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APOLLO EXPERIENCE REPORT 

GU I DANCE AND CONTROL SYSTEMS: 

PRIMARY GUIDANCE, NAVIGATION, AND CONTROL SYSTEM DEVELOPMENT 

By M. D. Holley, W. L. Swingle, S. L. Bachman, 
C. J. LeBlanc, H. T. Howard, and  H. M. Biggs 

Lyndon B. Johnson Space Center 

S U MM A R Y 

The primary guidance, navigation, and control system development progressed 
in three increments: Block I (0), Block I (loo), and Block 11. The Block I (0) phase 
was devoted primarily to research and development and provided the design baseline. 
In the Block I(lO0) development, flight-qualified systems were produced. The Block 
I1 phase resulted in the final design and development of the flight systems for  both the 
command module and the lunar module. 

The technological advances in the art of producing materials and components as 
a result of the program have been a benefit to space and military programs and have 
resulted in commercial applications. The integrity of the primary guidance, naviga- 
tion, and control system has been proved by its successful performance during the 
Apollo Block I and lunar missions. 

INTRODUCTION 

For convenience, this report is divided into five sections in which the basic ele- 
ments of the primary guidance, navigation, and control system (PGNCS) are discussed 
individually. These sections and the authors of each are as follows: "Inertial Subsys- 
tem, '' M. D. Holley and S. L. Bachman; "ComputerSubsystem, " H. T. Howard; "Opti- 
cal Subsystem, '' c. J. LeBlanc; "Inertial Reference Integrating Gyro, " M. D. Holley 
and W. L. Swingle;. and "Pulsed Integrating Pendulous Accelerometer, " H. M. Biggs. 

As an aid to the reader, where necessary the original units of meas)rement have 
been converted to the equivalent value in the SystGme International d'Unites (SI). The 
SI units a r e  written first, and the original units are written parenthetically thereafter. 



I NERT I AL SU BSY STEM 

The Apollo inertial subsystem performed successfully on 10 lunar module (LM) 
flights, on 3 command module (CM) flights in the Block I configuration, and on 11 CM 
flights in the Block I1 configuration. This complex subsystem supported both unmanned 
and manned Apollo flights without an in-flight failure. 

The primary inertial subsystems used in both the LM and the CM were common 
with minor differences in packaging, scaling, and interfaces, These subsystems con- 
sisted basically of the elechonics to drive and control, and a mechanical system to 
hold and position, a set  of three orthogonally mounted accelerometers. The gyro and 
accelerometer histories a r e  discussed in separate sections of this report. The iner- 
tial subsystem is divided into five major groupings: (1) the inertial measurement unit 
(IMU) containing three gimbals, gimbal-mounted electronic packages, resolvers, slip- 
rings, torque motors, and six inertial instruments; (2) the power and servo assembly 
(PSA) containing the power supplies, switching circuits, and servocontrol electronics; 
(3) the coupling data units containing the digital- to-analog and annlog- to-digital conver- 
sion equipment; (4) the pulse electronics assembly containing the circuits required to 
generate the calibrated torquing pulses for the accelerometers; and (5) the guidance 
and navigation (G&N) interconnect control group, which includes the interconnecting 
harnesses and control panels. 

The design of the inertial subsystem required for  the navigation and guidance of 
the Apollo spacecraft was a responsibility separate from spacecraft vehicle design. 
Early mission- e r r o r  analysis indicated that accelerometers and gyros of the Polaris 
Mark I1 system had performance characteristics adequate for  the Apollo lunar mission. 
The Apollo inertial system thus evolved from basic Polaris Mark I1 designs. This deci- 
sion was heavily basedon the initial requirement for an Earth-orbital flight i n  late 1963. 

SYSTEM DESCRIPTION 

The Block 11 and LM inertial subsystems consisted of the IMU, the electronic 
coupling data unit (ECDU), the PSA, a navigation base, the pulsed integrating pendu- 
lous accelerometer (PIPA) electronics assembly (PEA) in the CM, and the pulse- 
torquing assembly (PTA) in the LM. 

