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ADVANCEMENTS IN STRUCTURAL DYNAMIC TECHNOLOGY
RESULTING FROM SATURN V PROGRAMS

By P. J. Grimes, L. D. McTigue, G. F. Riley,
and D. I. Tilden
The Boeing Company

SECTION 2 INTRODUCTION

2.0 GENERAL

The Apollo Saturn V Program was created by NASA to accomplish the
objective of a manned lunar landing by the end of the decade. On July 20,
1969, the program objective was realized. This report covers the struc-
tural dynamic technology that was developed to support the Apollo Saturn V
Program,

Apollo Saturn V structural dynamics programs considered in this
document include the 1/10 scale model analysis and test program, the full
scale analysis and test program, and the flight data evaluation program.
The results of these programs were reviewed to the extent necessary to
establish and document the following:

1. Technical contributions of the 1/10 scale model to Apolio
Saturn V structural dynamic charactevristics prediction.

2. ITlustrations of what scale modeling can contribute to future
programs.

"3. Procedures for performing stiffness, inertia and vibration
analyses of large booster vehicles.

4, Improvements in test techniques and data reduction procedures
evolved during the experimental studies.

5. Problems in mathematical modeling and dynamic testing that
require further study.

Practical guidelines for accomplishing structural dynamic analy-
sis, dynamic test, and data reduction that were established within the
successful Saturn V Program are defined in this document. These guide-
lines and recommended practices are presented so that major pitfalls and
problems encountered in this program can be avoided in future programs.

The following procedure was used to generate the Saturn V flight
predictions:

1. Develop mathematical models and methods of solution.




(Continued)

2. Perform replica model analysis and test to establish guide-
lines for the full scale program.

Perform pretest analysis using baseline math models and pub-
1ish dynamic characteristics of the test article prior to the
test.

Perform full scale tests and compare results with analytical
predictions.

Revise the mathematical models as required to make them
correlate with test data.

6. Modify these test-verified math models to represent the exact
flight configuration of each flight vehicle.

2.1 DESCRIPTION OF APOLLO SATURN V VEHICLE

The Apollo Saturn V vehicle consists of the three stage Saturn V
launch vehicle, an instrument unit and the Apollo spacecraft. Schematics
of the three boost configurations and the coordinate system used throughout
this report are shown in Figure 2-1. There are three stages of launch
vehicle powered flight. The first stage boost configuration consists of
the total Apollo Saturn V vehicle. The second stage boost configuration
consists of the S-I1I stage, S-IVB stage, IU, and the Apollo spacecraft.

The third stage boost configuration consists of the S-IVB stage, IU, and
the Apollo spacecraft.

S-1C Stage - The first stage (S-IC) of the Saturn V launch vehicle
has a nominal diameter of 396 inches (10.06 m). It has a liquid oxygen
(LOX)/kerosene (RP-1) propulsion system and is powered by five F-1 engines
with a total thrust of 7.5 million pounds (33,360,000 N). The fuel and
oxidizer are in separate pressurized tanks, the LOX tank being forward.
The tanks are joined by an unpressurized intertank structure. Internal
construction, material, and fabrication of the two tanks are similar. The
cylindrical portion of each tank is made up of four quarter-sections
joined by longitudinal welds. Integrally milled tee-section stringers,
located on the interior surface, provide additional structural rigidity.
A1l bulkheads are elliptical in shape and are constructed from gores
welded together. The bulkheads are joined to the cylindrical tank and
skirt sections through a Y-section ring welded to the equator of each
bulkhead.

