125-033 4.6303) 1,6803) 10,02 [(2) 0 0.03
Neoprene Adhesive, MB0120-028 2.8103) 0,743} 0.04 [(2) 0 0.05
Silicone Rubber, ZZ-R-765 0.25  0.19 0.02 |0.04 |0.04 |0.03

(1) The NR weight losses are the average of test results obtained on 4 samples., The NR VCM
values are the average of test results obtained on 2 samples.

(2} Loss of temperature control during test.

(3) Sample configurations were different at both laboratories. The Ball Brothers 1" x 2", 100
mesh stainless steel screen samples were flat and the NR samples were a 1/2' diameter x
2'' tube made from the 1" x 2", 100 mesh stainless steel screen., Apparently this is the
reason for the wide difference in weight loss values for the epoxy coating and neoprene
adhesive at both testing facilities.
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TABLE X

BALL BROTHERS NEPHELOMETER DATA (1)

Condensing Temp
MATERIAL Millivolts
77°F 40°F
Velcro, Hook, Nylon No. 65 32.9 52.4
Epoxy Coating, MB0125-033 0.015 0.105
Neoprene Adhesive, MB0128-028 0,020 0.050
Silicone Rubber, ZZ-R=765 0.975 59.9

(1) The VCM products were collected on a glass lens at Ball Brothers. The lens were placed in a
nephelometer to measure the light scatter caused by the deposit of VCM products and the light
scatter is measured in millivolts (MV).



2, Conclusions

2.9.1 The test equipment, methods, and sample preparations
used to test in accordance with Reference (a) furnish reliable
data that was useful to evaluate nonmetallic materials used in
the Apollo SIM bay.,

2,9.2 The following conclusions pertain to the comparative
studies conducted by Ball Brothers and NR,

2.9.2.1 Lowering the material temperature from 250°F
(standard) to 130°F (flight) decreased the percent weight loss
results on the epoxy coating and neoprene adhesive. Similar
percent weight loss results were obtained on the Velcro and
silicone rubber tested at both temperatures.

2.9.2.2 The flight (40°F) and standard (77°F) test collector
temperature VCM results are comparable. The lower collector
temperature did not increase the VCM,

2.9.2,3 Ball Brothers test data compared closely with NR test
results,

2.9.2.4 Nephelometer tests did show significant contamination
for Velcro and silicone rubber whereas the VCM test did not.

3, PART II - REVERSION OF SILICONE RUBBER
(Reference (d))
3.1 Motor Switch Problem

It was observed that motors which fail the qualification (See Fig
tests have a thicker than normal brush track on their commutators,
The brush track composition was determined to be a mixture
of the motor's silver-graphite brush dust, bearing lubricant,
and "'silicone oil" from reverted RTV O-rings, It was hypothesize:
that the mode of motor failure is a buildup on the commutator
of the above mixture which, being a poor conductor, results
in decreased current to the armature, and, in turn, decreased
motor torque.

Comparative analyses of motor brush tracks indicated that

failure was not due to any contaminant that was unique between
normal and failed motors, but that contaminant quantity was the
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FIGURE 8 CONTAMINATED MOTOR SWITCH



key factor. Tests directed toward producing the brush track
and/or erratic current traces observed in the failed motors
were conducted at the suppliers with normal motors. The
motor lubricant, when brushed on the commutator of a normal
motor, did not produce any of the failure characteristics, but
the reverted RTV silicone '0il" did produce an erratic current
trace and apparent initial stages of track buildup.

In Reference (e) it was reported that a silicone rubber which
contains acid or base catalyst, if heated for 24 hours at 480°F in
a sealed tube, deteriorates and becomes soft and weak. This
reversion is similar to the motor switchdlicone rubber rever-
sion.

Tests were performed to determine if the reverted O-ring
Eccosil 4850 silicone can be repolymerized by itself or in
combination with the American Oil Co, #160 lubricant under
conditions of electrical arcing which occur in the switch motors.
The designated conditions were 20,000 arcs at 60 arcs/second
between copper and graphite-silver electrodes with a maximum
current of 7 amperes in a 14, 7 psia nitrogen atmosphere.
Repolymerization and/or viscosity increase of the ''silicone
0il" and/or lubricant would present a feasible mechanism for
the brush track buildup observed on the failed motors' commuta-~
tors.

3,2 Tests to Simulate Problem

3.2.1 Preparation of Reverted O-Ring Type Silicone Rubber

Eccosil 4850 silicone resin procured from Emerson-Cuming,
Inc. was catalyzed with 1% W of the supplied Catalyst 25,
deaerated and allowed to cure overnight under ambient conditions,
Strips of the cured rubber were suspended in test tubes and sub-
jected to 400 + 25F at {10-4 Torr for 24-48 hours in the VCM
apparatus. The reverted rubber and other volatile condensable
material (VCM) that collected on the test tubes' wells was rinsed
out with carbon tetrachloride (CCly) and combined into one
portion. After the CCl, was allowed to evaporate, an infrared
spectrophotometric analysis was conducted on the residue to
verify that it was identical to the reverted silicone rubber
previously found on the motor parts.
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100-200 mg of the following samples were placed in the
copper cup electrode of the Paragraph 2. 3 arcing apparatus and
subjected to 20, 000 arcs of 2,5 amps to determine if there was a
visible increase in viscosity:

(a) 100% No. 160 Lubricant, American Oil Co.

(b) 100% Reverted Eccosil 4850 from Paragraph 3, 2.1.

(c) 25-75 No. 160 - Reverted Silicone.

(d) 75-25 No. 160 - Reverted Silicone.

(e) 50-50 No. 160 - Reverted Silicone.

(f) Dow Corning 200 Fluid (Dimethylpolysiloxane), 50 cs at
25°C.

3.2.2 Arcing Apparatus

An electromechanical circuit interrupter was made by modi-
fying one pole of a two-pole single throw relay to hold the carbon
brush. The relay was then hooked up in the test circuit as shown
in the schematic (Figure 9).

Shunting the 24 vdc relay coil with the 500 mfd capacitor
resulted in a cycling rate of approximately 3 cps. Thus the 20, 000
cycle test run required somewhat less than two hours for comple-
tion. The actual number of cycles was monitored with a 6 digit
28 vdc counter utilizing the unmodified contact in the test circuit.
A 10 ohm resistance in the test circuit limited the current to about
2.5 amps at 28 vdc and simplified pulse current measurement with
the oscilloscope, a 10 volt indication representing a current of 1
amp.

The assembly was placed in a 3 cu. ft, test chamber which
was purged with nitrogen before commencing the test. The relay
coil was energized and the test circuit power supply adjusted to
give a current of 2,5 amps.

3.3 Results and Discussion:

3.3.1 100% No. 160 Lubricant

At the conclusion of arcing, there appeared to be a fine dis-
persion of carbon in the oil at the point of arcing surrounded by
clear oil in the copper cup. There was no discernible repolymeri-
zation or viscosity increase noted by probing the oil with a
needle point,
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3.3.2 100% Reverted O-Ring Silicone "Oil"

Arcing results were the same as noted above for the
lubricant.

3.3.3 25% Lubricant - 75% Reverted Silicone

The arcing produced a viscous gelatinous mass as shown
in the top photo of Figure 12, Microscopic examination indicated
it was a mucous~-like substance (middle photo, Figure 10).
filled with very fine carbon particles. It could be picked up on
the needle point and possessed some elasticity as shown in the
Figure 10,

3.3.4 75% Lubricant - 25% Reverted Silicone

Needle probing indicated the dispersion was a little more
viscous then the original oil mixture,

3.3.5 50% Lubricant - 50% Reverted Silicone

There was very little liquid remaining in the cup at the
conclusion of the arcing, but there was a mound of carbon
particles in the cup with the motor brush imprint in the center,
The carbon material had the consistency of wet sand.

3.3.6 Dow Corning 200 Fluid (Dimethylpolysiloxane)

The investigator was curious whether a carbon dispersion
would result from arcing of a commercial silicone oil, such as
DC-200. In other words, was there something unique about
reverted RTV or would any silicone fluid do the same thing.

In test, the DC-200 produced a dispersion similar to that of
the reverted RTV.

3.3.7 It was noted during the preceding tests upon micro-
scopic examination that the carbon brushes had very little
erosion, not nearly enough to account for the amount of carbon
particles in the copper cups. It was suspected then that the
carbon in the dispersions was not predominantly from the brushes
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FIGURE 10 DISPERSION GLOBULES PRODUCED BY ARCING



as originally assumed, but from decomposition of the liquid
oils by the arcing. This was subsequently proved when a
typical carbon dispersion was obtained by arcing with a copper
instead of a graphite electrode (Figure 9).

4. CONCLUSION
It seems logical that this same '""carbonization' of the

lubricant-reverted silicone is occurring in the motors from
arcing to increase the brush track.
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Paper No. 15

SOME NEW TECHNIQUES IN PASSIVE CONTAMINANT ANALYSIS OF
SPACE ENVIRONMENT SIMULATION CHAMBERS

C. M. Wolff, Brown & Root-Northrop, Houston, Texas

ABSTRACT

A technique in surface sampling has been developed
and evaluated, the KBr pelletizing technique has been
extended to include heavy oils for infrared analysis,
and transmittance and specular reflectance measure-
ments at 2000 A wavelength have been found very
sensitive to contamination.

INTRODUCTION

Passive contamination analysis involves measurement of
the change in the amount of contamination, the contamination
identity, and the contamination effects that occurred in a vacuum
chamber during a given period, the beginning and end of which
were at ambient conditions (1). Some methods of sampling for
passive analysis are (a) the insertion of plates in the chamber,
the faces of the plates are rinsed and the rinsings concentrated
and analyzed to determine the identity and quantity of contam-
inants; (b) the insertion of optical surfaces in the chamber, the
optical properties of the surfaces are measured before insertion
and after removal; and (c) the sampling of chamber surfaces
directly by swabbing. Some improvements in technique and new
ideas in interpretation of data have been developed and evaluated
for these three methods of passive sampling.

POTASSIUM BROMIDE PELLETIZING OF HEAVY OILS

The technique of mixing powdered solid samples with dry
potassium bromide powder (KBr) and subsequent formation of a
transparent or transluscent pellet under high pressure has been
a routine procedure for many years (2). This technique has
been used primarily as a tool for qualitative analysis because
the KBr material does not have absorption bands in the infrared
region of the spectrum (transmittance range 0.21 to 28 mi-
crons (1)), whereas solvents do absorb in that region.
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Quantitative analysis has not been very successful with pelletized
samples because of the problem of getting the sample uniformly
dispersed in the medium, except when considerable time is ex-
pended in hypersonically vibrating or lyophilizing (freeze drying)
the KBr-sample mixture (3). The problems in quantitative analy-
sis are to have a technique with good repeatability of absorbance
(log of inverse of transmittance) for a given quantity of sample
and to have good adherence to Beer's Law (linear relationship
between quantity of sample in pellet and absorbance of pellet).
The latter necessity can be circumvented if calibration curves
are provided, which should be done in any case to determine the
performance of the technique.

The KBr pelletizing technique has been extended to include
heavy oils (molecular weight of several hundred or greater, i.e.,
of vapor pressure below 10 u). This technique permits qualita-
tive and quantitative analysis of volatile condensible materials
deposited in vacuum chambers, such as space environment sim-
ulation chambers, being those with low enough volatility not to
evaporate at ambient temperature and pressure (due to contain-
ment by collision with air molecules) but of sufficient volatility
to migrate under vacuum. Liquids of greater volatility are sus-
ceptible to loss during evacuation of the KBr-contaminant mix-
ture, which is necessary to remove air, moisture, and solvent
from the pellet that would otherwise cause the pellet to become
opaque or shatter upon decompression. The technique is as
follows:

a. Add from 0.3 to 0.5 milliliter (ml) of carbon tetrachlo-
ride (CCl 4) solution containing the contaminant to 250 milligrams

of predried KBr powder, 200 to 350 mesh, in a small agate
mortar.

b. Grind slurry with agate pestle until solvent has evapo-
rated (visibly), and continue to grind for several minutes.

¢. Transfer mixture to 1/2-inch evacuable pellet die; tam-
per and circulate die plunger to achieve a flat surface of the
mixture in the die.

d. Evacuate, using rough pump (mechanical) outfitted with
exhaust vent or exhaust vapor trap and a cryogenically cooled
cold finger in the vacuum line (to prevent pump oil's backstream-
ing into mixture) for 60 seconds (maximum).
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e. Slowly apply force to the die to a maximum of
20 000 pounds, maintaining that force while pumping on the die
for 60 seconds.

This technique has been found acceptable for typical contam-
jnants in vacuum chambers, including refined petroleum oils
(found in rough pump oils, greases, lubricants, paints, atmos-
pheric pollution), dioctyl phthalate and dibutyl phthalate (common
to alkyd paints, softeners in polymers, some diffusion pump
oils), polydialkylsiloxane fype silicones (outgassed by silicone
rubbers, greases, and oils), and DC-705 methylphenyltrisiloxane
diffusion pump oil. These compounds have characteristic infra-
red spectra which are fully displayed through the KBr pellet
(see Figures la through 1d), making the technique ideal for con-
taminant identification by chemical classification (hydrocarbon,
phthalate ester, polydialkylsiloxane) and even for specific identi-
fication of DC-705. None of these compounds, however, have
shown acceptable adherence to Beer's Law when analyzed by this
technique. Calibration data demonstrate necessity of referral to
the nonlinear calibration curves for quantitative analysis. Cali-
bration curves for these compounds are presented in Figures 2a
through 2d. The calibration data are not only specific to the ma-
terials (or classes of materials) tested, but to some extent de-
pend on the personnel and equipment; thus, each laboratory
endeavoring this type of analysis should prepare its own cali-
bration curves. On a weight basis, the data for a typical petro-
leum hydrocarbon and polydialkylsiloxane should be fairly
consistent for all similar compounds of molecular weight of
several hundred or greater, since petroleum hydrocarbons con-
tain mainly CH,, CH,, and C-C bonds, and the polydialkylsilox-

2 3
R
1
anes are repetitions of the monomer -Si-O-, where R is mostly
I
R

methyl (in some instances ethyl) and rarely of higher carbon
content. Concerning hydrocarbons and polymers, infrared anal-
ysis has an advantage over gas chromatographic-mass spectro-
metric analysis in that, in the latter, individual data are given for
each hydrocarbon fraction and for each member of a polymeric
series present; this information being virtually of no value ex-
cept the data must be summed for the classes of compounds to
determine the quantity of each class of compounds present. Rel-
ative quantities of fractions or polymers are of little value in
identifying the sources of contamination because of the uncer-
tainty in the ratio of outgassing of contaminants containing these
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fractions and the confusion added by the possibility of having
several sources emitting the same contaminants in different ra-
tios. Infrared analysis, however, looks at petroleum hydrocar-
bons, or more precisely, methyl and methylene groups as a
composite to give a single value indicating the mass of methyl
and methylene groups present; likewise, total silicones (polydi-
alkylsiloxanes) can be determined from one of several absorption
bands. One additional step must be taken in calculation of the
quantities of contaminants in multicomponent systems; that step
is to correct the data for compounds that have absorption bands
at the same wavelength, usually because of the same chemical
group (methyl, silicon-oxygen, etc.) being present in the several
constituents present. Examples of compounds with similar peaks
are given in Table 1. The problem is relatively simple, as ex-
emplified by the following case in which four types of contami-
nants are present: petroleum hydrocarbons, phthalate esters,
polydialkylsiloxanes, and DC-705.

a. Determine DC-705 present by the absorbance of its
unique bands at 7.0 and 10.0 u.

b. Determine polydialkylsiloxane present by ascertaining
the 8.0 or 12.5 1 absorbance of the DC-705 present (step a), and
subtract those values from the 8.0 or 12.5 ¢ absorbance of the
spectrum of the KBr pellet in consideration.

c. Determine the phthalate ester present by the absorbance
of its unique band at 5.8 wu.

d. Determine the absorbances of the DC-705, polydialkylsi-
loxanes and ester found in the previous three steps at 3.4 4, add
the absorbances, and subtract the total from the 3.4 u absorb-
ance of the KBr pellet in question to determine the hydrocarbon
absorbance at 3.4 ¢. For a given mass of contaminant, polydi-
alkylsiloxanes and DC-705 have very weak absorption at 3.4 .,
such that only the contribution of the ester at that wavelength
will need consideration, unless, of course, the silicones are
present in quantities much greater than the petroleum
hydrocarbons.

For other contaminants present, quantitative calibration
curves must be prepared after the contaminants have been iden-
tified. After testing in the large Chamber A at the NASA Manned
Spacecraft Center (MSC) for several years with the chamber
empty and also with a variety of test articles in the chamber, the
infrared spectra indicate that the four varieties of contaminants
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mentioned (petroleum hydrocarbons, phthalate esters, polydi-
alkylsiloxane silicones, and DC-705) have been the only contami-
nants found, except for three or four out of over a hundred
samplings, and, in those cases, the exceptional contaminants
were present in amounts much less than the hydrocarbons or
esters. Generally, in the Chamber A at MSC, petroleum type
hydrocarbons have been the most persistent contaminant, with
phthalate esters being somewhat less, polydialkylsiloxanes much
less, and DC-705 occurring infrequently and only at very low
levels. (The typical average contamination level for the Cham-
ber A, all volatile condensible materials, has been on the order

of 2 x 10_7 g/cm2 (approximately two monomolecular layers) for
test periods of about 1 week.)

One important limitation of the KBr pelletizing technique is
that the sample mass should not exceed 0.5 percent of the pellet
mass. For the case of a 250-mg pellet, this corresponds to
1.25 mg, or for a 1-square-foot surface, roughly 12 monolayers

of contaminant. (The estimation of 10'7 g/cm2 being one mono-
layer is derived from the thickness of one molecular layer of oil

of molecular weight 300, density of 1 g/ cm3.) The maximum is
a suggested limit to maintain the mechanical integrity of the
pellet. Higher concentrations can be achieved, provided the
pellets do not crumble and calibration points are provided. It is
important to point out that the quantity of KBr in the pellet is not
critical, as long as the diameter is the same, since the trans-
mittance of the pellet is proportional to mass per unit area and
is independent of thickness {(and thus of KBr mass) within limits
of at least 10 percent and likely much more.

The precision of measurement at a given mass is somewhat
better than the adherence of the absorbance and mass to Beer's
Law, as demonstrated in Table 2. The nonadherence to Beer's
Law is not a significant source of error when the calibration
curves are used; however, the uncertainty in reproducing pellets
of consistent absorbance for a given mass cannot be discounted.
For ordinary analyses, this uncertainty is very poor; but it must
be remembered, if 1 square foot of area is analyzed, the uncer-
tainty is on the order of 0.1 to 0. 2 monolayers, which is quite
respectable for surface contamination analysis.

One rule of thumb observed in the pelletizing of liquid
samples is that the smaller the sample, the clearer the pellet.
For heavy samples, pellets may appear opaque but still yield
easily interpretable spectra in the range 2.5 to 15 u. This is
because scattering of light, the cause of opacity in this case,
decreases exponentially with increasing wavelength, and this
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phenomenon is dramatically displayed with (visibly) opaque
pellets, the transmittance of which at 2.5 4 may be 50 percent
but approach 100 percent at 15 ¢. In measuring opaque pellets,
it is advisable to use a reference beam attenuator in the refer-
ence beam of the infrared spectrophotometer and to adjust the
transmittance at 2.5 u to about 50 percent, and, if the spectrum
ordinate goes off scale, the reference beam attenuator should be
used to bring the ordinate down (by transmitting more reference
energy). Such changes in the spectrum do not affect the data if
the changes are made where no critical absorption bands occur.
The trace of the spectrum is extrapolated through the absorption
band being evaluated, and the absorbance of the band at its mini-
mum wavelength is the negative logarithm of the transmittance at
the minimum divided by the transmittance indicated by the extrap-
olated line at the same wavelength, as depicted in Figure 3.

OPTICAL PROPERTIES AT 2000 ANGSTROMS

The nature of most organic and inorganic compounds is to
tend to absorb light very strongly in the region of 2000 angstroms
(A), the boundary between the near and the vacuum ultraviolet.
This tendency is due to absorption of quanta of light by electrons
wherein they are energetically elevated to distinct higher energy
states from their distinct ground states. For inorganic com-
pounds, or salts, the absorption is a result mainly from transi-
tions of electrons of the anionic atoms (halogen, oxygen family).
In organic compounds, there is absorption due to transitions of
electrons involved in the interatomic multiple bonds, such as
double bonds (ethylene, propylene, etc.), triple bonds (acetylene,
propyne, etc.), and aromatic compounds (benzene, toluene,
naphthalene, etc.), in increasing order. Single bonds (C-C,

C-H, C-0), that is, the electrons comprising them, do not usu-
ally absorb energy S1gn1f1cant1y at wavelengths above 1900 A.
Nonbonding electrons (electrons not involved in a bond but present
on an atom in the molecule) on oxygen and halogen family atoms
do strongly absorb at 2000 A, Inner shell electrons of atoms in
the first two rows of the periodic table do not absorb at wave-
lengths above 1000 A. As a rule, then, most compounds absorb
light at 2000 A stronger than at any longer wavelength. Most
commercial ultraviolet-visible spectrophotometers are capable
of measurement at 2000 A beyond which (at shorter wavelengths)
atmospheric oxygen and the quartz optics of the instrument (and
also mirrored surfaces) begin to absorb light extensively, pro-
hibiting further measurement. Thus, the 2000 A wavelength is
the most suitable wavelength for the observation of contaminants
via their optical effects.
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The extent of absorption of a chemical compound at any
wavelength is expressed by its extinction coefficient, and if
Beer's Law is applicable to the conditions of dispersion of the
compound in its matrix and the optical configuration, the trans-
mittance (T) of the compound is determined from the relationship

T = 10761

where € is the molar extinction coefficient, 1 is the optical path
through the compound (in centimeters) or the matrix containing
the compound, and ¢ is the concentration of the compound per
unit volume, expressed in moles per liter. The units of the ex-

tinction coefficient are liter mole 1 centimeter” 1. The expres-
sion presented is the most common one employed; however,
extinction coefficient may be expressed in other units and may
apply to the base e (2.718...). For use in surface contamination
measurement, to describe the mass per unit area, another form
of extinction coefficient (hereafter called extinction coefficient

E’) is more appropriate, being given in terms of cng'l. Inspec-

tion of the transmittance-path-concentration relationship makes
it evident that optical absorption is a function of mass per unit
area; thus, the negative log of transmittance should be a function
of the type of contaminant, the wavelength, and the mass per unit
area of the contaminant; that is, the extent of surface contamina-
tion. Further, since the net transmittance of a system is the
product of the transmittances of its parts, the negative log of the
transmittance (absorbance) is the sum of the products of the ex-
tinction coefficient of each component and the surface contamina-
tion level of that component.

With the theoretical apparatus available, it might be thought
possible to obtain close correlation with identified-and measured
surface contaminants and transmittance at a given wavelength;
however, such is not the case. The nature of electronic absorp-
tion in a given molecular bond, as is the case in the ultraviolet,
is such as to be disturbingly dependent on the electronic structure
of the rest of the molecule and the physical state (solvent if in
solution, or pure). Unlike changes in vibrational energy, which
are measured in the infrared portion of the spectrum and are
fairly consistent for similar bonds among different molecules,
the extinction coefficient may differ by orders of magnitude be-
cause of the difference in two otherwise identical molecules of
only one double bond. Another unfortunate feature of ultraviolet
spectra is that they are lacking in detail; that is, compounds
usually have one or two broad, rather shapeless transmittance
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minima. However, infrared spectra have numerous narrow and
distinctly shaped bands, making identification of the absorbing
species quite simple.

In spite of the fact that the transmittance changes cannot be
used to determine the level or identity of contamination present,
this parameter can be used to determine the presence of contami-
nation and to crudely determine the relative amounts and direc-
tionality of contamination about a chamber. The effort is
worthwhile mainly because very little effort is involved. The
procedure is as follows:

a. Clean several ultraviolet grade quartz disks, 1-inch
diameter, 1 millimeter (mm) thick.

b. Place the disks at various chamber locations that are
to be investigated before the chamber is to be employed. One
side of each disk may be masked with foil to obtain information
on the direction of contaminant propagation.

c. After work in the chamber is concluded, remove the
disks and catalog them according to their location and orientation.

d. Tune the spectrophotometer to 2000 A; do not use nitro-
gen purge.

e. Measure the transmittance of each disk, moving the
carriage holding the disk out of the sample beam to obtain a tare
reading for the spectrophotometer.

f. Clean the disks (200-proof ethyl alcohol is a good
solvent, with low lint tissue paper).

g. Measure the transmittance of each disk again as in
step e.

Extinction coefficients vary widely among chemical species
and are tabulated in Table 3 for the common contaminants in
vacuum chambers. Of these values, that for SunVis 706 is the
least meaningful because petroleum hydrocarbons consist of
predominantly aliphatic hydrocarbons yet contain olefenic hydro-
carbons in large amounts with aromatics in lesser amounts; since
the relative amounts and sizes of these constituent molecules
differ, the extinction coefficient is highly variable among petro-
leum products. Dioctyl phthalate is a common contaminant that
is a unique chemical species, as is DC-705. The extinction
coefficient for DC-200 is meaningful, although the substance is
a mixture of species each containing a different number of the

CH3

I
same building block (monomer), the absorbing species -Si-O-.

|

CH3
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Molar extinction coefficients are not quoted for DC-200 and
SunVis 706 because they are not unique species, but are mixtures
of molecules of varying molecular weights.