The inertial subsystem equipment installed in the CM and its location relative to 
the other subsystems of the PGNCS a r e  shown in figure 1. The navigation base is 
mounted to the spacecraft sidewall and is used as a holding fixture for  the IMU and the 
optical assembly. The IMU and the optical assembly are attached and precisely alined 
to the navigation base. The lower display and control (D&C) panel comprises the front 
of the PGNCS structure and contains several  individual panels. The panels with dis- 
plays and controls a r e  located so  the astronaut can view and manually operate 'the con- 
t rols  from a standing position. The PSA, which contains power supplies, amplifiers, 
and miscellaneous electronics, is mounted on a coldplate below the navigation base 
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and the indicator control panel. All PSA 
modules are plugged into a single flat 
interconnect- harness assembly, which is 
attached to the coldplate. Immediately be- 
low the PS4 is the CM computer (CXC), 
and mounted at the left of the CMC is the 
coupling data unit (CDU). The PEA is 
mounted at the left of the IMU to reduce 
cable lengths for  critical switching signals. 
The signal conditioners and one display and 
keyboard (DSKY) a r e  mounted at the right 
of the optical assembly and the indicator 
control panel. The various hardware ele- 
ments are interconnected by a cabling 
harness. 

The inertial subsystem equipment 
installed in  the LM and its location rela- 
tive to the other PGNCS subsystems a r e  
shown in figure 2. The navigation base is 
mounted to the upper structure at the front 
of the LM cabin and is used as a holding 
fixture for  the IMU and the optical sensor. 
The IMU and the optical sensor are at- 
tached and precisely alined to the naviga- 
tion base. The LM guidance computer 
(LGC) and the ECDU are mounted on cold- 
plates located on the upper portion of the 
rear compartment wall. The PSA and the 
signal conditioner also are mounted on a 
coldplate and are located below the LGC 
and the ECDU. The PTA is mounted to 
the rear wall of the IMU compartment. 
The LGC DSKY, together with the other 
controls and dispiays, is located on t i e  
front wall of the LM cabin such that the as- 
tronaut can operate it while confined in 
his harness. 

Inertial measurement 

Power servo assembly 

Apollo guidance computer 

Figure 1.- Location of the primary guid- 
ance and navigation system in the CM. 

Rendezvous radar 
Area for backupattitude reference 

Alinement optical telescope 

Figure 2.- Location of the primary guid- 
ance and navigation system in the LM. 

The primary a r e a  of design departure from the Polaris Mark I1 guidance system 
was the need f o r  functional crew interfaces such as displays and those interfaces re- 
quired for  mode switching and realinement of the IMU. The conceptual design to de- 
fine these interfaces was accomplished in 1962. A complete systems review in 1965 
led to an integration of the guidance, navigation, and control (GN&C) functions to en- 
sure  that alternate functional modes would be available in case of a failure in either 
the PGNCS or the stabilization and control system. 
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MAJOR SYSTEM FUNCTIONS 

The inertial subsystem performs three major functions: (1) measures changes 
in spacecraft attitude, (2) ass i s t s  in generating steering commands, and (3) measures 
spacecraft velocity changes caused by thrust or  atmospheric drag. To accomplish 
these functions, the IMU provides an inertial reference consisting of a stable member 
having three degrees of freedom that is stabilized by three integrating gyros. When 
the inertial system is operated before launch, the stable member is alined through a 
gyrocompassing routine; during flight, the stable member is alined by sighting the op- 
tical instruments on stars. If the inertial subsystem is operated for  several  hours, 
realinement may be necessary because the gyros that maintain the space- referenced 
stable member may drift and cause an e r r o r  in flight calculations. 

Acceleration of the spacecraft is sensed by three pendulous accelerometers 
mounted on the stable member with their input axes orthogonal. 
from the accelerometers a r e  used by the computer to update the spacecraft state 
vector. 