Ring-type slosh baffles are fusion welded to the internal stringers
in each tank, and cruciform baffles are located in each Tower bulkhead.
Five insulated tunnels lead through the fuel tank to permit passage of
suction ducts which supply LOX to the engines.
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2.1 (Continued)

. The four outboard engines ‘are attached to thrust posts located on
the periphery of the aft skirt section. A cruciform beam supports the
center engine. Four holddown posts provide anchor points for mounting
the vehicle to the launcher. Aerodynamic fairings and stabilizing fins
are provided at each outboard engine location. With the exception of
the intertank structure, which is of corrugated skin-ring frame construc-
tion, all unpressurized skirts and fairings have extruded hat-section
stringers riveted to the external surface. ’

£

S-1I Stage - The second stage (S-II) of the Saturn V vehicle has the
same diameter as the first stage. The two stages are joined by a series
of skin-stringer type shells with hat-shaped stringers riveted to the
external surface. The S-II propulsion system consists of five J-2 engines
burning liquid hydrogen (LH2) fuel with liquid oxygen (LOX) as the oxi-
dizer and having a total thrust of about 1 million pounds (4,448,000 N).
The fuel tank is forward and the oxidizer tank is aft. An insulated
common bulkhead separates the two pressure vessels.

The cylindrical portion of the fuel tank has integral circum-
ferential and Tongitudinal stiffeners which are machine milled on the
inside surface to form a rectangular grid pattern. Five longitudinal
and four circumferential fusion welds are utilized to assemble the
cylinder. The upper fuel tank bulkhead and lower LOX tank bulkhead
are fabricated from gores which are fusion welded together to form
elliptical diaphragms. The common bulkhead is a sandwich structure
consisting of gores, fusion welded to an elliptical shape and bonded
to a fiberglas honeycomb core.

The thrust structure consists of a truncated cone with hat-shaped
stringers riveted along the external structure. Thrust longerons, at
the four outboard engine locations, transmit the engine force. The
center engine is mounted at the center of a cruciform beam. A1l un-
pressurized shell structures are skin-stringer types with extruded
hat-shaped stringers riveted to the skin.

S-1VB Stage - The third stage (S-IVB) of the Saturn'V vehicle has
a liquid hydrogen-liquid oxygen propulsion system utilizing a single J-2
engine, located on the stage center line, with 200,000-pound (889,600 N)
thrust capability. This stage has a nominal diameter of 260 inches (6.60 m).
The oxidizer tank is located aft of the fuel tank. An insulated common
bulkhead separates the two tanks. A square waffle pattern having a 45
degree orientation to the vehicle longitudinal axis is machine milled on
the inner surface of the fuel tank cylindrical section. Longitudinal
fusion welds are used to join the six sheets forming this cylinder.
Construction of the hemispherical bulkheads follows the pattern described
for the S-II stage. The unpressurized structure fore and aft of the
tankage, including the conical interstage, is of skin-stringer construction
with extruded hat-shaped stringers riveted to the outside of the skin.




2.1 (Continued)

Instrument Unit - The instrument unit (IU) is a short cylindrical

structure having a nominal diameter of 260 inches (6.60 m). Structurally
the instrument unit is a sandwich shell consisting of aluminum face sheets
bonded to an aluminum honeycomb core. Instrument packages are mounted to
the inner walls of the structure.

Apollo Spacecraft - The Apollc spacecraft is composed of five sub-

structures:

Lunar Module (LM), Saturn Lunar Module Adapter (SLA), Service

Module (SM), Command Module (CM), and Launch Escape System (LES).

1.

Lunar Module - The LM is a two-stage, soft-landing spacecraft
which carries two astronaunts to the lunar surface from lunar
orbit and subsequently returns these two men to a rendezvous
with the orbiting CM. 1In the launch configuration the LM is
attached at four points inside the LM adapter cone.

Saturn Lunar Module Adapter - The SLA structure is a conical
frustum of aluminum face and honeycomb core sandwich materiail
with diameters of 154 and 260 inches (3.91 and 6.60 m) at the
fore and aft ends, respectively. The adapter also serves as
an interstage structure between the Apollo Saturn V IU and

the SM.

Service Module - The SM is an aluminum honeycomb shell with
internal radial shear web partitions. The SM has a nominal
diameter of 154 inches (3.91 m). Equipment on this part of
the spacecraft supplies the power for midcourse corrections,
retro-braking into lunar orbit, and return flight propulsion.