The sensitivities of the quartz disks to the contaminants is
dependent on the type of contaminant and the quantity thereof.
Approximating one monomolecular layer of contaminant to be

10'7 g/cmz, the transmittance losses to be expected for

10'7 g/cm2 of the materials listed in Table 3 are presented in
Table 4. The applicability of these values are subject to the lim-
itations on the corresponding extinction coefficients, described
previously. Another interesting and advantageous datum

is that pure water is virtually transparent at 2000 A since a mono-
layer of water can be expected on any clean surface exposed to the
atmosphere.

Other factors, however, affect transmittance at 2000 A,
These factors include the scattering of light by particulate con-
taminants. Also, if volatile fluorine-containing organic com-
pounds were present in the chamber and ultraviolet light were
also present, as in solar simulation, there is a chance that the
fluorocarbons could decompose, forming fluorine-containing free
radicals in the chamber which etch silicated surfaces, such as
glass and quartz. The 2000 A wavelength is very susceptible to
scattering effects, being according to Rayleigh's scattering prin-
ciple that scattering is inversely proportional to wavelength, and
2000 A is the shortest wavelength that can be practically
measured.

Transmittance is not the only property that can be monitored
to detect contamination, Specular reflectance is also readily
measurable and is, in general, more sensitive to contamination
than transmittance. Reflection from a single surface required
the light to pass through the contaminant layer twice. If the mir-
rored surface is overcoated, for example, with magnesium fluo-
ride or silicon monoxide, the contamination could also exhibit an
effect on the interference behavior of the overcoated mirror,
either to increase specular reflectance or to decrease it. Spec-
ular reflectance attachments are available for some commercial
spectrophotometers. Since absolute values are not required, no
standardization procedures are necessary, only measurement of
the mirrors before insertion in the chamber or measurement
afterward, followed by cleaning and remeasurement. As mir-
rored surfaces are very susceptible to changes in reflectance
due to handling, it is recommended that mirrors be measured
before insertion in the chamber and after removal, rather than
post-test measurement, cleaning, and remeasurement.
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Optical property measurement is not restricted to 2000 A.
The entire ultraviolet spectrum may be run if optical contamina-
tion is critical for a given chamber operation. Actually, that
wavelength range of concern for an optical surface should be
measured for optical samples. If a laboratory has a vacuum
ultraviolet spectrophotometer, it is possible to measure changes
in the optical properties in that range (1150 to 2000 A) if the sam-
ple compartment is not evacuated. Evacuation of the contaminant-
containing crystal would otherwise cause loss of contaminant,
since the contaminant was also transmitted to the surface in a
vacuum. Vacuum ultraviolet radiation is transmitted through
nitrogen in the range 2200 to 1150 A, Oxygen, and especially
water vapor, absorb heavily in that region. The vacuum ultra-
violet spectrometer must be outfitted with a sample compartment
(the atmosphere of which is independent from the rest of the in-
strument), permitting reloading of the sample compartment and
consequent nitrogen filling of the small sample compartment vol-
ume while leaving the rest of the optical path under vacuum. The
optical path in the compartment should be minimized, being no
more than a few millimeters. Extinction coefficient, expressed
as a function of partial pressure and optical path, are quoted for
atmospheric gases at 1216 A in Table 5.

Chemical compounds do, as a rule, have higher absorption
in the vacuum ultraviolet region of the spectrum than at around
2000 A. They absorb especially strongly near 1600 A (4), gxakmg
this region more sensitive to contamination than 2000 A. It is
interesting to note, however, that investigations at the MSC
Chamber A, the Naval Research Laboratories in Washington,
D.C. (5), and at NASA Marshall Space Flight Center (6) indicate
that contamination affects transmittance and reflectance more at
2000 A than at the hydrogen Lyman-alpha line, 1216 A.

WIPE SAMPLING

The contamination present on surfaces in the vacuum cham-
ber can be determined by wipe sampling. This procedure is as
follows:

a. Rinse a glass wool swab in spectroquality carbon
tetrachloride.

b. Place the swab at the mouth of a glass vial half filled
with spectroquality CC1 4 and cap the vial (with Teflon lined cap).

c. At the location in the chamber to be sampled, open the
vial and grasp the glass wool swab with ""triceps'' type (three
pronged) forceps, and immerse it in the CCl 4 at the bottom of the
vial.
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d. Wipe 1 square foot of area with the swab, using upward
strokes to avoid streaming of the CCl 4 from the wipe area.

e. Replace the swab in the vial, cap the vial, and label the
vial according to the location sampled.

f. Wipe sampled area and vicinity with water-dampened
cloth, such as a diaper, to remove particulate contamination left
behind by the swab.

g. In the laboratory, transfer the swab and CC14 toa

150-ml beaker, boil down to about 10 ml total volume (in a fume
hood).

h. Pass the solution through a 0.20 u glass fiber filter
mounted in a Swinny type adapter for a hypodermic syringe, the
adapter being mounted on a 30-cc syringe. Deliver solution into
a graduated 17-ml centrifuge tube (to remove glass particles in
the solution).

i. Evaporate the solution to about 0.5 ml total volume.

j. Proceed with pelletizing process described previously
in this paper.

k. Rinse centrifuge tube with additional 0.5 ml CCl 4 and

add to KBr mixture (to retrieve any remaining contaminant).

1. Measure infrared spectrum of KBr pellet in the region
2.5to 15 u.

NOTES: Prepare a control sample and process simultane-
ously with other samples, except, of course, do
not sample with it. This provides tare values, if
extraneous material is found. Spectroquality
CCl 4 is sufficiently free from contamination that

would give spurious results (such as hydrocar-
bons) as not to require further processing.

If the sample is also to be examined by gas chro-
matography (see following), transfer 30 micro-
liters (u1) of the solution resulting from step i to
a capillary melting point tube and seal off the open
end of the tube with a soft flame.

Carbon tetrachloride is a very toxic substance and
should be handled in a fume hood or only when
wearing appropriate protective respirator mask.

In spite of the problem with particulate material from the
glass wool swabs, they are still the most preferable. Investiga-
tions of several types of natural and synthetic cloths (including
nylon and dacron) indicate, that after repeated boilings in sol-
vent, the background contaminant level (as hydrocarbons) was
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still too high. And although carbon tetrachloride is quite toxic,
it has a real advantage in that it has no carbon-hydrogen bonds
which otherwise may show up in the infrared spectrum as hydro-
carbon if all of the CCl1 4 Vere not removed from the KBr pellet,

and since it is very poorly combustible, it is weakly detected by
the sensitive hydrogen flame ionization detectors in gas chromat-
ographs, and thus the solvent tailing present in gas chromato-

grams is much smaller with CCl 4 than with other solvents.

Freons would also be acceptable, except that they are not obtain-
able in spectroquality grades and would require further process-
ing to make them acceptable for infrared spectral work.

Direct quantitative interpretation of the KBr spectra is not
possible with wipe sampling because the efficiency of recovery
varies with the amount of sample and the type of contaminant.
This efficiency reflects that of recovery from the sampled area
and also recovery of the sample from the swab. Recovery effi-
ciency will increase with increasing contaminant levels, since
there is sufficient material to significantly overshadow that re-
tained due to surface phenomena (adsorption). Likewise, more
surface active materials (such as silicones) will have poorer re-
covery efficiencies than less active materials (such as hydro-

‘carbons). For example, the recovery efficiency for hydrocarbons

at the 3 x 10-7 g/cm2 level is about 50 percent whereas the effi-
ciency is only about 20 percent for silicones present at the same
level. Like KBr pelletizing quantitative calibration curves, the
recovery efficiencies for wipe sampling should be run independ-
ently by each laboratory that endeavors this technique, and the
quantities of material detected in the pellets must be corrected
according to these efficiencies.

One important application of wipe sampling is to measure
the contamination on a given surface or surfaces in a chamber
before the chamber is used and to repeat the measurement after
use, for the exact same locations. This yields information on
the volatile condensible materials accrued on the chamber sur-
faces during use. Chamber surfaces sampled may also include
solar simulator mirrors (only those that are overcoated, how-
ever). The technique is most frequently used to identify and
measure contaminants visibly present on a surface, such as a
grease smear, a splotch fluorescing under black light, or a per-
sistently damp location.

Misleading interpretations of accurate wipe sample results
may often be encountered when the materials measured and iden-
tified are of too low vapor pressure to be a significant source of
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contamination to the vacuum environment. Vaporization rate is
a function of vapor pressure of the contaminant and the surface
area occupied by the contaminant, according to the relationship

¢ =0. 0584(¥)1/2p

where ¢ = evaporation rate, g/cm” lsec?
M = molecular weight
T = contaminant temperature, °K
P = contaminant vapor pressure, torr

Thus, if the vapor pressure of a contaminant were 10_10 torr,
its molecular weight 300, and its temperature in the chamber

80° F, its evaporation rate would be 5.0 X 1077 g/cmz/day. Fur-
ther, if the area of chamber surface covered by this contaminant
were 1 percent of the total area of the chamber inner walls, the
average rate of contamination buildup on a surface in the chamber
would be roughly one-twentieth of a monomolecular layer per day,

assuming a monolayer is 10-'7 g/cmz. A more accurate method
of determining mass transferred from one surface to another is
as follows:

»>

z=@ 5
a

cos g cos &

e

where Z is the mass deposition per unit area on the target
© is the solid angle of the target viewed by the contami-
nation source
A_ is the surface area occupied by the contaminant source

A, is the surface area of the target

6 1is the angle subtended by a line from the center of the
contaminant to the center of the target and the per-
pendicular line through the center of the contaminant
plane

¢ is the angle subtended by a line from the center of the
contaminant to the center of the target and the per-
pendicular line through the center of the target plane

Examination of this relationship shows that a large quantity of a
low vapor pressure contaminant located over a small surface
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area is not as detrimental as a small quantity of the same con-
taminant (a few monolayers) coating the entire chamber inner
wall.

A simple method is available for examining the volatility of
the wipe sampled material. This is to inject some of the mate-
rial into a gas chromatograph equipped with a nonpolar column,
such as SE-30, with column temperature of 275° C. If the reten-
tion time for the material, or any component thereof, is less than
five times the retention time of DC-705 under the same column
and conditions, then the material may be a potentially serious
contaminant. If the total mass of material injected is known and
the gas chromatograph is outfitted with a flame ionization detector
the sensitivity of which is approximately linear with mass for or-
ganic compounds, then the fraction of each constituent detected
can be estimated, providing the system is calibrated with a known
mass of organic material. For the case of solid impurities dis-
solved in the CCl1 4 during wipe sampling, which would show up

under infrared analysis, no indication for these impurities would
be seen on gas chromatographic investigation, and neither would
the nonvolatile greases and liquids. Gas chromatographic analy-
sis also provides a backup for the infrared analysis (via pellets)
of the materials collected by wipe sampling. DC-705, for exam-
ple, is detectable with gas chromatography at levels correspond-
ing to a few thousandths of a monolayer over 1 square foot of
surface.
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TABLE 1
COMMON INFRARED ABSORPTION BANDS USED FOR
QUANTITATIVE ANALYSIS

Wavelength | Compounds with bands cht::::l;i:pr
3.42 u | Petroleum hydrocarbons methyl C-H
Esters (phthalate) methyl C-H
Polydialkylsiloxanes (very methyl C-H
slight)
DC-705 (very slight) methyl C-H
8.0 u Polydialkylsiloxanes Si-CHs
DC-705 Si-CHa
Esters (so broad that the sharp c-0
silicone band appears super-
imposed on it)
12.5 ¢ Polydialkylsiloxanes sx-cna
DC-705 Si-CHa
TABLE 2

PRECISION AND BEER'S LAW ADHERENCE OF KBr PELLETIZING TECHNIQUE

Mass, .. T Absorbance/mass (A/M). | A/M standard
Compound mg | recgom g deviation
SunVis 706 Oil 0.03 40 1.56
(hydrocarbon)
3.42 1 .10 20 2.22
.30 10 1.50
1.0 9 .99 30
Dioctyl phthalate .03 25 1.19
(ester)
5.8u .10 3 1.71
.30 7 1.83
1.0 4 2. 11 19.5
DC-200 .03 4 3.33
(polydimethyl
siloxane)
8.0 u .10 6 2.40
.30 11 2.00 21.8
DC-1705 Oil .03 13 .818
{methylphenyl
trisiloxane)
7.0u .10 18 .180
.30 7 .580 14.4
i

Standard deviation
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EXTINCTION COEFFICIENTS AT 2000 ANGSTROMS FOR

TABLE 3

COMMON VACUUM CHAMBER CONTAMINANTS

Extinction Molar extinction
Contaminant coefficient coefficient

Petroleum hydrocarbon 1.32 x 10* cng"l

(SunVis 706)
Ester (dioctyl phthalate) | 1.22 x 10° em%™! | 3.24 x 10% 1" lom!
DC-200 4.13 x 103 em?g”!

(polydimethylsiloxane)
DC-705 (1,2, 3 trimethyl | 2.25 x 10° cm2%g~! | 1.22 x 10° 17 mote™ lem™?

1, 1, 2, 3, 3-pentaphenyl
trisiloxane)

1‘Litex'

TABLE 4

TRANSMITTANCE LOSS AT 2000 ANGSTROMS CAUSED BY A 1x 107" g/em>

LAYER OF COMMON CHAMBER CONTAMINANTS

Contaminant T"“‘";‘;:S"ie %“’ at
Petroleum hydrocarbon (SunVis 706) 0.3
Ester (diocty] phthalate) 2.8
DC-200 (polydimethyisiloxane) .1
DC-705 (1, 2, 3 trimethyl 1,1,2,3,3 5.0
pentaphenyl trisiloxane)

EXTINCTION COEFFICIENTS OF ATMOSPHERIC GASES

TABLE 5

AT 1216 ANGSTROMS (LYMAN-ALPHA)

Gas Extinction coefficient, atm™ lem™!
Nitrogen 0. 005
Oxygen .3
Water vapor 396.
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Fig. la—Infrared spectrum petroleum oil or grease (hydrocarbon)

Fig. 1b—Infrared spectrum of tall oil alkyd - used in paints, out-
gassed from 3M Nextel paints (Spectrum is character-
istic of phthalate esters.)

Fig. lc—Infrared spectrum of polydimethyl siloxane - common to
most silicone oils, grease, and rubbers

Fig. 1d—Infrared spectrum of DC-700 series oils (methyl-
phenyl trisiloxanes)
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Fig. 2a—SunVis 706 (typical hydrocarbon) - absorbance of 13 mm
KBr pellet versus contamination level of 12 in. by 12 in.
contamination collection unit
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Fig. 2b—Dioctyl phthalate (ester) - absorbance of 13 mm KBr
pellet versus contamination level on 12 in. by 12 in.
contamination collection unit
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Fig. 2c—DC-200 oil (polydimethyl siloxane, as from silicone
grease and rubber outgassings) - absorbance of 13 mm
KBr pellet versus contamination level on 12 in. by
12 in. contamination collection unit
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Fig. 2d—DC-105 oil - absorbance of 13 mm KBr pellet versus
contamination level on 12 in. by 12 in. contamination
collection unit
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Fig. 3—Extrapolation of base line to determine transmittance of
base line, TO’ at the wavelength of the transmittance
minimum
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Paper No. 16

PHOTOLUMINESCENCE AND OPTICAL TRANSMISSION OF
DIFFUSION PUMP OIL

Roger L. Kroes, NASA, Marshall Space Flight Center

ABSTRACT

The photoluminescence and optical transmission of four widely
used diffusion pump oils DC705, DC704, convalex 10 and convoil 20 were
measured, Each of the oils was found to be transparent throughout the
visible region, showed some absorption in the near uv region, and be-
came very opaque below approximately 320 nm, Both convalex 10 and
convoil 20 turned yellow after exposure to uv light. No such change was
noted in DC705 and DC704. Photoluminescence was produced in each of
the four different oils when irradiated with uv light, Various wave-
lengths of monochromatic light from 250 nm up to the visible region
were used for excitation, The luminescence spectra were measured by
scanning the light output of the samples perpendicular to the excitation
light direction with a grating monochromator. Both DC705 and DC704
showed an identical luminescence peak at 350 nm. The spectra of
convalex 10 and convoil 20 were fairly complex with several peaks in the
region from 350 nm to 480 nm.
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Paper No. 17

RADIATION EFFECTS ON CONTAMINANTS FROM THE OUTGASSING
OF SILASTIC 140 RTV

Peter F. Jones, The Aerospace Corporation, El Segundo, California

ABSTRACT

Exposure of the volatile condensable material (VCM)
from Silastic 140 RTV adhesive sealant to 147, 0-nm
radiation, simulating the space radiation environment
in synchronous earth orbits, induces absorption of
visible light by the VCM, This results in an increase
in the absorptance of coated optical elements, such
as solar-cell cover glasses and second-surface
mirrors for thermal control, A contaminant thick-
ness of 0,1 pum or more could result in a change in
gsolar absorptance of the second-surface mirrors
from 0.06 to ~0, 16 in a period of about 1.5 yr in
space, Calculations indicated that the VCM thick-
ness would have to be less than ~0, 005 pm to keep
the change in solar absorptance <0, 01 for a 3-yr
misasion,

INTRODUCTION

Although it is generally recognized that the outgassing of
polymeric materials can degrade satellite system performance
by contamination of satellite optical components, not enough
attention has been given to the subsequent effects of the space
radiation on the contaminant. In some cases (such as for the
system studied in this report), the satellite system degradation
may be entirely due to the radiation-induced darkening of the
contaminant. This report reviews our studies on the effects of
irradiation in space on the volatile condensable material (VCM)
from Silastic 140 RTV adhesive sealant (a methylsiloxane
manufactured by the Dow Corning Corporation),

Silastic 140 was selected by a contractor to seal openings
of a Titan IIIC payload fairing., Previously reported experiments
have shown that Silastic 140 outgasses volatile condensable mate~
rial (VCM) when heated (Ref, 1), The VCM could condense on a
payload that is at a lower temperature than the fairing, There-
fore, the contractor performed several thermal-vacuum mass
loss measurements and collected VCM from the Silastic 140
RTV on a quartz plate. No change in transmittance due to the
deposit was noted, but the VCM is transparent to radiation in
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the wavelength band from <0.20 pm to >3.0 pm. However, even

‘transparent depositions on coated optics can affect the trans-

mission. Solar-cell cover glasses, which have a magnesium
fluoride antireflection coating, could show as much as a 3% loss
in transmission for a thick deposit (>1 pm)., This was not a
major problem, however, because a {-pm thickness was not
likely and a 3% loss in power was not considered critical.

Our previous laboratory work has shown that the uv visible
absorption of polysiloxanes and other polymeric materials
increases when subjected to far uv irradiation (Ref. 2). This
poses a potential problem for VCM deposits on optical materials
exposed to solar uv and trapped particle radiation in space.

Specimens of the Silastic 140 VCM supplied by the con-
tractor were irradiated with far uv at a wavelength of 147, 0 nm
from a low-pressure xenon lamp. This irradiation resulted in
large increases in absorption, which would increase the solar

absorptance of second-surface mirrors used for thermal con-
trol and decrease the transmittance of the solar-cell cover

glasses.

VACUUM ULTRAVIOLET IRRADIATION

The optical transmission of polymeric films can be
degraded significantly by the solar uv and trapped particle radi-

ation environment in space, The effects of the uv radiation are
usually evaluated by means of high-pressure xenon lamps

because the spectral distribution of their radiation is approxi-

mately the same as the sun's spectrum for wavelengths (\)

greater than ~190 nm (the cutoff of the quartz window)., These
lamps were not appropriate for the present study because pure

methylsiloxane films do not absorb for wavelengths greater than
~175 nm (Ref, 3). We chose to use a low-pressure xenon lamp
with a sapphire window that was constructed in our laboratory.

The low-pressure lamp provided a monochromatic irradiation
source at 147, 0 nm, with no other emission lines (intensity less

than 0. 1% of that at 147, 0 nm) for X\ < 450 nm (Ref. 4).

The iamp we used had a photon flux at 147, 0 nm of
4,0 X 101 photons cm™ s™%, as determined by conversion of
CO; to GO (Ref. 5). Fqr comparison, the solar photon flux for
A <175 nm is 3.0 x tol photons cm™ s-1 (Refs. 6 and 7).
Thus, for an optically thick sample, 1 hr of irradiation in the
laboratory is equivalent to 133 hr of exposure to solar uv radia-
tion (assuming that all photons with A < 175 nm are equally
effective in producing damage). For 147, 0-nm irradiation of a

methylsiloxane >90% of the photons are absorbed for thicknesses

>0.1 pm, It was assumed that the absorption in this spectral
region is the same as that of polyethylene, which also has an

absorption threshold of 175 nm (Ref, 8)." For our experiments,

1Unfortunately, there are no data available for the far uv absorp-
tion of polymethylsiloxanes, Most organic polymers, however,
have similar absorption coefficients in the far uv (Ref. 8).
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we used films of the Silastic 140 outgassing products, several
micrometers thick and deposited on Suprasil quartz plates, The
optically thick samples were used so that we could be certain
that all of the incident photons would be absorbed and also
because our original estimates indicated the film thickness

could be as much as { pm, The sample was irradiated in a
vacuum (pressure <10-5 torr), but it was removed from the
vacuum periodically for measurement of its optical transmission
spectrum. We have previously found that the spectrum for other
siloxane films is not affected by exposure of the sample to air
after irradiation (Ref. 2).

The uv-visible transmission spectra of the film after
various irradiation times are shown in Figure 1, Although the
infrared spectrum was not monitored, our previous investigation
of polymethylsiloxane and other polymers had shown no change
in the infrared spectrum, even after significant changes in the
uv spectrum (Ref, 2), The spectra shown in Figure | have not
been corrected for scattering., In Figure 2, we have plotted the
change in the absorbance (optical density) at 300 nm vs the time
of irradiation. This figure shows that the radiation-induced
absorption is starting to level off or saturate, We also observed
that the viscous oil deposit on the quartz plate had solidified,
presumably as a result of crosslinking of the siloxane,

CALCULATION OF SILOXANE DEGRADATION EFFECTS ON
SECOND-SURFACE MIRROR AND SOLAR CELL
PERFORMANCE

From the spectra in Figure 1, we calculated that the solar
absorptance (ag) of a siloxane-contaminated second-surface
mirror (made with Ag deposited on quartz) would increase from
0. 060 to 0. 067 after an exposure equivalent to the 2-hr labora-
tory irradiation. For the 51-hr laboratory irradiation, ey would
increase to 0,159. This would result in a temperature increase
of ~60 K for a flat plate normal to the sun's rays and with the
rear surface insulated. Although the effects produced by the
2-hr irradiation were considered acceptable for this mission,
the damage after 51 hr would most likely lead to overheating of
satellite components. In addition, for the long-time irradiation,
the power generated by the solar cells would be decreased
because of absorption by the irradiation-colored siloxane film.
For the 27-hr irradiation, the solar cell current would be
degraded by 2. 4%; for the 51-hr exposure, the solar cell current
would decrease by 4.5%.

With an optically thick siloxane film (>0.1 pm), our 51-hr
irradiation was equivalent to 1,53 yr in space (assuming the
film was exposed to the sun 12 hr per day). Because of the
significant degradation observed for thick films, it becomes
important to better characterize the expected thickness of the
siloxane film. With the vacuum uv absorption spectrum of
polyethylene (Ref, 8) as a model for the siloxane film, we
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calculated that the film thickness must be less than ~0. 005 pm
if the space radiation damage for a 3-yr mission in synchronous
orbit is to be less than that observed for the 2-hr laboratory
irradiation (Aag = 0. 007).

We did not investigate the possibility that absorption in the
uv induced by the far uv irradiation leads to additional degrada-
tion. Also, we did not include the possible damage by the
charged particles trapped in the earth's magnetic field, For a
synchronous orbit, however, the energy deposited by these
particles in the thin siloxane film is only 1/100th the energy
deposited by the far uv radiation. Experiments are currently
under way in our laboratory to determine the wavelength depen-
dence of the photodegradation and to evaluate the importance of
synergism between the far uv and the visible-near uv spectral
ranges,
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Paper No. 18

INTEGRATED REAL-TIME CONTAMINATION MONITOR:
OPTICAL MODULE

Gary M. Arnett and Roger C. Linton, NASA, Marshall Space Flight Center

ABSTRACT

The optical module of an Integrated Real-Time Contamination
Monitor is being developed for evaluating the effects of both ground-
based and spaceflight contamination environments, A laboratory
version of the IRTCM has been built and tested under conditions simu-
lating a serious gaseous contaminant environment, The optical proper-
ties of selected surfaces including mirrors, windows, and the crystals
of operating quartz-crystal microbalances were monitored at two wave-
lengths in the vacuum ultraviolet before, during, and after the intro-
duction of various contaminants ingaseous form. The results show the
effects of contamination, particularly for certain vacuum pump oils, to
be dependent on the optical element material, the thickness deposited,
and most strikingly, the type of contaminant. The optical constants of
the contaminants at the monitoring wavelengths were determined and a
comparison made for the calculated versus the measured changes in
optical properties. Design features of the IRTCM will be reviewed as
they affect this type of data and their interpretation, and those features
of the advanced IRTCM now being developed which improve on its
applicability will be discussed.
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Paper No. 19

EXPERIMENTAL DETERMINATION OF STICKING COEFFICIENTS
E. E. Klingman, Marshall Space Flight Center, Huntsville, Alabarma

ABSTRACT

A Monte Carlo computer program is used in con-
junction with experimental data to determine the
sticking coefficient for RTV-501 on silver,

INTRODUCTION TO THE PROBLEM

On many experimental satellites, and particularly on the
Skylab, there is concern about contamination effects degrading
the performance of the primary scientific experiments, For
this reason a great amount of effort has been spent attempting
to assess the seriousness of this problem and to minimize such
degradation. The problem can be divided into three main cate-

gories as follows:

1. Source of contamination; outgassing, waste dumps,
RCS, etc.

2. Mass transport; contaminant cloud, collisions
with surfaces

3. Effect of contaminants; deposition on UV irradi-
ated surfaces, etc.

The relationship of these three areas is shown schematically in
Figure L.