The output signals 

BLOCK I DESIGN HISTORY 

The design decisions concerning the inertial subsystems were heavily influenced 
by the plan (late 1961) to fly in 2 to 3 years. That period of time would not permit a 
complete new inertial system development. Thus, the design of the Block I inertial 
system was based on the Polaris Mark II system. Both the gyro and accelerometer 
used basic Polaris designs with minor mechanical and electrical changes. The early 
programmatic decisions also committed the Apollo inertial program to the competence 
and experience of the Polaris Mark I1 institutional and industrial team. The new areas  
of development were for the Apollo manned-mission design requirements of (1) in- 
flight optical alinement interface, (2) pilot moding interface, (3) general-purpose 
digital- computer gimbal- angle interface, (4) in-flight repair, and (5) packaging and 
interconnect wiring. 

I nstrument Selection 
Detailed analytical work involving the relationship between inertial component 

performance and position and velocity dispersions could not begin until mission and 
trajectory profiles had been selected. However, as early as July 1961, preliminary 
estimates based primarily on the entry maneuver as the most demanding on the iner- 
tial subsystem indicated that Polaris Mark I1 instruments would meet the requirements. 

In November 1961, preliminary gyro performance specifications were estab- 
lished. Actual gyro e r r o r  studies began early in 1962 with the entry maneuver because 
entry parameters were relatively well defined and the maneuver had critical operation- 
al requirements. Results for this mission phase were published in June 1962, followed 
by a study of lunar-orbit-insertion performance, the results of which were published 
in July. By early 1963, the Apollo mission definition was in a state that permitted 
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analysis of other mission phases, such as translunar injection, lunar landing, and 
lunar lift-off. The results of these studies were made available in March of the same 
year. At the same time, the e r r o r s  involved in the process of fine-alining the IMU in 
space by means of the optical star sightings had been determined. An e r r o r  budget 
applicable to the alinement process, including both IMU and optical e r rors ,  was pub- 
lished in  February 1963. 

A specification for  the PIPA performance requirements was issued in November 
1961. The adoption of the Polaris 25 inertial reference integrating gyro (IRIG) design 
for the Apollo spacecraft enabled the beginning of specification work on the pulse- 
torquing requirements, which were crucial in the mission because of the multiple in- 
flight alinements. Specifications were f i rm for the pulse- torquing electronics by May 
1962. 

The performance requirements fo r  the inertial subsystem or indeed for  the G&N 
system were never clearly specified during early program phases. The e r r o r  analy- 
sis of the trajectories and early mission studies were done by the Massachusetts Insti- 
tute of Technology (MIT), and reasonable design specifications were formulated using 
the analysis results. From an inertial performance standpoint, an IMU e r r o r  analysis 
revealed that moderate performance capability would suffice for  manned missions. 
Because the most critical parameter was the gyro bias drift, which was the result of 
the long time between alinement and thrust termination, i t  was decided to conform to 
the Polaris inertial performance specification because of two factors: (1) the early 
flights were to be unmanned, thus not permitting the alinement, and (2) tighter per- 
formance would be indicative of higher reliability. 

Three-Gimbal -Platform Selection 

With an in-flight realinement concept and the recognition that all maneuvers for  
which the IMU was required would be in-plane maneuvers with little o r  no out-of-plane 
steering, it was reasoned that a three-gimbal system could be used. This configura- 
tion had several  advantages over a four-gimbal IMU in te rms  of system complexity, 
weight, power, reliability, and cost. 