Command Module - The CM is a conical frustum fabricated of steel
face-and-core honeycomb with interior accommodations and instru-
mentation for three astronauts. From this section of the space-
craft, the crew monitors and controls all functions throughout
launch, translunar flight, lunar orbit, return flight and re-entry.

Launch Escape System - The LES consists of a titanium open truss
tower supporting a launch escape motor. The motor is a solid
propellant device with a steel case and having a nominal diameter
of 26 inches (7.92 m). The tower attaches to the top of the CM
cone and is jettisoned 32 seconds after second stage ignition.

2.2 HISTORY OF SATURN V STRUCTURAL DYNAMIC PROGRAMS

The Apolio Saturn V structural dynamics activity can be sub-divided
into four major phases: the 1/10 scale analysis and test activity, full
scale math modeling, full scale test activity, and actual Saturn V flight.
These four phases are discussed in the paragraphs that follow.




2.2.1 1/10 Scale Model Program

Witn the commitment to design and fabricate a full scale test and
to fly the largest space vehicle ever conceived, came the recognition that
the replica model testing concept could pilot the program and resolve
technical problems before they became insurmountabie from both a cost and
schedule standpoint. A 1/10 Scale Model Program was established to support
the Apollo Saturn V Program and to accomplish several important research
objectives. These research objectives were not directly concerned with the
Apollo Saturn V Program and will not be discussed in this document.

A 1/10 scale replica model of the Saturn V vehicle was completed
nearly 18 months 1in advance of full scale Saturn V hardware. A dynamic
test program of the scale model was established to provide guidelines
for performing the full scale dynamic test program. As a secondary
objective, the program was expected to indicate possible loads, or
dynamics problems that might be inherent in the full scale design so
that these problems could be resolved before the first Saturn V vehicle
was completed.

A more fundamental Tong-range objective of the scale model pro-
gram was to supplement the full scale test program in verification of the
Saturn V structural dynamic math models., A mathematical modeling
program was outlined between Langley Research Center (LRC), Marshall Space
Flight Center (MSFC), and The Boeing Company whereby the same basic analysis
models and methods would be used for both the 1/10 scale and the full
scale test articlies. The results of both programs would be used to either
verify the math models or to identify areas where the models were

inadequate and structural idealization or analysis techniques required
updating. Even though the schedule was tight, portions of the scale model
test and analysis program preceded the full scale program enough to allow
for the more important influences on the full scale pretest. analysis and
the test program,

The scale model test data showed that the liquid and structural
coupling was not modeled adequately; that the truncated cones used to make
vehicle diameter transitions produced a longitudinal and bending stiffness
characteristic which was not being adequately modeled; that structural
joint modeling is sensitive to axial loading (i.e., g-levels, mass, etc.);
and that the ring mode activity, as suspected, was an important phenomenon
for large shell structure. Data from the scale model tests were also use-
ful in defining and assessing instrumentation and thruster requirements :

for the full scale program,

Math models were reviewed and improvements made in the stiffness
representation. These improvements were developed in time to use them
in the pretest analysis of the full scale dynamic test vehicle. The remod-
eling of the 1liquid and structural coupling and the cone area that resulted
from correlation of the 1/10 scale test and analysis results prevented a
schedule impact resulting from math modeling problems during the full scale
test program.




2.2.1 (Continued)

The scale model and full scale test programs were well coordinated.
For example, the same type ballast simulants and the same 1iquid fill con-
ditions were being studied in both programs. The same general thruster
locations and the same tank pressures were also used. The intent was to
establish correlation between the scale model test results and the full
scale tests. Conducting the scale model test program in advance of the
full scale program answered many technical questions that might otherwise
have impacted the much costlier full scale program.