It is easily seen from Figure 1 that the sticking coef-
ficient which measures the probability of a particle sticking to
a surface enters into two of the major areas of the contami-
nation analysis program. This, then, is the motivation for
experimental and theoretical efforts to determine such coef-
ficients. In this report the preliminary experimental results
are described. Such preliminary results were needed rather
quickly as input to the mass transport program. They were
obtained as rapidly and as simply as possible. More elaborate
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Fig. 1. Subprogram in the Contamination Program

and accurate experimental work is proceeding and will be the
subject of a following report.

Mass Transport Tools

Prior to any experimental work, the mass transport
problem was analyzed, and it was decided to adopt a Monte
Carlo approach., This decision was based on the mean free path
of the particles which generally exceeded the container dimen-
sions. Thus, only particle-wall collisions were considered.
Since the sticking coefficients were not known, it was uncertain
whether the particle would make enough collisions with the walls
to be randomized and susceptible to a kinetic gas treatment.

Subsequent work in this area compared a two-dimensional
Monte Carlo treatment with a two~-dimensional analytic solu-
tion [ 1] in order to gain confidence in the Monte Carlo and some
feel for the technique. The following work has been strictly
Monte Carlo and has resulted in a program for calculating mass
flow in a cylindrical container and another program for
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three-dimensional rectilinear enclosures with sources and sinks,
Both three-dimensional programs have the capability of analyzing
either a point source or an extended source. A schematic
drawing of the cylinder Monte Carlo program is illustrated in
Figure 2.

FOR EACH COLLISION WITH THE WALLS GENERATE
A RANDOM NUMBER AND COMPARE WITH THE
PROBABILITY OF STICKING TO DETERMINE IF THE
SOURCE PARTICLE GETS OFF OF THE WALL.

APPERTURE
”~
\<

TARGET
\ SURFACE
N (DETECTOR)

Fig. 2. Simplified representation of Monte Carlo
cylinder model

In the Monte Carlo work to date it has been assumed that
the particles leave the wall with a cosine distribution which has
both theoretical and experimental backing. Most of this work,
however, is based on atomic particles. Recent work done in
Germany by Becker {2] used “cluster" molecules. As these
are the types most relevant to spacecraft contamination, this
factor is being studied; and it is possible that the Monte Carlo
computer programs will be modified to take such collisions into

account.

The results of a given Monte Carlo run are a function of
source rate, type of source, target area, container dimensions,
and sticking coefficient. The results of greatest interest are
those in which only the sticking coefficient, ¥ , is free to vary.

In this case, runs will be made for several values of ¥ , and

the percentage, B , of all emitted particles which strike the
target area (and are assumed to stick) is plotted versus vy .
Figure 3 shows a typical graph from a series of Monte Carlo runs.
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Fig, 3, Particle reaching target as a function of
sticking coefficient

From Figure 3 it is seen that an asymtote which the curve
must approach is the percentage of direct hits, i.e., those
particles which leave the source and travel directly to the target
without encountering any walls on the way. The particular value
is a function only of geometry and is, therefore, a most impor-
tant value since it can serve as a reference point and as a tie
between the Monte Carlo model and a physical model. It will be
seen in a later section that the use of this reference allows one
to disregard the efficiency of the detector, i.e., it does not
require knowledge of the sticking coefficient on the target
surface (assumed non-zero).

Experimental Setup

The actual physical situation approximates the Monte
Carlo model as closely as possible, A cylinder is used to con-
tain the particles emitted from a source. The source used was
a sample of RTV-501 seated tightly in a heater and placed in close
proximity to an input apperture. The source temperature was
held at 100°C, The cylinder surface was silver plated,

The detector used was an ARC quartz crystal micro-
balance (QCM) with silvered quartz detecting (target) surface.
The general experimental setup is as shown in Figure 4.

The experimental setup was designed to obtain engineering

data by a deadline. RTV-501 was chosen as a fairly dirty source
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Fig. 4. Experimental setup

typical of that flown on Skylab. The silver cylinder was chosen
to be representative of several Skylab surfaces, as well as to
obtain data on the QCM surface coating. The weakest feature of
the system from the viewpoint of physics is the inability to ob-
tain really clean surfaces. From the engineering data viewpoint,
this is not a great disadvantage and, to some degree, is almost
desirable.

Experimental Procedure

The first readings taken were background readings with
and without the cylinder present. The high background noise of
early runs was eliminated by enclosing the system in an LN,
cold wall. As a simple check on the system, the sample (RTV-
501) was placed at the source location, the cylinder was removed,
and the direct hits were measured for various source-to-target
distances. The change in particle count, i.e., frequency shift
of the QCM, could be calculated from geometrical considerations
assuming a cosine distribution from the source. The out-
gassing was found to be given by the cosine law to within a few
percent. The target was then repositioned at the distance cor-
responding to the length of the cylinder, and the direct hits were
measured. The cylinder was then installed in place, and the
total hits were measured. These two measurements, with and
without the cylinder in place, yield the sticking coefficient. It
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should be noted that stay times are assumed to be approximately
zero if the particle re-evolves, and approximately infinite
otherwise,

Calculation of the Sticking Coefficient

For comparison purposes, it is worth calculating the
direct hits expected from geometry with those obtained from a
Monte Carlo calculation. If the source is considered to be
emitting particles into a hemisphere of radius equal to the
distance of the target from the source, then the probability of a
particle striking element ds of the total surface S is ds/S
for isotropic emission. If the emission of particles follows the
cosine law, then the probability is ds{cos 6 }/S. Noting that
ds = r2d6dé¢ sinf , the ratio of the particle striking the target
at a distance R from the source is

Zszfsine cos 9d @
0

target
Direct hits = sur ”Ce
ZWR; f /2 sin® cos9 486
0

For a target surface with radius 0.33 cm at a distance of 5.6 cm
from the source, the direct hits can be calculated to be:
Geometric: direct hits = 0. 346% of total flux
Monte Carlo: direct hits = 0,373% of total flux
The Monte Carlo figure was obtained as an average of eight runs

of 10, 000 particles each, Continuing with the calculation of the
sticking coefficient, it is necessary to define certain terms.

N emitted
-unit time

R = source rate =

o = efficiency of QCM, i.e., percent of
particles sticking to QCM

N rec ; theoretical Monte Carlo

N emitted calculation in which @ = 100%
(independent of source rate)
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¥ = geometric form factor, including cosine
distribution; applies only to direct hits,
determined from Monte Carlo calculations

NQCM = number of particles seen by QCM

Certain relations follow immediately from the above definitions:

Npgc = YRAt (a)

Nocm = *Nrec (b)

For the following calculations it is necessary to realize that the
number of particles received is a function of the sticking coef-
ficient, v , and the distance, x, from source to target, i.e.,

Nrec * NrEC (v, x)

whereas the geometric form factor ¥ = ¥ (x) is a function of
the distance only (for given target and source dimensions) but
only has meaning for Y =1, Thus, in the relation

NQCM(I, x) = eRY¥ (x) At

the known values are NQCM( 1, x}) and ¥(x). The value of
NQCM( 1, x) is the experimental reading of the QCM with no
cylinder present, i.e., the measurement of direct hits. The
value of ¥(x) is the Monte Carlo form factor (0.00373 for this
experiment). The source rate and the value of a (actually the
sticking coefficient for the QCM is unknown. Thus, it is seen
that the relation between the theoretical number received per

unit time and the experimental number emitted per unit time is

Nocmt s )

(1, x) = a¥(x)

N
emitted

It is assumed that number emitted is relatively independent
of the sticking coefficient, i,e,, the vapor pressure of the
material exceeds the vacuum pressure. With the cylinder in
place, the number of particles measured by the QCM is assumed
related to the theoretical value NR.EC('Y ) through relation (b).
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Thus, experimental determination of B is found by

B = =
Nemitted @ Nocmtts *)
T (x)

It is seen that the efficiency of the QCM cancels out of the
equation, leaving B expressed in terms of three quantities,
all of which are known, It is then possible to go to Figure 3 and
determine where on the f-versus-vy curve the measurements
occur, This is shown in Figure 5.

CURVE DERIVED FROM MONTE CARLO SIMULATION

/— EXPERIMENTAL POINTS WITH CYLINDER IN PLACE

DIRECT HITS EXPERIMENTAL DATA
N (NO. CYLINDER)

I DIRECT HITS (GEOMETRY)
-y

Fig. 5. Experimental determination of v ,

Experimental Results

Measurements were made of the background count by oper-
ating the system in its normal mode, with the exception of the
absence of the RTV sample. For convenience of representation,
the mass flux will be given in units of Af/5 min. Some of the
measurements were made at one-second int ervals, and some
were made at ten-second intervals and averaged about several
points. Figure 6 is presented as an example of the time scale
of the experiment. The system is seen to require about one-half
hour to stabilize such that vacuum, LNj walls, and heater ele-
ments come to their equilibrium conditions, Measurements of
background count were made both in the di rect hits configuration
and in the cylinder configuration. The background for direct
hits was 0.45714 Hz/5 min, with a standard deviation of 0. 35887,
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Fig. 6. Illustrating time for system to stabilize,

This measurement was made without a cold (LN3) collimator in
place, which was present for all data runs, and so represents

a worst-case noise figure. With the cylinder in place, the back-
ground averaged 5.5 Hz/5 min over a range of temperatures
with a worst case of 9.33 Hz/5 min, The direct hits configura-
tion is shown in Figure 7, Two runs in this configuration, over
one-hour periods, yielded 9.871 Hz/5 min with standard devia-

VACUUM CHAMBER
( LN, - COOLED \
[ COLLIMATOR

THERMISTOR

NO CYLINDER

i
I
!
n
E
T

COLD —_————___COop
WALL COOL ALUMINUM FOIL OVER WALL
TEFLON INSULATED SUPPORTS

Fig, 7. Direct hits configuration.

tion 1.89, and 9.960 Hz/5 min with standard deviation 1.437,
The figure 9.92 Hz/5 min is taken to be the direct-hit rate.

Since the experiment was run on engineering-type surfaces,
the silver cylinder was cleaned and baked out before each run,
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This procedure did not fully compensate for the history of the
cylinder; and each run, though qualitatively the same, varied
slightly in actual counts. The sticking coefficient-versus-
temperature curves are all nearly identical but displaced by a
constant small amount. The data used in the following calcula-
tions represent a typical run and differ by less than 10 percent
from any other cylinder run. The procedure for each cylinder

run was as follows:

1. Bake out cylinder (previous night)
6

2, Pump and cool down system to 10~ ° and

LN, temperature
3. Monitor background count

4, Heat cylinder to approximately 33°C and
let stabilize

5. Monitor background count
6. Heat RTV-501 to 100°C and let stabilize

7. Cut power off cylinder heater, allowing
cylinder to radiate to LN, walls and drop
in temperature

8. Monitor cylinder temperature, QCM count,
time, and Af/ At simultaneously

The background count at 33°C was 15.3 Hz/5 min with standard
deviation of 5.6 based on 42 data points. Data available from
two runs in which the cylinder was at the same temperature
yield mass fluxes with the cylinder in place of 126.0 Hz/5 min
and 173.1 Hz/5 min, which correspond to values of 8 of
0.04738 and 0.06509, respectively. By considering the plot of
points of the Monte Carlo data in Figure 8, it is seen that this
is im the region of the three data points at v = 0.05, 0.1, and
0.2. A curve fit to these points yields the equation

B =0.0900 e '-8107

with a correlation coefficient of -0, 98981, Using this curve,
one obtains the relation

- 1 B
Y: o (o.o9oo>
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Fig. 8. Monte Carlo computer calculation
of sticking coefficient.

which can be used to obtain values of v for the experimentally
measured 8. This has been done, and the values are shown
schematically in Figure 9. The range of values for the silver
at 20.59C is from .0415 to .0822.

© MONTE CARLO DATA

® EXPERIMENTAL DATA

0.0650 1
0.0374 CURVE FITTO
MONTE CARLO
PTS.
0.0195 -
T " T I §
10.05 E 0.1 0.2
0.04 0.08

Fig. 9, Determination of sticking coefficient
using Monte Carlo generated curve.
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Paper No. 20

ENVIRONMENTAL SIMULATION FROM 0.01 TO 100
SOLAR CONSTANTS

John R. Jack and Ernie W. Spisz, NASA, Lewis Research Center

ABSTRACT

The requirement to obtain thermal radiative property data for
solar intensity levels ranging from 0.01 to 100 solar constants has led
to the development of two environmental simulators at the Lewis
Research Center, One simulator has the capability of operating from
0.01 to 20 solar constants with a control system which will maintain a
constant intensity output or perturb the intensity in a sinusoidal fashion.
The other simulator is capable of providing a solar radiation intensity
of 100 solar constants which simulates the space environment at 0.1 AU,

The 20 solar constant simulator consists of a 12 KW carbon arc
with associated optics. Its output as measured in the test plane is a
beam 5 inches in diameter at the maximum intensity level of 2800
mW/cm2 (or 20 solar constants). The intensity can be continuously
varied by the moveable zoom lens. Low intensity levels are achieved by
using apertures and/or fine wire mesh screens that act as neutral
density filters. Programmed intensity perturbations are also obtainable
by automatic control of the zoom lens.

The 100 solar constant simulator uses as its basic radiation
source a 20 kW xenon compact arc lamp located at the focus of an

ellipsoidal collector, The beam passes from the collector through the
lenticular lens system to produce a final test plan beam approximately
5 inches in diameter having an intensity of approximately 14 W/cm?2

(100 solar constants).

A challenging problem encountered in the development of the two
simulators was the radiometers required to accurately measure and
map the absolute radiation intensity distribution in the test plane. The
radiometer used for the 20 solar constant simulator was a conventional
silicon solar cell that was operated photoconductively (rather than
photovoltaicly). By operating the cell in a photoconductive mode, the
relationship between radiant intensity and measured current is linear.

It is the intent of this paper to discuss completely the
characteristics of both simulators in terms of spectral content,
intensity level, beam uniformity, stability and control characteristies.
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In addition the radiometer problems encountered in both simulators and
the unique photoconductive utilization of a silicon solar cell as the
radiometer for intensities up to 20 SC will be discussed in detail,
Radiation property data obtained on metals and coatings utilizing the

20 SC simulator will also be presented.
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Paper No. 21

VARIABLE GEOMETRY TOTAL RADIATION DETECTOR SYSTEM

Jerry G. Greyerbiehl, NASA, Goddard Space Flight Center

ABSTRACT

A system of instrumented grooved black plate detectors has been
designed which directly determines chamber solar simulation intensity
data. When coupled with a variable geometry structure configured to
simulate spacecraft thermal nodal areas, solar and chamber radiation
inputs for predictive testing are obtained for inclusion in the analytical
model.

Intensity data is obtained from calibrated resistance wire
thermometers mounted on each detector assembly., Detector coatings
can be varied to duplicate flight spacecraft coatings in order to deter-
mine coating thermal properties in the chamber environment, The
detector operating principle is one of electrical substitution wherein the
unknown thermal input is compared to a known electrical power input.

The development program consisted of a prototype and an
advanced detector system., The prototype assembly consisted of single
sensor detectors. The advanced system employs a double heater/sensor
arrangement which eliminates the unknown variable heat loss evident
during the early work with the prototype unit,

Although minor problems were encountered, recent operation
during chamber calibration for spacecraft solar simulation testing indi-
cates agreement with the existing solar cell radiometer technique on the
order of 10%.

This method of intensity determination is particularly applicable
to large area solar simulators of poor uniformity. A unique and im-
portant application of this detector assembly involves the determination
of direct and extraneous chamber thermal energy and its effect on the
thermal balance of the spacecraft configuration to be tested. Once
developed, the detector assembly enables an accurate measurement of
the thermal fluxes over all areas of a spacecraft.
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Paper No. 22

THE DESIGN AND APPLICATION OF AN INFRARED SIMULATOR: FOR
THERMAL VACUUM TESTING

Douglas J. Skinner,@ Steven P. Wallin,® and Calvin M. Wolff®

ABSTRACT

An infrared simulator was developed and installed in.Cham-
ber A in support of the Apollo lunar-exploration mission
thermal vacuum testing. The simulator was designed to
provide thermal simulation of the radiation emitted and re-
flected by the lunar surface incident on the Apollo service
module in a 60-mile-altitude lunar orbit. The infrared
simulator comprises 18 individually controlled zones that
provide the irradiance profiles over a 180° arc around the
spacecraft, simulating the flux levels of equatorial, polar,
and 45° lunar orbits.

INTRODUCTION

An extensive design and development program was initiated
to provide a large infrared (IR) simulator for the thermal vacuum
testing of the Apollo scientific instrument module (SIM). The pri-
mary design requirements are as follows,

1. Isotropic (diffuse) IR flux must be provided over a 180°
arc around the Apollo service module to simulate the direction-
ality of lunar thermal emission. The isotropicity is necessary
because some critical components recessed in the (SIM) reflec-
tive cavity are sensitive to directionality and because many of the
critical surfaces are not diffuse absorbers.

2. The flux must be controllable independently in 18 evenly
spaced heater zones parallel to the axis of the service module to
achieve the various orbital flux profiles.

3. The color temperature must not exceed 600° F and
should match that portion of the lunar surface corresponding to
each heater zone; that is, the product of the vehicle -to-simulator
view factor and the hemispherical emittance should be as close to

2Brown & Root-Northrop, Houston, Texas.
l"NASA Manned Spacecraft Center, Houston, Texas.
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unity as possible because of numerous critical heat-transfer sur-
faces having varying IR absorption spectra.

4. The thermal response time must be minimized to allow
controllability for each heater zone to simulate transient flux
conditions,

5. The flux range at the spacecraft surface must be con-

trollable from 140 to 440 Btu/ft2 -hr for each heater zone.

6. The system must be compatible with the existing 6-bit
binary input, 12-kilowatt, and 117- or 208-volt proportional
power controllers.

The final configuration of the IR simulator is a retractable,
semicylindrical envelope located opposite the solar simulation
array. The power to each heater zone was controlled to a prede-
termined profile to provide a transient circumferential flux pro-
file equivalent to that experienced in a 60-mile-altitude lunar
orbit. For lunar darkside simulation, the simulator was re-
tracted so that the spacecraft could view the liquid-nitrogen-
cooled chamber paneling.

The mechanical design, the thermal design (including the
special preparation of the heater strips), the control system, and
the calibration of the IR simulator are described.

MECHANICAL DESIGN

Cage Structure

The IR simulator is a semicylindrical envelope with 18
heater zones positioned 18 inches from the spacecraft at a diam-
eter of 16 feet with an overall height of 18 feet (Figs. 1 and 2).
These heater zones are mounted in a cage structure, which is
composed of an inner support frame and a concentric outer struc-
tural member. The four equally spaced support and structural
members are connected by self-adjusting cross braces. The
outer structural member with the slotted cross braces provides
for the expansion and contraction of the cage while providing
structural rigidity. The inner and outer sections are 17 feet
4 inches and 21 feet 4 inches in diameter, respectively. The
entire structure was fabricated from 2-inch o.d., 0.188-inch
wall, 6061-T6 aluminum tubing. The total weight of the struc-
ture, including heater zones and power cabling, is 1900 pounds.

Because of the high operating temperature of the heater
strips and the exposure of the cage structure to the liquid-
nitrogen-cooled cryogenic panels, the inner and outer frame
would experience large temperature gradients (approximately
460° F at the center of the simulator). This condition necessi-
tated a thermal stress analysis of the entire structure. The
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digital computer program, ""STRAN, ' was used to calculate the
forces, bending moments, and deflections caused by the expected
temperature gradients., The maximum compressive and tensile
stresses were calculated to be 13 220 psi and 12 780 psi, respec-
tively, and provided a safety factor in excess of 3. 0.

Support Structure

The support structure comprises a vertical truss and sup-
port arm structure, double-hinged upper lifting booms, and
cross-braced stabilizer booms (Figs. 1 and 2). The vertical
truss support arm and upper lifting booms were fabricated from
6-inch-wide flange H-beams of 6061-T6 aluminum. Two-inch
o.d., 0.125-inch wall aluminum tubing was used for the stabili-
zer booms. All bearings and pivot pins were 300 series stainless
steel. The structural analysis of the IR simulator support sys-
tem indicated stresses <10 000 psi, which provided a safety fac-
tor of 3.5 for the stainless steel components and slightly >3. 0
for the aluminum members.

Infrared Simulator Heater Zone

A typical IR simulator heater zone is presented in Figure 3.
The zone is composed of four 208 -inch-long high-purity
80-percent nickel, 20-percent chromium strips 3. 75 inches wide
and 0. 006 inch thick. The strips were connected in series with a
copper bus at the top and bottom; and the zone temperature was
controlled by the average of 6 to 12 thermocouple readings, de-
pending on zone location. Several thermocouples were installed
on the back side of the heater strips to provide control and the
temperature gradient over the entire length of the strip. The
special high-response copper-constantan thermocouple installa-
tion is shown in Figure 4. This attachment provided good ther-
mal contact and fast response time with the heater but was
electrically isolated from the strip. The electrical-mechanical
details are illustrated in Figure 5. As shown, the four heater
strips were spaced 1/4 inch apart with glass-filled Teflon spa -
cers, which were bolted on the back side of the heater strips by
self-locking stainless steel nuts and bolts. A 1/16-inch copper
strip was installed between the heater strip and the Teflon spacer
to decrease the possibility of localized hot spots. The glass-
filled Teflon spacers were selected after several candidate mate-
rials were evaluated for mechanical integrity under temperature
extremes of -320° to +450° F. The 1/8-inch-thick copper bus
sections also were bolted to the heater strips with stainless steel
self-locking nuts and bolts. Again, this assembly was selected
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after several techniques (silver soldering, brazing, etc.) had
been evaluated. Two 4-inch-long stainless steel springs were
installed at the bottom of the heater-zone assembly and were
adjusted to provide a 100-pound tension preload at ambient tem-
peratures. This assembly ensured a flat heater zone under tem-
perature extremes from full power (320° F) to cold-soak

(-150° F) temperatures.

Chamber A Installation

The installation of the IR simulator in Chamber A at the
NASA Manned Spacecraft Center (MSC) is shown in Figures 1
and 2. The IR cage structure is supported by a 1/2-inch-diameter
stainless steel lift cable and the vertical truss structure. The
cage is cantilevered on two 264 -inch-long lifting booms, A box-
section hinge system was designed for the cage end of the booms,
which were spring loaded to provide positive positioning of the
cage during retraction and redeployment.

To achieve the near-zero flux levels corresponding to the
dark side of the moon, the simulator had to be lifted above the
SIM bay to allow the spacecraft to view the liquid-nitrogen-cooled
cryogenic panels. After a thorough review of several mecha-
nisms, a parallelogram lift system was selected. This system
provides excellent repeatability of precise positioning of the IR
simulator around the spacecraft. A plan view of the IR simulator
deployed at a distance of 18 inches around the spacecraft is
shown in Figure 1.

Lift Mechanism

The IR simulator cage structure was automatically re-
tracted by a 1/2-inch cable and winch-motor assembly, which
was installed at an elevation of approximately 65 feet. (See
Fig. 1.) The drive system comprises a 1. 5-horsepower,
3-phase, 208-volt motor connected to an 80:1-ratio gearbox.

The entire drive system, including the magnetic brake, was en-
closed in a vacuum-tight housing. The housing is pressurized to
30 psia with dry nitrogen. Controlled heaters are installed to
maintain the components at essentially ambient temperature.
The output shaft of the gearbox is connected to the drum through
a vacuum feedthrough, The lift mechanism was designed to fully
retract the IR simulator in less than 1 minute. In addition to the
magnetic brake, the support-arm pads also provided a positive
stop during the lowering of the IR simulator,
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THERMAL DESIGN

Heat Source

Three types of flux-generating systems were investigated:

1. Quartz-tungsten IR lamps with reflectors

2. Film heaters embedded in Kapton and mounted on
1/16-inch-thick, black-painted aluminum sheet

3. Directly excited, very thin nickel-chromium alloy
sheets

The IR lamps were rejected because of their inability to
meet the isotropicity requirement and also because of their very
high color temperature (»1000° F, and variable, depending on the
power input). The film heater on an aluminum sheet was reject-
ed, after laboratory testing, because of the slow thermal re-
sponse (300° to 0° F in 15 minutes, 0° to 300° F plateau in
10 minutes) and the danger of outgassing (of heater and adhesive)
of condensable materials upon heater failure. Also, because of

the large area of the simulator required (approximately 500 ft2),

the heater cost was high, approximately $50/ft2. The directly
excited, thin nickel-chromium strips met the requirements when
painted with a high-emissivity coating. This material proved to
be ideal because its high mechanical strength permitted physical
integrity of very thin strips and because its relatively high re-
sistance permitted high-voltage, low-current operation. The
thin strips have a very large surface-to-thermal-mass ratio,
which provides the fast thermal response.