The function of the gimbal system is to support the gyros and the accelerometers 
on a structure that can be kept nonrotating in space despite rotations of the spacecraft. 
The motivation for  having a four-degree-of-f reedom gimbal system would be that such 
a configuration can be made and operated so that all attitudes of the spacecraft can be 
accommodated without the problem of gimbal lock, which can occur with a three- 
degree-of-freedom system. The questions posed in 1961 and 1962 were whether the 
simpler three-degree-of-freedom IMU would meet all the Apollo spacecraft attitude 
maneuvering requirements and whether the danger of gimbal lock would be high enough 
that a four-gimbal platform would be necessary. The answer in brief was that all nor- 
mal Apollo attitude maneuvers would be such that gimbal lock could be avoided by 
properly instituted operational procedures. The operation near gimbal lock in non- 
emergency maneuvers could be simply avoided. Direct means were available to warn 
of approaching difficulty so that corrective action could be taken. Finally, the pro- 
cedures for  recovery f rom loss of alinement in emergency situations seemed straight- 
forward. 
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Although a strapdown o r  body- mounted inertial subsystem configuration was 
briefly examined at the start of the program, no serious consideration was given to 
this technique. The brief development time permitted by the schedule and the fact 
that no such body-mounted system was out of the laboratory experimental stage at that 
time precluded its use. Moreover, it was evident that schedules could be met by the 
development team only by using its experience with the design of the gimbaled IMU of 
the Polaris Mark I1 guidance system. 

Displays and Contro ls  

The conceptual development of the displays and controls for  the astronauts was 
completed during 1962. This effort defined the useful system modes and the displays 
to be used. The onboard navigation techniques required a general-purpose digital com- 
puter having an attitude interface with the IMU. The analog- to-digital and digital- to- 
analog conversion technique initially selected was electromechanical. This electro- 
mechanized CDU became a basic element in displaying IMU gimbal angles to the crew- 
men and in commanding gimbal angles in a coarse-aline mode. Five coupiing data 
units, one for  each of the three IMU gimbals and one for  each of two optical axes, were 
used. Each CDU, a servomotor, a resolver set, a digital encoder, three display dials, 
and a thumbwheel were all interconnected by a gear train. The gimbal and optics axis 
positions then could be repeated, displayed, and controlled by the crewmen o r  by the 
computer. 

Considerable effort was  spent in making available to the crewmen as many back- 
up D&C modes as possible. Usage of segments of the system with other segments cur- 
rently operating was a ground rule. The use of the IMU as an attitude reference inde- 
pendent of the computer was also incorporated. An early attempt was made to incor- 
porate the capability for  manual differential velocity (AV) steering by a visual monitor- 
ing of the Y- and Z-axis PIPA outputs. The astronaut would manually aline the IMU 
with the X-axis  PIPA along the direction of thrust, then manually s ta r t  and stop the 
engine, steer to maintain zero AV along the Y-axis and the Z-axis, and time the burn 
for  the net AV gained. However, operational problems were encountered with the 
design and with production. Subsequently, in the middle of Block I production, the re- 
quirement for  manual AV steering was dropped and the design was changed to reflect 
the deletion. Other backup modes were maintained but in ensuing flights were not 
used. All Block I flights were unmanned, and no capability to use backup modes was 
available. 

Packaging 

The driving factor in the design of packaging for  the changed and new components 
from Polaris Mark I1 was the adoption of an in-flight maintenance capability where pos- 
sible. All five coupling data units were interchangeable and easily removable. The 
power supplies for  the inertial subsystem, the servo loop, the components, and the 
electronic modules for  each of the 6 inertial elements were packaged on 10 removable 
trays. Each tray contained removable modules, which were made as common as 
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possible and repeated for  each gimbal loop or instrument. The IMU was not considered 
as a candidate for in-flight repair  because its complexity, form factor, and alinement 
requirements were prohibitive for  such an effort. 

Thermal Control 

Proper  thermal control of the inertial instruments is of prime importance in 
achieving satisfactory performance. The Block I IMU temperature- control design was 
hampered from the start by an inadequate definition of the environment in  which the IMU 
was expected to perform. In particular, the spacecraft thermal environment, primary- 
coolant- loop characteristics, and prime-power voltage excursions were unknown. For 
these reasons, an attempt was made to include much flexibility in the design to estab- 
l ish the capability to adjust to the actual environments as they became better defined. 

The use of thermal-heat-of-fusion materials to serve as a heat reservoir was 
considered early in the design. This approach was taken to conserve electrical power. 
A thermal study, one of the first to define system operation for a lunar landing mis- 
sion, showed that, although this concept was sound, the use of these materials was 
unworkable based on IMU time-line usage. This approach was abandoned, and an elec- 
tronic temperature-control system w a s  designed. 