2.2.2 Full Scale Math Modeling

The dynamics of the flight article differed from the dynamics of
the ground test article in several significant ways. Hardware substitu-
tions had to be made in the test article because of the cost of the actual
hardware, availability of hardware from vendors, and because the schedule
required results well in advance of flight. The test suspension system
did not duplicate the free-free conditions of flight, and the cryogenic
propellants of the flight vehicle had to be replaced with less hazardous
simulants for ground test. As a result, ground test data could not be
used directly for flight assessment.

The math model was used for projecting the ground test results
to the flight vehicles. On the Saturn V Program, dynamic test results
were used primarily to verify math models of the test article. After
verification, differences between the test and flight articles were
modeled, and the resulting models were used to predict flight charac-
teristics with a high level of confidence. The frequencies of the bending
modes that were detected in flight of the first stage boost configuration
were predicted within five percent accuracy. The frequencies of the detec-
tible Tongitudinal modes were predicted within three percent accuracy. The
correlation of the first stage flight data and analytical predictions are
presented in Reference 2-1. :

Mathematical analyses of the Saturn V vehicle started with the
development of basic beam-rod models to answer guestions in support of
dynamic test requirements. These early uniaxial models were used to
obtain answers to such questions as: what is the effect of replacing
LOX with water as a test simulant?, what are the effects of replacing a
flight article component with a dynamic simulator?, what size of thruster
is required to excite the vehicle to readable levels?, and where should
the vehicle be instrumented in order to obtain accurate mode shape char-
acteristics? These early math models were also used to help estab]ish
the regions where modeling of local shell characteristics was required
so that more detailed idealizations of these sections could be made in
subsequent mathematical models, A schematic of math model development
history is shown in Figure 2-2.
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2.2.2 (Continued)

The next step in the math model evolution was to add detailed
quarter-shell sections to the basic uniaxial model in regions where
local effects were considered important. The primary objective of these
math models was to predict accurately flight control gain factors between
a gimbaled engine and a flight control sensor response. This required shell
models of the thrust structure regions and the flight control sensor
areas. When the dynamic test program was initiated, the forward skirt of
the S-IC stage, and the aft skirt of the S-IVB stage were both potential
locations for the flight control sensors, in addition to the primary loca-
tion in the IU. A1l locations were designed to accommodate three axis
sensors, with one axis always oriented normal to the skin. As a result,
shell models were required to represent local out-of-plane bending in
these regions. The combination beam-rod/quarter-shell models were
used in the analysis of the 1/10 scale model.

Computer size limitations at that time (up to 130 degrees of free-
dom could be handied in the eigenvalue routine) required the development
of separate math models to emphasize detail in the S-IC thrust structure
area, the S-IC forward skirt, the S-IVB aft skirt and the IU. For example,
if accurate transfer functions from the S-IC thrust structure to the S-IVB
aft skirt were desired, then one particular model would be used. If trans-
fer functions between the S-IC thrust structure and the IU were desired,
another math model would be used. This approach resulted in slightly dif-
ferent modal parameters being predicted by each of the separate models,
and required a decision as to which solution should be used.

To prevent this and still have the ability to predict the local
anomalies that might become evident from test or from flight, a single
shell model was developed. This model included a quarter-shell represen-
tation of the total launch vehicie and SLA with a uniaxial model of the
service/command modules and the launch escape tower. Knowledge gained from
correlation of 1/10 scale model analysis and test results was included in
this math model. The size problem in analyzing this model was resolved by
a process of modal stacking. 1In this approach, cantilevered modes of the
S~IVB stage and spacecraft were obtained. These were then used in the
analyses of the second flight stage, which consisted of the S-II stage,
the S-IVB stage, and spacecraft. Then cantilevered modes from this com-
bination, in turn, were used to analyze the total vehicle.

The modal stacking approach required additional flow time, but
proved to be an accurate and economical means of analyzing the individual
configurations and in predicting the characteristics of the dynamic test
vehicle. Results from this approach were valuable in monitoring dynamic
test results and in evaluating their validity.