For compatibility with the existing 6-bit binary input,
12-kilowatt, 117- or 208-volt proportional controllers and for
provision of the optimum view factor from the test article, each
simulator zone consisted of four parallel vertical strips 17 feet
long, 3-3/4 inches wide, and 0. 006 inch thick. The strips were
connected electrically in series. To minimize arcing (corona),’
the 120-volt mode of the power controllers was employed, Use
of this mode required a resistance of 1.5 ohms, which corre-

sponded to a maximum power input of 8 X 103 watts/zone. Sev-
eral material and fabrication problems had to be solved prior to
the final design of the system. The final selection of materials
and fabrication techniques are discussed in some detail herein.
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Heater-Strip Material

The material selected was a high-purity ""Tophet A" alloy,
80-percent nickel, 20-percent chromium, and essentially iron
free. The resistivity of this material is 510 ohms/mil foot at
20° C, with deviation ranging from -0.7 to +6 percent in the
range -60° to +400° F.

Thermocouples

Copper -constantan thermocouples embedded in Kapton film

were selected to provide fast thermal response and electrical
isolation from the heater strips. The embedded thermocouples

were applied with Minnesota Mining and Manufacturing Company
{3M) no. 467 adhesive transfer tape. (See Fig. 4.) The Kapton
film has been shown to be unaffected by operation at tempera-
tures up to 500° F. The thin thermocouple foil and thin (approx-
imately 1 mil) Kapton film caused negligible temperature
differential between the thermocouple and the heater strip. The
thin material also has a very small thermal mass and, thus, per-
mits the thermocouple to closely follow the variation in the
heater -strip temperatures,

Heater -Strip Insulation

The electrical insulation and heater-strip spacers were
Teflon with 25-percent-glass filler. Wherever Teflon was to be
placed over the heater strip, copper was attached first to the
strip to create an electrical short over the covered area and,
thereby, to prevent excessive temperatures caused by inhibition
of heat dissipation by the Teflon,

Heater -Strip Coating

An extensive evaluation of several materials was made be-
fore the 3M Nextel 401C-10 black velvet paint was selected. Some
of the coatings that were tested and rejected are the following.

1. Potassium silicate black - This coating, developed at
the NASA Goddard Space Flight Center by Schutt, was the most
promising because it was of higher emittance than any other coat-
ing evaluated; because it is electrically insulating; and because it
is inorganic, which is highly desirable from a contamination
standpoint. Unfortunately, the material did not adhere well
enough to the nickel-chromium alloy to be acceptable. The prob-
lem areas were around nonmetallic parts (insulators, spacers,
thermocouples), which seemed to be centers about which the
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coating would blister and eventually flake off. The alloy was de-
greased and given a final bath in hot 3-percent hydrogen peroxide
to 1-percent ammonia solution to provide as clean a surface as
possible. The surface was also ''broken,’ before cleaning, with
fine grit emery cloth, This paint, however, adhered very well

to aluminum and to sandblasted nickel-chromium alloy. The
6-mil-thick alloy, however, was so thin that it severely warped
upon sandblasting; therefore, such pretreatment was unacceptable.

2. Magna X-500 - This is a low-outgassing urethane, flat-
black material that is electrically conductive. The material ad-
hered well to the nickel-chromium alloy, but its emittance was
approximately 6 percent less than that of the 3M black velvet
paint. The electrical conductivity was not desirable because of
the danger of shorting between the strips, which were only
1/4 inch apart.

3. Plasma-jet-applied ceramic coatings - Emittances of
these coatings were lower than emittances of coatings mentioned
previously, and all ceramic coatings required sandblasting for
adherence.

The method developed for applying the 3M paint to the
nickel-chromium strip is as follows,

1. Surface preparation

a. Place full-length heater strips on workbench cov-
ered with clean polyethylene film.

b. Clean strips with precision-grade Freon, using
paper wipes. Clean gloves (polyethylene or other plastic) are to
be worn for this and following operations.

c. Prepare a solution of two parts of water and one
part of Dupont 57175 metal conditioner. Apply the solution to the
strips with a brush or sponge, and scrub surfaces with 220- to
280-grit sandpaper or steel wool until the glaze is removed.
Keep the surface wet with the solution during the deglazing
operation.

d. Wipe off all the solution from the surface, using a
clean, dry cloth; and let the surface dry for 10 minutes.

e. Assemble heater strips with other parts to form in-
dividual IR simulator heater zone. (See Fig. 3.) Mount the
entire assembly in a special handling fixture.

f. Apply thermocouples (copper-constantan embedded
in Kapton film), using 3M no. 467 adhesive transfer tape as a
bonding material. Using a lamp, heat the thermocouples to
160° F for 5 minutes. While heating, press the thermocouple to
remove all air bubbles.

g. Wipe off heater surfaces with methyl ethyl ketone.
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2, Priming

a, Prime the heater surfaces with 3M Nextel 901C
primer, and air flash for 3 to 5 minutes. Priming and coating
are to be done along the long dimension. Use a spray gun for the
operation,

b. Air dry for 5 to 7 minutes before proceeding to the
next step.

3. Coating and drying

a. Prepare 3M 401C-10 Nextel black velvet paint ac-
cording to the manufacturer’s specifications.

b. Spray a thin coat, followed immediately by a thick
coat, of 3M black velvet paint such that a total coating thickness
of 0,002 to 0. 003 inch is achieved.

c. After 2 hours of air drying, cover the coated sur-
face with a polyethylene film to prevent the collection of dust
particles on the surface.

4. OQutgassing - Outgas the fully assembled IR simulator
heater zone for a minimum of 4 hours at 250° F at a pressure

below 1 X 10'3 torr.

Infrared Simulator Heater-Zone Performance

Several thermal vacuum tests were conducted on full-scale
protfotype IR simulator heater zones. The coatings previously
mentioned were evaluated, using different surface preparation
and coating techniques. In addition, several types of controllers,
thermocouples, and electrical connections were evaluated. The
heatup and cooldown responses of the preproduction IR simulator
heater zone are presented in Figure 6. The data are for an iso-
lated heater zone that is not exposed to an external radiation
source. The view factor from the spacecraft to the complete
18-zone IR simulator with the 18-inch space between the heater
strips and the spacecraft skin is 0.92. The hemispherical emit-
tance of the 3M black velvet paint is between 0. 85 and 0. 90. Be-
cause of the high view factor, the heater strips also were heated
by radiation emitted by the spacecraft skin. This effect required
that the zones be controlled by temperature instead of by power
output. Heating of the heater strips by the spacecraft also caused
slower cooling response. However, this effect did not cause any
problem of maintaining transient flux conditions during the hot
portions of lunar orbit.

The final installation had the disadvantage that the low flux
levels required to accommodate the orbital profile of transcend-
ing to the dark side of the moon could not be achieved with the
simulator in the deployed position. Because the simulator had
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to be retracted to facilitate the installation and removal of the
calibration fixture and the actual test vehicle, the retraction sys-
tem was designed for cryogenic vacuum service. The results
from the full-scale system show that the cooldown response was
similar to the prototype data when the simulator was in the re-
tracted position. The flux level at the test article decreased from

a maximum of 440 Btu/ft2 -hr to 5 Btu/f’t2 -hr in approximately
90 seconds.

CONTROL SYSTEM

The IR simulator was controlled by the acceptance checkout
equipment (ACE) computers that are part of the data acquisition
and recording system in the MSC Space Environment Simulation
Laboratory (SESL). A software computer program was developed
to permit either open- or closed-loop control of the 18 power
zones to a predefined temperature profile and to provide auto-
mated control of the IR simulator lift mechanism for positioning
the IR simulator. The computer program generated a 6-bit
power signal for each of the 18 power controllers. The details
of this program and the general approach to the use of the com-
puter for this application are described in a paper by Dewey (1).
The power controllers were silicon-controlled rectifiers capable
of producing 12-kilowatt, 117-volt rectified alternating current.
The software package provided for considerable flexibility through
real-time C-start input of options, including the following.

1. Selection of up to 99 different desired temperature
profiles

2, Selection of the time interval between power control
signal updates

3. Selection of parameters that regulated the 'look-ahead"
feature to allow for the thermal response of the heaters to a
power change

4. Use of multipliers to modify the desired input-
temperature profile for each control zone

5. Definition of thermocouples to be averaged for closed-
loop temperature control

6. Definition of lift-mechanism-control parameters

7. Selection of control, timing, and cathode-ray-tube dis-
play modes

The IR simulator control sensors were copper-constantan
thermocouples mounted on, and electrically isolated from, the
heater strips. The thermocouples were arranged in a pattern
that provided six thermocouples per heater control zone near the
edge of the IR simulator and 12 thermocouples per heater zone
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near the center of the IR simulator over the open SIM bay on the
test article. Any combination of the thermocouples on a given
control zone could be averaged and used as the closed-loop con-
trol signal for that zone,

The control program read the desired temperature profile
recorded on magnetic tape and compared the desired tempera-
ture for the current update interval to the measured temperature
for each heater control zone. The program then corrected the
command to the power controllers to cause the measured tem-
perature to approximate the desired temperature at the end of
the update interval. The computer program used a look-ahead
feature - based on the difference between the actual and desired
temperatures, the length of the update interval, and the physical
properties of the heater system - to determine the correction to
the power command for each update. At a prescribed time in the
profile, the IR simulator could be lowered or raised automatically
to provide a step heat input to the test article or to provide a large
view of the chamber liquid-nitrogen-cooled cryogenic panels for a
low-flux environment.

To provide the data required for the desired-temperature-
profile tape, a thermal model of the IR simulator/test-article
system was developed. The data required for the profile tape
consisted of a set of a desired temperature for each heater con-
trol zone for a given update interval that corresponded to a given
location in a simulated orbit. The determination of the tempera-
ture distribution on the IR simulator heater zones was based on a
known flux distribution incident upon the Apollo service module in
lunar orbit. The model consisted of 18 planar heater nodes, and
18 corresponding strip nodes on the spacecraft were defined.
After determining all of the necessary "script F' radiation ex-
change factors by using a computerized Monte Carlo technique, a
system of 18 simultaneous equations was defined by equating the
desired flux for each spacecraft node to the summation of the flux
contribution from all heaters. The system of simultaneous equa-
tions was solved to determine the required temperature distribu-
tion for each update interval. To simulate the equatorial and 45°
lunar-orbital environments required for the testing program, the
update interval used was 100 seconds, or one update every 5° dur-
ing the lunar orbit of 2 hours. The starting point for the simu-
lated orbits was defined as the subsolar point, or the center of the
dark side of lunar orbit. Approximately 30 minutes after the
start of a simulated orbit, the IR simulator was lowered to the
proximity of the spacecraft; and, approximately 1 hour later, the
IR simulator was raised to simulate the spacecraft passing the
terminator to the dark side of the moon,
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The simultaneous-equation technique of determining the
desired temperature profile was used as a first approximation to
be later verified and adjusted during the planned calibration test.
The computer program used to solve the simultaneous-equation
network also was used to punch cards formatted as required for
direct input to the ACE software package. The only significant
problem encountered when using this modeling technique was
that, during certain portions of lunar orbit, particularly during
the 45° inclination orbits, large variations in the required cir-
cumferential flux distribution caused the unique network solution
to include several temperatures below 0° R. A trial-and-error
adjustment of the desired flux distribution was required to cor-
rect the network solution to yield a meaningful temperature dis-
tribution without significantly altering the resulting flux
distribution.

The calibration test data showed that the fluxes incident to
the spacecraft both for the equatorial and 45° orbits were approx-
imately 10 to 15 percent higher than those predicted by using the
simultaneous-equation network. Because the solution technique
did not include reflected and re-emitted energy, this result was
expected. Corrections were made in real time during the test by
using a C-start input of a multiplying factor for each heater zone,
which reduced the desired temperature values by 5 percent. A
comparison of the desired flux distribution and the actual flux ob-
tained during the calibration test on a node near the center of the
spacecraft for the equatorial orbit is shown in Figure 7, and the
same comparison for the 45° inclination orbit for a node near the
solar side of the spacecraft is shown in Figure 8.

INFRARED SIMULATOR CALIBRATION

Because the heater strips of the IR simulator are affected
by heat emanating from the test article and because, in some lo-
cations on the test article, the net flux received at a surface re-
sulted from reflections from several surfaces on the test article
itself, the simulator was calibrated with a mockup of the 2TV-2
service module (known as the ''boilerplate’’), which was outfitted
with radiometers. (See Fig. 9.) The radiometer-laden space-
craft scanned the flux profile of the IR simulator, and also of the
solar simulation system, as it was rotated 350° about its vertical
axis. Details of the calibration phase and the resulting computer
direction for programed operation of the system in actual testing
were discussed in the previous section. The radiometers em-
ployed are of two types. One is the Boelter-type heat-flux trans-
ducer, coated with high-emissivity, 3M black velvet paint, mounted
directly on the boilerplate spacecraft skin with a continuous-type
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adhesive (epoxy). The second radiometer is the same type of
sensor mounted on a water-cooled (and heated) aluminum block,
The water permitted the radiometer to be maintained at constant
temperature and was the eventual source of sink of transferred
radiation,

The calibration of these radiometers was simple and direct.
The technique provided, in a single measurement, an accurate
determination of the radiometer sensitivity to incident IR hemi-
spherical radiation in vacuum without the need for an irradiance
reference. The radiometers were simply placed in a vacuum
chamber, their temperatures were controlled by water flow, and
their environments were configured so as to view only black, cry-
ogenically cooled (77° K) surfaces. Because of the radiometer
sensing-element design (2), the response is equal in magnitude
but opposite in sign for emitted irradiance as compared to ab-
sorbed irradiance. Because, according to Kirchoff's law of ra-
diation, hemispherical emittance for a gray body over a given
wavelength interval is equal to the hemispherical absorptance for
the same interval, the sensitivity of the radiometers for incident
hemispherical IR radiation is calculated according to

o(r* - 7,)
S= —T———

where S = radiometer output, Btu/ft2 -hr-mv

0 = Stefan-Boltzmann constant, 0.173 X 10'8 Btu/ftz—hr—

4
‘R
T = temperature of the . radiometer in the calibration
chamber, °R

T, = temperature of calibration chamber walls, °R

V = radiometer output at temperature T in calibration
chamber, mv
It is seen that the flux used for the calibration is that emitted by
the radiometer itself to the cold environment, and the only in-
trinsic parameter that must be accurately known is the radiome-
ter temperature.

The exact value of radiometer emittance is not necessary,
provided that the surface is gray in the IR region and is approxi-
mately a Lambertian (diffuse) surface in the IR region, as ex-
plained in the following.
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If the emittance ¢ were known, a calibration factor for
absorbed irradiance would be calculated from

sl-es @)

When irradiance is. measured, the absorbed irradiance
would be determined by

aQ -eoT4= SI-V (3)
where V = millivolt output in measurement
a = radiometer absorptivity
Q = incident irradiance
¢ = radiometer emissivity

Because, according to Kirchoff, @ = ¢, the value of Q is
determined by

1 4 4
S.V+eoT=eSV+eoT =SV+0T4 @)
a a=ce

Q=
and, thus, the value of ¢ disappears in the determination. For
the particular type of radiometer employed, the temperature dif-
ferential between the front face and the rear (reference) face of
the slab is much less than 1° F. Therefore, errors caused by
differences in measured (body) temperature and sensing-surface
temperature are negligible. It has been found that the most ac-
curate temperature measurement is made by silver soldering the
measuring thermocouple to the radiometer water line as close to
the radiometer as possible, then by wrapping the water line with
reflective insulating film, Of course, this procedure requires
sufficient water flow. A flow of 0.2 gal/min through 1/4-inch-
0. d. line is sufficient.

The radiometers mounted directly on the spacecraft (with-
out water lines) were calibrated in the same manner by mounting
them on a plate, the temperature of which was controlled by cir-
culating water. These radiometers had thermocouples embedded
in the sensor for temperature measurement. Although this type
of thermally nonstabilized radiometer performed as expected
during calibration (where heat was supplied by a constant-
temperature stream of water), the radiometers gave very spuri-
ous data when mounted on the thin spacecraft skin, whereupon
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the radiometers had to use internal heat content as heat sources
and sinks. It is believed that this perturbation of radiometer
heat content caused severe thermal gradients within the sensor,
which in turn gave the erroneous data, because the sensor meas-
ures heat transfer by measuring the temperature differential
created by heat traversing its narrow conductive thickness. Such
radiometers have been used with success if they are mounted on
thick copper blocks, the thermal mass of which essentially damp-
ens the temperature excursions in the radiometer and, thereby,
permits it to function properly.

An important factor in the use of the radiometers is that the
normal solar absorptance of the 3M black velvet paint is approx-
imately 10 percent higher than the hemispherical IR emittance;
and, when radiometers calibrated as described herein are used
to measure solar simulation, this difference must be considered
in interpreting the data.

CONCLUSION

This IR simulation system also was used successfully to
provide the total flux profile incident on the earth-viewing por-
tions of the service module when in earth orbit. It is believed
that the techniques described herein may provide solutions to
many problems of thermal irradiance simulation in testing arti-
cles with varied thermal control surfaces, where diffuse radia-
tion and spectral match is necessary.
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Paper No. 23

CONTROL OF AN ARTIFICIAL INFRARED ENVIRONMENT TO SIMU-
LATE COMPLEX, TIME-VARYING ORBITAL CONDITIONS

Ray L. Dewey, NASA Manned Spacecraft Center, Houston, Texas

ABSTRACT

A computer-controlled infrared simulation system
has recently been developed for thermal vacuum
ground testing of spacecraft in the Space Environ-
ment Simulation Laboratory of the NASA Manned
Spacecraft Center. The system can simultaneously
follow as many as 30 separate time-varying inten-
sity profiles for irradiation of different areas of a
test spacecraft, producing an environment that
more closely resembles the changing conditions
experienced by an orbiting spacecraft than has
heretofore been possible.

This paper includes a description of the hardware
employed, but emphasis is placed upon computer
techniques that have been developed to maximize
the capabilities of the control system within the
constraints imposed by a limited computer capa-
bility. Among the topics discussed are open-loop
control, closed-loop control, manual alteration of
profiles, compensation for slow response of the
radiation source, and compensation for interacting
control zones. Examples of typical results ob-
tained using the control system are also presented.

INTRODUCTION

For two of its recent thermal vacuum test programs, the
Space Environment Simulation Laboratory at the NASA Manned
Spacecraft Center (MSC) at Houston, Texas, has found it nec-
essary to reproduce the diffuse infrared (IR) radiation that
emanates from the earth and the moon. Therefore, two sepa-
rate IR simulators were developed, each especially designed to
meet the requirements of its associated test article, plus a
single computerized control system adaptable to both.
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The first simulator — for use with the Skylab Apollo Tele-
scope Mount (ATM) — was developed by the NASA Marshall
Space Flight Center (MSFC) at Huntsville, Alabama. The MSFC
engineers chose tubular quartz lamps as their IR source, chiefly
to permit the flexibility of adjustment that they required for uni-
form illumination of the irregular ATM surface. The spectral
characteristics of these lamps, however, do not match the
characteristics of the IR radiation encountered in orbit, so that
uncertainties could occur in the test data. To avoid this prob-
lem, the lamps are controlled to produce desired levels of
absorbed heat flux rather than desired levels of incident heat
flux, The absorbed heat flux is measured in each of 25 control
zones by means of slab radiometers coated with the same paint
as the test article and mounted on its surface.

In contrast to the ATM, the Apollo Service Module has a
variety of surface coatings exposed to the IR environment, each
of which reacts differently to any error in the spectral charac-
teristics of the incident radiation. Thus, the major requirement
that the MSC engineers faced in their development of the service
model IR simulator was to obtain the best possible spectral
simulation. For this reason, relatively low-temperature heater
strips were selected in preference to high-temperature quartz
lamps. These heater strips are arranged in the form of a half
cylinder around the test article and are divided into 18 control
zones. Electrically insulated thermocouples are attached to the
strips to monitor the zone temperatures. Although heater strips
are the best choice for meeting the overriding spectral require-
ments, other characteristics of the strips are less than ideal.
Because of their large area, the strips cause considerable block-
age between the test article and the cold walls of the vacuum
chamber, requiring that the simulator be retracted during low
flux portions of each orbit. Also, the relatively large mass of
the strips makes their response to changes in input power very
sluggish, requiring that the control system be more
sophisticated.

In the interest of economy, it was decided to use the exist-
ing Acceptance Checkout Equipment (ACE) computer system for
control of both IR simulators. However, because of the already
heavy usage of ACE for acquisition and display of test data, as
well as for sending commands to the test article, the addition of
this substantial new task had to be accomplished without requir-
ing undue amounts of computer memory or of computation time.
How this was successfully accomplished is the subject of this
paper.
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CONTROL SYSTEM DESCRIPTION

In the operation of the control system, time profiles of
desired output values for each control zone are supplied to the
computer from digital magnetic tape. Using the profile in-
formation, together with feedback data and manual inputs, as
applicable, the computer calculates six-bit binary commands
for each zone and transmits them to numerical-input power
controllers. The power controllers accept the binary commands
from the computer and adjust their outputs accordingly, holding
these new power levels until again commanded by the computer
during the next command update. At the same time, pertinent
data are displayed on a character-display cathode-ray tube
(fig. 1) or on event lights (fig. 2), and also are filed on digital
magnetic tape for a permanent record.

For long periods of time during test operations, the con-
trol system can be left alone to operate automatically. However,
a considerable number of real-time options are available to the
operator: (1) to select the set of profiles to be followed, (2) to
start and stop the control program, (3) to adjust the gain of each
zone control loop, (4) to choose either of two redundant feedback
sensors for each zone (if applicable), (5) to select either open-
loop or closed-loop control for each zone, (6) to multiply the
profile for any zone (or zones) by a factor of 0. 10 to 10. 00,

(7) to override the profile with a manual input for any zone (or
zones), and (8) to change the interval between command updates
to any value from 10. 0 to 409.5 seconds.

This control program was designed for maximum flexi-
bility in order to be adaptable to many varied test situations.
For example, the profile tape may have on it as many as 99 files
containing separate sets of zone profiles. Each of these profiles
is made up of a series of number pairs that define for each up-
date both a desired output (e.g., temperature or heat flux) for
use in the closed-loop control mode and a six-bit binary com-
mand level for use in the open-loop control mode. A profile
may have as few as two updates or as many as thousands of up-
dates, depending upon the duration of the profile and the time
interval between updates.

One of the options of the control program — to automati-
cally repeat a file on the profile tape until stopped by the
operator — is particularly useful for simulating the cyclic
thermal conditions encountered by an orbiting spacecraft.
Synchronization of other test operations with these simulated
orbits is made possible through the use of a flag word in the
computer memory that is set by the control program each time
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the profile begins anew. The flag word is monitored by other
computer programs as their signal to begin operations. This
method is used, for example, to synchronize the automatic re-
traction of the service module IR simulator during the low-flux
portion of each orbit.

The primary function of the computer in this system is to
select the proper command levels for the various zones. Inorder
to accomplish this function, the computer must know how much
output to expect from each of the zones for all of the 64 possible
command levels. Because storage of this information within the
computer would ordinarily consume a large portion of the com-
puter memory, a simplifying assumption has been made that the
output-versus-input relationships for all zones can be normal-
ized to a single curve. If normalizing factors for each of the
separate zones are chosen properly, the resulting common
curve represents the percentage of each zone's maximum out-
put that each command level would produce. (Hereinafter, when
percentage is mentioned it should be understood to mean per-
centage of maximum output.) Memory storage requirements are
then reduced to a single table of 64 percentage values (one for
each possible command level) plus the normalizing factor for
each zone.

OPEN-LOOP CONTROL

A conceptual block diagram of the control system is shown
in Figure 3. For open-loop control, the command level from the
profile tape is sent out unchanged unless the operator intervenes
to alter it. If the operator considers that the output of a zone is
consistently too high or too low, he can input a multiplying
factor to correct it. In order that this factor's effect will be
linear upon the zone's output, the profile command level must
be converted into percentage output before multiplication and,
afterward, the result must be converted back into a command
level. The conversion in both cases is accomplished by locating
the command (or percentage) in the calibration table to find its
associated percentage (or command). If instead the operator
wishes to override the tape input altogether, he may specify the
output that he desires in terms of temperature (or heat flux).
The computer first translates this request into an equivalent
percentage output through multiplication by the normalizing
factor for the zone and then finds the associated command level
in the calibration table.
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CLOSED-LOOP CONTROL

For closed-loop control, the calibration table is not con-
sidered to be an absolute relationship of output to command, but
its validity for relating changes in output to changes in command
is unquestioned. Two commands per zone are calculated at the
time of each update: (1) the command that will cause the output
to change from its present value to the desired value in the time
allowed between updates and (2) the command that will maintain
this desired output when it has been reached. The first "output-
changing'" command is sent out immediately. If, at the time of
the next update the desired output has actually been reached,
then sending of the "output-holding' command will result in no
change of the output during the following update interval, It
follows, then, that if any change is required at this time, it must
be made relative to this output-holding command, or, more
specifically, it must be made relative to the percentage value
associated with this command in the calibration table, This per-
centage value is called the "basis'* because it is carried over
from the previous update as the basis from which the next change
will be made.