The temperature- control scheme incorporated resistance- wire temperature- 
sensing elements located in the IRIG end mounts. Connected in series, these sensors  
measure the average temperature of the three gyros and form one a rm of a four-arm 
resistance bridge. The remainder of the bridge is located in the PSA. The bridge 
e r r o r  signal, proportional to the temperature difference between the actual average 
gyro temperature and the desired temperature, controls the operation of magnetic am- 
plifiers in the PSA. In turn, these amplifiers provide power in proportion to tempera- 
ture deviation. The power is in the form of a 20-volt, 3200-hertq pulse-width- 
modulated square- wave voltage to the stable-member heaters. 

An additional set of heaters, controlled by a thermostat on the stable member 
and powered directly from spacecraft primary power to the G&N system, comprises a 
r edmdmt  ter??,perztwe- cnntrnl system. This system does not provide the precise 
control of the primary system but is adequate to satisfy the crew-safety and mission- 
success requirements. 

Temperature- sensing thermistors within the gyros a r e  used to monitor the gyro 
temperature. The thermistors are connected in series and form one a rm of a four- 
a rm space resistance bridge; the other elements of the bridge are located in the PSA. 
The er ror -  signal output of this bridge controls a magnetic amplifier, which illuminates 
an alarm light if the gyro temperature exceeds specified limits. The amplifier also 
provides an output for  telemetry of IRIG temperature and an output to the front of the 
PSA tray fo r  use by the in-flight-failure monitor. The temperature-sensor resistance 
elements of the accelerometers are used to monitor pulsed integrating pendulum (PIP) 
temperature in a manner similar to that of the gyro temperature- monitoring scheme. 
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Two blowers on the middle gimbal are used to vary the thermal resistance be- 
tween the inner gimbal and the case. Saturable reactors on the outer gimbal vary the 
blower speed as a function of stable-member heater power. 

The Block I PSA design consists of removable modules mounted on a vertical 
member of a removable tray. The requirement f o r  in-flight maintenance together with 
the requirement for  handling the modules and t rays  precluded the use of thermally con- 
ductive grease between the PSA trays and the coldplate. Consequently, the CM prime 
contractor developed a thermal interface material consisting of a rubberlike tubing 
(0.32 centimeter (0.125 inch) outside diameter) with a copper foil helically wound onthe 
outside. This material was laid side by side to form a mat and was placed between the 
coldplate and the PSA. Late in the Block I program, the in-flight maintenance require- 
ment was abandoned and a thermally conductive grease (Dow- Corning DC- 340) was used 
in conjunction with the thermal interface material to effect a better heat transfer. 

BLOCK I PROBLEMS 

In all par ts  of the inertial subsystem designed for  in-flight repair, problems were 
encountered in meeting vehicle humidity requirements. In fact, the problems were 
solved only by changes that invalidated any in-flight maintenance capability. The elec- 
tromechanical coupling data units were a prime example. To meet the humidity speci- 
fications, these mechanically precise rotating devices, matched for  interchangeability, 
were placed in  an environmentally sealed box and read through a window. A gasket 
seal  could not be maintained fo r  the large connector header into which the 10 PSA trays 
were mated, and a water-resistant grease was added. 

Angu la r  Di f ferent ia t ing Accelerometer 

A problem arose during the acceleration test  phase of the IMU qualification pro- 
gram. The IMU was mounted rigidly to the a rm of a centrifuge. During the centri- 
fuge testing, the gimbals oscillated at the rotational frequency of the centrifuge, It 
became apparent that the angular differentiating accelerometer (ADA) mounted to the 
gimbal was nonrotating and, as such, was under the influence of a rotating accelera- 
tion. The ADA is a damped torsional mass  that senses inertial angular acceleration. 
The device h a s  a low pendulosity, preferably zero. With the low pendulosity, the re- 
sponse was as if the ADA were in inertial rotation with attendant stable-member mis- 
alinements. A review of operational requirements, however, revealed no rotating 
accelerations for  any missions that would cause any problem. The decision to use the 
ADA was based on a Polaris servo design that was removed early in the Polaris devel- 
opment program. Subsequently, a new servo design that did not include an ADA was 
incorporated into the Block II system. 