The math model proved highly accurate in predicting overall modal
properties of the dynamic test vehicle. There were, however, several areas
where the math model proved inadequate. First, the model did not predict




2.2.2 (Continued)

local slopes of the flight control sensors with the desired degree of accu-
racy. Second, asymmetries in the spacecraft introduced coupling between
pitch, yaw, longitudinal and torsional planes. Third, interplane coupling
proved to be even more significant in the flight vehicles than in the test
article., Fourth, the quarter shell model did not have the capability of
predicting this coupling.

To eliminate these problems a three-dimensional model of the total
vehicle was developed. 1In parallel with this, a computer program was devel-
oped that had the capability of analyzing systems starting with 12000 stiff-
ness degrees of freedom and reducing to 300 dynamic degrees of freedom.
Dynamic test program experience showed that the bending and Tongitudinal
properties of the Taunch vehicle stages could be represented by beam and
axisymmetric shell elements, respectively, for frequencies up to 25 Hz.

This allowed the three~dimensional characteristics of the Apollo Saturn V
vehicle to be represented with only 300 dynamic degrees of freedom. This
simplified full shell math model was used in Pogo, loads, and flight control
predictions on a vehicle-by-vehicle basis to support the Saturn V Program,

2.2.3 Full Scale Dynamic Test and Correlation

Results from the dynamic tests not only proved invaluable in es-
tablishing verified math models but the converse was also true. The
pretest analysis results were the basic tool used for on-site evaluation
and verification of dynamic test data.

The dynamic test program contributed several hardware changes to
the Saturn V vehicle. First, the test results showed that a longitudinal
and lateral coupling mechanism existed in the CM and SM interface. This
mechanism, coupled with the stiffness asymmetry and weak torsional stiff-
ness of the CM and SM interface produced large torsional responses of the
CM. Acting upon test results, the spacecraft contractor modified this
interface to eliminate the torsional weakness. Second, the dynamic tests
proved that the location of the flight control sensors was not satisfactory.
The flight control package, which was located at the top of a plate in the
IU, was susceptible to strong local effects involving bending of the plate
itself, as well as shell deformation introduced by spacecraft dynamics,
particularly the dynamics of the LM. To correct this, the flight control
package was relocated to the bottom of the plate where local effects were
much less proncunced. The dynamic test of this new configuration was then
run to provide data for establishing verified math models. The local
characteristics of the plate and bracketry, including the stiffening
effect of the components attached to the plate, had to be modeled in
detail to predict flight control sensor rotations with required accuracy.
In addition to the relocation of the flight control sensor, some minor
revisions in the flight control filter network were necessary to ensure
stability in the second and third vehicle bending modes during first
stage boost.




2.2.4  Saturn V Flight

The baseline math model, which was verified by both replica model
and full scale test, was the principal tool used to resolve Saturn V
structural dynamic problems and to provide NASA management assurance
that each flight vehicle was flight worthy. In March 1968, it was decided
to expand the model to couple in the three dimensional dynamics of the
spacecraft components to improve the accuracy of loads calculations. At
the start of the program it was considered adequate to ignore cross axis
coupling and verify the math models up to 10 Hz in frequency. These
assumptions were proven incorrect by full scale test and events occurring
on Saturn V flights. On the second flight in April 1968, the first stage
exhibited a Pogo instability in a five Hz, first vehicle longitudinal mode.
Because of stiffness asymmetry in the LM, this longitudinal mode was
strongly coupied with a bending mode in the same frequency range. The
combined longitudinal/pitch environment raised concern for the integrity
of the structure and the comfort of the crew.

On the third and fourth flights, strong Pogo oscillations developed
in the S-II stage in an 18 Hz crossbeam mode. During the fifth flight
possible Pogo occurred on the S-IVB stage. The S-IVB oscillations were
also in a high frequency mode (18 Hz). These flight experiences intensified
the development of math models capable of predicting cross axis coupling
to approximately 25 Hz in frequency.