Although thus far in this explanation it has been postulated
that the desired output has been reached at the time of the next
update, the same method can be used even if the output is higher
or lower than desired. In this case, the assumption is made that
the relationship of equilibrium output values to command levels
has shifted in such a manner that whatever value the output has
attained is the value that will be maintained by the output-holding
command,

The different characteristics of the two simulators require
that the above principles of closed-loop control be applied in a
different manner for each. The ATM control loop is the simpler
one because the zones reach equilibrium (or nearly so) within
the 60-second update interval. Thus, the output-changing com-
mand and the output-holding command are the same. Because
the calibration table is based upon equilibrium values, the new
command to be sent in each update is found by simply moving
within the table a distance from the basis equal to the required
change in output. That is, the desired change — converted to
percentage output through multiplication by the normalizing
factor — is added to the basis, then the command level in the
table is found whose percentage value is most nearly equal to the
sum. The basis for the next update is the exact percentage
associated with this new command and thus may differ slightly
from the sum used to locate it.
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The service module IR simulator does not reach equilib-
rium conditions within its 100-second update interval. Thus, if
the command to be sent in each update were calculated in the
same way as for the ATM simulator, the desired change in out-
put would not be accomplished in the 100 seconds allowed. In
order to force the output to change the required amount, a com-
mand must be chosen whose expected equilibrium output is
farther away from the basis than is actually desired. This can
be done by exaggerating the amount of desired output change be-
fore using it to find a new command. The amount of exaggera-
tion required, however, has been found to vary as a function of
(1) the value of the basis and (2) the resulting command level
chosen. (This would seem to indicate that the basic dependence
is upon the temperature from which the change is to be made and
the equilibrium temperature toward which the zone is driven.)

The family of 64 curves indicated in Figure 4 was devel-
oped from zone response data, but to have stored them in com-
puter memory would again have exceeded the available space.

A study of the curves, however, revealed that their spacing from
each other is related to the percentage values in the calibration
curve (fig. 5). This relationship allows the re-creation of the
64 curves from any one of them by the use of the calibration
curve. As was done with the calibration curve, then, one of the
multiplier curves is stored as a table of 64 values in the com-
puter memory.

Computation of commands is as follows. A tentative
output-changing command is determined by choosing a trial
command — thus establishing a multiplier value — and then
using this multiplier to exaggerate the desired change. If the
command defined by this exaggerated change value is other than
the trial command, another trial command is chosen and the
process is repeated. This procedure continues until the correct
command is found. In contrast, the output-holding command is
found in exactly the same manner as before. This is because the
command necessary to maintain an output value is independent of
how this output value may have been attained.

In closed-loop operation, as in open-loop operation, the
operator may either modify or completely override the profile.
If the operator chooses to modify the profile, he inputs a factor
for direct multiplication of the profile desired values. Should he
wish to override the profile, he simply inputs his own desired
value to replace the profile desired value.
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SENSOR FAULT DETECTION

Additional computations are made to aid the operator in
detecting a sensor fault and in identifying which sensor, primary
or secondary, has failed. For detection of a fault, the two re-
dundant sensor outputs are compared. If the difference exceeds
a specified fraction of the primary sensor value, a "high" or
"low' indicator light is illuminated. To determine which of the
sensors has failed, the power into each zone is monitored and
compared to the expected power. If the difference exceeds a
specified fraction of the expected power, a high or low light is
illuminated. The faulty sensor is identified from the combina-
tion of lights, as shown in Table I.

Because the expected power is different for each zone and
changes from update to update, it would be logical to include it
on the profile tape. This would, however, require a larger tape
input buffer area in the computer memory and would complicate
generation of the tape. A better method is to use the direct
relationship between the command levels on the profile tape and
the expected power, requiring only that additional calibration
information be available within the computer to relate the two.
This calibration information is supplied to the computer as an-
other single table of 64 percentages common to all zones (one
for each command level), plus a value unique to each zone,
which, when multiplied by a percentage from the table, results
in the expected power for that zone,

CONTROL ZONE INTERACTION

A computational technique to compensate for interaction
between zones was developed for use in ATM testing, but use of
this technique later became unnecessary when baffles were in-
stalled to block spillover of IR radiation between zones. Before
the hardware was modified, though, a change in the intensity of
one zone affected as many as three of the adjacent zones.

The standard method of solving this problem would have
been to express it as a series of simultaneous equations, whose
solution could then be found using matrix techniques; however,
because such complex calculations — repeated at one-minute
intervals — are not practical on the ACE computers, an iter-
ative technique was substituted.

In the first iteration, preliminary commands are calcula-
ted for each zone in a fixed sequential order, taking into account
the expected spillover from only those adjacent zones which
precede the affected zone in the sequence. (Contributions from
each zone to adjacent zones preceding it are stored for use in
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the next iteration.) In subsequent iterations, commands are
recalculated for each zone in the same sequential order as be-
fore, with contributions both from preceding zones and from
succeeding zones. The contributions from the preceding zones
are as recalculated in the current iteration, while the contribu-
tions from the succeeding zones are as calculated in the previ-
ous iteration. The computation is terminated when an iteration
has been completed in which no change was made in command
levels or when a specified time limit has been exceeded.

This process of solution can best be understood by con-
sidering a system having only two zones. First, a command for
Zone 1 is calculated without regard to any spillover from Zone 2.
Next, a Zone 2 command is determined that will add the proper
intensity to that already present due to spillover from Zone 1.
But because of spillover back to Zone 1 from Zone 2, the inten-
sity of the Zone 1 lamps must now be reduced. This, however,
reduces the spillover to Zone 2, requiring that its lamp intensity
be increased. When the amount of correction needed for both
zones diminishes to less than half of the difference between the
command selected and the next adjacent command in the calibra-
tion table, the optimum set of commands has been found. Note
that this method takes advantage of the incremental nature of the
system to avoid needless computational refinement while still
obtaining the proper result.

RESULTS OF USING THE CONTROL SYSTEM

The automatic operation of the IR simulators during both
series of test operations has been highly satisfactory. Examples
of the infrared environment actually produced versus the profile
that was desired are presented in Figure 6 for the ATM and in
Figure 7 for the service module.

CONCLUSIONS

The use of a computer for automatic control of changing
infrared environments has proved to be a very practical means
of obtaining accurate simulations over long periods of time with
minimum manpower requirements.
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TABLE I. - SENSOR FAULT DETECTION

Alternate sensor

High Low High Low OK OK High | Low | OK
{compared to sensor
in control loop)
Actual power High Low Low High High Low OK |OK | OK
{compared to
expected power)
Action required Place the |Place the |Change |Change |Try Try None| None| None
alternate| alternate| to to placing| placing
sensor sensor open open the al- | the al-
in the in the loop loop ternate| ternate
control control control| controll sensor | sensor
loop loop in the in the
control| control
loop loop
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ALT-CONTROL
LOOP ADJUST
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POWER ERROR

DESIRED H/F
H/F ERROR

ALT-CONTROL
LOOP ADJUST
EXPECTED PWR
POWER ERROR

DESIRED H/F
H/F ERROR
ALT-CONTROL
LOOP ADJUST
EXPECTED PWR
POWER ERROR

RUN 04 01/36/01

ORBIT 02 00/02/03

ZONE 01 ZONE 02
123.8 101.6
-003.8 002.4
001.0 000.7
01.00 01.01
0390 03.72
-00.03 00.06
ZONE 04 ZONE 05
095.8 098.4
-001.6 001.6
000.5 -000.9
01.00 01.00
03.60 03.66
-00.09 00.04
ZONE 07 ZONE 08
130.2 095.2
000.2 -002.8
000.6 -001.0
0104 01.00
04.08 03.59
00.06 00.02

ZONE 03

076.2 BTUH
000.0 BTUH
-000.2 BTUH
01.00 XFAC
02.94 KW
00.00 KW

ZONE 06

073.0 BTUH
-002.0 BTUH
001.1 BTUH
00.96 XFAC
02.85 KwW
-00.01 Kw

ZONE 09

119.8 BTUH
003.1 BTUH
000.0 BTUH
01.00 XFAC
00.22 KW
00.01 KW

Fig. 1—Typical cathode-ray tube display
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Fig. 2—Event lights (typical for each zone)
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Paper No. 24

PREDICTING AND ANALYZING THE THERMAL FLUX INCIDENT ON
TEST ARTICLES IN A SIMULATED SPACE ENVIRONMENT

Steven P. Wallin (NASA), D. W. Halstead, J. H. Stuart, and C. L. Smithson, Jr.
(Boeing Company), Manned Spacecraft Center, Houston, Texas

ABSTRACT

The increase in importance and sophistication of
thermal-vacuum testing has accentuated the problem
of defining the environment to which the test article
was subjected. An adequate definition of the test
environment is essential to the verification of test-
article thermal models. The technique used for
defining the test environment at the NASA Manned
Spacecraft Center Space Environment Simulation
Laboratory and its application during a recent major
thermal-vacuum testing program is discussed.

INTRODUCTION

Underlying the ability to verify spacecraft thermal models
as a primary benefit of thermal-vacuum testing is the necessity
to obtain an adequate description of the actual test environment.
The two basic requirements in describing a test environment are
adequate instrumentation and data handling facilities to provide
the necessary test data and an analytical technique to translate
the measured parameters into thermal fluxes incident on the test
article. The purpose of this report is to describe the analytical
technique used at the Space Environment Simulation Laboratory
(SESL) to obtain the required test-environment description and
to discuss the application of this technique during a major
thermal-vacuum testing program,

BACKGROUND
At the SESL, two separate organizations are involved in

conducting thermal-vacuum tests. The permanent laboratory
staff prepares and operates the facility and most of the special
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test equipment and obtains test data describing the test condi-
tions and spacecraft performance. A transient "'user' organiza-
tion operates the spacecraft being tested and performs the
analyses of spacecraft performance.

Until recently, user organizations analyzed and processed
facility test data required to define the test environment as part
of the spacecraft performance analysis. This procedure had a
number of disadvantages. The test environment was defined by
personnel who were not familiar with the test facility, and the
techniques were redeveloped for each testing program. The
resulting inefficiencies detracted from timely spacecraft per-
formance analysis.

As a solution to the problems caused by the user analyzing
test-environment data, a staff of thermal engineers was estab-
lished at the SESL. The staff of facility-oriented thermal engi-
neers performs the analysis of test data to define the test
environment and provides the data to the user. The staff also
provides continuity between testing programs so that continuous
improvements can be made in analysis techniques and instru-
mentation application.

Because of the wide variety of thermal-vacuum testing
programs conducted in the test chambers operated by the SESL,
a generalized computer program was developed to be used in the
analysis and processing of test-environment data. The program
identified as the Space Chamber Analyzer-Thermal Environ-
ment (SCATE) program, was developed by The Boeing Company
under contract to the NASA Manned Spacecraft Center (MSC).

THE SCATE PROGRAM

In a space-chamber test, the thermal environment is de-
scribed best by specifying the thermal fluxes incident on the
test-article surface nodes. This program calculates these ther-
mal fluxes from chamber and test-article temperatures and from
solar-simulator data. Thermal fluxes calculated by SCATE may
be compared with measured thermal fluxes to confirm the
SCATE model.

Basic Program Features

The program is a thermal-modeling program that can
accommodate a wide variety of test configurations. To mini-
mize the data handling by the analyst, the program accepts test
data recorded on magnetic tape. The program was developed
with capabilities to handle test-article rotation, large arrays of
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solar-simulator irradiance values, chamber lighting, and extra-
neous sources of thermal radiation. :

The chamber and the test-article surfaces are defined by
geometrical input data using five basic surface types: parallel-
ograms, discs, cylinders, spheres, and cones. Thermal nodes
are defined on these surfaces to represent the chamber and
spacecraft geometry, and the solar simulation system is defined
as a set of hexagons.

The program calculates thermal fluxes originating from
three types of sources.

1. Infrared (IR) radiation from test-article, test-
chamber, and thermal-simulator surfaces

2. Solar radiation from the solar simulation system

3. Thermal radiation from chamber lights

Thermal radiation from chamber lights is included
because a survey of the thermal-vacuum facility at the MSC has
shown the lights to be a significant thermal source in a "cold
soak' environment, For IR radiation, both total and reflected
fluxes are determined; and for solar radiation, direct and
reflected fluxes are found. Only direct thermal radiation from
the chamber lights is calculated because the reflected energy is
considered negligible.

At MSC, the test facility data are collected on magnetic
compressed-data tapes (CDT). Solar-simulator irradiance
values, solar-module on-off data, chamber temperatures, and
test-article temperatures can be read from these tapes by a
computer program and reformatted and recorded on a new tape
that is used as input to SCATE.

The solar simulation systems in the thermal-vacuum
chambers are composed of arrays of hexagonal modules. The
irradiance data are collected by a radiant intensity measuring
system (RIMS). Each solar simulation system has a similar
RIMS that consists of a bar that traverses the solar beam output
by the solar simulators. The bar is instrumented with radiom-
eters on 10-inch centers and with a position-indicator system.
During a scan of the solar simulation system, the radiometer
data and the position information are recorded continuously on
the CDT. These data values are used by SCATE as an array of
irradiance values because solar-flux densities vary from point
to point. A position on a test-article surface is related to a
position in this array, and a four-way interpolation establishes
the direct solar irradiance to a surface normal. The cosine is
found for the test-article surface-normal vector and the negative
solar vector. The product of this cosine and the direct solar-
irradiance value defines the flux to the test-article surface at
the desired position,
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Radiation-exchange factors and surface temperature are
used to determine the IR fluxes. Radiation-exchange factors and
average solar-flux densities are used to determine the reflected
solar fluxes. These radiation-exchange factors may be supplied
as input data to SCATE or can be calculated by a SCATE sub-
routine that uses a Monte Carlo technique.

The flux from chamber lights is considered to be inversely
proportional to the square of the distance and to be a function of
the angle between the light axis and the direction vector from the
light to the test-article surface. At desired positions on the
test-article surfaces, the sums of the thermal fluxes from all
the lights are calculated.

An additional program feature of SCATE is the calculation
of fluxes to a rotating test article. This calculation can be
accomplished for an axisymmetric test article located with its
axis on the chamber axis. For a rotated test article, direct
solar and direct light fluxes are calculated to the surfaces in the
same manner as for a nonrotated test article; however, the IR
fluxes and the reflected solar fluxes are found by an interpolation
procedure. The fluxes to nonrotated surfaces act as an array
that is interpolated to establish fluxes to rotated positions.

The program limitations are the number of nodes,

150 maximum; the number of solar modules, 75 maximum; the
top sun compared with side sun, only one sun at a time; the num-
ber of lights, 200 maximum; and the rotation, only an axisym-
metric test article lined up on the chamber axis.

The SCATE Application

The program was used to analyze the test environment
for the testing of an Apollo service module (SM), 2TV-2,
which was conducted in chamber A of the SESIL. The 2TV-2
test vehicle was configured to represent both Skylab and the
Apollo J-mission series. Apollo 15, which was flown in
July 1971, was the first of the Apollo J-mission series.

The test program was designed to determine the effect of
the open scientific instrument module (SIM) bay on the J-mission
SM and to demonstrate, evaluate, and verify the functional
capabilities, performance, and design adequacy of the new and
modified thermal control components as integrated in a Skylab
SM. The required test environment included simulation of earth-
orbit and lunar-orbit heating rates as well as simulation of solar
and ''deep space'' environments.
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To provide simulation of the earth-orbit and lunar-orbit
heating, an IR simulator was designed and built. For simulation
of the deep space and the cold portion of lunar orbit, the IR simu-
lator was retracted from the vicinity of the test article. To simu-
late the hot portion of lunar or earth orbit, the IR simulator was
lowered to the proximity of the spacecraft with the heaters
approximately 18 inches from the vehicle surface. The IR sim-
ulator in its lowered position around the 2TV-2 vehicle is shown
in Figure 1. The heaters were configured in 18 control zones
and were controlled by a closed-loop computerized control sys-
tem to a specified temperature profile for each control zone.
The heaters were arranged in a semicylindrical configuration
enveloping 180° of the SM and extending approximately 18 inches
beyond each end of the SM. For the 2TV-2 test-data analysis, a
special-purpose SCATE routine was developed to handle the IR
simulator without reducing the total number of thermal nodes
available for the 2TV-2 test model.

Before testing the 2TV-2 SM, a thermal-vacuum calibra-
tion of the entire test setup was performed using a boilerplate
SM instrumented with radiometers and thermocouples. During
this test, the performance of the IR simulator was verified and
the desired temperature profiles were corrected to yield the
desired flux profiles, The SCATE thermal models were devel-
oped for both the 2TV-2 calibration and SM tests. The calibra-
tion test model was used for model correlation, and the 2TV-2
SM test model was used for analysis to provide test-environment
data.

Calibration/Correlation Test on the 2TV-2

The 2TV-2 calibration test was performed to prepare the
chamber facility for the 2TV-2 Apollo SM test. The 2TV-2 cali-
bration test article (SM boilerplate) was a cylindrical vehicle,

13 feet in diameter and 15 feet in height, and was used to simu-
late the 2TV-2 test vehicle. For the 2TV-2 configuration, the
SM SIM bay was open, thus exposing equipment to be used in-
lunar-orbit experiments to the test environment. The boiler-
plate included a mockup of the open SIM bay as well as paint
patterns similar to the 2TV-2 SM. The boilerplate was éxposed
to several environments, including an equatorial lunar orbit, a
45° lunar orbit, and a transearth coast period (rotation of the
vehicle about its center line with the sun perpendicular to the
center line), using the same equipment and techniques as planned
for the 2TV-2 vehicle test.
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The primary purpose of the calibration test was to cali-
brate and adjust the IR simulator and "background' test environ-
ment. A secondary objective was to calibrate the thermal
mathematical model of the test setup, including the solar simu-
lator, IR simulator, and chamber background.

The SCATE model of the calibration test setup consisted of
the following.

1. A cylinder represented the chamber walls.

2. A disc represented the chamber floor (lunar plane).

3. A frustum section and disc represented the top of the
chamber and the IR contribution from the top solar simulator.

4. A parallelogram, divided into three thermal nodes,
represented the IR contribution from the side solar simulator and
the uncooled area above and below the side sun.

5. A half cylinder, divided into 18 nodes, represented the
IR simulator in the down position and the same for the IR simu-
lator in the raised position.

6. A cylinder for the boilerplate vehicle with large nodes
represented the vehicle surface, and small nodes represented the
radiometers mounted on the vehicle.

7. Surface properties for all nodes were included.

Radiation-exchange factors for the radiometer nodes were
calculated based on the previous information. Calculation of
transient IR fluxes for the lunar-orbit profiles was accomplished
by inputting transient node temperatures to the program.
Twenty-four radiometers provided data to be correlated with the
SCATE model calculations of flux incident on the radiometer
nodes. A typical comparison of the correlated mathematical
model output with test data for the lunar-orbit simulations is
shown in Figure 2. The step functions at each end of the plots
are caused by the IR simulator being lowered and raised,
respectively.

Correlation of solar flux incident on the rotating vehicle
was accomplished by the use of the RIMS datd and the SCATE-
rotation option. A typical comparison of radiometer data with
SCATE-calculated flux for one revolution is shown in Figure 3.
The short-duration spikes could not be duplicated because a
RIMS scan of the solar simulator required approximately 8 min-
utes. Also, the RIMS radiometers are 10 inches apart, and
SCATE performs a linear interpolation for flux between the
radiometers. Therefore, nonlinear variations in solar irradi-
ance between radiometers would not be indicated.

A comparison of radiometer output with SCATE calcula-
tions for one revolution of the vehicle with the solar and IR sim-
ulators off is shown in Figure 4. The purpose of the scan was to
measure background stray radiation in the chamber. The rise
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to approximately 15 Btu/ftzhr was caused by IR from the solar-
simulator mirrors and the uncooled wall above and below the
side sun.

As a result of correlating these test data, the 2TV-2 test
was begun with a calibrated model of the chamber, the solar
simulator, and the IR simulator. Furthermore, the accuracy of
a computerized thermal model to define the thermal test
environment was demonstrated.

Spacecraft Test on the 2TV-2

An important objective of the 2TV-2 test was to obtain test
environment and spacecraft data for the user organization for
use with the Apollo spacecraft thermal analytical model (TAM).
The TAM had the capability to predict spacecraft thermal re-
sponse to an input environment. The use of SCATE to calculate
the incident energy on each spacecraft surface node during the
test simplified the task of applying the test-environment data to
the spacecraft TAM. The same technique can be used for ana-
lyzing spacecraft test performance with SCATE data and for
predicting spacecraft flight performance.

To use properly the capabilities of SCATE, it was neces-
sary to define an acceptable interface between the SCATE
environment model and the user spacecraft TAM. The SCATE
environment model of the spacecraft consisted of 73 basic sur-
face nodes corresponding to the surface nodes in the spacecraft
TAM and six pseudosurface nodes over the open SIM bay to

facilitate projection of the post-test analysis to flight analysis.
The SCATE has a limitation that the spacecraft must be axisym-
metric to enable calculation of IR flux during spacecraft rotation.
Because the mapping camera in the SIM bay (Fig. 5) was ex-
tended during the test, as shown in Figure 6, an additional

25 pseudonodes were added to the environment model to make
the model axisymmetric. An additional 48 nodes were required
to define the basic thermal-vacuum chamber, IR simulator, and
spacecraft support structure.

Following a detailed checkout of the SCATE model, pretest
environment calculations were completed for representative
sections of test-phases A to K (Fig. 7). Nominal chamber con-
ditions were assumed for all pretest environment calculations,
These data were provided to enable calculation of pretest tem-
perature predictions. In addition, post-test calculations to define
the test environment were required for the entire test time line.
The task was reduced greatly by use of SCATE, which has the

237



capability to use magnetic-tape input of temperature and solar-
simulator irradiance data. The use of tape input also reduces
the possibility of input errors and allows much greater flexi-
bility in selecting calculation intervals because required data
values are available for any calculation time selected. The
SCATE data-input tapes were derived directly from parameters
recorded during the test on the facility CDT.

Card input to the basic SCATE model primarily consists of
control data such as spacecraft orientation and rotation rates,
the time interval at which thermal flux calculations are required,
and on-off status of each solar-simulator module.

Plots of selected parameters from the CDT were examined
before each computer run of the model to determine the calcula-
tion interval as determined by a parameter change of sufficient
magnitude to change significantly the induced spacecraft environ-
ment, that the measurements recorded on the SCATE input data
tape were recorded continuously without intermittent loss of
data, the times at which any solar simulator module in the solar
array inadvertently went off and was brought back on, and the
orientation of the spacecraft (lunar plane angle) for the time
period under consideration,

The IR flux data curves generated by the SCATE model for
a pseudosurface node on the SIM bay during a cold-soak test
phase (phase D) and a lunar-equatorial-orbit test phase (phase H)
are shown in Figures 8 and 9. A solar-flux data curve produced
by the SCATE model for a surface node exposed to the solar sim-
ulator during the test is shown in Figure 10. These plots are
typical of those produced by SCATE and were transmitted to the
user along with the data recorded on magnetic tape. The flux

data plots proved to be the best method of checking the environ-
ment data produced before the data is released for use in the
spacecraft TAM because the trends and values were known., The
basic SCATE model remained constant throughout the test, and
most time-varying input data were input by magnetic tape;
therefore, input errors were located quite easily and eliminated.

The environment data delivered to the user is being pres-
ently used as input data to large integrated spacecraft TAM.
Preliminary TAM results are available for components located
in the SIM bay during the last 6 hours of test phase D, cooldown
stabilization, and the last 12 hours of test phase H (lunar orbit,
equatorial hot case). The solar simulator was operating during
test phase H, but the spacecraft orientation prevented solar
impingement on components located in the SIM bay. Post-test
TAM data are not available presently using the solar-environment
data produced by the SCATE environment model.
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Typical results obtained during the post-test analysis using
SCATE data as input to the user spacecraft TAM are compared
with thermocouple data recorded during the test in Figures 11
to 16. Figure 5 is a sketch of the spacecraft SIM bay illustrating
the location of the components. A description of the figures pre-
senting the post-test analysis results follows.

1. The results for two cover nodes (1453 and 1454) on the
X-ray/alpha spectrometer are shown in Figure 11, The location
of the X-ray/alpha spectrometer is illustrated in Figure 5. The
post-test analysis data presented is for the last 6 hours of test
phase D.

2. The post-test TAM results for a node representing the
front cover of the subsatellite package are presented in Figure 12,
along with sketches illustrating the TAM nodal representation.

3. The size of the buffer-amplifiers housing, along with
the TAM results for the last 6 hours of test phase D and the last
12 hours of test phase H, are presented in Figures 13 and 14.

The location of buffer amplifier in the SIM bay is shown in
Figure 6. The complete housing for the buffer-amplifier cover
was represented as one node in the TAM.