Thermal I nterface 

A major mechanical difficulty in the Block I PSA was achieving an adequate ther- 
mal interface between the PSA trays and the spacecraft coldplate. Tests of the thermal 
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interface material showed that thermal conductance varied in direct proportion to the 
depth of its compression, Other tests indicated that the contact pressures required 

2 f o r  deflecting the material to achieve the desired conductance (568 W/m K (100 Btu/ 
hr/"F/ft )) were much higher than originally anticipated. These forces caused bowing 
at the trays and plate; this condition reduced conductivity across local areas on the in- 
terface. Establishing appropriate tolerances for the tray locating tongues, stiffening 
of the trays, and changing the toeplate material from aluminum to beryllium produced 
an adequate but marginal design. However, not until the in-flight maintenance concept 
was dropped, thus permitting the use of conductive grease on the thermal interface 
material, was the problem adequately solved. 

2 

Design Changes 

The PSA module designs were plagued by numerous modifications required by 
circuit and component changes. Scheduling constraints dictated a release to production 
concurrent with engineering evaluation testing. Nearly all the required modifications 
resulted from circuit changes dictated by this testing. Component changes were made 
to optimize circuit design parameters or  to obtain higher reliability. Wiring and com- 
ponent placement were altered to minimize electromagnetic coupling between circuits. 
Circuit changes were also made when the original design was  found to be marginal 
under adverse operating conditions. In some instances, high-power-dissipation com- 
ponents were relocated to remove local hotspots. When possible, the changes were 
made as a "repair f ix"  by depotting or by rework of manufactured modules with the 
necessary changes being incorporated into forward production. Where changes were 
too extensive, modules were scrapped and replaced with new designs. The change 
from ternary to binary torquing of the PIPA units also required new module design. 

I n-Flight Maintenance 

The Block I in-flight module replacement feature required that the modules be 
removed using only a number 10 Allen wrench. The modules were fastened to the trays 

down, '' near the bolthead to provide clearance through a threaded portion of the module. 
Numerous bolt failures in the early systems were caused by shearing of the boltheads. 
Necking-down the bolts left an insufficient wall thickness in the region between the bolt 
shank and the Allen- head recess. A bolt configuration change to increase the material 
thickness in that region and a change to a stronger bolt material solved this problem. 

.pith ii.LimLer 10 czGA---- * L i v e  lil~en-iieail A I-- bolts, which were iseduced iil iiicktiess, or "necked 

IMU Mechanical Resonance 

The IMU models were vibrated at one-g, 2g, and 3g (rms) sinusoidal input with 
a logarithmic frequency sweep from 20 to 2000 to 20 hertz in 16 minutes along each 
axis, Each IMU was also vibrated with a 5g (rms) random-noise input along each axis. 
The results of these tests indicated resonant frequencies in the range of 110 to 170 
hertz having transmissibilities of 7 to 22. 
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As a result of high magnification seen a t  the resonant frequency on the Block I 
IMU, fatigue cracks developed in the middle- and outer-axis stub shafts. The stub 
shafts were redesigned, and vibration dampers were added to each axis in the torque- 
motor intergimbal assemblies. 

Strain-gage test  results indicated a reduction in the stub-shaft s t resses  by a 
factor of 3. This s t r e s s  reduction, together with the reduction of the transmissibility 
by the addition of dampers, resulted in a reduction of the stresses in the stub shafts to 
a level well below the fatigue limit of the material. A friction damper was added at 
the floated bearings. 