In six years, the mathematical models of the Saturn V vehicle
have grown from primitive uniaxial models used to support test requirement
studies to detailed full shell models capable of investigating flight
anomalies up to 25 Hz in frequency. The technoiogy supporting this
growth is contained in this document.
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SECTION 3  1/10 SCALE MODEL TECHNOLOGY

3.0 GENERAL

This section presents the contributions of the scale model to the
full scale Saturn V Program and illustrates what scale modeling techniques
can contribute to future programs.

The 1/10 Scale Apollo Saturn V model was conceived by Langley
Research Center as an early, economical source of vibration response data.
The model also supported the Saturn V Program by contributing to problem
resolution, by providing test planning guidelines, and by early math model
evaluation. The model was built in advance of the full scale vehicle so
that data could be used to define potential vibration problems and suggest
solutions to these problems without impacting scheduled launch. Dynamic
test data from the model could also be used to validate the methods and
procedures developed for both analytical and test investigation of the
structural dynamic characteristics of the prototype. The scale model
could also be used to investigate problems observed during flight test
of the full scale vehicle.

The basic objectives of the scale model program were achieved.
Data from the scale model verified that the shaker location selected for
full scale test could excite all modes of interest. It also verified that
the force capability of the shakers being developed for the full scale
test would be adequate. It confirmed that the sensor locations selected
for full scale tests were adequate, and that the acceleration levels
selected for the full scale test were correct.

Data from the scale model tests also confirmed that the basic mode
shapes predicted by early Saturn V math models were adequate to support
preliminary design work. From the correlation of scale model analyses and
scale model tests results, several shortcomings of the math modeling approaches
vere uncovered. Most significant of these was the manner in which the liquid
was represented in the longitudinal analysis. As a result of this early
warning, more accurate math modeling procedures were developed in advance
of the start of the full scale program.

After the full scale program was well under way, the scale model
still proved useful in supporting investigations of problem areas. The
model was used to demonstrate the integrity of the structure around the
LM attach points during the investigation of a local structural failure that
occurred during flight of the second Saturn V (AS-502) vehicle. Detailed
replica models of the SLA, SM, and LM were built. From the scale model
tests and other related studies it was determined that the in-flight failure
did not stem from Tocal failure around LM attach points. The model was also
used to check out a gravity simulation harness proposed for a full scale
test to investigate the AS-502 anomaly.




3.0 (Continued)

While the scale model program did achieve its basic objectives,
its potential value to the Saturn program was never realized because
correlation was not achieved between the model and the prototype. Because
of scaling effects, testing of the 1/10 Scale Model in a 1 g environment
is equivalent to testing the prototype in a 1/10 g environment. Several
joints along the model opened slightly in this equivalent low g environ-
ment resulting in local flexibility being introduced into the scale model.
The joints would have required redesign to eliminate this flexibility. Had
this been accomplished, the dynamic characteristics of the scale model
would have provided an excellent simulation of the prototype for overall
vehicle characteristics. Following comparison of scale model and full scale
results, the scale model should have been revised to establish correlation.

Because the scale model was built before all secondary structure
and major compoments were designed on the prototype, the replica model was
not up to date. The model should have been updated as the program progressed
to include definition of this hardware. Had these changes been made, the
AS-502 anomaly study could have been performed without the delay required
to redesign and fabricate the SLA, LM, and SM models.

In retrospect, it is clear that significant advantage would also
have been obtained if the same data reduction methods had been applied to
both the scale model data and the full scale data. Approximately six months
were required to check out the data reduction methods and automate them
sufficiently to handle the volume of data being obtained from the full scale
tests. This six month training period could have been completed in advance
of the full scale test by using scale model data.

The scale model program was cost effective and did provide much
useful information to the full scale program. Because of the technological
advances gained from the 1/10 Scale Program, a future scale model could take
advantage of these advances and provide even greater benefits to similar
space programs.

3.1 THE SCALE MODEL TEST PROGRAM

3.1.1 Scale Model Description

The 1/10 scale Apoilo Saturn V dynamic model cons