4. The post-test analysis results for one of the cover nodes
of the multiple operation module (MOM) are shown in Figures 15
and 16. The nodal pattern for the MOM cover is shown in
Figure 17, The MOM is located on the underside of the top shelf
in the SIM bay as shown in Figure 5,

The preliminary post-test analysis shows good corre-
lation between the analytically calculated temperatures and the
thermocouple data recorded during the test, The smoothed step
function effect of the thermocouple curves is a result of the band
pass data process used to record the data. The nodal mesh used
in the analysis of the 2TV-2 test data was as coarse as possible
to reduce the complexity of the models. This nodalizing tech-
nique may cause problems when temperatures for a large thermal
node predicted using average incident fluxes are correlated to
temperatures measured by a single thermocouple during periods
of transient thermal environment. This effect can be detected in
the data presented; however, the good overall correlation achieved
is indicative of the fact that a thermal model in which a coarse
nodal mesh is used can yield good data correlation with only slight
variations during transient periods.
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CONCLUSIONS

Correlation between measured and predicted thermal
fluxes from the 2TV-2 calibration test definitely demonstrated
the feasibility of using a generalized computer program to
provide a description of the thermal environment of sufficient
accuracy and reliability for post-test spacecraft thermal-model
verification. The use of SCATE with automated test data input
by facility-oriented personnel greatly increased the efficiency
and the reliability with which extremely large quantities of test
data from the 2TV-2 vehicle test were handled as compared to
long post-test analysis efforts required previously in similar test
programs at the Space Environment Simulation Laboratory.
Correlation of the measured and predicted test-article tempera-
tures during the 2TV-2 vehicle test is indicative that the analy-
sis of the environment data using SCATE was sufficiently
thorough and accurate to provide good test-article thermal-
model verification,
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Paper No. 25

AN AUTOMATED SYSTEM FOR THE ALINEMENT OF
LARGE AREA MODULAR SOLAR SIMULATORS

James P. Vincent, NASA, Manned Spacecraft Center; Leo F. Polak and
P. S. Fisher, Electro-Optical-Systems, Xerox

ABSTRACT

A real-time optical alinement and diagnostic system
is being assembled for installation at the Space
Environment Simulation Laboratory at the NASA
Manned Spacecraft Center., This system will be
used to measure and analyze the performance of
optical components, assemblies, and full modules.
This information, in turn, is used to aline assem-
blies and modules. The system capability includes
such functions as the generation and updating of a
catalog, which serves as permanent record in addi-
tion to providing the capability to predict in-chamber
performance of optics combinations before they are
mounted in the chamber,

The system consists of four major portions:

(1) scanner, (2) alinement and diagnostic display
console, (3) data acquisition, processing, and out-
put system, and (4) data handling and display system.
The scanner is preprogramed for four modes or
scanning patterns and two sensor configurations. The
alinement and diagnostic display console includes a
cathode-ray tube, a C-START module, and the
scanner control panel. The data acquisition,
processing, and output system includes the execu-
tion of preprogramed algorithms for the calculation
and display of uniformity, asymmetry, maximum,
minimum, figures of merit, and other pertinent
data. From the time the operator presses the

start button to start the scanner until the results

are displayed, 4 minutes are required.

This paper describes the development of the system

and the planned method of use. Available preliminary
test results also are discussed.
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INTRODUCTION

The optical alinement of large area solar simulators
usually is accomplished by several techniques, all of which
are extremely complex and time consuming. The degree of com-
plexity and the time required for alinement increase almost ex-
ponentially with the number of optical components because, after
each optical component is repositioned, various data are taken
and analyzed to determine whether improvement by additional
alinement is possible. This effort usually involves an iterative
process, with data analysis and repositioning of the optics depend-
ing primarily on manual techniques.

The modular solar simulation system, which is an integral
part of the Space Environment Simulation Laboratory (SESL) at
the NASA Manned Spacecraft Center (MSC), currently is alined
by using manual techniques and conventional equipment such as
lasers, optical telescopes, and micrometers with grid patterns
and radiometer data. Each of the 100 solar simulator modules
has four refractive and four reflective components and irradiates
approximately 10 square feet. Alinement requires an average of
24 man-hours per module, and optimum uniformity of irradiance
is seldom achieved.

To achieve optimum alinement and reduce the man-hours,

a computerized real-time optical alinement and diagnostic system
(ROADS) is being developed for use with the SESL solar simulator
modules. This system will assimilate the module data and auto-
matically analyze the data for optimum performance criteria,

The displayed data will provide alinement instructions to the oper-
ator, Actual repositioning of the components will be a manual,
not an automatic, process. This automated alinement system,
ROADS, will have four major subsystems: (1) a sensor panel and
controller, (2) an alinement and diagnostic display console
(ADDC), (3) a data acquisition subsystem, and (4) a data handling
and display subsystem (DHDS). The ROADS will be integrated
with the SESL computer complex, or acceptance checkout equip-
ment (ACE). In this paper, the ROADS is described in detail,

the current alinement techniques are compared with the automated
techniques, and the advantages and planned application of ROADS
are identified.

THE ROADS CONCEPT
The ROADS will be a computer-centered system for facil-
itating the alinement of the modular solar simulation system of

the SESL. The ROADS will use computer facilities within the
SESL as a data acquisition subsystem and as a DHDS. These
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subsystems will process and store or display (or both) the data
received from the sensor panel and controller, which will be
located in the alinement area. The data will be displayed on a
cathode-ray tube (CRT) in the ADDC located in the alinement
area or on a line printer located in the computer room. The
ROADS will compare the performance from a burner/collector
subassembly or a collimator subassembly with the optimum per-
formance as predicted by computer analysis. The ROADS then
will provide alinement guides for use in improving alinement of
a given subassembly. The ROADS interface with the SESL com-
puter facilities and the ROADS subsystems are described in
detail in the following sections.

THE ROADS INTERFACE WITH ACE AND SESL

The ROADS will use the computers within the ACE, which
is an integral part of the SESL, The ACE is a computer-
controlled system used for spacecraft checkout and operation in
either of the two space environment simulation chambers. Two
ACE stations are located in the SESL. Each station consists of
an uplink computer, a downlink (D/L) computer, and associated
peripheral equipment such as CRT's, C-START modules, data
acquisition adapters, recorders, and line printers. When ROADS
is in operation, a complete ACE station will be used. The ACE
station will be programed to collect data from the ROADS ADDC
and from the ROADS sensor panel and controller. The collected
data will be processed, displayed, and retained by ACE.

MAJOR SUBSYSTEMS

The ROADS will be divided into four major subsystems:
1. A sensor panel and controller subsystem

2. An ADDC
3. A data acquisition subsystem
4. A DHDS

The sensor panel and controller subsystem will direct the move-
ment of the sensors. The ADDC will contain status indicators,
controls for the sensor panel controller, a CRT, and a C-START
module. Both the sensor panel and the ADDC will be integrated
with the data acquisition subsystem, which will acquire the sen-
sor reading, positional data, and status information from the
sensor panel and from the ADDC and will transmit the data to the
DHDS. This subsystem will provide for all processing and dis-
playing of the data. Figure 1 is a block diagram that includes in-
formation flow.
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Sensor Panel and Controller

The sensor panel will be a multiple-purpose, electro-
mechanical scanner, complete with radiometric detectors as
shown in Figure 2. The scanner will be designed to operate with
each of the three alinement stands shown in Figure 3, as well as
in each of the space environment simulation chambers in the
SESL. The scanner will include a preprogramed scanning detec-
tor bar using four water-cooled Hy-Cal model P-8410 detectors.
The detectors will be positioned manually in either the coarse
configuration or the fine configuration., In the coarse configura-
tion, the detectors will be mounted vertically abreast on 4-inch
centers. The detectors will be mounted vertically abreast on
1. 5-inch centers in the fine configuration. The sensor panel will
operate in one of four automatic modes.

1. Limited mode for alining the collector subassembly

2. Intermediate mode for alining the refractive optics of
the collimator subassembly

3. Full mode for alining the reflective and full optics of
the collimator subassembly and testing of the entire module for
the 50-foot throw

4, Expanded mode for use with the 65-foot throw
The expanded, full, intermediate, and limited modes will cover
areas of approximately 70 by 64 inches, 54 by 48 inches,

30 inches square, and 12 inches square, respectively. The four
modes will be selected manually, and the movement of the sen-
sors in each mode will follow a preprogramed pattern. The
sensor panel and controller will be designed to scan rectangular
areas of various sizes within the maximum dimensions of 70 by
64 inches.

The speed of the detector bar will be selected by the oper-
ator to be 1, 2, 3, or 4 inches per second (IPS). With the 2-IPS
speed and the fine detector configuration, the entire 54- by
48-inch test area will be scanned in less than 4 minutes. The
smallest test area (12 inches square) will be scanned in approx-
imately 90 seconds.

The sensor panel also will operate in a manual mode. In
this mode, the operator can position the detector bar in any loca-
tion within the 70- by 64-inch scan area. The movement of the
detector bar will be controlled in the horizontal (X) and vertical
(Y) direction by a momentary 4-way switch on the scanner con-
trol panel. )

The scanner control panel will contain controls for selecting
manual or automatic operation, X-Y position control for manual
operation, a speed selector, a power switch, and START and
RESET buttons. Controls on the scanner will provide selection
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of detector configuration and automatic scanner mode. Indicator
lights will be provided for scanner mode, configuration, scanner
ready, and scanning in progress. The scanner panel is shown in
Figure 4.

While the major application of ROADS will occur in the
alinement area, the system also can be used in either of the two
space environment simulation chambers at ambient pressures
only, When used in one of the two chambers, the target plane
and scanner mechanism will be removed from the scanner base
and integrated with an existing transport mechanism. This inter-
face will allow the scanner to be positioned in the chamber to
cover any desired area of the test volume.

Alinement and Diagnostic Display Console

The ADDC will consist of an electronics rack containing
the ROADS scanner control panel, a C-START module, and a
CRT. The C-START module will contain switches for communi-
cating a 10-character word to the DHDS. Each character will
represent the digits 0 to 9 and the characters + and -. Included
in the module are lights for indicating confirmation of word
receipt or completion of resultant action. The CRT will provide
the capability for display of up to 20 pages of alphanumeric infor-
mation. The operator can selectively call up, for display, any of
the 20 pages of data.

Data Acquisition Subsystem

The data acquisition subsystem will include several ACE
systems, which take the output of the ROADS scanner panel and
the ROADS ADDC to the digital test measurement system (DTMS).
At the DTMS, the information will be conditioned, converted to
digital form, and transmitted in a serial pulse code modulated
(PCM) data train to the data acquisition and decommutation equip-
ment (DADE), which synchronizes to the incoming serial PCM
bit stream, decommutates the data, and presents them to the data
processing system. A block diagram of this subsystem is shown
in Figure 5.

The required outputs of the ROADS scanner panel and con-
troller will be transmitted by using twisted shielded-wire pairs,
which are standard for the ACE. Two-level (0 volt or 5 volts)
digital data will be used to indicate the speed setting, the mode,
the detector configuration, a run status, and the X and Y position
of the center of the top detector. The detector output, which will
be continuous analog data, ranges from 0 to 10 millivolts. The

255



analog data will be sampled 50 times per second, whereas the
digital data, read as switch closures, will be sampled 10 times
per second.

The accuracy of the data from the detectors collected by
the data acquisition subsystem will be a limitation of ROADS.
Since the detectors have an exponential step-response function
with a time constant of 250 milliseconds, the accuracy of each
measurement will be a function of the speed at which the sensors
are moved. During the initial stages of alinement of a subassem-
bly, the requirements for accuracy of the sensor data will be less
stringent than during the final stages of alinement. Thus, during
the initial stages of alinement, the higher scanner speeds prob-
ably will be used with the lower speeds reserved for the final
stages of alinement,

Data Handling and Display Subsystem

The DHDS will consist of the ACE data processing system,
a symbol generation and storage (SGS) unit, a C-START module,
and a CRT. The ACE data processing system includes the digi-
tal computers and associated peripheral equipment. The SGS
unit will generate output for the CRT display units. The
C-START module and the CRT will be part of the ROADS ADDC,
which normally will be located in the alinement area.

Operation of the DHDS will be divided into a number of
tasks, and each major function will be a task. Table 1 is a list
of these tasks., The initiation of a particular task and input to
the DHDS will be controlled by using the C-START module in the
ROADS ADDC. There will be two different types of C-START
commands: input commands and action commands. Input com-
mands will provide parameters (such as unit identification and
partition-character set information) to the D/L computer. An
input command will not disrupt D/L operation. The purpose of
the action command will be to initiate a D/L task.

The first major task of the DHDS will be the collection of
output data from the ROADS scanner panel and controller. After
the data are collected for the entire scan area, pictorial repre-
sentations of the collected data, statistics, and indications of
misalinement will be presented on the CRT. (See Fig. 6.)

Task 2 will provide broad flexibility in the generation of
CRT flux-uniformity displays of irradiance data such as those
collected by task 1. The CRT displays may use as many as
six pages.

Task 3 will provide for printing information similar to that
described previously under task 2. This task will provide hard-
copy documentation of the final performance of a collector sub-
assembly, collimator subassembly, or complete module.
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An important function of the DHDS will be the generation
and maintenance of an MDF on magnetic tape. This file will con-
tain performance data for each of the subassemblies alined by
using ROADS as well as modules tested by ROADS.

Tasks 4 to 8 are concerned directly with the MDF. Task 4
will provide the initialization of the MDF. Stored information
representing the final performance data for a particular sub-
assembly or module will be added to the MDF by using task 5.
Data retrieval from the MDF is accomplished by task 6.

The deletion from the MDF of the performance data for a
particular unit will be accomplished by task 7. This task will be
used only to make minor deletions to the file. Major deletions
can be made by using task 4.

A summary of the contents of the MDF will be generated by
task 8. A digit in the C-START command word serves to desig-
nate whether the summary will appear on the CRT, be printed on
the line printer, or be punched with the card punch. The sum-
mary will consist of a tabular output with one line representing
each unit: collector, collimator, or complete module.

This summary of the MDF will provide several things:

(1) a means to determine which units have been alined, (2) a
means of reviewing the performance of each of the alined assem-
blies, and (3) when all the assemblies have been alined, a listing
of performance parameters for each assembly. This last listing
will be used to optimally place the assemblies in the side or top
sun, to optimally replace a burner/collector subassembly, and to
predict the combined performance of particular collector/
collimator pairs.

Task 9 will generate magnetic tape output for use in gener-
ating isointensity plots. This task will suitably process the data
in the performance data buffer and generate a properly formatted
magnetic tape. This magnetic tape will be taken to the data re-
duction center at MSC for final processing.

Task 10 will predict the combined performance of three
adjacent modules. The task will consist of retrieving the per-
formance data for each of the modules from the MDF, predicting
the combined performance by summing the data in overlapping
areas, and displaying the data along with appropriate qualitative
and quantitative performance measures on the CRT. The predic-
ted combined-performance data will be stored in the performance
data buffer for use with other tasks.

CURRENT PROCEDURES
At present, the burner/collector subassemblies are alined

by manual techniques, using many iterative steps. An autocolli-
mating alinement rod is inserted in the burner, and components

257




within the burner are alined mechanically to the rod as shown in
Figure 7. The collector mounting points are alined manually by
using a specially designed fixture to orient the points relative to
the alinement rod.

A collector subassembly is mounted to the burner, and the
optical axis is established by autocollimating a laser beam from
a mirror mounted in the jaw as shown in Figure 8. The two mir-
rors are centered on the laser beam by adjusting the radial posi-
tion of the mirrors until the reticles attached to the mirrors are
coincident with the laser beam. The collector lens is centered
on the optical axis by adjusting the radial position until the reti-
cles (etched on both surfaces of the lens) are on the laser beam
and autocollimation from both surfaces of the lens occurs.,

A point source is inserted in the jaw of the burner, and the
mirror tilt and axial spacings are adjusted until the projected
image is focused and centered on the projection screen located
in front of the collector. If the image is symmetrical about the
optical axis and focused on the screen, the collector is considered
alined. The image is photographed to provide a record of aline-
ment, and the distances between the various components are
recorded.

Collimator subassemblies also are alined by manual tech-
niques, in accordance with the collimator alinement setup
shown in Figure 9. A field lens mirror fixture is installed
in the collimator alinement stand, and the optical axis is estab-
lished by using a laser beam. A collimator subassembly is in-
stalled, and the field lens mirror fixture is replaced with a small
xenon lamp. The large collimator (no. 4) mirror is centered on
the optical axis and positioned accurately relative to the field
lens plane by adjusting kinematic-type mirror mounts.

(See Fig. 10.)

The smaller negative lens then is centered on the optical
axis by adjusting the lens until its reticles are coincident
with the laser beam and the laser beam is autocollimated
from both surfaces of the lens. The lens is positioned axially
such that the front surface of the lens is positioned precisely
relative to the field lens plane.

The smaller (no. 3) mirror is installed and centered on the
optical axis by adjusting the radial displacement of the mirror,
The mirror tilt is adjusted until the reflected pattern from the
xenon lamp is centered on the circular pattern of the target
screen, The dimension between the mirror and the field lens
plane is positioned precisely.

The large positive lens is installed and centered on the
optical axis by adjusting the optical mounts until the reticles on
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the surfaces of the lens are coincident with the laser beam. The
tilt of the lens is corrected by autocollimating the laser beam
from both surfaces of the lens. Finally, the distance between the
positive and negative lenses is positioned precisely.

The collimator is considered properly alined if the projec-
ted pattern is symmetrical about the optical axis. The projected
pattern is photographed to provide a record of the alinement, and
the distances between components are recorded.

THE ROADS PROCEDURES AND CAPABILITIES

Two types of collector/lamp units are used in the SESL
solar simulators. One is a carbon arc burner/collector assem-
bly. The other is a recently developed deep collector/reflector
used with a xenon lamp. With ROADS, the carbon arc burner/
collector assembly will be alined by first alining the reflective
system with a douser in place over the collector lens. Then, the
collector lens will be alined with a douser in place over one of
the reflectors. For repeatability, ease of operation, and a well-
defined test beam, the collector will be alined with a halogen-
quartz lamp as a source instead of a carbon arc. Each
subsystem, reflective and refractive, will be alined by position-
ing components to match as closely as possible a previously
established nominal distribution. All measurements will be made
with the ROADS scanner, with which each scan will take less than
1 minute. The complete collector subassembly output will be
compared to a nominal curve and displayed as deviation from the
nominal, vertical symmetry, horizontal, asymmetry, axial aline-
ment, minimum and maximum intensity, and other pertinent data.
The test-plane area (plane of the field lens) will be divided into
quadrants, and each is evaluated and assigned a figure of merit
(FOM) according to the average irradiance in that quadrant. The
use of the FOM will be discussed later. Only the CRT displays
and the Alinement Instructions will be needed by the operator to
complete an alinement.

The xenon lamp collector/reflector will be alined similarly.
Because this system consists of only one optical component, the
alinement procedure will be accomplished much more quickly
than with the three-component carbon arc system.

The collimator subassembly consists of two lenses and two
reflectors. As with the collector subassembly, each of these
subsystems, reflective and refractive, will be alined and compo-
nents will be positioned to match the corresponding nominal curve
as closely as possible, Each scan will be followed by CRT dis-
plays similar to those of the collector, including the FOM.
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Module performance will be measured on an alinement
bench consisting of a carbon arc source, a previously alined col-
lector subassembly, a throat (as used at the penetration of the
chamber), and a previously alined collimator subassembly. The
module then will be scanned and evaluated by ROADS, and a flux-
uniformity display as shown in Figure 6 will be presented.

The performance of a module will be predicted by averaging
each quadrant FOM of the collector and collimator subassemblies.
This capability will be extremely important when, during a
vehicle test, a burner/collector assembly must be replaced for
one reason or another. The FOM's for previously alined collec-
tor subassemblies will be listed from the MDF and compared to
the FOM of the collimator subassembly in the chamber. Aver-
aging the FOM for each quadrant of the collector and collimator
subassemblies will result in a module FOM which indicates a
range of uniformity that can be expected in the chamber.

MULTIMODULAR PREDICTION

The procedure for predicting the multimodular performance
will be straightforward. The data for the three modules will be
called for from the MDF by task 10 and, thereby, a CRT display
will be produced at the intersection of the three modules. Two
intersections are typical of all intersections: two on top with one
on the bottom and one on top with two on the bottom. (See
Figs. 11 and 12.) It will be possible to input the data for one
module in two or all three positions for analytical purposes.
Multimodular testing will be possible only in the chamber at
ambient pressure because no test bench capable of accommodating
three modules is available. For this test, the center point of the
scanner will be positioned at a point corresponding to the inter-
section to be examined.

DATA STORAGE AND RETRIEVAL

The DHDS will generate and maintain a record of the final
performance of subassemblies alined by ROADS and modules
tested by ROADS. This record will be called the MDF and will
be stored on magnetic tape. The information contained on the
MDF for each unit will consist of the collected performance data,
the determined qualitative and quantitative measures of perform-
ance, the date the data were taken, and other identifying
information.
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CONCLUSIONS

Several advantages to using ROADS for alinement of solar
simulator modules are anticipated. The ROADS will review the
alinement data and provide the operator with instructions for use
in further alinement. The ROADS should greatly reduce the
iterative process of repositioning optics and analyzing data. The
optics will be positioned by the operator, the data will be accumu-
lated and processed by the computer, and corrective guides will
be provided for the operator. This process will hopefully shorten
the time required to aline the various optical subassemblies and
reduce the manpower required for alinement. The major advan-
tage of ROADS should be improved performance of the solar
simulation system. The ROADS should provide for more precise
alinement than previously possible. Therefore, the maximum
uniformity attributable to alinement should be obtained.
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TABLE 1. - DATA HANDLING AND

DISPLAY SUBSYSTEM TASKS

Task Function

1 Collect data from ROADS scanner and
generate CRT displays

2 Generate special CRT displays of
stored performance data

3 Generate printed display of stored per-
formance data

4 Initialize master data file (MDF)

5 Add stored performance data to MDF
6 Retrieve data from MDF

7 Delete unit from MDF

8 List summary of the MDF

9 Generate plot tape for isointensity
plotting
10 Predict multimodular performance data
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Paper No, 26

A COMPARISON OF SIMULATED REDUCED GRAVITY FLIGHT WITH
ACTUAL ORBITAL FLIGHT CONDITIONS

Donn Eisele, NASA Langley Research Center, Hampton, Virginia; Scott
MaclLeod, Grumman Aerospace Corporation, Bethpage, New York

ABSTRACT

Five basic techniques used to simulate reduced gravity
are compared. Some representative, Apollo 7 experiences
are cited for comparison.

INTRODUCTION

Space itself is not inherently dangerous but it is un-
remittingly demanding of precision and unforgiving of error.

The high costs of space flight in terms of risk, time and money
have dictated that each flight be exercised in minute detail
prior to launch in order to efficiently utilize the flight time
and to avoid surprises. Numerous simulation technigues, develop-
ed over the years, permit the astronaut to experience conditions
that are anticipated for portions of his space flight. These
techniques also permit the spacecraft and the mission operation-
al procedures to be optimized prior to launch. The temperatures
and pressures experienced in space are easily simulated under
controlled conditions in earthbound facilities. Acceleration
forces greater than *l-g can also be simulated very closely by a
number of well proven techniques. The challenge which confront-
ed the innovative design engineer at the beginning of the manned
space program was to reproduce the conditions of reduced gravity
in the controlled environment of a simulator.

The weightlessness, or zero-g, experienced in orbital flight
is actually a state of balanced forces rather than weightlessness.
The earth's gravitational pull is balanced by the centrifugal
force resulting from the object's orbital velocity. It must be
remembered that the object considered here is the spacecraft,
the astronaut, and everything in his immediate area of activity.
It is this totality that presents one of the more difficult
problems of simulating reduced gravity.

This paper offers a description of five basic techniques
used to simulate reduced gravity along with a discussion of the
relative merits of each. Major emphasis has been placed on the
complementary techniques of water immersion and parabolic flight
because of their capability to more nearly simulate the total
environment.

A few representative examples from Apollo 7 experiences are
presented in order to offer a better understanding of actual
orbital flight conditions.
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SIMULATION TECHNIQUES

The purpose in simulating the conditions produced by
reduced gravity is to permit scientists to more accurately
predict the performance of man and vehicle under such conditions.
The answers sought from such simulations include psychological,
physiological, and physical responses to a long term reduced
gravity environment.

Each of the simulators presently used to evaluate perform-
ance in a reduced gravity environment possesses certain advant-
ages and disadvantages relative to actual orbital space flight,

Air Bearings - (Figure - 1)

Reduced gravity is simulated by using air-lubricated thrust
bearings to provide almost frictionless contact surfaces that
are suspended on a cushion of air. The air bearing method offers
the advantages of long duration test times, the ability to
accommodate large masses, five degrees of freedom, and repeat-
able data. The major disadvantages of this method include body
motion restrictions and the subject's awareness that the opera-
tion is being conducted in a one-g environment.

Cable Suspension - (Figure - 2)

The test subject is suspended by long cables attached to
the major segments of his body. Counterweights, attached to the
other ends of the suspended cables support the desired amount of
his weight. This also permits the degree of reduced gravity to
be varied by replacing the counterweights., This system offers
limited six degrees of freedom and is very useful in evaluating
surface traverses made under simulated, reduced gravity condit-
ions.

Inclined Plane - (Figure - 3)

The inclined plane has been utilized almost exclusively for
the purpose of simulating the anticipated problems of man walk-
ing on the lunar surface. The test subject is suspended by long
cables attached to the major segments of his body and perpen-
dicular to the body axis. The floor plane is inclined 9.5° from
the vertical so that the resultant force of the subject against
the plane is equal to 1/6 his normal weight. Normal walking
movements of the body appendages are perpendicular to the sus-
pension cables. This results in minimal restriction to the arms
and legs during a traverse., The subject is not free to move
sideways or to turn around. The usefulness of this technique is
therefore confined to activities not requiring such motions,
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Water Immersion - (Figure - k4)

In the water immersion facility, reduced gravity is simu-
lated by totally submerging the weighted subject in the water.
Breathing air can be provided through the normal pressure suit
loop or by use of standard scuba equipment when a pressure suit
is not required for the simulation.

This technique permits a subject to function in six degrees
of freedom for long periods of time, free of any constraining
attachments,

Since it also provides total support of the body appendages,
it is particularly adaptable to force application tasks where
body movements and position do not change rapidly. Reasonably
slow movements are required during simulation because of the
damping effects resulting from hydrodynamic drag. There is, of
course, no simulation of the internal physiological effects of
weightlessness. Task selection should consider this aspect.