Lexan Case 

When the IMU gimbal- mounted electronic packages were designed, it was thought 
that an added measure of quality control could be achieved if the modules were encap- 
sulated in transparent potting material. It was reasoned that if one could see  inside 
the module, greater care  would be taken in the assembly of the module and that fact 
would add to the reliability of the assembly. The cordwood assembly was packaged in- 
side a transparent Lexan case and then potted with a transparent potting material. The 
Lexan cases exhibited a high incidence of cracking and crazing, and numerous attempts 
to solve the crazing problem proved futile. Finally, a drawn aluminum case was de- 
signed fo r  the gimbal-mounted electronics, and the visual inspection feature was 
abandoned. 

Humidi ty-Proof Modules 

Block I PSA modules were packaged using a black- anodized aluminum housing 
and two types of encapsulation materials. The bottom end of the module was encapsu- 
lated with solid polyurethane, and the remainder of the module was encapsulated with 
polyurethane foam. After encapsulation, the bottom of the module was machined to 
obtain the required dimension from the bottom of the module to the bottom of the con- 
nector. An examination of several  modules that failed during humidity qualification 
testing disclosed that the solid polyurethane had separated from the housing and allowed 
moisture to penetrate the module. An engineering investigation determined that the 
adhesion of solid polyurethane to black- anodized aluminum was at  best marginal because 
contaminating agents were present in sufficient quantities to  prevent adhesion. The 
forces imparted by the milling cutter during the machining operations were found to 
cause separation where low peel strength existed. Satisfactory adhesion was obtained 
by first priming the aluminum housing with a thin coating of C7 epoxy adhesive. This 
change was incorporated in all subsequent production modules. In addition, greater  
emphasis was placed on cleaning and handling operations to ensure that module compo- 
nents were f ree  of contamination. The module machining technique was revised to 
prevent the imparting of abnormal peel forces to the assembly during the milling 
operation. 
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Cold -Flow Teflon 

Block I hardware short circuits were experienced in the PSA tray header wire 
resulting from cold flow of the wire insulation. This phenomenon occurs when a Teflon- 
insulated wire is subjected to small  but constant pressure against a sharp corner, such 
as a wire- wrap pin, a mounting boss, or a thermal island. This continuous pressure 
does not result  in immediate cutting of the insulation but rather in gradual regression 
of the insulation. Proper selection of new wire- insulation materials, such as polyim- 
ides, that were more resistant to cold flow and still compatible with the encapsulant 
material in the wire- wrap plane alleviated the problem. 

Coupl ing Data U n i t  Gears 

The problems associated with the Block I CDU were mechanical. The gear trains 
used with the CDU exhibited excessive wear, and a few units "froze" in operation. To 
correct this failure mode, a carefully selected lubricant was added to the gears. An- 
other gearbox-associated failure occurred in the motor- tachometer supplied by one of 
the two vendors of this component. Because of mechanical tolerances, the motor- 
tachometer f roze at elevated temperatures. The corrective action for  this failure was 
to select the motor-tachometer from the vendor whose product did not exhibit this fail- 
ure  mode. 

BLOCK I 1  CHANGES 

As the Apollo spacecraft development became more advanced, a number of fac- 
tors made a block change of design desirable. From the beginning, a block-change 
concept was visualized as being inevitable because the Block I design was created in 
the absence of many necessary guidelines and specifications. In July 1962, the lunar 
landing concept was changed from the Earth-orbital- rendezvous to the lunar- orbital- 
rendezvous technique. In the fall of 1963, it was decided that a common system would 
be used to provide navigation, guidance, and control for both the LM and the CM. 
Thus, the L??I cmcept mz le  an nbvinus hlock-change point for  the inertial subsystem 
of the CM also. 

In June 1964, the development contractor was directed to proceed with a Block I1 
PGNCS design for  the CM as well as for the LM. For both vehicles, the system was 
given direct interfaces with the gimbaled primary propulsion systems and with the re- 
action control jet clusters. Major Block I1 inertial subsystem changes a re  described 
in the following paragraphs. 

I M U  Size Change 

The common inertial subsystem made weight an even more important considera- 
tion. After studying the possibilities, it was recommended that, while keeping the 
same stable member, the IMU weight could be reduced by approximately two-thirds 
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