Water inmersion facilities have been used extensively as zero-
g simulators for purposes similar to the KC-135's. The principal
advantege of the neutral buoyancy technique is that one can
function indefinitely and continuously in a more-or-less weight-
less state.

Although one may be neutrally buoyant, he is not truly
weightless, Gravity still acts on the body's organs, and one
retains a strong sense of "up and down". There is some diffi-
culty in achieving the perfect neutral condition, and even when
there is no perceptible drift toward the surface or the tank
floor, the body tends to assume some preferred orientation:
feet high or low, and some body roll bias. These effects can be
eliminated to the necessary degree of precision through judicious
attachments of small blocks of foam or lead weights. Tools and
equipment generally are not neutrally buoyant and will sink or
float unless held or tethered. The adverse effects of water drag
on test results, and the like, tend to be exaggerated by persons
unacquainted with weightlessness and neutral buoyancy. In zero-
g, tasks and movements are slow and measured; thus, viscous ef-
fects are of little consequence,

Water immersion facilities have been employed extensively in
crew training for space flight, especially for EVA work. For ex-
ample, on Gemini 12, the most ambitious earth orbital EVA flight
to date, the flight crew and engineers worked out procedures and
timelines in great detail using the neutral buoyancy technique.
The smooth and successful accomplishment of all EVA objectives
on Gemini 12 attests to the efficacy of the water tank as a train-
ing device and zero-g simulator. Extensive exercises under neu-
tral buoyancy conditions have contributed materially to prelim-
inary training, engineering evaluation, and have been instrument-
al in solving some EVA difficulties associated with the forth-
coming Skylab missions.

The neutral buoyancy technique has been used to study intra-

vehicular manual cargo transfer without the use of mechanical
devices or special handling equipment. Simulated cargo modules
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of greater than 1500 1lbs mass and 100 cubic feet volume were
handled with ease, using only one or two simple, fixed hand rails
as mobility aids. The study concluded that the internal dimen-
sions and geometry of space ships, rather than any inherent human
limitation, would constrain the size and mass of cargo modules
for weightless flight.

Parabolic Flight (KC-135 Aircraft) - (Pigure - 5)

Reduced gravity can be simulated by flying a Keplerian ura-
jectory. By varying the trajectory parameters, a variety of grav-
ity levels can be obtained. The reduced gravity, parabolic Ilight
maneuver is the best presently available technique for approxi-
mating all of the sensations of orbital flight.

The sensation of falling and its attendant physiological
and psychological responses are present during the parabolic man-
euver. Six degrees of freedom and rapid motions are available to
the subject with no perceptible drag effects and with no constrain-
ing attachment.

This technique's major disadvantage is the very short dur-
ation of reduced gravity available during each trajectory. The
KC-135 aircraft offers approximately 30 seconds of zero-g test
time from each maneuver. As many as 50 or 60 trajectories might
be required to satisfy the data requirements. Many tasks cannot
be performed in a series of 30 second increments and therefore
are not adaptable to this technique. Each reduced gravity period
is followed immediately by a high gravity pull-up that must be
considered in the design of the experiment and the task to be
performed. Two additional problems associated with this technique
are the aircraft's limited volume and the high incidence of nausea
among the test personnel.

The KC-135 has proven to be a useful zero-g simulator in
many respects. As a test bed for scientific experiments, it has
been used extensively to investigate various physical phenomena
of weightlessness. In support of manned space flight, the "K-
bird" has flown hundreds of hours for general crew training and
familiarity; training for specific zero-g tasks; and assessment
and evaluation of zero-g hardware in its design environment.

Both zero-g aircraft and water immersion facilities have
proved to be highly useful devices for crew training, engineering
evaluations, and human factor studies pertaining to zero-g flight.
Each has its own unique advantages and drawbacks. The two devices
tend to complement each other and will continue to be invaluable
in assessing and investigating a variety of phenomena associated
with manned space flight.

Only one zero-g flight was conducted in preparation for
Apollo 7. The aircraft was equipped with a full-scale mockup of
the command module. Not every task called for in the flight plan
was performed. Those which promised to cause some difficulty in
orbital flight or that were hard to accomplish in one-g were

emphasized. These included pressure_suit donning, crew cguch
operation, and changing environmental system caniSters. When all
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the tasks were easily accomplished, further zero-g training was
deemed unnecessary. Subsequent experience on Apollo 7 bore out
the correctness of that judgement. The manual tasks were easier
in actual orbitaX fYight than they were on board the KC 135.

Some Actual Orbital Flight Conditions

Adapting to weightlessness on Apollo 7 was both easy and
rapid. The initial reaction once the lap restraint was unbuck-
led, was a vague sense of uneasiness or insecurity, and a feel-
ing of fullness in the head. The uneasiness disappeared in a
matter of minutes; the feeling of fullness persisted throughout
the flight, and was aggravated, perhaps by a persistent head cold
after the first two days.

At no time during the flight did any one suffer nausea,
dizziness, disorientation, or other adverse effects -~ despite the
fact that the spacecraft was in a slow random tumble most of the
time. In fact, a number of body motion and acrobatic maneuvers
were performed for the television "Wally, Walt, and Donn Show"
broadcasts which were intended to entertain viewers and to demon-
strate to earthbound counterparts how easy it was,

The United States manned space program has been remarkably
free of adverse zero-g effects on crewmen. The sole exception
occurred on an early Apollo flight when one crewman experienced
nausea during the first day. Even this condition did not mater-
ially affect his performance or the orderly progress of the flight.
The Russian cosmonauts experienced difficulty on some flights,
but the ones who were the sickest were the non-pilots. All U.S.
space crewman to date have been either practicing test pilots, or
experienced jet fighter pilots, or both. This observation sug-
gests that repeated exposure over a period of years to unusual
attitudes, high-g forces and rapid rotation in aerial flight may
render one insensitive to the peculiar motions and body sensations
of weightlessness. Thus the common airplane may persist as a
useful training device for space flight candidates - especially
those with little or no flying experience.

Mobility, restraint, and body control come quite easily with
only a little practice. The Apollo 7 crew was able to move about
and position themselves with great precision. Any protuberences
of hard structure served, if they could be grasped with feet or
fingers. Most of the time the crew floated free with only occa-
sional soft random contact with the ship's structure. Firm re-
straint was needed only during launch, entry, and during main
rocket thrusting. These thrusts produced an abrupt jolt to the
body if one were not firmly strapped in the couch.

The spacecraft's tumbling motion and the unique arrangement
of its viewing windows produced unusual kaleidoscopic views of
earth. The crew soon learned to anticipate the sequence of wind-
ow views. By using the feet to grasp a couch strut, they were
able to control their bodies and to position their faces at the
appropriate window. This procedure also left both hands free to
manipulate the cameras and accessories.
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Operating the optical navigation equipment proved quite
simple. Small hand holds were mounted adjacent to the small,
pencil-like control sticks. The technique used was to actuate
the controllers with thumb and forefinger and wrap the other
fingers around the handhold. No other restraint was necessary.

Small, half-inch squares of Velcro, located judiciously
throughout the spacecraft, were effective as temporary restraints
for small articles such as food bags, pens, data books, hand
tools, and the like, The Velcro was not suitable as permanent
stowage because small objects would dislodge easily and float
about the cabin,

Defecation proved to be the only really difficult and un-
pleasant task. Numerous small items had to be used, and one had
to plan ahead and proceed carefully to be sure that all necess-
ary articles were secured temporarily, yet within easy reach when
needed. The principal problem was entrapping and retaining the
fecal matter, while completing the procedure, until the contain-
ment bag could be sealed. The whole ungainly process made a
major endeavor out of what is normally a routine function.

Although urination was not difficult, it did entail a tedious
and time-consuming procedure involving the turning of valves, the
atbaching of fittings, etc. - all of which had to be done in the
correct sequence. Otherwise, spillage, cabin gas leakage, or
possibly urine dump line freezing could result.

Donning and doffing pressure garments was accomplished with
ease, and was normally done, one crewman at a time, owing to the
close confines of the cabin, Simultaneous suit donning was demon-
strated on one occasion. A modest amount of mutual assistance
was necessary.

Sleeping was easy, once one became accustomed to the absence
of a mattress pressing against his back. At first, the indivi-
duals attempted to wedge an arm or elbow or even his head against
some part of the structure, as a substitute for mattress pressure,
but after two or three days its need was no longer felt. The
crew experimented with sleeping unrestrained and found that to be
the sublime sleep experience,

The crews which landed on the moon report no problem with
the reduced gravity there. As is well documented by television
and motion picture film, they adapted readily the moon's unique
gravity field. Whatever fatigue they did experience was ascribed
to the general level of activity, long hours between rest periods,
and work against the pressure suits which are somewhat stiff when
pressurized.

The challenge of simulating reduced gravity in a controlled
environment and at minimum cost has been approached from five
basic paths. Each solution offers unique advantages and disadv-
antages relative to the others, but no individual reduced gravity
similator can duplicate the totality of orbital flight conditions.
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FIGURE 2 - Cable Suspension - Test subject simulating traverse
under reduced gravity conditions.
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Paper No. 27

FULL-SCALE SKYLAB APOLLO TELESCOPE MOUNT
DEPLOYMENT TESTS*

G. F. Fricker, McDonnell Aircraft Company, St. Louis, Missouri 63166

ABSTRACT

During the initial stages of the NASA Skylab orbit, the Apollo Telescope
Mount (ATM) is deployed by the Deployment Assembly (DA) which clears the
Multiple Docking Adapter (MDA) axial docking port. This is an essential prerequi-
site to docking the Command Service Module (CSM) with the orbital workshop
and subsequent occupancy of the workshop by the Apollo three-man crew.

The objectives of the full-scale NASA Skylab ATM deployment test program
were (1) to evaluate the design concept of the DA and deployment mechanisms
while functioning in a zero-g environment with simulated ATM mass properties and
(2) to evaluate the effects of handling, transporting, and deployment with respect
to the structural geometry and stability of the DA.

A steel prototype DA, simulating geometry and spring rate, was used for the
design concept phase of the test program, while a flight-configuration aluminum
DA was used for acceptance and qualification phases. The zero-g environment was
simulated by positioning the DA with its launch axis horizontal and counterbal-
ancing its weight. The mass moment of inertia of the 25,000 pound ATM was
simulated by a ballasted swing arm which was supported independently from the
floor and coupled to the movable upper DA at the theoretical center-of-gravity (c.g.)
of the ATM.

The deployment rate and deployment reel voltages, currents, cable forces, and
reel-in rates were monitored for a wide range of DA test conditions. Pyrotechnic
release mechanisms, and deployment latch performance were evaluated. ATM look-
axis alignment and critical DA geometry were ascertained through the use of ex-
tensive optical tooling.

Test results indicated that the DA is functionally adequate to deploy the ATM
mass in a zero-g environment, even during induced marginal conditions, and that the
structural stability of the DA is adequate to meet the stringent alignment require-
ments.

INTRODUCTION

An important piece of hardware for the NASA Skylab program is the Deploy-
ment Assembly (DA) for which the McDonnell Douglas Astronautics Company -
Eastern Division (MDAC-E) received a contract for design, manufacture, and
demonstration of satisfactory performance. The DA, during the initial stages of

*This paper is related to work performed under NASA Contract NAS9-6555.
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the Skylab orbital mission, rotates the Apolio Telescope Mount (ATM) ninety
degrees from-its original launched position to provide a clear passage to the Multiple
Docking Adapter (MDA) axial docking port as shown in Figure 1. This is an essential
procedure which must be accomplished before docking the Command Service
Module (CSM) with the MDA/Skylab cluster.

FIGURE 1 NASA SKYLAB CLUSTER

The objectives of this particular test program, full-scale NASA Skylab ATM
deployment, were (1) to demonstrate that the DA was capable of absorbing orbital
docking, maneuvering, and deployment loads while maintaining its structural
geometry and stability, (2) to demonstrate, under both normal and adverse condi-
tions, that the deployment and latching mechanisms would rotate the DA/ATM
through a ninety degree arc and hold it securely in a deployed attitude, (3) to demon-
strate that every circuit of a 2000 strand wire bundle assembly would remain
operational through its anticipated life and (4) to demonstrate that the DA trans-
portation vehicles and handling devices would function properly while maintaining
the structural geometry and stability of the DA.

The test program was performed in two phases — development and qualification.
A DA constructed of steel tubes representing the production configuration was
employed for the development tests, while a flight configuration DA fabricated of
aluminum tubing was employed for the qualification tests (Figure 2). After the
MDAG-E testing, the flight-configured DA was shipped to the NASA Marshall Space
Flight Center for further testing.

DESCRIPTION OF TEST ARTICLES

The DA is a hinged truss assembly made up of two structurally independent
trusses. The lower or stationary truss, at its lower extremity, attaches to the Fixed
Airlock Shroud (FAS) at five places. The FAS, being very stiff as compared to the
DA, assumes the role of a “fixed” base or foundation.

Two trunnions at the upper extremities of the lower DA form the hinge about
which deployment occurs. The upper or movable truss repositions or deploys the
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FIGURE 2 TEST SETUP ALUMINUM (FLIGHT CONFIGURATION)
DA - LAUNCH POSITION

ATM when in orbit. Deployment begins when a release system consisting of pyro-
technic pin-pullers unlocks the upper truss from a launch attitude to permit it to
be rotated to the deployed position. A negator spring at each trunnion applies a
constant restraining torque of 1800 inch-pounds on each half of the hinge to-offer
resistance to the deployment reel cables and thereby eliminate jerking movements.
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Two deployment reels (Figure 3), one on the upper truss and one on the lower truss,
take up parallel cables on their drums to reposition the DA/ATM assembly and
engage the deployment latch. These reels have Harmonic Drive gear reducers with a
final ratio of 4912 to 1. This ratio enables either reel to be capable of deploying

the upper DA even though the reel drive motor produces only 21 inch-ounces of
torque. At the conclusion of the maneuver the deployment latch mechanism is
forced open and engaged by tension in the deployment reel cables. The latch, which
is equipped with a negator spring, first resists opening by the seating ramp and then
latches after it has been driven over the seating ramp. The latch is also equipped with
a ratchet mechanism which positively prevents it from reopening after latching. The
deployment latch characteristics are shown in Figure 4. When the Jatch is closed, a
stud on the upper DA protrudes into a conical hole on the lower DA to prevent any
further movement of the two trusses in relation to each other.

The DA also supports two large wire bundles, one passing across each trunnion,
These must flex each time the DA is deployed. The bundies extend from the ATM
atop the upper truss down the entire length of the DA and across the DA/FAS
interface.

The DA used for development testing (Figure 5) was fabricated primarily from
steel tubing with production-type fittings employed at critical areas. Production
wire bundles were attached not only to demonstrate their flexibility and reliability
but also to produce their representative effects on the deployment process. The
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The load required to depress the ratchet teeth were measured and
found to be as follows:

P1 =43 pounds

P2 = 5.2 pounds

P3 = 6.5 pounds

P4 = 8.9 pounds

The load required to depress the blade assembly to operate the
switches was found to be:

P5 = 16 pounds
The load required to depress the blades until they were flush with
the latch surface was found to be:

P5 = 47 pounds

FIGURE 4 DEPLOYMENT ASSEMBLY LATCH CHARACTERISTICS
TORQUE vs ROTATION OPERATING FORCES

steel tube trusses were designed to approximate the spring rates of the production
trusses. This full-scale prototype DA was twenty-eight feet tall with its pentagonal
base being inscribed by a circle approximately 20 feet in diameter.

The DA used tor qualification testing was a flight-configured aluminum structure
incorporating all hardware deemed necessary for the successful conclusion of the
qualification phase.
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FIGURE 5 TEST SETUP STEEL (DEVELOPMENT CONFIGURATION)
DA - ZERO-G TEST

The simulated FAS was a three-tiered steel structure designed to provide a rigid
base for the DA. The bottom tier was anchored to the laboratory floor, while the
center tier was adjustable in relation to the bottom tier for alignment purposes. The
upper tier was attached to the base of the DA and rotated about one end to a verti-
cal position to place the DA longitudinal axis in a horizontal position for the zero-g
deployment tests.

The simulated ATM mass, commonly referred to as the “swing arm” was a
lead-ballasted steel beam weighing 47,000 pounds. The swing arm was pivoted on a
two-inch diameter steel ball which enabled the arm to be balanced prior to deploy-
ment and to travel with the upper DA during deployment. The swing arm simulated
a 25,000 pound ATM mass with a mass moment of inertia of 254,880 slug-ft2 mea-
sured about the DA trunnions. The swing arm was attached by a steel tripod to the
upper DA at the theoretical center-of-gravity (c.g.) of the ATM. This arrangement
imposed the inertia of the ATM on the DA without imposing the weight, a simula-
tion of the zero-g orbital condition.

A counterbalance system was constructed to offset the weight of the DA. The
unique feature of the counterbalance system was a soft-spring bungee-cord member
which negated the weight of the rotating upper DA while retaining its freedom to
respond to inertial loads.
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TEST PROCEDURES
Development Tests

The prototype steel DA used for the development tests was assembled and
aligned on the simulated FAS using optical tooling. The top tier of the FAS was
then rotated 90 degrees to a vertical position (see Figure 5) placing the DA launch
axis in a horizontal position over the swing arm. Diagonal braces were then
installed between the top and middle tiers of the FAS to form a firm support for
the DA base. Lead filled counterbalance trays were attached to the DA lower truss
via cables suspended from an overhead structure. The swing arm was attached to
the DA upper truss at the theoretical center-of-gravity of the ATM by a ball and
slotted plate arrangement which allowed only vertical movement of the DA with
respect to the swing arm. The bungee-cord counterbalance system was then
anchored to the swing arm and connected to the upper DA to support its weight.
This arrangement allowed the swing arm, upper DA, and counterbalance to rotate
together in a horizontal plane.
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FIGURE 6 DEPLOYMENT REEL CHARACTERISTICS (RUN 14)

With the DA in the launch position, the pin-pullers were retracted, the deploy-
ment reels were energized and the upper DA was pulled to the deployed position
where latching occurred. A time history of the deployment reel cable tension, rate
of cable take-up, reel motor voltage and amperage was recorded for each deployment
maneuver. The data from Run 14 (Figures 6 and 7) provide a typical time history.

After latching, loads were induced in the latch by applying simulated maneu-
vering (75 pounds) and docking (5000 pounds) loads at the ATM theoretical c.g.

No misalignment or latch failure occurred.

Tests were then conducted to simulate partial malfunctionings of the system
such as: low reel motor voltage, cable fouling, one missing cable, one reel motor
inoperative, and latch misalignment up to three quarters of an inch in all directions.
The pyrotechnic pin-pullers were also tested to see if they would retract under a
500-pound load applied at the ATM theoretical c.g. A total of thirty-six deployments
were performed with no serious anomalies.
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FIGURE 7 DEPLOYMENT REEL CABLE LOADS (RUN 14)

Qualification Tests

The flight-configured aluminum DA was assembled by manufacturing personnel
and aligned on a production prototype FAS using optical tooling. This DA was then
carefully removed from the FAS and placed aboard a transporting vehicle. Special
Ground Support Equipment structures were attached to the DA prior to its being
disconnected from the FAS to ensure that the alignment of the DA did not deteri-
orate. The transporting vehicle was then towed over the road to the test laboratory.

Once inside the test laboratory the DA was removed from the vehicle and
placed atop the simulated FAS (see Figure 2). The attach fittings of the simulated
FAS had been aligned, by optical tooling, to positions identical to those on the
production prototype FAS from which the DA had been removed.

When the DA was attached to the simulated FAS it was necessary to verify that
the alignment had not deteriorated. Table I is an example of the alignment data and
how it was obtained. A special Ground Support Equipment counterbalance system
was rigged from the ceiling of the laboratory building (Figure 8) to overcome the
weight of the upper DA while it was being rotated from the launch position to the
deployed position to verify alignment. The alignment in elevation and azimuth had
to be maintained with + 15 minutes of their nominal positions. An optical theodolite
was used to measure these small angle variations in look-axis alignment.

Upon completion of the alignment verification the DA/FAS assembly was
rotated 90 degrees to place the DA in the horizontal position over the swing arm.
The DA was counterbalanced, and a second alignment verification was performed.

A zero-g, powered deployment was performed using production DA systems
to satisfy the DA qualification test requirements.
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TABLEI ALIGNMENT DATA

’ 1l
|
DA/FAS Interface

Plane

!

1

2, \
& ATM Look-AxiS\__ construction Ball
+X  (Deployed) (.500 Diameter)

The following sign convention was adopted for azimuth readings. Positive azimuth is
clockwise rotation when looking forward from the DA/FAS interface. This also
coincides with the “right-hand-rule”” where the vectored positive azimuth reading
points toward +Z.

These dimensions were recorded with the DA Upper Truss in the launch attitude
{not deployed) relative to the DA/FAS interface plane and referenced to a .500
diameter construction ball located on the ATM Simulator at Y-5.000 and Z 0.000.

Readings were taken 3 times and resuits were identical within .001 inch.

Alignment and Look-Axis Data Latch Alignment
- A in Launch
Test or Operation D: " DA Deployed Gap at
Test Phase Being Performed Attitude Y Ratchet Studc{,(;one
Piteh | Yow |Etevation | Azimuth /Ay Tooth (inches)
{inches) | (inches) [(degrees-minutes-seconds) | {inches)
Assembly and | Pitch & Yaw Reading | .027 [-Y 5.0567 - - - -
i in | Manual D - - 89° 69" 151 0°1' 1~ .050 142
Building 66 | Power Deployment - - [se®s771 | 0®0' 117 | 049 142
Transport to | GSE Transporter and — - - - - -
Building 102 | Related Hardware
Acceptance Pitch & Yaw Reading | 135 |-Y 5.053 b - - -
Testing Manual Deployment - - 89°57°38" | 0°2' 16" 058 140
Building 102 | Power Deptoyment - - 89° 56" 37" | 0° 0" 36" 056 140
Setup Reposition DA/FAS - - - — - -
50 Launch Axis
is Horizontal
Qualification | Manual Deploy - - ez 277 | 001" 044 147
Testing Pyro Release & - - a0° 3' 44~ oo g .058 140
Deploy
Simulated Inertia - - 89958 30" | 0° 1 1~ 057 140
Load
Setup Reposition DA/FAS - - - - - -
50 Launch Axis is
Vertical
A Powered Deploy - - 89°57° 37" 0°1 35" .056 140
Testing
Building 102
Latch Align- | DA Upper Latch - - - - 136 140
ment Tool DA Lower Latch - - - - 128 136
Trial Fit
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Following this test the DA was rotated to the vertical position where a third
alignment verification was performed. With Special Ground Support Equipment
handling devices installed, the DA was removed from the FAS and placed aboard its
transporting vehicle and prepared for delivery to the customer.
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FIGURE 8 GROUND SUPPORT EQUIPMENT SPECIAL COUNTERBALANCE

TEST RESULTS

The results of the development test indicated that the steel prototype DA did
exhibit structural characteristics such as strength, stiffness and alignment maintain-
ability similar to those of the flight-configuration aluminum DA.

The pyrotechnic pin-pullers retracted properly under a 500 pound load applied
at the ATM theoretical c.g.

A single deployment reel was capable of deploying the DA when operating with
reduced voltage (26 volts versus 30 volts normal). One reel cable had sufficient
strength to deploy the DA and absorb the 600 pound final stall load required to
ensure latch capture.

The latch would capture and hold the DA trusses in the deployed position while
absorbing the inertia load imposed by the moving 25,000 pound ATM. The latch
remained closed while being subjected to the 5000 pound simulated docking loads.
The latch would close and latch while misaligned up to three-quarters of an inch in
a radial direction.

The wire bundle continuity did not deteriorate after 36 deployments.

The results of the qualification test indicated that the production prototype
DA with proper handling will maintain its alignment while being transported and
that its special handling devices will function to keep the DA aligned through the
manufacturing and final assembly phases of the NASA Skylab Program.
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Paper No. 28

MANNED THERMAL-VACUUM TEST OPERATIONS: ITS DEVELOPMENT
FROM EXPERIMENTAL TO ROUTINE

Paul R. Gauthier (Boeing Co.), Herbert G. Sherwin (Brown and Root-
Northrup), and Marion M. Lusk (NASA, Manned Spacecraft Center, Houston,
Texas)

ABSTRACT

Manned operations have been a significant part of
Gemini and Apollo thermal-vacuum test programs.
The development of test techniques and equipment
at the Space Environment Simulation Laboratory is
discussed relative to these programs.

INTRODUCTION

Since the advent of the United States space program, many
large space-simulation facilities have been constructed to sub-
ject spacecraft to the mission environments. The NASA
Manned Spacecraft Center (MSC) was involved particularly in
spacecraft and associated systems that were designed to be
operated in space by men; thus, it was apparent that the major
space-simulation facilities at the MSC would have to be
designed to permit men to perform tasks safely in a thermal-
vacuum test environment.

Experience with altitude-chamber operations for aircraft
personnel provided a basis for approaching some of the prob-
lems associated with manned operations in a space simulator.
However, to a large extent, many of these problems were
being faced for the first time. Laboratory managers, engi-
neers, and medical personnel were involved jointly in defining
the requirements for man rating space-simulation facilities at
the MSC (ref. 1). The task was complicated further by the
large size of the MSC chambers.

Because these requirements were based on the ""best avail-
able' knowledge and theory of the early 1960's, it was natural
that initial chamber-shakedown tests and early manned tests
would result in confirmation of the adequacy of some systems
as well as demonstrating the need for improvement of other
systems. Because the advancement in complexity of flight sys-
tems required more advanced test techniques as well as
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increased reliability for long-duration tests, this upgrading of
chamber equipment and operating techniques became a contin-
uous process.

Although extensive engineering had gone into the design of
systems directly associated with manned operations, perform-
ance and reliability under test conditions could only be verified
completely by actual test experience. Therefore, early test
programs could be considered "experimental."

The development of significant aspects of test equipment
and test techniques, from initial design to maturity as man-
rated systems, is discussed in this report. The contributions
to the national space program made by manned testing will be
evident in the descriptions of the major test programs that have
been successfully conducted in the MSC facilities.

BASIC REQUIREMENTS

Manned testing influences the design and operation of
almost all systems in a space-simulation facility because fail-
ures or malfunctions in many systems affect the crewmen,
However, the emphasis in this report will be placed on systems
that are associated directly with the crewman and that are of
primary importance to his ability to perform tasks safely in the
thermal-vacuum environment, The following eight elements
are involved in the basic requirements,

1. A protective enclosure (a spacecraft or a space suit)
capable of containing a physiologically acceptable environment
at all times

2. A life support system, to provide the required environ-
ment under normal and off-normal conditions

3. Instrumentation to monitor the gaseous environment
and the medical condition of the crewmen

4, Verbal and visual communication with the crewmen at
all times

5. A means of rapid repressurization of the vacuum
chamber in event of crewmen incapacitation

6. The capability for prompt rescue and medical
treatment

7. A fire protection system for the chamber, the man-
locks, and the test spacecraft

8. A competent, well-trained test organization

The methods used to fulfill these requirements have varied
during the development of manned testing at the NASA Space
Environment Simulation Laboratory (SESL). The following
sections are descriptions of the incorporation of these elements
into the major test programs.
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INGRESS/EGRESS TECHNIQUES

The manned test programs conducted at the SESL since
1965 have been characterized by various techniques for crew-
men ingress and egress. The mode used for any given test
was dependent upon the objectives of the test, the reliability of
the prime life support system, and the mobility aspects of the
required test operations. Likewise, the biomedical instrumen-
tation, communications, and degree of redundant capability
varied from test to test as necessary to support the chosen
test mode.

The test modes may be grouped into four major categories.

1. Use of facility umbilicals for life support, communica-
tions, and physiological monitoring

2. Use of flight-type portable life support systems with
facility gas, communication, and instrumentation umbilicals

3. Use of flight-type portable life support systems only,
with radio-frequency communications and telemetry

4, Use of portable oxygen ventilators for transfer to
spacecraft or extravehicular life support systems

FIRST-GENERATION TECHNIQUES

The initial test to "man rate' the facility occurred in
October 1965 after a series of shakedown tests of the SESL
chambers and a thorough checkout of manned operations sys-
tems. A crewman, who was wearing a Gemini-type space
suit modified for chamber usage, entered chamber B while it
was in a thermal-vacuum condition. Life support was provided
by a closed-loop environmental control system (ECS) by means
of gas umbilicals.

Voice communications and biomedical data were trans-
mitted by means of an electrical umbilical. Total test time in
the chamber was approximately 10 minutes. This brief but
significant test was the beginning of the "first generation' of
testing in the SESL.

Gemini Program Tests

The first use of the facility for manned testing of space-
flight hardware occurred shortly thereafter. In January 1966,
a thermal-vacuum evaluation of the astronaut maneuvering
unit (AMU), planned for use on certain Gemini flights, was
conducted in chamber B (fig. 1). In this test, the Gemini
extravehicular life support system (ELSS) was the primary
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means of life support. Because the ELSS normally was started
at a pressure of 280 torr, the facility ECS was used during
manlock evacuation to that pressure; then, the facility ECS was
disconnected.

Although the crewman was free of the facility ECS umbili-
cals, the high-pressure oxygen-supply line to the ELSS was
still necessary, as were electrical cables for communications
and biomedical instrumentation. Once the crewman was in the
workstand, a transfer of oxygen and communications lines
from the ELSS to the AMU was made and a connection was made
for the oxygen outflow from the ELSS. These tasks were
repeated in reverse order during egress.

The crew-equipment tests for the Gemini X and XI mis-
sions involved a somewhat different technique for ingress
because leakage problems developed with the facility closed-
loop ECS. The portable oxygen ventilators, which the crewmen
used during transfer to the manlock, also were used as a means
of life support to a pressure of 280 torr, where the ELSS was
started and the ventilator disconnected. During egress, the
manlock was repressurized to 380 torr, and the ventilator was
reconnected before ELSS deactivation.

Although the method was satisfactory from a suit-flow and
pressure standpoint, there were some drawbacks. Each venti-
lator had a relatively short use time (20 to 30 minutes); there-
fore, any time-consuming problems occurring during manlock
checkout and pumpdown required ventilator changes.

Apollo Program Tests

The initial design-verification testing of the Apollo extra-
vehicular mobility unit (EMU) was performed in chamber B
using a lunar-crater thermal simulator and solar simulation
to provide lunar-surface environmental conditions. This
new portable life support system (PLSS) necessitated modifica-
tion of the previous ingress/egress techniques. The suit was
pressurized to 950 torr (3.8 psid) before pumpdown to verify
accessibility of the PLSS controls. Because the facility ECS
could not be used to perform this function, an oxygen ventilator
was used. After completion of the accessibility check, the
suit was depressurized and the facility ECS connected. After
the manlock was evacuated and the manlock pressure was
equalized with the chamber pressure, the PLSS was activated
by the crewman, The ECS umbilicals were disconnected and an
emergency oxygen-purge valve/relief valve was installed.
Then, the crewman opened the inner manlock door and pro-
ceeded to the workstand within the lunar crater (fig. 2).
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During egress, when the pressure was 140 torr, the ECS was
reconnected and the PLSS was deactivated.

A similar test program to qualify the EMU was conducted
in chamber A. The most significant change was the addition
of an emergency oxygen umbilical that was carried into the
chamber with the communications and instrumentation cables.

Discussion

The initial tests resulted in the establishment of opera-
tional procedures for conducting manned tests in the SESL and
the verification of the satisfactory operation of most of the
facility systems. Certain aspects, however, required
improvement.

The inherent awkwardness of the early space suits often
complicated even simple tasks. Operation of the PLSS controls
was troublesome because the controls were located behind and
out of sight of the crewman. It was possible to shutoff the
oxygen supply valve inadvertently, and, in fact, this potentially
dangerous situation occurred in the manlock on two separate
occasions. Rapid repressurization of the manlock prevented
any serious consequences. These experiences resulted in
changes to flight hardware in order to eliminate the occurrence
of similar problems in future tests and on space flights.

The lack of space-suit mobility affected the relatively
simple act of opening and closing the manlock inner door. It
was a tiring and time-consuming exercise, particularly at the
conclusion of a strenuous test, to close and latch the door so
that the manlock could be repressurized. To remedy this
situation, development of a remotely controlled opening/
closing/latching mechanism for one of the chamber B manlock
inner doors was planned.

Crewmen carried emergency oxygen systems that could
only be actuated by the crewmen. Rapidly changing off-normal
conditions experienced during some of these tests were indica-
tive of the need for an emergency oxygen system under the
control of outside personnel. This requirement was incorpo-
rated into the design of a new facility ECS. For this and other
operational reasons, the closed-loop ECS was unsatisfactory
for SESL operations and was replaced with an open-loop system
in preparation for the second-generation test programs.

SECOND-GENERATION TECHNIQUES

Although the experience gained from chamber, space-suit,
and spacecraft tests in 1966 had resulted in the basic
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techniques for conducting manned operations and in an apprecia-
tion of the effort required to prepare and maintain a fully man-
rated facility, 1967 was the year of change. The Apollo
spacecraft tragedy at the NASA John F. Kennedy Space Center
in January focused attention on manned spacecraft operations
and vacuum-chamber testing. The MSC Safety Manual was
revised extensively and imposed stringent requirements on the
design, testing, and configuration control of systems associated
with manned testing. When these safety standards were adopted,
the SESL was immersed deeply in preparing for major Apollo
lunar module (LM) and Apollo command and service module test
programs.

The most far reaching of the new safety policies concerned
oxygen compatibility and flammability. The materials criteria
established for spacecraft systems, space suits, life support
systems, rescue-personnel clothing, and instrumentation elim-
inated many commercial products because of the lack of defini-
tive test data and material certification. The comprehensive
materials test program instituted by the NASA provided valuable
guidance to the SESL equipment designers for choice of materials
to be used in man-rated systems,

The protection of the crewmen and the spacecraft from the
hazards of oxygen-fed fires required the selection of an effective
fire-suppression system. After evaluation of several fire
extinguishing methods, a water-spray system was designed and
installed in both chambers A and B. The system is divided into
various control zones and can be actuated only at chamber (or
manlock) pressures greater than 300 torr.

This method of fire suppression has been demonstrated
under the 300 torr, cold (200° K) conditions, after an emergency
repressurization, with no significant effects on chamber sys-
tems or rescue modes.

Lunar Module Tests

The first manned spacecraft test run in the SESL after
incorporation of several significant improvements to manned
operations equipment was the most complex test attempted.

The LM (test article LTA-8) thermal-vacuum test program in
chamber B was planned to simulate orbital- and lunar-mission
time lines under varying thermal conditions. This test program
required several 12-hour periods of manned occupancy of the
spacecraft. Therefore, crewmen had to ingress and egress the
LM while it was in a thermal-vacuum condition,

The ingress/egress technique was developed using the con-
cept of umbilical transfers, with the three modules of the new
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facility ECS, through the flow-distribution panel, providing life
support to two crewmen in the manlock, chamber, or spacecraft.
Basically, the sequence of events was as follows.

1. The two crewmen entered one of the chamber B manlocks
and were connected to facility gas and electrical umbilicals.

2. The crewmen manlock was evacuated and manlock pres-
sure was equalized with the chamber, which was at test-
environment conditions, so that the manlock-to-chamber door
could be opened remotely.

3. The crewman entered the chamber and transferred to
another set of gas and electrical umbilicals stowed in the
chamber.

4, The crewmen climbed a ladder to a platform in front
of the spacecraft hatch and entered the LM (fig. 3).

5. The crewmen transferred to the spacecraft gas and elec-
trical umbilicals, stowed the chamber umbilicals on the platform,
and closed the hatch.

During egress, the procedure was repeated in reverse. The
total time for ingress was 1-1/2 to 2 hours; for egress, the total
time was 1 hour. More detailed information on the L TA-8 pro-
gram is available in reference 2.

Command And Service Module Tests

The testing of the command and service module 2TV-1 test
vehicle in chamber A during 1968 involved the simplest technique
for ingress and egress. The three crewmen entered the space-
craft (fig. 4) at atmospheric pressure before chamber pumpdown
and remained in the spacecraft throughout the test until atmos-
pheric conditions were reestablished. Except for a short period
to verify spacecraft performance with an open hatch and depres-
surized cabin, the crewmen were exposed primarily to a
250 torr (5 psia) oxygen cabin environment.

Access to the spacecraft was by means of a '"clamshell"
ramp, which was retracted against the chamber wall during the
test phases and swung in to surround the command module for
normal or emergency entrance.

Apollo Extravehicular Mobility Unit Qualification

In 1968, the Apollo EMU was modified to incorporate the
latest fire-retardant materials and to upgrade the basic perform-
ance capabilities. These changes required requalification of the
:EMU in a thermal-vacuum environment during February 1969

ref. 3).
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A lunar-surface thermal simulator (LSTS), in the form of a
circular infrared-heater array, was used in conjunction with the
normal facility vacuum, cryogenic, and solar-simulation sys-
tems to provide the various cold and hot environments required
for the test program.

The ingress/egress technique was based on the need to
relieve 45. 4 kilograms (100 pounds) of the 54. 6-kilogram
(120 pound) "earth weight" of the PLSS during test operations
in both the chamber and the manlock. A trolley/monorail sys-
tem (fig, 5), with an integral falling-restraint mechanism, was
designed by SESL personnel. The monorail was split at the
manlock inner door to allow the door to be opened for ingress
and closed on egress. Latching and unlatching of the monorail
sections was performed pneumatically.

Upon arrival at the manlock, the crewman was transferred
to the facility ECS umbilicals and disconnected from the portable-
oxygen ventilator. The crewman then donned the PLSS. All
biomedical and test instrumentation was connected and verified,
the manlock was evacuated to 250 torr (5 psia), the PLSS was
activated, and the ECS was placed in a ""bypass' mode. However,
the gas umbilicals were left connected to the suit for use in the
event of PL.SS malfunction or depletion.

After manlock evacuation and equalization with the chamber,
the inner door was opened and the manlock portion of the mono-
rail was moved into place by the crewman. The crewman then
entered the chamber (fig. 5) pulling the gas, electrical, and
instrumentation umbilicals behind in a trough designed for this
purpose. When the crewman reached the center of the LSTS, the
LSTS door was closed so that the proper lunar-surface condi-
tions could be simulated. Similar sequences were repeated, in
reverse during egress, with the facility ECS placed in "flow"
mode at 250 torr (5 psia).

Discussion

During 1968 and 1969, approximately 600 hours of manned
operations were conducted on the LTA-8, 2TV-1, and EMU test
programs. Spacecraft, space suits, life support systems, and
facility systems were subjected to a wide range of environmental
conditions and were proved to have a high degree of reliability.
The complexity of test preparation and test operations imposed
many demands on the NASA /contractor test teams. The comple-
tion of these programs established a major advance in the status
of manned testing.

Certain changes were made to manned-operations systems
before these test programs. Most of these modifications were
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acceptable. Other modifications were improved (as required)
during the test programs. The initial design of the monorail
system required certain monorail latching and unlatching func-
tions to be performed by the crewman. This was awkward and
time consuming, and the system was modified to incorporate a
pneumatic latching mechanism controlled by the manlock oper-
ator. The misalinement of the manlock and chamber monorails,
caused by thermally induced movement, required some redesign.
The growth of confidence in manned thermal-vacuum oper-
ations was demonstrated during the LTA-8 program, During
the first series of tests, two egresses were performed at
300 torr (6 psia), warm-chamber conditions, to reduce the risk
factor. Egress while in a thermal-vacuum condition became the
preferred method by the last series of tests.

THIRD-GENERATION TECHNIQUES

The SESL had demonstrated a capability to conduct a wide
variety of manned operations by May 1969, The space suits and
portable life support systems had been qualified fully through
many hours of use while in severe thermal-vacuum environments.
Test programs, therefore, became more diversified and involved
the use of the normal and emergency capabilities of the flight
equipment.

Apollo Flight Crew Training

The flight and backup crewmen for the Apollo 9, 11, 12, 13,
and 14 missions participated in lunar-surface-simulation tests
in the SESL chambers (primarily chamber B) as part of their
mission training. These 3- to 4-hour tests were planned to
familiarize the crewmen with the operation of the Apollo EMU in
a thermal-vacuum environment while working with lunar scien-
tific experiments.

From a manned operations viewpoint, the most significant
aspect of these tests was the use of the PLSS without facility
gas and electrical umbilicals for backup oxygen and physiological
monitoring. This test mode was justified by the flight qualifica-
tion of the EMU in previous tests and by the desire to perform
crew training in flight configuration.

The facility ECS was used only at pressures greater than
250 torr (5 psia) and was disconnected once the PLSS was
started. The flight oxygen purge system (OPS), mounted on top
of the PLSS, provided an emergency 30-minute oxygen supply.
Communications, biomedical data (electrocardiogram only), and
PLSS operating parameters were transmitted by means of
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By freeing the crewmen from the constraints of the umbil -
icals, a great mobility increase was achieved, which enabled
test operations with the scientific equipment that would not have
been possible otherwise (fig. 6). However, the combined earth
weight of the PLSS/OPS, 54. 6 kilograms (120 pounds), required
the use of the SESL monorail system to relieve 45. 4 kilograms
(100 pounds) of this load from the crewman. A chamber work
area, 3.05 by 3.66 meters (10 by 12 feet), was provided by the
design and installation of a two-dimensional extension of the
monorail in a "bridge crane" configuration.

Lunar-Surface Scientific and Engineering Tests

Several tests of scientific equipment requiring deployment
by a crewman have been conducted on a rapid-response basis.
This response has been possible because of the SESL policy of
maintaining manned test capability on a continuous basis. Tests
in this category have included the Apollo lunar aseptic sampler,
the modular equipment transporter, and the lunar rover fender
deployment programs.

Apollo 15 Extravehicular Mobility Unit Tests

The 1969 tests had resulted in the qualification of the EMU
for the early lunar missions (Apollo 11 to 14). Changes to the
PLSS and OPS to increase the usable amount of oxygen, water,
and electrical power, as well as modifications to the space suit
to increase mobility, required requalification of the Apollo 15
EMU configuration. These tests were conducted during
April 1971 with essentially the same chamber configuration used
for the 1969 tests.

During June 1971, a test program was performed to evaluate
the effect of the strenuous Apollo 15 lunar-surface time line on
the physiological condition of a crewman., Three 6- to 7-hour
tests were run in a 2-day period using the PLSS/OPS as the only
life support systems below 250 torr (5 psia). These tests were
similar to the technique used for the crew-training tests.

Discussion

During this "generation’ of testing, the basic test techniques
changed very little, The primary emphasis was on using a man-
rated facility for training astronauts and for evaluating scientific
equipment. Although the risks inherent in a thermal-vacuum
environment were still present, the probability that equipment
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failure could occur had been demonstrated to be low. In addi-
tion, experience with preparation of the facility made it possible
to conduct manned tests with lead times primarily based on the
availability of test articles and special test equipment.

MANNED TEST SYSTEMS

Certain systems and types of equipment have been involved
in all manned tests. Performance capabilities of these items
greatly influenced the test techniques previously described.
Improvements in these systems made possible the development
of manned test operations to the present capability. The empha-
sis in the following discussion will be on the effect of actual test
experience on system modifications.,

Facility Environmental Control System

A facility system to provide the proper gaseous environment
for crewmen wearing space suits is one of the obvious require-
ments for a man-rated facility. However, the actual performance
specifications are not as apparent because test techniques play a
significant role in the design of such a system. Also, often a
facility ECS is quite different from the ECS used on board a
spacecraft. The SESL staff has had experience with both closed-
and open-loop environmental systems, and has used this experi-
ence to develop a highly reliable, flexible system that has
supported major test programs.

The initial construction of the SESL facility included a
multimodule ECS system for chambers A and B. Based on the
existing spacecraft technology, the ECS was of a closed-loop,
recirculating design (fig. 7). This system was used for the
early tests, including the Gemini space suits and first Apollo
EMU, in the chambers.

This complex system was less than desirable from a main-
tainability and reliability standpoint. Problems with the opera-
tion of the circulation blower, the carbon dioxide removal
canister, and the water condenser often caused degradation of
the desired gas composition. Oxygen and carbon dioxide partial -
pressure sensors were required for constant monitoring of the
gas flow, which introduced the problems of instrument mainte -
nance and calibration. However, the most significant problem
was elimination of air leaks, which diluted the oxygen content,
into the system.

New LTA-8 program requirements for test operations plus
the inadequacy of the old ECS modules led to the decision to
design, fabricate, and install an ECS with broad capabilities
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for normal and off-normal operations. The design specifica-
tions were based on actual test experience and on particular
plans for the LTA-8 test.

The new design (fig. 8) was an open-loop system that mini-
mized leakage, contamination, and thermal-control problems
common to closed-loop systems. The gas (oxygen or air) was
supplied to the ECS modules from high-pressure tube trailers
and exhausted by facility vacuum pumps. Although this mode
of operation uses considerable amounts of gas, the great increase
in system operating performance and reliability offsets this
disadvantage.

The most significant test operation advantages of this sys-
tem were as follows.

1. The capability to use the ECS (with clean dry air) to con-
duct dry runs with pressurized space suits

2. The capability to adjust suit pressure on an absolute and
differential basis

3. The availability of an alternate vacuum-pumping source

4, The incorporation of relief valves and safety interlocks
to minimize the effect of system malfunctions and operator
errors

5. The capability of switching a crewman from one ECS
module to another by means of the flow-distribution panel

6. With large suit leaks, the flow capability to maintain
space-suit pressure at normal levels

Test operations with this configuration of three ECS mod-
ules, interconnected by a flow-distribution panel, over the
180 hours of manned operations associated with the LTA-8 pro-
gram, were excellent. The systems proved to be very reliable
in maintaining suit pressure and flow under a wide range of
environmental conditions in the manlock, chamber, and space-
craft. The only deficiency was in the area of thermal control,
in which long umbilicals negated close-tolerance temperature
conditioning.

All manned testing in chamber B since the testing of LTA-8
has involved a single crewman. These tests have been supported
by the ECS configuration shown in Figure 9. Depending on the
test technique, the ECS has been used as both a primary and
backup life support system. This configuration provides the
following capabilities.

1. Full capability for normal and off-normal operations
associated with tests requiring life support by means of gas
umbilicals

2. Capability to operate in a "flow"” or "bypass' mode for
tests of flight life-support equipment

3. A backup life-support means for emergency situations
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The SESL staff has found, based on 3-1/2 years of test
operations with this ECS, that the open-loop design is superior
to the closed-loop configuration for manned activities and is more
adaptable to changing test techniques.

Biomedical Instrumentation

The risks involved in performing manned operations in a
vacuum chamber require that suit environmental conditions and
crewman physiological status be monitored continuously. The
SESL personnel developed two groups of sensors to perform
these functions (table I). Power and signal lines for this instru-
mentation are routed through an electrical umbilical. A fuse box
at the chamber/umbilical interface provides protection against
current overloads.

Test experiences over the past 5 years using this equipment
have been good and the basic design remains unchanged. Improve-
ments in sensor application techniques and types of materials
used for harnesses have been the most significant changes.
However, the relative fragility of sensors, cables, and electrical
connectors has been the cause of test holds resulting from loss of
mandatory biomedical data.

These problems have been overcome by incorporating bio-
medical checkout sequences into the space suit donning proce-
dures at several intermediate points., Electrical cables in the
biomedical-sensor room and in the suit-donning area are con-
nected to the medical display consoles in the control room.

Thus, satisfactory final checkout of the instrumentation in the
suit room usually results in satisfactory operation of the system
in the manlock and chamber,

Normally, crewmen entering the chambers with facility gas
umbilicals have worn the full set of instrumentation. When
portable life support systems were used, biomedical data were
limited to heart-rate information because the radiofrequency
telemetry link was equipped only for this measurement.

Repressurization Systems

The initial design of the emergency repressurization system
was based on the use of dry gas stored in sufficient quantity to
return the chamber to a pressure of approximately 300 torr
(6 psia) within 30 seconds. The original concept was to use
nitrogen during the first 5 seconds of repressurization, then to
use 100-percent oxygen during the remainder of the cycle so
that the oxygen partial pressure would be sufficient to sustain
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life at the final pressure of 300 torr (6 psia). This concept was
changed before it was implemented to include a 20-percent
oxygen/80-percent nitrogen mix to avoid the problems of handling
large amounts of 100 percent oxygen. This system was demon-
strated successfully; however, severe fogging in the chamber
occurred when ambient air was used to continue the repressuriza-
tion to a pressure of 760 torr (14.7 psia). The fogging was elim-
inated by increasing the storage-tank capacity so that sufficient
gas was available to repressurize the chamber to ambient
pressure.

The manlock emergency -repressurization capability is simi-
lar to that of the chamber. However, the manlocks do not have
any low-temperature panels or temperature-control devices.
This allows the manlocks to be repressurized with ambient air
without concern for fogging caused by condensation of water
vapor.

Originally, the manlock repressurization criteria were
selected to match the chamber criteria with regard to time to
repressurize to a safe pressure. The original performance
requirement was 30 seconds to 300 torr (6 psia). Minor equip-
ment modifications made it possible to decrease the repressuriza-
tion time to 15 seconds.

The means for activating the emergency-repressurization
system are redundant because both manual and automatic means
are provided. The medical officer and the test director can
initiate chamber emergency repressurization manually, The
automatic initiation of manlock or chamber repressurization is
controlled by pressure switches located within the space suit.
These pressure switches are set to initiate repressurization if
the suit pressure drops to 102 torr.

Originally, the circuitry of the automatic repressurization
system was set up to provide repressurization of the volume
(chamber or manlock) based on whether the crewman was con-
nected to a manlock or chamber electrical umbilical. The plan
was based on the assumption that the electrical umbilicals would
be connected and disconnected by the crewman while moving
about in the vacuum.

Providing the crewman with enough manlock electrical
umbilical to allow full mobility in the chamber became more
desirable than changing umbilicals. A selection circuit was
provided so that either the manlock or chamber emergency-
repressurization system was selected based upon the position
of the crewman or the chamber -door configuration,
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Rescue Operations

Rescue of the crewmen from the chamber after an emergency
involved unique problems. After an emergency repressurization,
the chamber had a total pressure of approximately 300 torr
(6 psia) and a gas temperature of approximately 200° K. Special
clothing for the rescue personnel was developed to cope with
these environmental conditions. A coverall garment (fig. 10) was
fabricated with integrated helmet, boots, and gloves. The helmet
had a built-in oxygen mask and regulator.

This equipment was impractical. The bulkiness and com-
plexity of the clothing made a rescue operation extremely diffi-
cult. Subsequently, the life-support equipment was changed to
standard U. S. Air Force-type masks, helmets, regulators, and
walk-around bottles. A cold-weather garment (fig. 11) was eval-
uated for protection from the 200° K chamber temperatures.

After several trial rescues in the chamber after emergency
repressurizations, it was determined that ordinary stree